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Introduction

A bit of history

It has been 100 years from now, in 1919, that Ernest Rutherford made the proof of the existence of
the proton using nitrogen nuclei targeted with alpha particles. Initially denoted as a hydrogen atom, the
accurate definition of the proton appeared in 1920. A decade later in 1932, James Chadwick discovered

the neutron and both protons and neutrons were considered at that time as elementary particles.

Owning of the discovery of a large variety of other particles, such as muons in 1937 by Carl D.
Anderson, or the 7 meson in 1947 by Cecil F. Powell, the classification of these particles have appeared
to be a challenging task. The great physics quest, also known as a quest for symmetries, began to organize
this particle zoo. As a successful example, particles such as the proton and the neutron were eventually
classified among other particles (Fig. ma), following the Eightfold Way model [l] proposed by Murray
Gell-Mann and Yuval Ne’eman in 1961. In 1964, this hadron classification model successfully led to the
prediction of the baryon Q~ (Fig. Eb) according to symmetry conservation. As an illustration, Fig. E
shows the baryon octet and decuplet of the Eightfold Way model.

1+ +
Figure 1: (a) Left: Baryon Octet J¥ = 7 (b) Right: Baryon Decuplet J* = g

Later in 1964, Murray Gell-Mann and Georges Zweig postulated the existence of elementary subatomic
particles in two independent papers [2] [3], known nowadays as quarks. These quarks are consequently
assumed to arrange themselves into hadron particles. The first evidence of an internal structure in
nucleons was revealed in late 1960 at SLACm [M] using deep inelastic electron-nucleon scattering at high
energy. In the early years, this model was composed of three quarks: the quark up and down, which

compose neutrons and protons, and the strange quark (e.g., kaon).

IStanford Synchrotron Radiation Lightsource (Menlo Park, CA, USA)
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The existence of charmed quarks was theorized
first by Bjorken and Glashow in 1964 [§] and sup-
ported by Glashow, Iliopoulos, Maiani in 1970, as
a cure of the hadron weak interactions in the de-
scription of the GIM mechanism [[7].
Consequently, in 1974, the validity of the quark
model was again strongly reinforced, when the
discovery of the J/U particle was confirmed at
by Burton Richter et al. [B] and at
BNLE by Samuel Ting et al. [5]. This break-
through discovery, as part of the November Rev-
olution, confirmed the existence of the charm

quark.

Following this epoch of great discoveries aiming
to establish a Standard Model of particle physics,
tral i L as th .. Figure 2: Mass spectrum showing the existence of
some natural questions arose, such as the origin , - J/¥ and taken from [5]
of quantum numbers and their relation with the
intrinsic numbers of subatomic particles. Consequently later in 1987, the EMCE collaboration measured
a contribution of the quark spin to the total spin of the nucleon [J]. A possible decomposition of the

nucleon spin into quark, gluon, and orbital contributions is proposed in Eq. m (spin sum rule), and

illustrates the beginning of the proton spin puzzle.

1

5= AT +AGIQY) + Ly(Q) + L,(Q?) 1)

where AY, is the quark spin contribution to the nucleon spin
AG, refers to the gluon spin contribution to the nucleon spin
Ly,4, is the orbital momentum of the quark, gluons respectively

and Q?, is the energy scale related to the photon virtuality

This example led to further investigations of the proton spin decomposition by several other experi-
ments at CERN@7 DESYE7 , J LABE7 and RHICB. It has recently been established that quarks carry
only 30% £ 4% of the nucleon spin at Q% = 3 GeV?/c2. Additionally, AG was found as very close to zero

[10] and the orbital momentum remains under study.

In 2005, the measurement of the non-zero Sivers function wvia Deep Inelastic Scattering (DIS) by

HERMES [11] and COMPASS [[12] raised the interest of the study of the Drell-Yan process by crossing

2Brookhaven National Laboratory (Upton, NY, USA)

3European Muon Collaboration

4BEuropean Organization for Nuclear Research (Meyrin, Switzerland)
5Deutsches Elektronen-Synchrotron (Hamburg, Germany)

SThomas Jefferson National Accelerator Facility (Newport News, VA, USA)
"Relativistic Heavy Ton Collider at BNL (Upton, NY, USA)
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symmetry with DIS. Indeed, the Drell-Yan process (q7 — £~ " at lowest order) is also an excellent tool

to study the properties of the kQuantum Chromodynamics{ (bCﬂ) physics. Therefore, the measurement

of the polarized single-spin asymmetries through Drell-Yan became a fundamental verification of TMDE

factorization in QCD [13].

Finally, Drell-Yan data offers valuable information about the partonic composition of the beam, but
also information about cold nuclear matter effects in the target. Therefore, the evaluation of the Drell-
Yan cross-section using COMPASS data might significantly contribute to a better knowledge of these

topics.

Outline of this Ph.D. work

This Ph.D. work is decomposed into six chapters. The first chapter introduces the theoretical frame-
work of the QCD theory and focuses on the Drell-Yan process. The interest in cross-section extraction

will be then emphasized by summarizing the state-of-the-art of some Drell-Yan advanced analysis.

The second and third chapters refer to the hardware aspects of the COMPASS-II experiment. As the
COMPASS-II spectrometer is a versatile apparatus, the second chapter highlights only the setup related
to the Drell-Yan data taking. The third chapter provides further hardware information about the Straw
detector, ST03, supported by the University of Illinois since 2014. Part of this Ph.D. work consisted of
maintaining the ST03 detector from 2016 to 2018 in collaboration with the Joined Czech group from

Prague.

The fourth chapter is mainly software related and includes an overview of the COMPASS reconstruc-
tion software, the MC simulation of the COMPASS apparatus, and the working principle of a new data
production framework called ESCALADE to organize the large production of COMPASS data. During
this work, a new petascale computing center was used for intensive computing jobs, such as track recon-

structions of the COMPASS data or MC simulations.

Finally, the fifth and sixth chapters give the detailed methodology related to the extraction of the
beam luminosity, the computation of the acceptance correction, and the Drell-Yan cross-section. The
obtained results are eventually compared with the predictions of Drell-Yan cross-section and already

published results.

Disclaimer

This manuscript is written in the light of the COMPASS analysis status of the Drell-Yan working
group dated November 2019. The results presented in this Ph.D. thesis are a personal interpretation of
the COMPASS 2015 data.

8Transverse Momentum Dependent
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Internal Structure of Hadrons 6

1 | Modern Theory of the Strong Interaction

In analogy to the Van der Waals force, which binds atoms together to form molecules, the strong

interaction binds quarks into nucleons. The strong force, known as one of the four fundamental forces

in nature, has been described in the framework of kQuantum Chromodynamics{ (kQClj), in which quarks

interact via gluons by exchanging color charges. At this time, QCD is widely accepted in the physics

community as a pillar of the Standard Mode (@)

1.1 The Parton Model

In the early years, hadrons were assumed to be elementary particles. As an example, this assumption
was reasonable in the low-energy limit described by the Rutherford scattering. However, the evidence of
an internal structure was first raised from a series of electron-nucleon scattering experiments at SLAC
starting in 1967 [14].

Indeed, at higher energy scale (Q > Agcp) hadrons breaks up and reveals their composite nature
made of quarks, antiquarks, and gluons initially called partons by Richard Feynman. The parton model,
proposed by Feynman in 1969, describes the internal structure of nucleons as the composition of partons.

In the case of two colliding hadrons A and B, the corresponding cross-section follows the expression :

1 1
doap ~ Z/ dxy fasa(w1) x / dxa fo/p(x2) X dbab (1.1)
o Jo 0

The labels a and b refer to partons in the nucleon A and B respectively. The density distribution
fasa(x1), also known as Parton Distribution Function (PDF), is the probability of finding a parton a,b
carrying a momentum fraction z; 2 in the corresponding nucleon. Eq. EI highlights the independent
nature of the hard and the soft production mechanisms assumed by the factorization theorem [15, [16].
This theorem also ensures the universality of the measured PDF, regardless of the physics process involved.
On the one hand, the hard-process, responsible for the short-range interactions, is described by the
partonic cross-section dg,,. On the other hand, the PDFs carry the soft information related to the
initial-state. Figure @ shows an illustrative example of the interaction between u — @ quarks in a 7~ p

interaction.

Figure 1.1: Illustration of the interaction between u—u quarks in a 7~ p collision, where u carries a fraction
x1 of the initial beam four-momentum and u carries a fraction x5 of the targeted proton four-momentum.
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1.2 Introduction to Quantum Chromodynamics (QCD)

Near to the well-defined theory of Quantum Electrodynamica{ (bElj), the Quantum Chromodynamics{
(QCD) is also known as a gauge theory. In its framework, the QED theory is described using the U(1)

local gauge, while the more complex QCD theory is specified using a non-abelian SU(3) symmetry group.
This QCD gauge theory involves eight massless gluons corresponding to the eight generators of the SU(3)

symmetry. The Lagrangian of the free quark motion is expressed as follows:

6
ﬂree = Z &z(q) (Za - mq)ql)](Q) (12)

q=1

In Eq. @, g refers to the six quark flavors (N; = 6) subjected to the strong interaction. (@
corresponds to the Dirac spinor of the quark q and m, the mass of the quarks. ¢ and j are color indices
in the range {1..N.} with the number of color charges, N. = 3. QCD requires that the Lagrangian must

be invariant under the local SU(3) gauge transformation U(z):
(@) — ¥(2) = U)(e) = eap [ig.a(@) - T v(x)

- 1
where T ={T"}= {2/\a} are the eight generators of SU(3) related to

Gell-Mann matrices, A;, with a the color index € {1..8}
a(x) = {a*(x)} are eight functions of the space-time coordinates = (rotation angles).
gs = V4mas refers to the QCD coupling variable

U(z) is a unitary 3x3 matrix acting on the color state 1(x)

Under this local gauge transformation, Eq. @ becomes: i7" (), + igs(0,d(x)). T — my)h'@ = 0. In
this equation, the terms 0, a%(x) are identified as eight gauge fields G}, Moreover, the conservation of the
local SU(3) symmetry requires the introduction of the covariant derivative term 9, — D,, = 0, +igsG}, T

to ensure gauge invariance.

The dynamics of the gluon field is described by a Lagrangian kinematic term in Eq. E Moreover,
the non-commutative nature of the SU(3) group led to the introduction of an additional term in the
field-strength tensor: wa = @LGf, — 8,,GL — gsfijkG{LGl’f

1
— GGl (1.3)

Finally, the gauge-invariant QCD Lagrangian is given by the Eq. Q The first line of this Lagrangian

Dg/ﬂkin =

equation can be intuitively decomposed into four types of Feynman diagrams, as shown in Fig. @
Ny 1
Looo = > _ DD —mg ) — 1 CmGa”
=t (1.4)
= qq + G* + 953G + g;G* + ¢°G*
—_— —— —-
(a) (b) (c)+(d)
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Figure 1.2: (a) Quark-gluon propagators; (b) Quark-Gluon coupling; (c¢,d) Self-interacting gauge bosons

The first case (a) corresponds to the propagators of quarks and gluons. The second term (b) describes
the interaction between quarks and gluons. Finally, the last terms (c,d) are specific to the SU(3) local

gauge-invariant theory and describes the self-interaction of the gluons as triple and quartic vertices.

1.3 Color Confinement and Asymptotic Freedom

In the QCD theory, the fundamental parameters are the quark masses m, and the g, quantity. The
gs parameter can also be expressed as the coupling strength a,(Q?) = g2(Q?)/4n, where Q refers to the
hard scale of a process. The origin of o, evolution, as a function of 2, comes from the scale dependence

of the gauge theory in QCD. Eq. @ arises from the renormalization theory:

(11N, —2Ny)
127

as(Q?) = as (1) with B =

2
14+ B ay(p?) In (Zi)

(1.5)

In the regime of non-perturbative QCD, quarks are confined into a color-neutral hadron. This effect
is known as the confinement phenomenon. Oppositely, in the perturbative QCD (pQCD) at large Q2
quarks behave like quasi-free particles. This second phenomenon described by Politzer [17], Gross, and
Wilczek [1€], is known as asymptotic freedom. A fundamental parameter Agcp, in the order of few

hundred MeV, defines the separation between the perturbative and non-perturbative regime.

As QCD is a gauge field theory, the effective strength of the interaction s (u?) at the vertex point is
determined by a renormalization factor p. In the QED theory, this factor is chosen to avoid divergence
of loop diagrams at large scale. Indeed, the electromagnetic coupling aqrp becomes stronger when Q2

increases: it often refers to the charge screeming of QED in the literature. At low energy scale, the

2
I &

coupling constant matches the measured fine structure constant: a(u? ~ 0) = T o’
TEQ NC

By analogy to QED, the renormalization factor p of the QCD theory is chosen to avoid divergences

of the theory owning for example gluon self-interactions. In the perturbative regime (u? > AQQC D), &

solution for Eq. E is obtained in the 1-loop approximation from the renormalization group equations

(RGE):
1

Q* )
Bln (AQCD

For a given physics process, the strength of the coupling is expressed as a function of the hard

s (Q? ~ p?) = , with Agep ~ few 100 MeV (1.6)

scale Q, such that @? ~ p?. Short-distance interactions, at a high momentum (Q > Agcp), are well
described by the perturbative QCD. Fig. @ shows some experimental measurements of as(Q?) in the
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perturbative regime through different channels. On the opposite, the soft part, related to long-distance
interactions, has a non-perturbative origin, cannot be described analytically, and consequently requires

a phenomenological approach.

Figure 1.3: Evolution of the strong coupling constant a; as a function of Q [[19]

1.4 The QCD improved Parton Model

In the limit of an experimental measurement, the asymptotic freedom (Q? — +o0) will no longer be
assumed and leads to the introduction of a finite energy Qo, such that Q% — Q2. It results in a QCD gluon
field in the description of the parton model. Therefore, in addition to the initial renormalization factor
1, a second arbitrary scaling parameter pp is introduced to renormalize the collinear gluon contribution.
In the following, up is chosen as up ~ . Fig. @ illustrates the screening of the gluon radiation in the

initial-state when a virtual photon interacts below the threshold Q% = Q2.

Figure 1.4: Tllustration of the gluon radiation, this effect is of the order of O(asin(Q?))

Consequently, the following three processes involving gluons, allowed by the QCD Lagrangian, arise :

gluon radiation (¢ — ¢g), gluon splitting (¢ — gg), and quark-antiquark pair production (¢ — ¢¢). The



Internal Structure of Hadrons 10

introduction of these corrective terms leads to a logarithmic dependence in Q2 of the physical observables.

The scale dependence of the PDFSEI and FFSE is described by the DGLAPE equations [20].

M) @ P (o gy (2) s ())&

din(Q2)
(1.7)

x, 2 Qg 2 x z
rd) = D [(Sateom, (2) raan, (2)) £

At the lowest order, these equations are driven by the four splitting functions : Pyq,FPyq,Pg¢,Pyg-
These functions, Pj;(x/z), can be interpreted as a density probability of turning a parton ¢ of momentum

fraction z into a parton j carrying a momentum fraction = of the initial momentum.

q g q g
qu qu qu PQQ
q q g g
g q q g

Figure 1.5: Feynman diagrams for lowest order splitting functions Pyq,Pyq,Pq,Pyg-

Finally, Fig. @ illustrates the Q? evolution introduced by the equations for quark and gluon
PDFs. This figure shows PDFs at two different energy scales. This results have been obtained from the
quark and gluon PDFs extracted by the CT14 collaboration at NNLOE.

Figure 1.6: Comparison of the distribution zf(z) from CT14nnlo (C.I = 90%) at Q% = 10 GeV? (left)
and Q% = 10° GeV? (right).

IParton Distribution Functions
2Fragmentation Functions
3Dokshitzer-Gribov-Lipatov- Altarelli-Parisi
4Next-To-Next Leading Order
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2 | The Deep Inelastic Scattering

Deep Inelastic Scattering (DIS) has played a fundamental role in determining the composite nature
of the proton and the existence of quarks. Using a probe, such as e™, that interacts in a well understood
electromagnetic interaction, makes it a privileged channel for such studies. In DIS, only the outgoing
lepton is measured. The hard scale Q is defined as the negative four-momentum squared of the virtual
photon. At a large Q2 scale, the DIS is an extension of the Rutherford scattering, where the lepton knocks
a quark out of the nucleon. It is interesting to note that DIS is a highly inelastic process as far as the
target nucleon is concerned. In the quark-parton model, DIS can be considered as an elastic scattering

between the electron and the quark.

Figure 2.1: Typical behavior of the electron—proton differential cross section as a function of the invariant
hadron mass W in the final-state. It illustrates the transition between elastic scattering, quasi-elastic (or
nucleon resonances) and deep inelastic scattering [21]

At the Born level, DIS is a process described by the exchange of a virtual photon v* (or a weak boson

ZY for collider energies) between an incoming lepton beam scattering off a nucleon target, as illustrated

in Fig. p.d.

Uk)+ N(P) — LK)+ X

The momentum of the incoming and outgoing leptons are measured. The hadronic final-state X consists
of many particles. This process is called inclusive when the hadronic final-state is not measured. The

semi-inclusive DIS refers to the case where at least one hadron is measured in the final-state.

Figure 2.2: Feynman diagram of the inclusive deep inelastic process
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Kinematic of DIS. Two independent variables, often chosen as (z,Q?), are sufficient to describe the
inclusive DIS process. However, other kinematical combinations would also be possible. The kinematics
of the DIS process is obtained from the four-momentum of the lepton k, and k’, in the initial and final-
state. In the context of a fixed-target experiment, the target four-momentum vector is P = (M,0). The
Bjorken-x scaling variable is interpreted as the nucleon momentum fraction carried by the quark, and the
hard scale of the reaction Q? is given by the negative four-momentum squared of the exchanged virtual
photon. The center-of-mass energy of the photon-nucleon system is denoted W = (P + ¢)?, and the DIS
kinematic region is defined in the limit of W > M? and Q? > 1.

QQ — _q2:_(k._k/)2
Q> (2.1)
YT 9pyg

Other variables, such as the beam momentum fraction carried by the virtual photon denoted y or the

photon energy v in the target rest frame, are widely used in the literature and defined as follows.

v=—= (2.2)

Quark Parton Model. The QPME is defined in the infinite momentum frame. In that frame, the
nucleon has a very large momentum such that the transverse component of partons is neglected. The
expression of the unpolarized differential cross-section for DIS, Eq. @ is derived from the contraction of
the leptonic tensor L*” and hadronic tensor W,,. In the QPM, the hadronic tensor is expressed as the

incoherent sum of the interactions with each parton.

d’o B 4dra?

dzdQ? ~ Q%

(-9 ) (2:)

In the late 60s, two features related to the two spin-independent structure functions F; and F, were
found at SLAC. The first one is known as Bjorken-scaling, where F; (z, Q%) and Fy(z,Q?) were found to be
almost Q2 independent, indicative of the point-like nature of quarks. The two spin-independent structure
functions, Fj(z) and Fy(z), interpreted as the number density of quarks and the quark momentum
distribution functions respectively, are given in the as:

A = 53 el + i)
‘ (2.4)
Fy(x) = zy_elfq(x)+q(x)]

q

where ¢(z) refers to the PDF of the interacting quark

eq corresponds to the quark charge

The second feature observed is the relation between Fi(z) and Fy(z), also known as the Callan-Gross

relation [22]. This relation reflects the spin-% nature of the quarks.

Fy(x) = 2¢Fy () (2.5)

LQuark Parton Model
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Scaling Violation. The world data of the proton structure function F} is shown in Fig. @ Over
this broad coverage in z, this plot reveals the scaling violation of the Q2 variable and the necessity to
account for additional QCD corrections in the parton model. This correction is interpreted as the gluon

contribution to the DIS cross-section.

Fi%re 2.3: The world data of the proton structure function F} as a function of Q? for different bins of
x [23]



Internal Structure of Hadrons 14

3 | The Drell-Yan Annihilation Process
3.1 Introduction to the Drell-Yan Process

The first experiment measuring hadro-
production of lepton pairs took place at AGSE in
Brookhaven in 1968 and was reported few years
later in November 1970. Christenson, Hicks,
Lederman, Limon, Pope and Zavatini [24] mea-
sured the reaction products of the following col-

lision at 28.5 GeV beam energy :
p+U —p +put+ X

The remnant term X was not measured and the
detection of penetrating muons is often preferred
for experimental reasons compared to electrons.
In Fig. @, the dilepton cross-section, in the

range 1 < M, /(GeV/c?) < 6.7, was later de-

Figure 3.1: Differential cross-section as a function of gcribed as the combination of charmonium reso-
the dimuon mass m,, in high-energy hadron collisions

. / .
at Eppoton = 285 GeV' [24] nances (J/¥ and ¥’) production around 3 GeV

and 4 GeV and a continuous spectrum.

In August 1970, Sidney Drell and Tung-Mow Yan published a paper [25], which identified the mech-
anism responsible for this continuum and proposed the production model, which now bears their name.
The Drell-Yan mechanism, describing the high mass lepton pair production in inelastic collisions, is
illustrated as shown in Fig. @

Figure 3.2: Feynman diagram of the Drell-Yan process, producing a lepton pair £/ from the annihilation of
a quark-antiquark pair ¢qg. The X terms are the remnant hadrons resulting from the inelastic interaction
between the hadrons H; and Hs.

L Alternating Gradient Synchrotron
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A general expression of the Drell-Yan process involves a quark-antiquark pair ¢q originating from two

colliding hadrons H; and Hy. These latter interact as follows:
Hi(Py) + Ha (P, S) — q(p1) + G(p2) + X — € (pp=) + £+ (pp+) + X

At leading order, the quark-antiquark pair ¢g annihilates into a virtual photon v*(q) or the weak
boson Z° (Fig. @) The mediating boson turns into a lepton pair ¢/ measured by an experimental
apparatus. The outgoing remnant hadrons X are not measured. P; and P, are the beam, and the
target energy-momentum vectors, with S defined as the spin vector in the target rest frame (Fig. @)
The center-of-mass energy +/s is related to the two hadronic vectors, as shown in Eq. @ The four-
momentum vector of the mediating particle is denoted ¢ = py- + py+, where py+ refer to the leptonic

four-momentum vectors. Moreover, the hard scale Q is given by the measured mass M of the dilepton.

Figure 3.3: Feynman diagram at leading
order of the Drell-Yan reaction qg — £~ 4T

Quark four-momenta, p; and po, are related to hadron four-momentum via the Bjorken scaling variable
for each hadron, denoted x; and s, as shown in Eq. @ Other dimensionless variables, namely xr and

7 are deduced from z1 and x5, as g = 21 — 22 and 7 = MQ/S.

= 1P 2
P U With 21,2 defined as z; 5 = @
2P1,2.q

P2 = 12P

(3.2)

Target Rest Frame. This reference frame, Fig. @, is defined by the unit vector Z aligned with respect
to the beam momentum. The Z unit vector is along the transverse component g of the virtual photon.

Finally, the last unit vector is deduced as §§ = Z x Z. In this reference frame the main vectors are defined

as follows:
Pl = (Elvoaoaplz)
P = (M,,0,0,0
? (M ) (3.3)
q = (E'Y»QT707QL)
S = (0, ST COqus,ST Sin(bs,SL)

Figure 3.4: Definition of the azimuthal angle ®¢ of transverse target spin St in the target rest frame [26]
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(@) This frame is defined in the rest frame of the dilepton as shown in Fig. @ The

% is aligned with respect to the bisector of P, and —}31, hadron momenta. The ¢ axis is perpendicular to

the hadron plane formed by Pa and Pb, while Z axis lies on the hadron plane. In this frame, the leptonic

four-momenta are :

pe- = =(1, sinfeg cospes, sinfog cospes, cosbos)

pe+ = =(1, —sinbog cos pog, —sinbog cospos, —cosbos)

SIS IS
—
w
~
S—

Figure 3.5: Definition of polar and azimuthal angles fcg and ¢cg of the lepton /~ momentum in the
Collins—Soper frame [26]

Degree of freedom of the Drell-Yan Process. The Drell-Yan process is often described by the two
parameters (zr, M), but the kinematic of this process can also be expressed in terms of other variables,
such as (z1,22). From an experimental point of view, the measurement requires eight parameters, namely
the two four-momentum vectors of the measured leptons. These degrees of freedom can be reduced to six
free parameters using the mass constraints for the two leptons. Moreover, different systems of equations
can be used to describe the Drell-Yan process. However, a convenient system of six parameters might
involve the following variables: (M, xr, g7, ¢rAB, cosfcs, pcs). Additionally, for unpolarized Drell-Yan,

the azimuthal symmetry reduces the degree of freedom to five variables (no ¢pap dependence).

Correction diagrams. Additional diagrams are accounted at next-to-leading order and involve gluon
interactions. These diagrams contribute to energy loss effects and the production of a large transverse
momentum qr. Fig. @(a) shows the vertex correction diagram. Moreover, Fig. @(b,c) involve the
emission of a gluon, and together with Fig. @(a) represent the annihilation diagrams. The Compton

diagrams involving a gluon in the initial-state are shown Fig. @(d,e) .

Figure 3.6: Correction diagrams at next-to-leading order of the Drell-Yan reaction qg — £~ ¢*
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3.2 General Expression of the Cross-Section

The factorization theorem allows decomposing the hadronic cross-section into the hard process and

the soft part. Consequently, these terms are expressed independently in the following.

Hard cross-section. The underlying process behind the hadro-production of lepton pairs is described

by the ¢g annihilation via the exchange of a virtual photon ~*, as shown in Fig. @

Figure 3.7: Feynman diagram at leading order of the partonic Drell-Yan reaction qg — £~ ¢+

The Feynman rules of this diagram gives the following transition matrix element :
. _ . 7 Guv - . v
— il = [ug(p2)(ieqen™)vg(py)] =5~ [e(pe ) ey Joe(pe- )] (3.5)

The expression of the annihilation cross-section, eTe™ — ¢/, in QED is similar to the expression of
the Drell-Yan cross-section in the QCD description. In the interaction between ¢ — ¢7¢~, an additional
term N, is introduced as a result of the color conservation of the QCD theory. In the annihilation
process, only the non-zero matrix elements related to 77, gg, bb color factors are possible. Consequently,

the unpolarized cross-section is obtained by averaging over spin and color states as follows:

e42

<|%|>2:%Z iZ|_2///|2 :%(1—1—00829) (3.6)

color spin

As a simple example, the expression of the differential cross-section qg — ¢/ is given as follows.

do 1
a0 = oz ) 37)

where 8 = (p1 + p2)? =~ w1295 refers to the center-of-mass energy of the ¢g system.

Consequently, the known expression of the total cross-section 6(qq — £¢) at the Born level is retrieved
as shown in Eq. @ by integrating over the full solid angle (47 steradians), and by neglecting the proton

mass (p} = p3 ~ 0).
4o’

€
N, 33

6(qq — ) =

(3.8)

where « = €2 /47 is the fine structure constant
eq is the quark charge

N, is the number of colors
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Soft non-perturbative contribution. In addition to the hard cross-section, a non-perturbative con-
tribution, related to the definition of parton distribution functions of hadrons in Fig. @, arises in the
expression of the double differential cross-section as a function of dr; and dxo. The quark ¢, originating
from a beam particle, interacts with the antiquark g» of a target nucleon. By symmetry, the two quark

PDF combinations, g1 (x1)g2(z2) and ¢ (z1)ga(x2), are possible and lead to the following differential form.
d*o = [q1(x1)@2(22) + @1 (21)g2(x2)]6(qq — £0)dw1dzy (3.9)

As suggested by Eq. EI, the Drell-Yan differential cross-section can be expressed in terms of the two
scaling variables (z1,z2) and the structure function F(z1,z2) related to the quark PDFs, by summing

over all quark flavors.

didU@ = <Z:]T\jz> zq:eﬁ [q1(21)2(2) + @1 (x1)g2(x2)] = #F(xl,xg) (3.10)

3.3 Lorentz Invariant Cross-Sections

The invariance of the cross-section under Lorentz transformation is an advantage to facilitate com-
parisons with other measurements. As an example, Eq. may be written in terms of the Lorentz

invariant function F(z1,22) :
, d’c

dl’ldl'z

:F(le,l'Q) (311)

Moreover, this invariant cross-section, Eq. 7 can also be expressed in terms of (M,,,xr) using
the change of variable theorem. This theorem allows to write down the following integral relation, using

G ($1,$2) — (M2 = ST1To, Tp = X1 — xg)
//U(M,xp)dacde = //U(G(xl,xg))‘det.]g(xl,xg) dzidxs

dzU 2551.%2
= M3 = F(x, 3.12
dMdx (xl —|—.132) x (xl $2) ( )

The latter invariant cross-sections (Eq. and Eq. ) are both used under an integrated trans-

verse momentum of the dimuon gr. However, the invariant triple differential cross-section (Eq. ) is

expressed as a function of z g, but carries also the information of the transverse momentum gr. Along the
same line of variable change (F being analog to the G application) and by assuming azimuthal symmetry,

the triple differential cross-section can be expressed, as follows:

/O'(ff)dq3 = ///U(F(QLaQT»¢LAB)) detJr(qr, qr, ¢rap)|dqrdgrdoran

. Ed3a _4E dBo OLAB Ed3a 2F d?o

o= x =S k= 3.13
dg3 Vs depdgpdérap  sym. dg  m™/s  drpdgy (3.13)
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3.4 Experimental Overview

Following the first report about dimuon production at AGS, various experiments measured the dilepton

production over the years using either proton-proton, proton-nucleus, or pion-nucleus collisions (Tab. @)

This non-exhaustive list highlights the worldwide interest to study and understand the dimuon spectrum.
This interest culminated in 1983 when the UA1l and UA2 experiments at CERN discovered the W, Z

bosons using the Drell-Yan process in p — p collision.

Table 3.1: Summary table of some muon pair production experiments [27]

Reactions Experiments | Targets Vs [GeV] dsys. (%) | References

pp — ete” + X R108 H, 62.4 12% Angelis et al. (1979) [2§]
R808 H, 53; 64 50% | Kourkoumelis et al. (1979) [29]

pp — putp + X R209 H, 44; 62 15% Antreasyan et al. (1981) [30]

pA — ptp + X E288 Pt | 19.4;23.7; 274 | >25% | Tto et al. (1981) [31]
E325 Cu 19.4; 23.7; 27.4 N/A Antreasyan et al. (1979) [B2]
E444 C,Cu,W 20.5 15% Anderson et al. (1979) B3]
E439 W 27.4 11% | Smith et al. (1981) [34]
NA3 Pt 27.4 12% | Badier et al. (1985) [B3]
E772 H, 38.7 N/A | Alde et al. (1990) [36]
E605 Cu 38.7 ~ 18% | Moreno et al. (1991) [37]

PA — ete™ + X UA1 - - - -
UA2 H, 630 20% | Alitti et al. (1992) [3§)]

PA — utpm + X E537 W 15.3 5%-13% | Anassontzis et al. (1988) [BY]

Tt A — ptp= + X E326 W 20.5 15% Greenlee et al. (1985) [40]
E444 C,Cu,W 20.5 15% Anderson et al. (1979) [33]
WA11 Be 16.8; 18.1 20% Barate et al. (1979) [41]
WA39 W 8.6 - Corden et al. (1980) [42]
NA3 Pt | 16.8; 18.4; 22.9 | 12%-23% | Badier et al. (1983) [43)]
NA10 w 19.1; 23.2 ~ 10% | Betev et al. (1985) [44]
E537 W 15.3 5%-13% | Anassontzis et al. (1988) [B9]
E615 W 21.7 16% Conway et al. (1989) [45]
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The NA10 and E615 experiments are of particular interest in comparison to the COMPASS Drell-
Yan measurement on tungsten in 2015. Indeed, these experiments measured muon pairs originating
from the interaction between an incoming 7~ and a tungsten target at similar center-of-mass energies,
Vs =19.07 GeV for NA10 [44] and /s = 21.74 GeV for E615 [45], compared to the COMPASS center-
of-mass energy at /s = 19.89 GeV. The integrated cross-section and the corresponding K-factors are
summarized in Tab. @

Table 3.2: K-factor obtained for some 7~ A — p*u~ X reactions [27]

Experiment Reaction Vs [GeV] | Integrated o( [nb] | Prediction NLO K-factor

NA10 (1985) | 7 W — ptu~ 19.07 0.0803 0.0625 1.286 £ 0.005

E615 (1989) | n=W — ptu~ 21.74 0.1916 0.1801 1.064 £+ 0.011

The K-factor is conventionally defined as the ratio between the observed experimental cross-section
and a theoretical prediction (either LO, NLO, or NNLO). This factor was historically used to illustrate
the effect of higher-order corrections. In Tab. @, the K-factor is computed using a theoretical prediction
at NLO. The NLO calculation is parametrized using SMRS®MRS PDF sets [27] for the pion and the

nucleon PDF, respectively.

Finally, results of the proton-induced Drell-Yan productions from NA3 [46] (triangles) at 400 GeV /c,
E605 [B7] (squares) at 800 GeV/c, and E772 [47] (circles) at 800 GeV /c is shown in Fig. @ The parton
model scaling properties is illustrated in this figure as in bins of xr. The absolute lines are computed at
NLO accuracy for p + d collisions at 800 GeV/c using the CTEQ4M structure functions [4§].

Figure 3.8: Proton-induced Drell-Yan production from various fixed target experiments. This picture is
taken from [19]
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4 | Theoretical Overview: State-of-the-Art

An overview of some recent theoretical studies related to the Drell-Yan process is shown in this section.
It aims to introduce some existing interpretations resulting from the analysis of past experiments and to
highlight the motivations of extracting Drell-Yan cross-sections from the COMPASS data.

4.1 Drell-Yan Angular Distributions and Lam-Tung Relation

In the CSEI frame, Fig. @, the angular differential cross-section of the lepton ¢~ for unpolarized

Drell-Yan is expressed as a function of the three (A, p,v) coefficients :

1d 1
;od% = %m(lJr)\cosquLpsinQGcos@Jr gsiHQHCOSQ@)

where (0, ¢) denote the polar and azimuthal angle of the lepton ¢~ in the CS frame.

(A, i, v) are the three unpolarized Drell-Yan angular coefficients

0o is the angular integrated Drell-Yan cross-section.

Figure 4.1: Definition of the Collins—Soper frame [26]

At the Born level, considering the collinear hypothesis, the partonic interaction ¢§ — ¢¢ does not
account for soft gluon exchanges or any QCD related processes. Consequently, the contribution of the
primordial kr is neglected. In this naive model, the well known ¢g annihilation cross-section Eq. @ is

retrieved, as the three asymmetry coefficients (), p1, v) are expected to be equal to (1,0,0).

1 do 3

287 2 (1 4 cos? 9) 41

70 92 1671'( oo (4.1)
The introduction of the gluon emissions results in a transverse momentum of the dilepton and leads to a
modification of the unpolarized angular coefficients : (A, u,v) # (1,0,0). These coefficients are expected

to largely satisfy the Lam-Tung relation [50], Eq. @ :
A+2v=1 (4.2)

This relation is analogous to the Callan-Gross relation and originates from the spin-% nature of
quarks. This relation was not expected to be sensitive to QCD corrections, unlike the Callan-Gross
relation. The first measurements of Drell-Yan angular distributions were performed by the NA10 collab-
oration [p1] (1986) and the E615 collaboration [45] (1989) using a 7+ beam over W target at 194 GeV /c

LCollins-Soper
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and 252 GeV /c respectively. More recently, the E866 collaboration [52, 53] (2007) measured the distri-
butions with a proton beam on a deuterium target at 800 GeV/c. This result is shown in Fig. @ A

sizable dependence was observed as a function of g7, and the violation of the Lam-Tung relation by E615

could not be explained by perturbative QCD corrections. Consequently, few years later , Boer suggested

in 1998 [54] a possible contribution from a non-perturbative QCD effect might arise in the convolution
of two unpolarized TMD PDFs : v o< 4™ (p) @ h9*(n7).

In 2011 and 2015, respectively CDF and CMS
experiments published new results in their respec-
tive papers [56, 57]. The CDF collaboration seems
to be in good agreement with the Lam-Tung rela-
tion, while CMS observed a clear violation. These
new measurements raised the interest of various
theoretical groups to determine whether this vio-
lation can be attributed to perturbative or non-
perturbative QCD effect. As an example, the
interpretation of the angular distributions of Z-
boson production [55] brought new perspectives
in the explanation of the Lam-Tung violation.
Fig. @ shows a comparison of CMS and CDF data
with pure ¢G and ¢¢ productions as a function of
gr. This figure highlight the dependence of the
A and v parameters as a function of a mixture of
72.5% qq and 27.5% qG respectively. Although a
lot of efforts were involved in the understanding
of the Lam-Tung violation, this relation remains
under discussion and the COMPASS data might

also provide valuable new insight.

Figure 4.2: Measurement of the A, i, v coefficients in
CS frame as a function of gy and evaluation of the
Lam-Tung relation carried out by the E866, NA10
and E615 collaborations [55].

Figure 4.3: Comparison of CMS and CDF data with predictions for pure qG and ¢g productions [56, p7]
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4.2 Cold Nuclear Matter

The modification of the measured cross-section per nucleon on a heavy nucleus compared to a light
nucleus was observed for the first time by the EMCH collaboration in 1983 [68]. This effect, known as
the EMC effect, has been extensively studied over the last 30 years. However, there is still no model at
this time, which fully explains the initial observation. Nuclear dependences can be summarized into the

three following items:

« EMC Effect, which is described by a modification of quark and gluon distributions (PDF) in
bounded nucleons by a nuclear environment (1983). This effect is a function of the Bjorken-x of
the target, as illustrated in Fig. @

e Energy Loss Effect, which describes the energy loss of quarks in the hadron beam while going
across the nuclear target, as illustrated by Fig. Qa. This effect can be studied using either the
Bjorken-x of the beam or . As an example, this figure shows a decrease of the nuclear corrective
factor at large xp due to the energy loss of the quarks in the initial-state, as predicted by the
BDMPS formalism [59].

¢ Cronin Effect, which describes the nuclear enhancement of high-pr hadrons due to multiple

interactions in nuclear matter, as illustrated Fig. @b in terms of pr.

Figure 4.4: (a) Left: Prediction of the energy loss of the quarks in the initial-state [60] at COMPASS
energy, using the BDMPS formalism; (b) Right: Illustration of the Cronin effect as a function of the pp
distribution visible in the ratio plot between heavy and light targets [61].

In Fig. @7 the combined data of the cross-section ratio from HERMES, SLAC-E139, and JLAB-
E03103, highlight in a wide x range the nuclear dependence of the cross-section. It illustrates the Bjorken-
x dependence of the ratio of cross-section, which is related to the structure-function in the measurement

of the scattered electron via deep-inelastic scattering.

2European Muon Collaboration
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Figure 4.5: The ratio o¢(n)/cp as a function of x from HERMES [62], SLAC-E139 [63], and JLAB-
E03103 [64]. (Adapted from [65])

The ratio o¢(ny/op in Fig. @ can be subdivided into four regions as the following:

The shadowing region (0 < z < x; = 0.06); This region shows a cross-section ratio smaller than
1. The nuclear shadowing and anti-shadowing have a similar origin. These effects are produced by
the coherence of quark-quark multiple scattering nuclear processes [66]. In addition, a destructive
quantum-mechanical interference of the amplitude is responsible for the nuclear suppression at
x < 0.06 [67].

The anti-shadowing region (x1 < x < z9 = 0.30); In this region, the cross-section ratio is above 1.
The valence-quark depletion region (xo < x < x3 = 0.8); This region shows a nuclear suppression
up to 10% as a function of x, also known as EMC effect. In this region, valence-quark distributions
contribute more as x increases. At the highest x, the sea-quark is negligible.

The Fermi motion region (zs < x < 1); This region shows a rapid increase of the ratio as x

approaches 1. This behavior is explained by the Fermi motion of the bound nucleons in the nucleus.



Internal Structure of Hadrons 25

4.3 A-dependence of Muon Pair Production

In the Drell-Yan process, the incoherent nature of the quark-antiquark annihilation leads to an ex-
pected linear dependence of the cross-section as a function of the atomic mass A. Consequently, the
nuclear dependence of the cross-section per nuclei was historically [31], 43] parametrized using a power

law as a function of the atomic mass A and an « parameter, such that :
o(mA) = oa(nN) x A%, where N refers to the nucleon [31] (4.3)

Along this line, « is expected to be 2/3 for the hadronic cross-section, and close to 1 for Drell-Yan cross-
section. The latter values are empirical estimations and the dependence as a function of the kinematics
is not well known. This « parameter can be obtained from the measurement between cross-sections, o4,
and o 4,, of two nuclei A; and Ay respectively (A; < As) (Eq. Q) :

a(As/A1) = In (:2) / In <if) (4.4)

Various experiments have measured the a parameter presented in Eq. @ As an example, an evalu-

ation of the o parameter by Ito et al [31] at Fermilab in the 80’s was performed using a proton beam at
400 GeV /c on both Pt and Be targets between 5 < M/(GeV/c?) < 11. The value of « as a function of the
dimuon mass M,,,, and the pr distribution is shown in Fig. @ Another evaluation of the o value was
performed using the NA10 data, 7~ over W (and D) in the range 4.10 < M/(GeV /c?) < 11.79. Finally,
the NA3 collaboration also published a ratio between Hs and Pt targets [43]. Some known values of «

are summarized as follows :

are = 1.007+0.018 (stat.) =+ 0.028 (sys.)
anato = 0.998 £ 0.006 (stat.) +0.013 (sys.) [6§]

anas = 1.03+0.03 (7* on Pt [43]/H,) (4.5)
acrs = 1.02+0.2 (p on Pt/Cu/Be [69])

acrp = 1.1240.05 (7~ on Pt/Cu/Be [70])

Figure 4.6: Values of a obtained from ratios of cross-sections opy/ope using a proton beam at 400 GeV/c
from Ito et al. [B1]. There is an additional 0.028 systematic uncertainty to include in the estimation of «
at all masses and momentum.
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4.4 Soft-Gluon Resummation

The detailed modeling and the interpretation of soft-gluon resummation are beyond the scope of this
thesis but still require some introduction. As an example, refined interpretations of the Drell-Yan cross-

sections were already intensively discussed in [[71].

In the context of QCD theory, the soft-gluon radiation refers to the emission of gluon at very low
energy. Below the energy threshold giving access to the final-state, the gluon emission originating either
from quarks or gluons themselves is known as soft-gluon radiation. Soft-gluon radiations are induced by
multiple scattering interactions in a nuclear medium and are modeled as a series of gluon interactions
carrying small fraction & of energy, as illustrated in Fig. @ The impact of soft-gluon resummation in

the description of the Drell-Yan process is significant due to the presence of quarks in the initial-state.

Figure 4.7: Tllustration of the next-to-leading order soft gluon radiations

At the opposite of UV divergences (asymptotic freedom), a series of low energy interactions give rise
to IR singularities. This IR divergences are a direct consequence of the massless nature of gluons. In
other terms, some QCD correction diagrams of the soft-gluon radiations present divergent loop diagrams,
which have to cancel because measured quantities are always finite. Consequently, a regularization is
applied to the expression of the cross-section, which is known as next-to-leading-logarithm (NLL). This
correction mainly plays a role in the fall-off at large xz, as shown in Fig. @ This figure shows the effect
of the NLL resummation, using the E615 data for two bins of /7.

Figure 4.8: Comparison of NLO and NLL-resummed Drell-Yan cross section based on E615 data [[72].
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4.5 Parton Distribution Functions of the 7~

At the opposite of the nucleon structure, studied for more than 40 years, the access to the internal
structure of mesons is a challenging task from a technical point of view. Indeed, there is no such simple
target made out of pion target at rest in nature. Therefore, it requires some processes other than DIS to

access the meson structure.

4.5.1 Experimental Overview

In the case of pion PDF, it is reasonable to assume charge symmetry as well as isospin symmetry
(Eq. @) As an example, such symmetries significantly reduce the complexity to the determination of a

single valence-quark PDF, v, for both 7~ and 77 induced Drell-Yan data can be used.
ve=ar =dT =ul =dT (4.6)

The extraction of pion PDFs can be summarized into three parts: the determination of the valence-
quark PDF v, the sea-quark PDF s, and the gluon PDF g,.

Valence quark PDF in the pion. One way to study the valence quark is using the Drell-Yan process
on fixed-targets. The Drell-Yan process is well understood theoretically, which makes it a good probe to
understand the meson structure and flavor dependences. Second, the use of such process on a fixed-target
allows for probing a wide range of the beam Bjorken-x. As an example using COMPASS 2015 data, the

phase space probed as a function of z; (pion beam), and zo (nuclear targets) is shown in Fig. @

Figure 4.9: Kinematic range probed in terms of z; and zy using COMPASS 2015 data (All targets
included)

The Drell-Yan cross-section at LO can be expressed in terms of the convolution between parton PDF
in the beam together with the parton PDF in the target as follows :

do?

da?l dl‘g

> el las(1, Q7)ar (w2, Q) + qo(z1, Q)ar(z2, Q)] (4.7)

q=u,d,..
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where gp(x is the PDF of a parton ¢ from a beam particle B

x27Q2

T

qr is the PDF of a parton ¢ from a target nucleon T

qB is the PDF of a parton ¢ from a beam particle B

(1,Q?%)
qr( )
5(z1,Q?%)
qT(xg, Q?) is the PDF of a parton ¢ from a target nucleon T

As an example, the hadron beam of 190 GeV /c used at COMPASS is mainly composed of 7~ particles
(described later in Ch. @ Tab. EI Valence and sea quarks in the meson combine with quarks in the
target in Eq. @ The valence-valence, valence-sea and sea-sea convolutions are highlighted in Tab. @
Due to the dominance of valence quarks in the explored kinematic, the contribution of the valence-valence
term dominates the Drell-Yan cross-section. Therefore, an advanced analysis of the 2015-2018 COMPASS

data 7~ A might allow better constraint to the valence quark distributions of the pion.

Table 4.1: Decomposition of the partonic convolutions involved in the Drell-Yan interaction 7~ p

Valence-Valence | Valence-Sea | Sea-Sea

UrUp drdp, dedp, .. | Uxlp, ..

A summary of the available data to measure the valence PDF of the pion is shown in Tab. @
However, experimental data of the pion via the Drell-Yan process are very limited and were all collected
between 1979 and 1989.

Table 4.2: A summary of the Drell-Yan data, together with the value of the coefficients describing the
v, parametrization coefficients at LO

Experiment Reaction Vs (GeV) || Coefficient o | Coefficient 3
WA11 (1979) | 7~ Be — putu~ 18.11 —~ —
E331/E444 (1979) | 7= W — ptp~ 20.54 0.5 1.23
WA39 (1980) | =W — ptpu~ 8.66 - -
NA3 (1983) | 7= Pt — ptpu~ 21.74 0.45 1.17
NA10 (1985) | @ W — ptp~ 19.07 0.39 0.98
E326 (1985) | @ W — utp~ 20.54 - -
E615 (1989) | m W — ptu~ 21.74 0.60 1.26

In the early years, the analysis at LO of Drell-Yan data gave a first estimate of valence quark PDFs as

a function of two coefficients («, ) as given Eq. @ These coefficients are also summarized in Tab. @
1
zvy = Az®(1 — )P, with the constraint / vp(x)de =1 (4.8)
0

Later in 2005, a new interpretation of the E615 data at NLO was released including a more recent PDF
set for the nucleon, nuclear effects in the tungsten and non-perturbative calculations, such as DSEE
models [73]. Despite these major improvements, the interpretation at NLO accuracy was still not enough

to describe E615 data and the fall-off in x in the cross-section, as previously discussed in Sec. @ (Fig. @)

3Dyson-Schwinger Equation
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It will take few years to observe the impact of the NLL corrections in 2010 [2]. Applied to the
original E615 cross-section, this additional correction leads to a pion PDF fall-off at large x, that is now
compatible with the DSE prediction (Fig. ) By including the NLL accuracy, the valence quark PDF
in the pion was consequently parametrized using Eq. @, where 8 = 2.34 at Q = 4 GeV.

zvg(z) = Aza(l — 2)P (1 4 ~y2?) (4.9)

Figure 4.10: Effect of the NLO and NLL corrections at () = 4 GeV in comparison to the pion valence v,
PDF extracted from the E615 data [[72].

Sea quark PDF in the pion. In addition to the valence quark PDFs, the question of the pion sea was
also raised. The first valence-sea separation was performed using the NA3 data [43] in a limited region
at high-xp (0.2 < < 1). The collected data by NA3 collaboration are summarized in the Tab. @ The
perspective of measuring Drell-Yan pairs at COMPASS++/AMBER using both 7~ and 7+ is considered
and is further detailed in the recently published proposal [74].

Table 4.3: Summary of the NA3 measurements on a Pt target. The separation of the valence-sea is
possible thanks to the 7~ /7T at 200 GeV /c.

Beam Momentum | Beam Particle | No. Events | Luminosity (cm™2)
NA3 - 150 GeV/c - 15,768 (5.0 4+ 0.7) x 1038
NA3 - 200 GeV/c T 4,961 (11.4 4 1.3) x 1037

7t 1767 (8.8 £1.0) x 1037
NA3 - 280 GeV/c - 11,559 (2.8 40.3) x 1038

Additionally, complementary results at lower x are obtained from HERA deep inelastic scattering.
This extraction consists of using DIS scattering on a virtual pion originating from target nucleons and
relies on the pion cloud model [75]. This model relies on a superposition of states in the proton, which
can be seen as a fluctuation between a bare proton state and additional states, including pions. However,
uncertainties on the pion cloud density remain significant, but further results might be expected from

JLab and EIC measurements.
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Gluonic PDF contribution in the pion. This contribution can be extracted from three different
methods: prompt photon production at high-pr [76] (qg — 7q), leading 7+ and 7~ comparison in high-
pr di-jets [77], and from J/¥ production. In this case, the gluon contribution from pion was attempted

to be described by experiments using a single parameter 8 with the following parametrization :
zgr(z) = A(1 — 2)P (4.10)

The fit of this parameter for various data sets is summarized in Tab. @ Nonetheless, the fitted
parameter 8 shows quite different results, which vary from 1.20 to 2.38. Moreover, the S coefficient is
provided without estimation of the uncertainty due to the hypothesis of the models.

Table 4.4: Summary of some experiments measuring the gluon PDF contribution to the 7 and the
various extracted 3 coefficients

Experiment Reaction Vs (GeV) || Coefficient 3
WAT0 | 7~ H — ptp~ 92.91 1.94
NA3 (1983) | m~ Pt — ptp~ 18.11 2.38
E537 (1993) | m~Be — utu~ 15.31 1.20
W — p 15.31 1.98
E609 (1995) | m~ p — dijets 27.42 2.75

Finally, the gluon contribution would be better constrained by using the J/¥ data if the production
mechanism was better understood and not, so model dependent. Indeed, the large cross-section of
this charmonium resonance would largely improve the global understanding of the gluonic contribution

compared to the low cross-section of the Drell-Yan continuum.

4.5.2 Global Analysis of the Pion PDFs

A global analysis of the pion PDFs, based on a theoretical model, consists of extracting a parametriza-
tion simultaneously on multiple data sets. Such methods require enough flexibility to fit data. However,
it presents various advantages. First, the fit can be constrained in the combined phase space probed by

the data. Moreover, if multiple data sets are in overlap, the model is accommodated to fit both datasets.
Global Fit )
Fit Model at Q, Pion PDFs >
with N parameters

DGLAP Evolution at Q

no

Minimization
Previous of N parameters
Data Set k

Figure 4.11: Workflow of a global fit analysis.

2
Determination of X

ExperimentatQ )—
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A diagram of the global fit analysis is presented in Fig. . This workflow illustrates how a fitting
model is constrained at a given hard-scale Q. A x? value is determined based on the experimental data,
and a theoretical model evolved at the proper scale of ). Various data sets are accumulated, and the x?
is simultaneously minimized based on all available data. Finally, the parametrization of the best-fit is

returned and provide the central value of the PDFs.

Additionally, the convergence of the fit can be simplified by taking into account conservation of

quantum numbers, momentum, or symmetries. As an example, the conservation of the number of valence

quarks can be used (Eq. )7 as well as the momentum sum rule of the 7~ (Eq. )
1 1 -
/ de[a(e) — u(x)] =1 / de[d(2) — d(2)] = 1
0 0

1
/0 dz [q(a:) — q’(a:)} =0  (for other flavors)

(4.11)

1
Z/ dx {xq,(x)} =1, where i = u,u,d,d, g,.. (4.12)
qi 0

4.5.3 Available Pion PDF Extractions

Despite the lack of new pion scattering data, there are several motivations to improve pion PDF
extraction using global analysis. In the past decades, various techniques were also developed to account
for nucleon PDF uncertainties, but also very recently for the pion using MC extraction techniques [7§].
Additionally, the implementation of the NLO accuracy and the NLL resummation provides a better de-

scription of the current data.

Recent improvements related to the interpretation of nuclear effects allow reducing uncertainties in
the extraction of the pion PDFs due to its convolution with nucleons in the target. At this moment,
the extraction of nuclear PDFs still presents significant uncertainties compared to the constraint of the
proton PDF, but better constraints are expected in the future from new data. Finally, the same argu-
mentation also applies to J/¥ production cross-section data. Indeed, the underlying non-perturbative
production mechanisms remain to be understood, but it has the advantage of a much higher cross-section
compared to Drell-Yan. Consequently, one can expect to use the available data once the production is

better understood to constrain the gluonic distribution better.

Finally, a historical summary of the global fit analysis of the pion PDFs from the literature is briefly

presented :

o Owens [[79] in 1984 : This parametrization is extracted at LO and based on both Drell-Yan and
J/¥ data from E537, NA3, and WA39. These data only gives a constraint of the valence-quark
PDF in the range 0.2 < z < 1.

o Aurenche et al. [80] in 1989 : In addition to its valence-quark extraction, the ABKFW model
at LO used data from prompt-photon production (qg — vq) and was consequently able to extract
the gluonic contribution.

o Gliick et al. [81] in 1991, The GRV parametrization at NLO initially provided an extraction
of the pion PDFs using valence NA3, NA10, E615 data. The extraction of the sea and the gluon
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distribution was constrained based on the valence extraction at some low resolution scale Q, but
also using Q? evolved prompt-photon production.

o Sutton et al. [82] in 1991: The SMRS model at NLO relies on the Drell-Yan data from NA3,
NA10, and E615. The sea quark PDF varies from 5% to 20% and the gluon PDF constraint is
provided using WA70 data.

o Gliick et al. [83] in 1999: A few years later, the parametrization (renamed GRS) was revisited
using a quark constituent model, which provides new constraints on the gluon and sea quark PDFs.
o« JAM18 Collaboration [78] in 2018: More recently in 2018, very recent extractions of the
pion PDF were performed using the first MC global analysis [[7§]. This ab initio technique for the
extraction of the pion PDFs provides new constraints on valence, sea, and gluon PDFs, including

an estimation of the PDF uncertainties.

Global fits using GRV, GRS, SMRS and JAM are compared in Fig. . This comparison shows a
considerable variation of the valence-quark between model. Such modifications are also symptomatic of
the model dependence of the extraction and should stress the need for collecting more data to constrain
these models better. The results of the NA3 fit is also included and the error bars are uncertainties in
the fit extraction. Finally, promising results from lattice QCD analysis are in full swing and would help
to constrain the regions which suffer from a lack of experimental data [84]. Consequently, contributions,

such as the gluon PDF or the low x region at < 0.2, might also be better determined.

Figure 4.12: Comparison between gluons, valence-quark, and sea-quarks between GRV, GRS, SMRS, and
JAM models at Q? = 20 GeV? [74]. The three sea curves labelled SMRS correspond to three different
hypotheses for the sea quark content. The valence contribution only refers to a single quark contribution
out of two for pion (e.g. @ or d contribution for 77)
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This chapter briefly describes the COMPASSE apparatus and its 2015 features as used during the
Drell-Yan 2015 data taking.

4COmmon Muon and Proton Apparatus for Structure and Spectroscopy
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OMPASS is a High Energy Physics experiment at in the North Area at the end of the M2

beamline of the Super Proton-Synchrotron. It is a fixed-target experiment, also known as NA58 experi-

ment, and designed to probe the internal structure of the nucleon in many ways.

In 1996 the COMPASS-I proposal [@] was submitted to CERN. This proposal resulted from two
distinct proposals conditionally approved in February 1997. At that time, one of the main goals was to
study the spin structure of the nucleon using a muon beam. A second goal was to study the hadron spec-
troscopy using hadron beams. Consequently, collaborators devoted their efforts in achieving
a highly flexible and multipurpose setup. The first data were collected in 2001, and the first physics data
taking started in 2002.

A second physics program was submitted and approved in 2010 [@] by the Research Board.
The data taking started in 2012. This second phase, known as COMPASS-II, extends the measurements

to the three following physics cases :

o Experimental studies of chiral perturbation theory (Primakoff reactions)
o Pion-induced Drell-Yan muon pair production (Polarized Drell-Yan)

o Hard Exclusive photon and Meson Production (Deeply Virtual Compton Scattering)

Figure 4.13: 2015 COMPASS setup used for the Drell-Yan measurement

Drell-Yan data were collected at (COMPASS in 2014, 2015, and 2018. The COMPASS apparatus is
described in many details in the following papers [@, @, @] This chapter focuses on the 2015

PASS setup and introduces only key elements related to the Drell-Yan data taking.

The 2015 COMPASS setup is designed as illustrated in Fig. . The Beam Telescope (BT), located

upstream of the target setup, is meant to track beam particles. The detection setup downstream of the

targets is a two-staged spectrometer approximately 60 m long comprising two spectrometer magnets, SM1
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and SM2. The SM1 magnet uses an integrated field of 1.0 Tm. It is located in the first stage, namely

lLarge Angle Spectrometeri (ILASj) area, to study small momentum particles emitted at large angles. The

SM2 magnet provides an integrated field of 4.4 Tm and bends high momentum charged particles in the

second stage, namely Bmall Angle Spectrometer{ (BAQ).

5 | Hadron Beam Production

The high energy beam used in the experiment is created in the M2 beamline. This beam
can either be a muon or a hadron beam. The primary proton beam sent from SPSEI is converted into a
secondary hadron beam at the entrance of the M2 beamline using the T6 °Be production target (Fig. @)
Various beam intensities are achieved using different target thicknesses (either 40, 100, 200, or 500 mm).
The beam optics is composed of an array of dipoles, quadrupoles, and toroidal magnets, namely SCRAP-
ERSE and MIBSE, used to select the beam polarity, central momentum and to filter out beam impurities.

A halo made of muons remains and originates from the natural 7% and K+ decays.

Figure 5.1: The M2 beam line

A negative hadron beam with a momentum of 190 GeV/c was used in 2015. The intensity goes up
to 10% hadrons per second, as measured by the ion chamber [@] at the entrance of the hall.
Moreover, this hadron beam is mainly composed of 77. Some contaminations are expected from K~ and
P as given in Table @

ISuper Proton Synchrotron
2Collimator Technologys
3Magnetized Iron Blocks
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Table 5.1: The relative composition of the hadron beam at for some typical momenta, as
calculated from measured values [89]. Relative uncertainties amount to 1% for pions and protons, and
2 — 3% for kaons and antiprotons. The e* /e~ contribution is still present at 100 GeV /c. Higher
momentum particles rapidly decrease due to synchrotron radiation.

Momentum (GeV/c) Positive beam Negative beam
rt Kt D T K- P
100 61.8% 1.50% 36.7% | 95.8% 1.80% 19.1%
160 36.0% 1.70% 62.3% | 96.6% 2.30% 31.9%
190 24.0% 1.40% 74.6% | 96.8% 2.40% 0.80%
200 20.5% 1.20% 78.3% | 96.9% 2.40% 0.70%

The beam is delivered by pulses on a regular basis. A typical beam SPS pulse, also known as a

spill, lasts for 5 seconds. The DAQE records data from the [Begin—Of—Spili ([BOQ) signal to [End-Of-Spil
(@) signal. Physics data are only collected from 0.8 s to 5.6 s due to the SPS Veto as shown in Fig. @

Figure 5.2: Typical example of time in spill profile, as collected during 2015 data taking (run 264738).
The plot shows collected data from 0.8s to 5.6s. The SPS veto signal is applied at the beginning of the
spill because of beam instability.

The 2015 beam momentum is estimated to be 190.9 GeV/c £ 3.231 GeV/c (Fig. @) This measure-
ment was done in 2014 with a special run at low intensity using the lBeam Momentum Statiod (IBMSi) The
BMS (Fig. @) surrounds the B6 magnet and is composed of four scintillator hodoscopes (BM01-BMO04)
and two scintillating fibers (BM05-BMO06). Those stations measure each individual particle. In 2015, it

could not operate at the nominal high intensity due to front-end electronics limitations. However, high

intensity runs in 2014-2015 are expected to have a similar spread in momentum.

4Data Acquisition System
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Figure 5.3: Measure of the momentum spread of the 7~ beam used for Drell-Yan data taking

Figure 5.4: Layout of the BMS at the end of the M2 beam line, before entering the COMPASS Hall
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6 | Target Setup and Beam Absorber

The COMPASS 2015 setup is composed of three different targets: A tPolarized Targed (@) made

of two cells of solid-state ammoniac in a liquid helium bath, an aluminum target, and a tungsten plug

with the first few centimeters considered as a target. A sketch of the target setup, including the hadron
absorber, is shown in Fig. @

Figure 6.1: 2015 Target setup with the three targets, and the nearby scintillating fiber detectors, namely
FI01 FI15, FI03, FI35, which are introduced later in Sec.

The target cells are placed in the dilution refrigerator, also known as @ cryostat. (Fig. @) Two
separated cylindrical cells, made of PCTFEm (Fig. @), contain the NHj3 polarizable solid-state materials
at low temperature. This polymer is a special material to avoid a perturbation of the polarization with

excellent resistance to the experimental conditions at low temperature and pressure.

Figure 6.2: Diagram of the two target holders, including the NMR coils used to measure the
target polarization.

This PT system is essential for measurements of longitudinal or transverse spin asymmetries and is by

far the most challenging and sensitive component of the Drell-Yan setup. The polarization is built using

the lDynamic Nuclear Polarizatiod (IDNP|) technique [@] It consists of transferring the polarization of

electrons to nucleons. Electrons are much easier to polarize than nucleons due to their higher magnetic
moment. The solid target material is maintained at 60 mK during the polarization process in a LHe
bath (*He/*He = 10%/90%) at the saturated vapor conditions. The longitudinal polarization is defined

1PolyChloroTriFluoroEthylene
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as parallel to the beam propagation axis to go in the frozen-spin configuration. During longitudinal
polarization, a superconducting solenoid magnet with a uniform field of 2.5 T is applied. Finally, the
transverse polarization of the spin states is achieved by rotation of the magnetic field of 90°, which is
ensured by a combination of the solenoid magnet with a dipole magnet of 0.63 T field. A typical value

of the transverse spin polarization is about 70%, where only protons contribute to the polarization.

Figure 6.3: Representation of the COMPASS 2015 *He/“He dilution refrigerator

The two polarized targets are 55 cm long, with a diameter of 4 cm and a gap of 20 cm in between cells.
The dipole magnet of the PT target bends the beam about 1.63 mrad in the horizontal plane (academic
exercise, Fig. @) In practice, the incoming beam angle is obtained using a MCE simulation to better
account for the non-uniform magnetic field. Consequently, the beam impinging on the target is steered
to compensate for this deviation effect. The beam enters the PT target region with the corresponding

opposite angle and enters the absorber collinear to the initial beam reference axis.

Figure 6.4: Propagation of a beam particle assuming an averaged uniform magnetic field, (Bg) ~ 0.52 T.
The deviation angle is obtained by considering a relativistic 7~ particle at Epeqm = 190 GeV subjected to
the Lorentz force (centripetal force). The distance d ~ 200 cm corresponds to the length of the magnet
as shown in Fig. @

2Monte-Carlo Simulation
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Finally, the hadron absorber is made of alumina tiles (AlpO3) inside a stainless steel frame. The
end-cap nose of the hadron absorber is composed of aluminum, making a total thickness of 36 cm.
The aluminum target is a cylindrical block of 7 cm length with a diameter of 10 cm and is used as
an intermediate atomic mass for nuclear dependence studies. The tungsten plug is composed of three
cylindrical blocks of 80 cm, 20 cm, 20 cm lengths and 9.5 cm, 9 c¢m, and 8.5 cm diameters, respectively.

Only the first 10 cm of tungsten are usually used as a target due to the large beam absorption.

7 | Trigger and Veto Systems

The trigger system used for the detection of Drell-Yan dimuon events is composed of dimuon triggers.
Dimuon triggers, described later in Sec. E, are fired based on the single muon trigger signals, as described

in the following.

7.1 Single Muon Subsystems

The single muon triggers are composed of three hodoscope subsystems, namely LAST, OT, and MT.
Those triggers recognize single muon tracks. The hodoscopes are made out of horizontal slabs and
consequently not sensitive to the magnet bending in the limit of the hodoscope acceptances. The overall

picture of the relevant triggers and veto hodoscopes in the Drell-Yan 2015 data taking is shown in Fig. @

Figure 7.1: Top view sketch of the relevant hodoscopes used in the Drell-Yan 2015 data taking. The
VETO hodoscope V, 4 is not used, but remains in the 2015 setup

The list of the single muon Drell-Yan triggers is detailed in the following;:

e« LAS trigger. The LAS trigger consists of two hodoscope planes, H1 and H2. In 2015, each plane
was composed of 32 slabs. They are located between SM1 and SM2 in the large-angle spectrometer
area. H1 station consists of a single part hodoscope (HG01Y1). H2 is a two parts hodoscope
(HG02Y1, HG02Y?2) to avoid very long strips.

e Outer trigger. The OT logic is composed of two detection planes, H30O and H40. The first
hodoscope, HO03Y1, is composed of 18 slabs and located at the end of the LAS region. The
second, H40, is in the SASﬂ region and divided into two parts (HO04Y1, HO04Y2) made of 16

slabs each.

ISmall Angle Spectrometer
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o Middle trigger. Finally, the middle trigger is made of two stations, namely HM04Y1 and HMO05Y1.
These hodoscopes are composed of 32 slabs each and located in the region.

The trigger signal is built based on the coincidence between the corresponding hodoscopes. This
principle is known as target pointing technique (Fig. @) This signal is held for 25 ns, when no coinci-
dence from veto signal, by using a flip-flop gate to avoid double counting. This technique uses a so-called
coincidence matrix as already illustrated in Fig. @ However, a matrix is defined for each single muon
trigger as shown in Fig. @ and optimized based on a Monte-Carlo simulation in a high Q? region to

reject coincidences with background particles.

Figure 7.2: Sketch of the target pointing technique for ;= (symetric with respect to u*). The trigger
matrix pixel accepted are drawn in white. After coincidence matrix a flip-flop gate is used to generate
only one trigger pulse. The signal in red is the trigger pulse sent to frontend electronics and the DAQ
system

Figure 7.3: From left to right: Picture of the coincidence matrice for LAST (One for HG02Y1 and one
for HG02Y2), OT (composed of a combined matrix for HOO4Y1 and HO04Y?2 of 16 slabs each), and MT
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7.2 Dimuon Trigger Logic

In 2015, three dimuon triggers were used, namely LAST®LAST, OT®LAST, MT®LAST. Some parts
of dimuon triggers are in overlap. Consequently, a trigger is called inclusive, when at least one of the
dimuon trigger is fired in the event. A trigger is named exclusive, when the event is only triggered by

one dimuon trigger.

Those dimuon triggers used for physics analysis cover a large range in /7 and xr as shown in Fig. @
These regions correspond to the coverage of the combined dimuon triggers. The region from 8.5 GeV /c?
to 14 GeV /c? are latter removed from the analysis, because of Upsilon Y(1S) contamination in the re-
gion from 8.5 GeV/c? to 11.5 GeV/c? and of the low acceptance coverage at larger mass. Moreover, an
angular cut is applied to remove muons originating from the 7~ (or K ~) beam decay. In 2015, the inclu-
sive LAST®LAST dimuon trigger contribute approximatively to 62% of the total statistics, the inclusive
OT®LAST trigger to 46% and the inclusive MTQLAST to 4%.

Figure 7.4: Left: The trigger coverage is expressed in terms of the scaling variables /7 = M//s and
Tp = x1 — T2 with a mass cut and beam decay muon removed; Middle: Decomposition of the dimuon
trigger coverage using a gradient of opacity; Right: Contour of each dimuon trigger

Dimuon signals are obtained by a coincidence between single muon triggers. The overall picture of
the dimuon trigger logic is introduced in Fig. @ Middle and Outer triggers use coincidence modules.
However, the LAS trigger involves an advanced programmable card, namely GANDALFE card. The

dimuon signals are built following the rules hereinafter:

o LAST®LAST (or LLAST). This trigger requires at least two coincidences in the LAS region
within 5 ns.

e OT®RLAST (or OLAST). It requires at least one hit in each OT and LAST within 22 ns (value
obtained after subtraction of the 3 ns minimum coincidence length of the CAEN N405 unit). The
time window for combining signals is larger because LAS and Outer triggers are located in the LAS
and regions, respectively, and uses different electronics compared to LLAST.

e MTQLAST (or MLAST). The third dimuon trigger requires at least one coincidence in MT and
LAST, respectively, and within 22 ns.

2Generic Advanced Numerical Device for Analog and Logic Functions
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Figure 7.5: Diagram of the dimuon trigger logic (adapted from [91]). The special treatment for LAS
trigger is detailed. The green boxes correspond to the single trigger signal used to obtain the dimuon
trigger signal in the red boxes. In this picture, the FPGA LAS1 uses the combination of HGO1Y1 and
HGO2Y1, while FPGA LAS2 uses HG01Y1 and HG02Y?2

7.3 VETO Logic

The VETO signal is used to avoid recording ambiguous events. As an example, these ambiguous
events might originate from the coincidence between a halo beam track in the VETO hodoscope and a
possible dimuon pair recognized by the trigger system. In this case, the VETO signal inhibits the physics
trigger and does not record the event. The total VETO signal composed of four veto sub-signals and

named V.. Fig. @ illustrates some possible examples of vetoed signals.

V:cot; :Vouterl || Vvinnerl H ‘/inner2 H Vbeam line

Figure 7.6: py and pg are rejected by the VETO hodoscopes. po is accepted as it is pointing to trigger
hodoscopes without firing VETO hodoscopes.
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7.4 Random Triggers

The Random Trigger (RT) subsystem is fired by the coincidence of two photons with two photo-
multiplier tubes. These photons originate from the 2?Na source via 1 decay. (Fig. @) Particles that
fire a dimuon trigger are initiated by a beam track. Consequently, it is more likely to observe a beam
particle when a physics trigger is fired. Therefore, this trigger is essential to estimate an unbiased beam

flux.

The VETO logic is not applied to the RT events by the construction of the trigger logic to ensure a

truly random trigger. RTE events are recorded on a spill basis by the m between the Begin-Of-Spil
(BOS) signal and the tEnd—Of—Spili (tEOSi) signal. Moreover, the total number of @ events should be

comparable to the dimuon trigger rate to ensure proper sampling of the beam flux.

Figure 7.7: Workflow of the True Random Trigger. A trigger signal is generated if the two PMTE signals
are in coincidence

8 | Tracking detectors

The 2015 spectrometer covers a large angular phase space from 25 mrad to 165 mrad in
the LAS region and from 8 mrad to 45 mrad in the region. This broad coverage is resulting from the
combination of three tracking regions: Very Small Area Trackers (VSATs), Small Area Trackers (SATS),
Large Area Trackers (LATS). These regions are discussed in Sec. @, Sec. @ and Sec. @ respectively.

8.1 Very Small Area Trackers

In the Very Small Area Trackers (VSATS) region, the tracking is performed either by Scintillating Fiber
(Sci-Fi) detectors, Silicon Microstrip detectors, Pixelized Micromesh gaseous structure (Micromegas)
detectors or Pixel GEM detectors. Silicon detectors could not sustain long term radiation exposure using
a high rate of hadron beam (10® hadrons per second) and were consequently removed from Drell-Yan

setup to prevent anticipated aging.

3Random Trigger



The COMPASS-II Experiment 45

Scintillating Fiber detectors, F101, FI15, FI03, FI35, FI04 The Beam Telescope is composed
of three scintillating fiber detectors, namely FI01, FI15, and FI03. They are made of the (X1, Y1), (U1,
X1, Y1) and (U1, X1, Y1) coordinates, respectively. Additionally, FI04 is located in the LAS region near
the micromegas detectors and composed of (X1, Y1, Ul) coordinates. A single coordinate is made of the
superposition of multiple staggered fiber layers, as shown in Fig. @ The size of the active areas varies
from 3.9 x 3.9 cm? to 12.3 x 12.3 cm?. Spatial resolutions are either 130, 170, or 210 pum depending
on the diameter of the fiber, which is 0.5, 0.75, and 1 mm, respectively. The timing resolution is about
400 ps. An example of the Sci-Fi efficiency 2015 (FI01X1) is shown in Fig. @, and the full picture of the
efficiency is shown in the Appendix ﬂ Moreover, in 2015, FI03X1 and FI0O3U1 were slipped by 1.4 cm,
which reduced the acceptance of the beam telescope due to a lack of redundancy. Consequently, the

efficiency estimation coverage is limited as clearly visible in Fig. @ for Y > 1 cm.

Figure 8.1: Illustration of the SciFi active
area made of several layers of scintillating
fibers. Either 8, 12 or 14 layers, depending
on the station [87]

Figure 8.2: Efficiency of the FI0O1X1 plane :
£(60)96.00%

The scintillating fiber detector, FI35, composed of the (U2, Ul, V2, V1, X2, X1) coordinates, was
placed between the upstream end-cap of the absorber and the hadron absorber (Fig. EI) The purpose
of this detector was to improve the vertex resolution. However, it suffers losses from a very high occu-
pancy due to particle radiation coming from the hadron absorber. Its use in the tracking is still under

development.

Pixelized coverage of the new hybrid Micromegas stations. These detector stations are located
after the absorber in the LAS region. The regular active area of the Micromegas detector is part of the
SATE region and is explained in the next section. However, the new pixelized area is part of VSATE
coverage. This sensitive pixel area is composed of pixels of 2.5 x 0.4 mm? within a region of 25x25 mm?.
Larger pixels have a size of 6.25x0.4 mm? and cover a ring surface from 25 mm to 50 mm. The timing

and spatial resolutions of the pixel region are 9 ns and 80 um, respectively.

1Small Area Tracker
2Very Small Area Tracker
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Figure 8.3: Design of the pixelized micromegas detectors

8.2 Small Area Trackers

The small Area Tracker region is composed of Micromegas detectors and Gas Electron Multiplier
(GEM) detectors. These gaseous detectors intend to cover a region from 5 to 40 cm. The beam rate in

this region is about 10° Hz.

Gas Electron Multiplier detectors, GMO01 to GM11 and GP02, GP03. There are eleven GEM
stations in the 2015 setup composed of four projection planes (Ul, V1, X1, Y1) each. Besides, two Pixel
GEMs, namely GP02 and GP03, are also used. Those detectors are evenly distributed throughout the
spectrometer, starting from downstream of the SM1 magnet. A GEM detector is an assembly of three
GEM foils. GEM foils are made up of 50 um polyimide foils coated on both sides with copper. During a
standard run, the central region is neutralized to avoid a too high occupancy of the detector due to very
low angle muons. A hole pattern is laser drilled with a density of 10* holes/cm? [92]. The active area of
GEM detectors is about 31 x 31 cm?.

Figure 8.4: Diagram of the GEM amplification process. The left-hand side schematic is illustrating the
typical electric field in a GEM hole.
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The operating principle of GEM detectors is shown in Fig. @ An incoming particle in the drift
gap (also named conversion gap) is ionizing the gas mixture made of Ne/CF4/CyHg (80%/10%/10%). A
drift field Fg4,is is applied to the cathode and initiate the drifting of the primary electrons. An electric
potential, Eggn, is applied to the GEM and generates an avalanche of electrons collected by the readout

strips.

New Hybrid Pixelized Micromegas, MP01, MP02, MP03. There are three Micromegas stations,
each of them composed of four projection planes. Those stations are located between the absorber and
the SM1 magnet. The active area is split into two parts: the pixelized part introduced in the previous

section, and the standard active area of a size of 40x40 cm?.

Figure 8.5: Schematic of the amplification process of the pixelized micromegas used at COMPASS
(adapted from [93])

The operating principle of the new hybrid pixelized Micromegas detector is shown in Fig. @ This
hybrid technology is based on the combination of a metallic micromesh and an additional GEM foil. The
GEM foil reduces the disruption probability rate during electron transfer. A gap space of 100 pm between
the micromesh and the readout strips minimizes the transverse propagation of the final electron cascade
and aims at the excellent spatial resolution of this technology. The timing and spatial resolutions of the

strip part are about 9 ns and 110 pum, respectively.

8.3 Large Area Trackers

The lLarge Area Trackers] (ILAT&J) region covers the outer region of the spectrometer. The LATE region

includes detectors located both in the first and second stages of the spectrometer. The central part of
LAT detectors are all neutralized; Consequently, the geometrical coverage is ensured by the and
detectors. This region uses five different types of drift chamber technologies and is described as

following.

3Large Area Tracker
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Drift Chambers, DC00, DC01, DC04, DCO05. The 2015 setup combines four drift chambers.
DCO00 and DCO1 are located upstream SM1 with an active area of 180x127 cm?. DCO04 and DCO05 are

located downstream SM1 with a larger active area of 248 x208 cm?.

A schematics of the operating principle is shown in Fig. @ A DC detector is made of four double
layers. The purpose of the double layer is to avoid tracking ambiguities. FEach layer is made of an
alternation of 20 pm radius sensitive wires (anode) and 100 pm radius field wires, equally distributed in
space. These wires are enclosed in between two cathode foils, which are separated by 8 mm gas space.
The center of these foils (30 cm diameter) are independent and supplied by a separate high-voltage to
neutralize the center of the detector. The purpose of this dead-zone, also known as beam killer, is to lower
the large amount of charges generated by muons at low angles. The spatial resolution of DC detectors
is of the order of 300-400 pym. Fig. @ shows a typical efficiency map of the DC04V1 detector in 2015.
Strips at X >~ —45 cm shows few inefficient wires due to frontend electronics. Two structural elements
in diagonal (green bands in Fig. @) are used to support wires. Finally, the beam killer is visible in the

center of the detector.

Figure 8.6: Schematic of the operating principle of Figure 8.7: Efficiency of the DC04V1 plane :
the DCs [85] e(6o) = 95.73%

Straw Chamber, ST03, ST05. Two straw detectors were in place in 2015, namely ST03E and STO05.
The STO05 detector, located in the region, was not used for the tracking but remained in the spec-
trometer. is composed of six double layers. It is described in more detailed in Ch. , including

the calibration methods and the efficiency studies.

Multi-Wire Proportional Chamber, PA, PB, PS. There are 14 stations included in the tracking:
six are in the LAS region and eight in the region. They are three different types of technology, called
type-A, type-A*, and type-B. Type A is composed of three projections (X, U, V). U- and V- views are
rotated by +10°. Additionally, type A* is including an extra Y projection compared to type A. Type
B is composed of an X projection coupled with either a U or V coordinate. Dead-zones in each of the
detectors are about 16-22 mm diameter. Besides the different projections, the difference between type A
and B are the size of the active area, 178x120 cm? and 178x80 cm? respectively. The spatial resolution

is about 600 pm.

4Straw Tube Detector
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RichWall, RW RichWall detector is a tracking station downstream of the RICH composed of MDTE
tracker. A single @ module is composed of eight aluminum combs covered with an inox layer and
wrapped into a Noryl envelope of 1 mm. In the center of each module, a gold plated tungsten wire of

50 pum radius is used as the anode.

Figure 8.8: Sketch of a Mini Drift Tube module [37]

A Large Size Drift Chamber, W45. This detector consists of six stations, each made of a double
projection. Each projection is a double layer covering an active area of 520x260 cm?, with a central
dead-zone of either 50 cm or 100 cm diameter. Sensitive wires are spaced with a pitch of 4 cm. A typical

spatial resolution was about 500-600 ym in 2015.

9 | Muon Identification

A more general description of particle identification, including hadron identification (from RICH-1
detector), is given in the COMPASS-II proposal [26]. However, the Drell-Yan analysis only relies on the
identification of muons. In such a case, this task is achieved by using two Muon Walls (MW) stations.
Those stations MW1 and MW2 are located in both LAS and region, respectively.

Figure 9.1: Schematic of the MW1 [B6]

5Mini Drift Tubes
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Muon Filters Absorbers, MF1, MF2 Three Muon Filters (MF) are used in the spectrometer to
filter out hadrons and light particles. MF1 and MF3 are made of 60 cm of Iron, which has high stopping

power. The MF2 is built around a concrete absorber of 2.4 m.

Muon Walls Detectors, MW1,MW2.
planes downstream of the Muon Filters, MF1, and MF2s, respectively. MW1 and MW2 are acting in
different locations. MW1 is dedicated to the LAS region and made of @ trackers, as shown in Fig. EI,
with an active area of 480x410 cm? and a central hole of 140x80 cm?. Moreover, the MW?2 acts in the
ﬂ region and is composed of @ trackers downstream and uses the W45 detector for upstream

tracking.

Both consist of eight tracking planes upstream and eight

10 | Data Acquisition System

10.1 Data Flow

The is a high-level system able to deal with a large amount of data coming out of detectors
from the experimental hall. In 2015, the typical trigger rate during a normal run was about 30 kHz at
high intensity. Table shows the trigger table for a high intensity run in 2015 including pre-scaling.
A division factor, called pre-scaling, is set to balance the load of the and only record relevant data.

All dimuon triggers are pre-scaled to 1, and some triggers are disregarded when set to 0.

Table 10.1: Summary table of the 2015 trigger table. In this example, the in and out rates correspond
to the first spill values of run 264738.

Trigger Name Division Factor || In rate | Out rate
Dimuon Trigger MLAST 1 4081 4081
Single Muon Trigger MT 100 445615 4457
Dimuon Trigger OLAST 1 4912 4912
Single Muon Trigger OT 100 114239 1143
Calorimeter Trigger 0 3571205 0
Inner Veto 0 8895444 0
Beam Halo Trigger 0 1327070 0
Beam Trigger 35000 60224913 1722
Dimuon Trigger LLAST 1 98608 98608
Single Muon Trigger LAS 500 685091 1371
True Random 1 6426 6426
Noise Random 0 2534705 0

In 2015, a total of four readout engines (computers) were in charge of processing the high outgoing
data flow and building the final raw signal. A simplified diagram of the 2015 data flow is shown
in Fig. . Analog signals are collected by electronic front-end (FE) cards. Signals are digitized either
on FE cards (TDCEl7 FlE, ADCE), or at the next stage in the HGeSiCaE, CATCHE, GANDALFE cards.

! Time-To-Digital Component

2Eight Channel Time-to-Digital Converter Chip for High Rate Experiments
3 Analog-To-Digital Converter

4Hot GEM and Silicon Control and Acquisition

5COMPASS Accumulate, Transfer and Control Hardware

6Generic Advanced Numerical Device for Analog and Logic Functions
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The digitized data is sent via SLinkE to the FPGAE multiplexers. The multiplexed signal is sent to the

readout engine before storage. For long term storage, data are then written on CASTORE, a magnetic

tape recorder at .

Figure 10.1: Schematic readout and data acquisition flow at the ESOMPASQ experiment since 2015. The
reen boxes corresponds to the components that receive the trigger signal by the fFime Control Systerd
(rcd

) [p4].

10.2 DAQ Scalers

The system reads counting information from counters. A scaler counts the number of
DAQ events between the BOSE and EOSEI signals. A non-exhaustive list of scalers is shown in
Appendix @ Such additional information are highly useful for beam flux determination, as well as dead

time estimation. In 2015, the main scalers used in the analysis are the RT scaler NRrr attempted, and

tLevel Triggeri (tFLTb scaler NFLT attempted f0I luminosity calculation.

e The RT scaler counts the expected random triggers before DAQ processing. The recorded RT are
directly counted from uDST data.

e The FLT scaler counts all incoming triggers fired, both physics and RT events, before DAQ pro-
cessing. The collected FLT are obtained from mDST data.

Additionally, a second scaler system, known as Munich scalers, is read out independently of the .

“CERN specification for an easy-to-use FIFO-like data-link
8Field Programmable Gate Array

9CERN Advanced STORage manager

10Begin-Of-Spill

HEnd-Of-Spill
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The straw tube technology used at detects outgoing muons among other particles in the
ILarge Angle Spectrometerl (ILAd) region. During the I phase, the tracking was performed
using the following straw detectors: ST02, ST03, ST04, ST05, ST06. ST04 and ST06 were removed in
2004. At the end of 2014, ST02 was also removed from the spectrometer and replaced by the DCO05
detector [@] Finally, the ST05 detector was not used in the tracking in 2015 and removed from the

spectrometer after data taking. Consequently, only ST03 detector remains in the spectrometer since 2016.

The LMU Munich group was responsible for this technology until 2013. Pieces of knowledge related
to this detector were about to be lost when the University of Illinois group joined COMPASS and became
the main responsible in 2014. Part of this Ph.D. work consisted of relearning, maintaining and calibrating
the ST03 detector from 2016 to 2018 in collaboration with the Joined Czech group from Prague.

This chapter describes to some extends the operating principle of proportional chambers, and in-
troduces the specificities of the straw tube technology. The characterization of the detector in 2015 is

presented, as well as the most important hardware upgrades performed in 2016 and 2017.
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11 | Operating Principle

A gaseous detector is a detection technology able to track charged particles. These latter cross and
ionize a gas volume along its path, resulting in the creation of ion-electron pairs to be collected by the

detector electronics.

One century ago, Hans Geiger and Ernest Rutherford operated for the first time a gaseous detector [96].
Early gaseous detectors such as cloud chambers [97] or spark chambers [98] were used to measure the
trajectory of charged particles with limited precision. In 1968, Georges Charpak and Fabio Sauli accom-
plished a groundbreaking achievement by building for the first time a Multi-Wire Proportional Chamber.
Since this time, many other technologies, based on the same principle, were developed including straw

tube detectors.

11.1 Proportional chambers

The working principle of gaseous detectors relies on particle ionization in a gas mixture by operating
in the proportional regime. Fig. is an illustrative diagram of the collected signal for different voltage
regions and different «, 5 and ~ radiations. The same proportional principle applies to muons detected
in the tracking chambers. The nature of proportional counting makes the amplification linear
as a function of the applied voltage. In other words, the collected charge is proportional to the ion-

electron pairs created by the incident radiation. Ionizing particles, crossing a gas volume inside the

Figure 11.1: Operating regions of gaseous detectors [99]

chamber, create primary ion-electron pairs. Electrons and ions drift in opposite directions with different
speeds when an electric field is applied between the cathode and the sense wire, as shown in Fig. .
Under an intense electric field, the accelerated electrons also ionize the medium, creating an avalanche of

ion-electron pairs, which are collected by the front-end electronics through the anode wire.



Straw Tube Detector 55

Figure 11.2: Principle of proportional counter [[100]

In Fig. , the collected charge cannot only be attributed to the drift of the electrons which is of
the order of few nanoseconds (in blue). The electron signal is too short compared to the integration time
of the electronics. Consequently the collected signal is finally also related to the potential gradient of the

electric field relative to the ion drifting (in red).

Figure 11.3: Collected charges as a function of time. The blue curve represents the signal induced by the
electron drifting. This signal is in the order of few nanosecond. The red curve is the current induced by
the displacement of ions toward the cathode

The wire position gives only an approximate position of the hit. Much better precision is achieved by
measuring the drift time of the electron-ion pairs. The relation between the distance to the wire and the
drift time is called R(T) relation and described latter in Sec. . This relation converts the measured

drift time into a drift distance and improves spatial resolution.
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11.2 Straw Tube Technology

11.2.1 Detector Structure

Straw tubes. A single straw tube consists of an

inner layer of Carbon loaded Kapton XC (40um

thickness), a glue film (7pum thickness), and an

outer layer of aluminized Kapton (12um thick-

ness) [101]. An illustration of a straw tube is

shown in Fig. . Each cylindrical tube contains

an anode wire to be connected to an electronic

channel of the front-end cards. The inner layer of

the tube acts as a cathode. This tube has a rela-

tively high impedance and largely transparent to Figure 11.4: Illustration of a straw tube design
electromagnetic fields: Cross-talk, signal attenua-

tion, and external noise sources are consequently reduced [[101]. The thin anode wire, made of gold plated

tungsten [101], has a diameter of 30 pm.

Double Layer Structure. A layer of straw tubes is glued with a second layer in a staggered arrange-
ment, shifted by half a diameter, and fixed to an aluminum frame. The double-layer schematics is shown
in Fig. . The main motivations of a double-layer design are to increase the detector acceptance
and resolve the left-right ambiguity within a plan. A single layer is not able to distinguish whether the

incoming charged particle crossed the detector on the left or right side of the wire.

Figure 11.5: Illustration of a double-layer of the straw tube detector

Carbon strips and protective volumes. The double layers are held horizontal or vertical in a
staggered arrangement using carbon strips, as shown in Fig. . This detector technology is sensitive to
atmospheric conditions [102]. Therefore two protective enclosure volumes on either side of the detector

are filled with Argon to keep double-layers air-proof and to reduce humidity within the straw.

Detector Structure. The sensitive area made of double layers, either X or Y-types, has a total size of
either 280 cm x 323 c¢cm or 325 cm x 272 cm respectively [101]. The active area is made of three sectors
(a, b, c) of straw tubes with different diameters. (Fig. ) The two outer sectors a and c are made
of 31 tubes of 9.67 mm diameter. The inner sector b is composed of 97 tubes of 6.16 mm diameter. In
2015, electric fields applied to the cathode were respectively 1780 V for the 10 mm tubes and 1640 V for
the 6 mm tubes. The purpose of smaller diameters in the central region is to support a larger rate of
particles at a low angle. Additionally, the particle rate near the center of the detector is very high due
to the beam and interacting particles at low angles. Consequently, a dead-zone of 20x20 cm? is located

in the center of the detector to avoid a too large occupancy of the detector.
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Figure 11.6: Schematic view of the X double-layer of a straw tube detector [87], including the electronic
front-end in the bottom of the detector. A single read-out electronic card is used to collect the second
half of the signal due to the physical hole.

At in 2015, the last but not the least operated ST03 detector is composed of six double-
layers (X1, Y1, Ul, V1, Y2, X2), as shown in Fig. . The (U1, V1) views are inclined by (-10°,4+10°)
respectively. The horizontal and inclined views are X-type straws, while the vertical planes are of Y-type
straws. In the next pages, the naming of each view follows the pattern : STO03[xx][y][z], where [xx]
corresponds to a detector view X1..X2, [y] corresponds to the upstream u or downstream d layer and [7]

is the a,b,c sector of the corresponding detector plane.

Figure 11.7: Illustration of the six double layers sequencing of the ST03 detector.

A detector measures at least the horizontal and vertical projected coordinates to determine the position
of the particles. The additional views are used for the resolution of track combinatorial ambiguity. Indeed,
it is crucial to have sufficient redundancies to avoid such ambiguities, but also to compensate detector
inefficiencies. Fig. , illustrates the tracking ambiguity due to low redundancy or high particle
rate. In this case, as an example, the simultaneous detection of two true hits results in the detection
of two additional ambiguities. This issue is addressed by increasing the redundancy and adding rotated

coordinates such as (U1, V1).
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Figure 11.8: Tlustration of the combinatorial am- Figure 11.9: This combinatorial ambiguity is re-
biguity due to low redundancy in the tracking of solved by the additional coordinate (in gray) com-
one detector. Ambiguities are drawn with the pared to the left-hand side plot.

white/green circles. True hits are blue and red cir-

cles

11.2.2 Gas Mixture

The gas circuit is detailed in Appendix E The gas mixture, tuned for hadron beam runs, is composed
of Ar, COy and CF4 (80%/10%/10%) and circulates through each double layer. Argon gas is used for
its signal amplification properties. COs is a quencher to suppress electrical discharges in the tubes.
Additionally, a third compound, CFy, increases the drift velocity [103]. The total gas flow rate depends

on the atmospherical pressure and the regulation speed of the gas recycling line.

11.2.3 Front-End Electronics

A single .Z1-TDC front-end board includes 64 readout channels [87]. Each board embeds eight .71
chips for digitization and eight ASD-8 analog chips. The later consists of a pre-amplifier, an amplifier,
and discriminator chips. Thresholds are remotely controlled. There are 14 cards per view, including
one extra card to connect the part of the detector separated by the central hole. The digitized signal is
transmitted from #1-TDC cards to cards using the HOTLink interface with shielded ethernet

cables.

12 | Calibration and Characterization in 2015

12.1 Calibration Methods

A detector calibration is an iterative procedure in order to optimize detector performances. These
corrective parameters are the R(T) relation, the Ty-value and the x-ray calibration, described later. In

2015, the x-ray correction has been disregarded.

An initial alignment and calibrations are required to reconstruct the reference tracks using the rest
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of the spectrometer. Those reference tracks are then compared with detector hits to determine STO03
efficiency. In 2015, the alignment was performed first using a muon beam at a lower intensity. In a

second time, a hadron beam run at high intensity was used for each period throughout 2015.

12.1.1 Alignment and Residual Distributions

During the calibration procedure, the ST03 detector is removed from the tracking in order not to bias
the reconstruction of the reference tracks. A residual distribution, Ar = 7, —rirk, 1S used to minimize the
misalignment and misorientation of each detection plane in the spectrometer reference frame (Fig. )
This distribution corresponds to the deviation of the hit position measured by the detector from the
projected position of the reference track, as illustrated by Fig. . The full picture of the residual

distributions after calibration is available in Appendix B

Figure 12.1: Sketch of top view of ST03X1, including an example of residual Ar. The red axis corresponds
to the reference track reconstructed by the spectrometer but the ST03 detector

Figure 12.2: Example of simple residual of ST03Y2ub before (in grey) and after calibration and re-
alignment (in red)
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12.1.2 Relation R(T)

As explained in Sec. , the RT relation is one of the main characteristics of the straw tube chamber.
This relation converts the drift time T to a drift distance R, as shown in Fig. . The two-arm shape
from 10 ns to 60 ns is obtained whether the particle crosses to the left or right of the nearest wire. A fit
in red is performed and corresponds to the RT relation used for the correction of the reconstructed data.
The Ty and AT will be discussed later in the next sections. The full picture of the R(T) distributions is
available in Appendix @

Figure 12.3: RT relation of the ST03Y2ub with calibration fit in red

12.1.3 T, Calibration

A typical hit timing is of the order of 1670 ns compared to this trigger reference time. Due to the
electronics latency and the length of cables, the corresponding detector hit of the event has to be retrieved
from the buffer of .#1 chip. Consequently, a reference value, known as Ty-value, is adjusted to correct the
timing of the hit. In previous example, a typical Ty-value will be fine-tuned of the order of Ty >~ —1600 ns
or —1660 ns to align the R(T) relation in time as shown in Fig. . This time is negative because the
trigger has fired in the past compared to the time the hits are collected.

12.1.4 Detector Time Gate

The drift velocity depends on parameters such as the electric field and the gas mixture used in the
detector. A detector time gate AT is opened to select only the relevant hits. This time gate should not
be too large to minimize noise hits. In Fig. , the hits correlated with the trigger are located between
0 and 60 ns as visible by the two-arm profile.

e A typical AT value for the central tubes is about 60 ns.

e The time gate is chosen proportionally to the diameter of the tubes. Consequently, the AT value

for outer tubes is of the order of 90 ns.
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12.1.5 X-ray Correction

Although straw tubes are constrained with carbon strips, the detector structure still suffers from
atmospheric variations, especially the temperature. The precise positioning of the wire inside the tubes
was last determined in 2005 using an x-ray gun [102]. The setup was composed of an x-ray gun and a

CCD sensor, as shown in Fig. a. A typical picture is shown in Fig. b, where anode wires are

visible in dark grey.

Figure 12.4: (a) Left: Sketch of the setup with an xray gun and the CCD sensor; (b) Right: Typical
picture obtained with the CCD sensor

The measurement aimed to precisely determine the positioning of the wire in six different locations
(at the edges of the detector and the four-carbon strips). However, no recent measurement had been
performed since 2005. In consequence, the activation of this additional correction was worsening the
situation. Fig. illustrates the systematic deterioration of the resolution by applying the old x-ray
correction, except for Y views, which remain almost constant. Consequently, this correction had finally
been deactivated in 2015.

Figure 12.5: Comparison of the resolution between views with (in grey) and without (in red) the x-ray
correction from the 2005 calibrations
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12.2 Results: Performance Studies

The detector performances depend on beam conditions, detector calibrations, and alignment. In 2015,
the gas mixture was modified to optimize the detector capability rate with an incoming hadron beam.
The effect of the gas purity and the aging of the detector are discussed in Sec. @ The performance study
with 2015 data is performed at a nominal beam intensity of 10 hadrons per second as measured by the
ion chamber at the entrance of the hall.

Spatial resolution. An estimation of the spatial resolution has been performed, for each layer, by
using a gaussian fit of the residual distribution. An example of fit is shown in Fig. . In 2015, the
average resolution was about 450 pm using a hadron beam. In comparison, in the early year of operation
(2002) of the ST03 chamber, the spatial resolution was estimated to be about 200 ym with a muon
beam [101].

Efficiency plot. The average value of ST03 efficiency is about 93% in 2015. As an example, Fig.
shows the two-dimensional efficiency of the central region of ST03X1. Efficiency plots are computed for
each plan by comparing the reference tracks to the number of expected hits. A full picture of the efficiency
of ST03 is available in Appendix B The dead zone in the center of the detector is visible. Moreover, the
shadows of the four-carbon strips are visible in the figure at Yy >~ —80 cm, Y; ~ —30 c¢m, Y3 ~ 30 cm,

Y3 ~ 80 cm. Additionally, the efficiency coverage is limited by collected muons.

Figure 12.6: Resolution of the ST03X1ub
view, o = 0.439 mm Figure 12.7: Efficiency of the ST03X1ub, ¢ = 93.21 + 0.03%

13 | Results: Hardware upgrades in 2016-2017

13.1 Gas System Upgrade

The gas system is detailed in Appendix E This gas system was commonly designed for a COMPASS

apparatus including five straw detectors and also recycle a fraction of the gas input.
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In 2016, the removal of ST05 straw detectors triggered some issues in the regulation of the gas flow
in the gas recycling line. Therefore, the speed of the recycling pump had to be reduced based on the
amount of gas returning from the last chamber. It is a matter of fact, that the outgoing flow changes
based on the atmospheric pressure. The regulation of the pump was performed using an absolute pressure
sensor based on a safe fixed pressure value based on the initial setup, which included five straw detectors.
Consequently, it was observed that sizable atmospheric pressure variations turned the regulation pump
out of its working range. This problem, observed in 2016, might have also slightly affected the global
efficiency of the ST03 detector in 2015 for some periods of time.

Test of the gas regulation. The inadequate regulation system issue was confirmed during two periods
of tests using only Argon gas, as shown in Fig. . The time scale to observe a reduction of the detector

efficiency is about a few weeks, as shown in the second test period B.
e Test Period A: The regulation was manually performed daily, such that the gas injection was

properly regulated (Fig. )

e Test Period B: The regulation was performed automatically based on the absolute pressure sensor.
A failure of the regulation translates into a continuous decrease of the argon flow (Fig. , in

green) over a month.

Figure 13.1: Test of the pump regulation. The failure in period B resulted in a global loss of efficiency of
about 30% in the detector efficiency

The observation of the gas misregulation (Fig. , period B) is a confirmation of a contamination
issue. It makes possible the under-pressure of the chamber depending on the atmospheric pressure
variation, allowing water and oxygen from the environment to enter the chamber. Consequently, it is

clear that safety bubblers injected air into the gas line.

Adopted Solution. The recycling gas system has been modified to address the misregulation by adding
a differential pressure sensor. The atmospheric pressure was used as a reference pressure. Moreover, the
speed of the compressor was also reduced. Additionally, the compressor regulation value was also added
to the COMPASS monitoring system.
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13.2 Air Contamination Measurement

Following the gas line upgrade, an extra gas sensor has been connected to the gas line. This extension
takes a small fraction of recycled gas and measures the O, fraction in the gas. The digitized value was
displayed in terms of part-per-millions volume (ppmV). 1000 ppmV corresponds to 0.1% of oxygen, so
0.5% of air. The lowest Os measured value was about 10 ppmV after flushing the detector for 16 hours.

13.3 Gas Filter Refurbishing

The gas circuit of the straw chamber was built with gas filters to reduce pollution and humidity in
the gas circuit, especially in the recycling line. Running without gas filters results in accelerated aging

of the straw tubes.

In an environment of a high radiation experiment, the fluorine element s, especially CFy, is radioac-
tively activated and results in accelerated aging of the detector [[L04]. Additionally, the outgassing of
some materials, as well as oxygen and organic radicals, can spread throughout the chamber. As the anode
is made of gold plated tungsten, the former elements and the organic compounds can recombine with
tungsten creating cracks in the wire structure [105]. Since 2016, gas filters have been regenerated every
year with the setup in Fig. and following the procedure described below :

e Day 1: The filters are placed in an oven at room temperature and flushed with pure argon to remove
elements present in the filters. A few hours later, the oven is turned on at 200°C. The temperature

allows cleaning more deeply the filter.

o Day 2: Switch to Arcal gas (mix of Ar+Hsy). Hsy is the active component of the filter, which

combines with the organic chain elements coming out from the detector.
e Day 5: Switch back to Argon
e Day 6: Stop the oven and reinstall filters in the gas line.

Figure 13.2: Two filters connected to a gas line and placed in the oven.
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The first level of data production consists of processing raw binary files collected by the DAQ system

and turn them into so-called IData Summary Treei (IDSTI) files for further analysis. The creation of these

files requires an intensive computing power to reconstruct tracks. Therefore, part of this Ph.D. work

consisted of evaluating the performances of the Blue Waters Petascale Computing Center and assessing

the compatibility of COMPASS software.

Moreover, a suitable data production model, as required by the COMPASS collaboration, must be con-

tinuously improved to meet the requirements of raw data processing for recent and future measurements.

Therefore, productions also required to be precisely monitored under the supervision of a COMPASS

production team at Blue Waters. Consequently, a new multi-platform production framework, described
later and called ESCALADE, has been developed during this Ph.D. work for current and future large

amount of data processing.
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14 | COMPASS Software Chain

Three major software compose the COMPASS 2015 software chain: CORALE7 PHASTE and TGEANTE.
is the reconstruction software used at COMPASS, the bedrock of the software chain. The
COMPASS analysis software, , is used to read reconstructed data files. Finally, TGEANT [106],
a Geant4-based program for Monte-Carlo simulations, is used to determine detector acceptance in the

analysis.

A diagram of the reconstruction chain is shown in Fig. . The reconstruction algorithm commonly
processes real data or |Monte—Carlo Simulatiod (@) data. Only the first step is different because @

data require a digitization step.

]

MySQL
Database
CORAL DST Files
Track/Momentum
[— Reconstruction .
REAL DATA Decoding \]/
L . Track/Particle Particle
Ccmsre”ng) CAssocmtlon ]; Identification
Digitization
MC DATA
4 Vertex
=

Reconstruction

Figure 14.1: Data flow of the reconstruct software chain. Real and @ data are drawn in red and blue
respectively. The orange blocks corresponds to the outgoing information

14.1 Data Decoding and Calibration Database

Collected data are encoded into binary files by the DAQ system during data taking. Those data are
decoded during reconstruction. The decoding library is used to readback the hit information, also known
as digits. The detector calibration is applied to each digit, to correct for time propagation of the collected
signal. Calibrations are stored and synchronized in the master MySQL database located on the internal
CERN network. Many replicas of the primary database are available over clusters used by COMPASS

collaborators.

Reconstructed data are stored in a tree format, known as DSTH files. Tree files, including hits, are
named |Mega Data Summary Tred (|MDST1) The standard files are known as |Mini Data Summary Tree{
(), and skimmed files are named |Micro Data Summary Tred (|uDST1). All these files are meant to
be analyzed event-by-event using PHAST.

LCOmpass Reconstruction AnaLysis software package
2PHysics Analysis Software Tool

3COMPASS Geant4-based Monte-Carlo program
4Data Summary Tree
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14.2 Data Reconstruction

The first step of the reconstruction consists in gathering digit information into a hit, also known as a
hit cluster. This step called clustering attributes time and position information to each corresponding set
of hits. Additionally, the clustering takes into account digit amplitudes as the presence of the magnetic

field results in an asymmetric signal amplitude deposited, as shown in Fig. .

Figure 14.2: Left: Illustration of a symmetric signal amplitude in a pixel micromegas detector in a
magnetic field-free region. The electric field, Edrift, drifts the electron signal toward the readout strips [93];
Right: The asymmetric signal deposited in the Micromegas readout is due to the presence of a magnetic
field. This is representative of the real case as these stations are located near SM1 magnet.

A Kalman Filter Algorithm [107, [L0§] is involved in both track and vertex reconstructions. This
filter produces an estimate of an unknown quantity, by using partial measurements. At COMPASS, this
parametrization is performed with six components: (X, Y, Px, Py, ¢|P|) as a function of the Z-abscissa,
where q is the charge of the track. Additionally, this procedure accounts for statistical noise and various
types of uncertainties. First, small pieces of tracks, also known as tracklets, are reconstructed in the
magnetic field-free regions. These tracklets are bridged in the magnetic field region using a fitting proce-
dure. Combined tracks resulting from this procedure are associated with a y?/NDF value, a momentum

vector and the corresponding covariance matrix.

The vertex fit procedure relies on the track extrapolation from the first measured point to the target
region for the outgoing particles and the last measured point for beam tracks. Vertices are fitted in the
region where tracks intersect. A vertex is only called primary vertex if it is also associated with an in-
coming beam track. Track particles are identified using the number of radiation lengths, X/X,. A X/X,
value greater than 30 corresponds to a particle that went through muon walls and is consequently tagged
as a muon particle. Additionally, an energy loss correction is applied to the four-momentum vector of

the extrapolated tracks based on the Geant4 geometry.

In 2015, a Drell-Yan primary vertex referred to a vertex with two outgoing muons and an incoming
beam track. An example of reconstructed event is shown in Fig. . This figure shows the interaction

of an incoming particle in the target region.
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Figure 14.3: Example of event reconstruction with the COMPASS 2015 setup. This picture corresponds
to the event display of Coral. All reconstructed tracks are drawn in red. The gold lines represent very
well reconstructed MC tracks. The upstream block (in light green) corresponds to the PT cells. SM1
and SM2 magnets are represented in pink. The beam absorber is not represented in this picture.

14.3 Monte-Carlo Simulation

The Monte-Carlo project is a Geant4-based program. As a standard Geant4 project, this
simulation is split into four tasks: geometry description, particle propagation, physics interaction, and
sensitive detector area definition. A visualization of the 2015 setup is shown in Fig. . The beam
particle (in yellow) interacts with the material of the various targets and end up in the tungsten beam

dump. Detector hits are drawn in red on the picture.

Figure 14.4: Visualisation of the COMPASS 2015 @ geometry and example of interactions involving a
single pion beam particle. The red dots correspond to detector hits
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At the origin of time, an initial beam particle is generated using a library of beam particlesE. This
so-called beam file is computed based on measured data at COMPASS and initiates the Geant4 beam
particle gun. Such a technique aims to inject in the simulation a realistic beam of the M2 beam char-
acteristics. Particle propagations are carried out by the Geant4 propagation algorithms, based on the
known cross-section and the interaction length of the crossed materials. The higher the physics process
probability is, the shorter the step length is defined. A step in Geant4 is an intermediate state, where an

interaction point can possibly occur.

The [TGEANT| simulation embeds external lHigh Energy Physics{ (IHEP|) event generators, such as
Pythia6 [109] or Pythia8 [110]. When the first inelastic interaction of the beam particle occurs, the se-

lected physics generator is called and returns the parametrization of each outgoing particle. A schematic
of the vertex generation mechanism is shown in Fig. .

In 2015, either Pythia6 or Pythia8 event generators are used as a Drell-Yan event generator. The

detailed Pythia8 configuration will be presented, and results will be compared with Pythia6 in Ch. @

Figure 14.5: Schematic workflow of the new vertex generation mechanism for DY [111].

The generated @ information, such as the true vertex position and the incoming and outgoing tracks
information, is forwarded to the reconstruction software. The detector responses, both resolutions, and
efficiencies, are introduced during MC data reconstruction. At this step, @ hits are replaced with
smeared hits or disregarded based on the detector efficiency maps, before proceeding with the standard

reconstruction procedure as real data.
15 | Petascale Computing Resources

15.1 A New COMPASS Production Workflow

In perspective of the three forthcoming data taking (2016, 2017, and 2018), as well as the several @
simulation campaigns, the COMPASS computing resources had to be upgraded [112]. A proposal [113]
to use the Blue Waters, a petascale computing facility, was approved in May 2016. The exploratory

allocation was granted from May to December 2016 to verify the software compatibility, evaluate the

5An entry of the beam library is composed of the position in the transverse plane (X-Y), its slope in the (X-Z) and (Y-Z)
planes and its energy-momentum vector
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performance gain and time processing of raw data reconstruction at a large scale. The success of this
testing period [114] finally led to a reliable production workflow, as described in Fig. . This production
workflow was found to be an excellent balance between the required usage of the LXPLUS computing
facility at CERN and the newly introduced Blue Waters supercomputer. The large amount of resources
available at Blue Waters gave the possibility to carry out up to 75% of the @ productions and 67% of

collected data reconstructions.

Raw Data (via FTS3 Protocol)

Blue Waters LXPlus CERN

Cluster Cluster
] Final Reconstructed DST files K
~>|  MC Production N> Service Tasks
. - Alignement
>{ Data Reconstruction - Detector Calibration
- Beam Studies

> User Analysis N>! Data Reconstruction

Other .
COMPASS Final Reconstructed DST files ) > User Analysis

Institution
Clusters

MC Production

User Analysis

Figure 15.1: Diagram of the COMPASS new large-scale production scheme including the Blue Waters
facility [[114]

A total of six allocations ensured the stability of this production model over the last four years. The
timeline is shown in Fig. . The node-hour unit used is an arbitrary time unit, explained latter in the
next Sec. . The first five allocations were granted at BlueWaters by the NSFEI (US). Additionally, a
new allocation is in full swing in a different —funded petascale computing system, namely Frontera,
to ensure the continuity of the COMPASS production model.

Figure 15.2: Timeline of the Blue Waters allocations granted from 2016 to 2019.

! National Science Foundation (United States of America)
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15.2 The Blue Waters Facility

The Blue Waters supercomputer is an —funded petascale computing facility. This HPCE center
is hosted by the NCSAE. It is known to be one of the most powerful computing centers on a university
campus. This cluster is using Cray XE6/XKT7 nodes. It consists of 22,500 XE6 nodes and 4200 XK7
nodes. The technical characteristics of the traditionally used XE6 compute nodes are shown in Fig. .
A single XE6 dual-socket node employs 2 AMD Interlagos processors, composed by 16 cores each, and
64GB of physical memory. The Blue Waters system takes advantage of the Cray Gemini interconnect,
which implements a 3D torus topology (Fig. ) to minimize communication overhead between nodes.
Also, the TORQUEE workload manager is used as a job scheduler.

Figure 15.3: Technical specs of a XE6 compute node.
XE6 are the most common nodes available at Blue Wa-
ters. Frontera-EST (Frontera Early Science Team) is a
project allocation located TACC, also granted by NFS,

see Sec. Figure 15.4: Simplified view of the Cray
Gemini interconnect as employed at Blue-
Waters.

The COMPASS awarded allocation is in units of node-hours. One node-hour depends on the hardware
used. Furthermore, the COMPASS workflow only uses XE6 nodes. Consequently, the charged node-hour

is optimized to take advantage of the 32 cores, in the limit of the 64GB memory per node.

15.3 A New Perspective: Frontera Supercomputer

In the prevision of the Blue Waters decommissioning, a new —funded petascale computing system
has been deployed at TACCE. This @ system is powered by Sky Lake Intel processors, interconnected
by a Mellanox Infiniband HDR and HDR-100 interconnect (Fig. ) The computing resources are
charged in terms of node-hours. However, the unit cannot be compared with the Blue Waters facility,
due to differences in the hardware resources. An initial number of 8008 nodes of 56 CPUs is available, to
be upgraded during the 2019 commissioning. A peak node performance can go up to 4.8 Tflops, which is
fourteen times faster compared to the Blue Water facility, which reaches up to 313.6 Gflops per compute

node. The SLURME workload manager is used as a job scheduler.

2High Performance Computing

3National Center for Supercomputing Applications
4Terascale Open-source Resource and QUEue Manager
5Texas Advanced Computing Center

6Simple Linux Utility for Resource Management
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Figure 15.5: Hardware and software overview of the Frontera Facility [115]

16 | New Production Framework: ESCALADE

16.1 Analysis Purpose

A production framework, ESCALADEE7 was developed in C/C++, Python, and shell scripts and
finally used as official data production software for the COMPASS collaboration. In this context, a pro-
duction tool is an automated program, which is responsible for processing a large amount of input data
with specific software. It performs all the necessary checks to ensure the integrity of the final results.
Several official COMPASS productions were achieved over three years from 2016 using this workflow such
as Drell-Yan 2015 (slot-1) and 2018 (test-1 and test-2) data productions, as well as many Monte-Carlo

productions.

Drell-Yan 2015 is approximately about 4 TB mDST data. This multi-purpose framework was initially
designed to process and to ensure all ingredients involved in the evaluation of the Drell-Yan cross-section
were properly analyzed as many times as required: Data reduction, event selection, beam flux determi-

nation, as well as the multi-dimension acceptance correction.

The operating principle is split into four parts:

e Lookup for the path of a dataset and prepare a standard production directory.
e Submit jobs on a batch grid.
o Verify outgoing logfiles and resubmit the failing jobs.

o Certify and archive a data production to be used for physics analysis.

A typical size of a production was initially about few terabytes. It was able to handle up to 512 input

files within a single production directory. This software was upgraded during summer 2018 to handle

LunivErSity of illinois urbana-ChAmpaign and cea-sacalLLAy proDuction softwarE



First Level Data Production 73

larger scale productions with a scalable input structure. Additionally, this upgrade also included a job
production verifier running on the batch, a cyclic redundancy check to prevent later file corruption, and
a multi-pilot structure, as explained in Sec. .

16.2 Software Architecture

This software framework relies on a simple architecture introduced in Fig. . It includes XML

configuration files to define all production settings and various parallel productions.

XML Files

ESCalAde
v N ., |
XML Decoder Software Batch Cluster
Pilots Pilots Pilots
C J J
Q/ r P—
Input Data —1| Output Data
CORE h
1 1 [} —
(TTTTTTTTTT - 1 TTTTTTTTT oo N 1
Vi Vi v
Production Directory Job Submission Job Verifier ESCALADE :
Generator Wrapper System Outgoing
Production
- Input data path - Job optimization - Standard output parsing Directory
- Log directory - Failing jobs removal - Standard error parsing
- Output directory - Job submission - Harmless error suppression 1
- Authentication key

Figure 16.1: Diagram of the ESCALADE architecture. The outgoing files are the processed outgoing
data and an outgoing archive to keep track of the production

The pilot architecture is separated into cluster, batch, and software pilots. Each pilot is independent
and gives the knowledge to run software on a specific type of batch and some environment variables
dedicated to the corresponding cluster. Such a structure aims to increase the versatility and to facilitate
the deployment on multiple clusters. However, software pilots can also be restricted to a specific type of

batch or cluster for job optimization reasons.

The XML file structure is minimized and expanded at the running time, as shown in Fig. . Each

production can be divided and also subdivided into steps. A software pilot is specified at each step.

Figure 16.2: Structure of an XML configuration file.
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A typical production directory is organized into four parts: an input directory, a logging directory, and
an output directory. Moreover, the input directory contains slots of 512 text files each to avoid directory
overload. Each single text file includes the data paths to process. The large output file size sometimes
requires to locate the output directory in different disk spaces. In such cases, a unique authentication

key is generated to keep track of the output directory.

The job verifier system is used to ensure the integrity of the production. It implements a logging
analyzer, logging files parser, and mismatching detection between input and a possible missing output or
logging files. This module is tuned on a pilot basis using database files to separate harmless and striking

error messages. Harmless error messages are detected and removed using a suppression file.

16.3 Functional Checks

A second production software, PanDAE initially designed for the Atlas collaboration, has been adapted
by the COMPASS PanDA team to be used with COMPASS software in the CERN cluster.

A cross-check campaign has been carried out during Summer 2018 to ensure the validity of both
COMPASS production software, PanDA at CERN, and ESCALADE at Blue Waters. It consisted of
processing the first level production using a common dataset and comparing results between ESCALADE
and the PanDA production system. This sanity test was successful and learnful, because it allowed to
fix both issues on COMPASS PanDA pilots and helped to prepare a complete database file for the job
verifier system of ESCALADE, based on the knowledge of the COMPASS PanDA team.

17 | Results: Official COMPASS Drell-Yan Productions

Three large-scale productions were recently produced at Blue Waters using ESCALADE: the 2015
data reproduction (slot-1), the first production of the newly collected 2018 data (test-1), and a second
test production (test-2) of the 2018 data.

e The 2015 data are divided into nine periods, from W07 to W15. A total of 771,115 raw files
(818.11 TB) were processed in parallel to reduce the processing time to eight hours, which corre-
sponds to the time required to process a single file. Table gives the detailed values period by
period (W13, W14, W15 were produced at CERN with the PanDA production system).

e The 2018 data are split into nine periods from P00 to P08, which corresponds to a total of 1,538,488
raw files (1,642.68 TB). Table shows the detailed values period by period.

Both Drell-Yan productions were done using a custom software/batch pilot, as shown in Fig. .

The job dispatching requires one master node and involves an MPIﬂ program, named lParallel—CommandJ

tProcessing] (IPCP|) The master node manages up to 96 nodes per job. The size of a single period

remained quite large to fit into one single production. Consequently, each period was subdivided into
sub-production of 3072 raw files each to reduce the risk of failure and balance the sequential workload of

the job verifier.

2Production and Distributed Analysis System
IMessage Passing Interface
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Real data reconstruction requires the use of a database, and each XE6 node is composed of 32 CPUs.
Consequently, each node is separated into 1 database instance and 31 instances. Therefore, each
instance only sent requests to its local database to avoid unnecessary communications between

nodeSE.

Master node ) Slave nodes, RAM = 64GB/node )

Ere CPU #0 Parallel command processor

are CPU #0  MySQL Database Task

Database Communication

are CPU #1  Coral Reconstruction Tasks
[...]
Core CPU #31

(Job dispatcher) x(N-1) nodes

VYV VVY

Figure 17.1: Job optimization of a typical production.

Table 17.1: Summary table of the 2015 data (slot-1).

’ Name ’ Period H #Runs ’ #Spills H Raw Files ‘ mDST Files ‘ puDST Files H uDST #Events
Wo7 Jul 9 - Jul 22 284 29,963 103.63 TB 30.05 TB 2.13TB 125,272,736 evts
WO08 | Jul 23 - Aug 5 332 28,692 104.10 TB 30.42 TB 227 TB 137,793,896 evts
W09 | Aug 6 - Aug 26 269 29,112 111.79 TB 28.65 TB 2.23 TB 127,552,707 evts
W10 | Aug 26 - Sep 9 396 30,504 84.63 TB 28.97 TB 229 TB 154,507,311 evts
W11 | Sep 11 - Sep 30 460 47,285 137.61 TB 44.25 TB 3.53 TB 201,808,645 evts
W12 | Sep 30 - Oct 14 356 39,049 95.71 TB 32.24 TB 2.82'TB 166,446,997 evts
W13 | Oct 15 - Oct 28 315 34,194 83.82 TB 30.46 TB 244 TB 144,314,906 evts
W14 | Oct 28 - Nov 8 241 24,739 57.33 TB 20.76 TB 1.66 TB 110,144,684 evts
W15 | Nov 9 - Nov 16 106 12,850 39.49 TB 11.34 TB 0.92 TB 54,286,239 evts

] 2015 ’ — H 2,758 \ 276,388 H 0.81 PB \ 257.14 TB \ 20.29 TB H 1,222,128,121 evts ‘

Table 17.2: Summary table of the 2018 data (test-2)

‘ Name ‘ Period H #Runs ‘ #Spills H Raw Files ‘ mDST Files ’ puDST Files
P00 | May 16 - Jun 13 371 55,794 330.12 TB 24.30 TB 3.32TB
Po1 Jun 21 - Jul 3 286 34,255 127.25 TB 14.87 TB 1.90 TB
P02 Jul 6 - Jul 31 450 64,966 253.74 TB 24.14 TB 3.18 TB
P03 Aug 1 - Aug 15 337 48,826 177.59 TB 20.76 TB 2.62 TB
Po4 Aug 16 - Sep 5 369 47,498 183.46 TB 17.24 TB 2.25 TB
P05 Sep 5 - Sep 17 188 28,491 111.02 TB 10.22 TB 1.33 TB
P06 Sep 20 - Oct 1 256 37,179 124.46 TB 12.21 TB 1.63 TB
pPo7 Oct 3 - Oct 30 488 62,721 251.59 TB 21.53 TB 2.85 TB
Po08 Nov 1 - Nov 12 170 22,551 83.45 TB 7.69 TB 1.00 TB

‘ 2018 ‘ — H 2,915 ‘ 402,281 H 1.64 PB 152.96 TB 20.08 TB

2The technical name of this option is called commtransparent
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18 | Results: Official Monte-Carlo Simulations

A first large-scale @ production of the 2015 @ was performed in Spring 2018. The following
physics processes were produced using with the Pythia8 generator: Drell-Yan, J/v, ¢, Open-
Charm and Upsilon production. The Pythia8 configuration is presented later in Sec. . A total of
approximately 200M events per physics process were generated. The purpose of this production was to

carry a large sample of MC data for multi-dimensional acceptance.

A second @ campaign, including both 2015 and 2018 simulations, was recently carried out and still
under study. It includes the most recent technical updates at the simulation level, such as 2D-detector

and trigger efficiencies.

All @ productions were following the same job pattern, as shown in Fig. . @ productions,
both generation and reconstruction, do not require the use of a calibration database. Consequently, job

optimization is highly simplified. It was possible to run both software in a row. A @ job is composed of

a master node and each slave node is in charge of running 32 [[GEANT] instances followed by 32

reconstruction instances.

Master node )

Slave nodes, RAM = 64GB/node )

A

First.. Step #1

Core CPU #0  TGeant Generation Tasks

[...]
"| |Core CPU #31

Then.. Step #2

are CPU #0  Coral Reconstruction Task
[...] (without DB)
Ere CPU #31

A 4

(Job dispatcher)

Ere CPU #0  Parallel command processor | X(N-1) nodes

Figure 18.1: Job optimization of a typical @ production.

Table 18.1: Summary table of the 2015/2018 MC generated data produced at Blue Waters

#Events Generated

Physics Process Campaign #1, 2015 MC‘Campaign #2, 2015 MC|Campaign #2, 2018 MC

DY (2 < M,,,/(GeV/c?)< 3.8)

211 200 000 evts

32 000 000 evts

32 000 000 evts

DY (3.8 < M,,/(GeV/c?)< 8.5)

211 200 000 evts

192 000 000 evts

192 000 000 evts

Open-Charm

211 200 000 evts

32 000 000 evts

32 000 000 evts

Resonance J/¥

211 200 000 evts

32 000 000 evts

32 000 000 evts

Resonance ¥’

211 200 000 evts

32 000 000 evts

32 000 000 evts

Resonance T

211 200 000 evts

32 000 000 evts

32 000 000 evts
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This chapter is dedicated to the evaluation of the luminosity in 2015 at COMPASS. The luminosity

is a crucial ingredient in the determination of absolute cross-section at /s = 18.9 GeV. This chapter also

provides an estimation of the systematic uncertainties related to the luminosity. Qualitative analysis of

both beam and apparatus stability are also presented.
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19 | Introduction to Fixed Target Luminosity

Keys to access the world of the infinitely small are given by measuring a quantity known as the
interacting cross-section o. This quantity is defined as the probability for an incident beam particle to

scatter off a target particle.

In a particle physics experiment, there are two performance parameters, which are essential in the
determination of this cross-section. The first is the beam energy, also related to the center-of-mass
energy in fixed target experiment by the relation /s ~ \/m, where P, is the beam momentum and
m, ~ 0.938 GeV/c? is the proton mass. At COMPASS, for an hadron beam of 190 GeV /c, the center of
mass energy is /s = 18.90 GeV. Finally, the second quantity is the number of useful interactions, also
known as number of events. Therefore, the capability of a setup to produce events and consequently to

measure a cross-section is given by the luminosity L, which is defined as follows:

—oxL (19.1)

where N, is the number of dimuon events (for Drell-Yan process: two muons in the final state)
dN,,,/dt refers to the dimuon rate

L is the instantaneous pion-nucleon luminosity [em~2s7}]

19.1 Instantaneous Pion-Nucleon Luminosity, L

Figure 19.1: Tllustration of an incident beam crossing a layer Ad of target material. The blue region
represents the cross-section o.

Fig. illustrates the production cross-section of an incoming beam flux ®z colliding with a target
material op. In this context, the instantaneous pion-nucleon luminosity L is defined as the product of
the transverse nucleon density o7, and the instantaneous beam flux ® . Therefore, the dimension of the

luminosity L is [cm™2s71], also known as [b~1s71].
L(t) = or x ®r(1) (19.2)

where  ®r is the instantaneous flux [s~!]
ot is the transverse nucleon density [cm ™2
t refers to the time in the spill [s]

Additionally, the total number of nucleons in the target, also known as number of diffusion centers,

is assumed to be constant during the whole data taking year.
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19.2 The Integrated Luminosity, .

The Drell-Yan dimuon pair production at high mass is a rare process. As an example, a Drell-Yan
interaction between a pion and a deuterium target 7~ D is about 150 pb. Consequently, it is more
appropriate to determine an integrated number of dimuon events over longer period of time. The beam
luminosity will be consequently integrated over the same sensitive time, i.e. over spills and time in the
spill and excluding data acquisition dead times. Thus, Eq. turns into Eq. , where .Z corresponds

to the integrated luminosity, and its dimension refers to [cm™2].

L=orx F (19.3)

By extension, .% corresponds to a number of incident beam particles, where the integrated beam flux

T
is defined as: % = Z / & (t)dt, where Ty and T3 refer to the beginning and end of time, respectively.

20 | Transverse Nucleon Density

The transverse nucleon density or, also known as target areal density, corresponds to the total number
of diffusion centers in the target per unit of area [nucleon/cm?]. This density is expressed as a transverse
density to simplify the analysis and fix the effective radius at the last stage of the analysis. The total
number of nucleons N7 in a target is expressed as :

- VXpXNA

where  p refers to the material density [g.cm™3]

V is the total volume of the target [cm?]

N4 = 6.022140857 x 10?3, the Avogadro number [mol~!]
M, is the molar mass of a nucleus A [g.mol™]

A is the number of nucleons

The differential surface is defined as dS = 2w RdR for cylindrical targets. Therefore, the density or
for a target of length L given by the relation :

(20.2)

N L N
or z [ XpX A:|><A

T TR M4

In fine, each of the four targets shown in Fig. are associated with their corresponding density,

denoted o7 ceii1, OT,ceti2, 01,41 and o7 w respectively. Target dimensions were given in Fig. @ in Ch. @

Figure 20.1: Simplified target 2015 setup composed of the PT Cell 1, PT Cell 2, the Aluminum target
and a Tungsten plug. Only the first 10 cm of tungsten are considered as a target.
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20.1 Nuclear Target Densities

The simple case of solid targets is first presented. In the case of the COMPASS aluminum and
tungsten targets, the transverse dimensions of the targets are larger than the beam (halo of the beam
neglected). The aluminum target is made of pure 27Al elements. The tungsten is made of a specific
material containing 99.5% of the 3*W isotope and composed of other stable tungsten isotopes '32W,

183\, 185W. The modification of the cross-section due to the 0.5% remaining isotopes is neglected.

Summary Table. The values used in the analysis are given in Tab. . In the case of a solid target,
Eq. can be used to determine the target areal density of each nuclear target.

Al_LXPWXNA

_ wo_ L x pPw X NA
or M(Al)

X AAl or = M(W) X AW (203)

Table 20.1: Summary table of nucleon density for the 2015 nuclear targets; The systematic uncertainties
are small and consequently neglected.

Properties Aluminum Tungsten
A 27 184

M (g/mol) 26.98 183.84

p (g.cm™3) 2.70 19.30
Length, L (cm) 7 10

or (cm~2) 1.1386 x 10?5 | 2.3266 x 10%°

20.2 Polarized-Target Nucleon Densities

The COMPASS polarized targets, previously introduced as hybrid targets in Ch. @, require a special
treatment compared to solid nuclear targets. Indeed, from an experimental point of view, the precise
determination of the cross-section is challenging, because of the composite nature of the target (bead ir-
regularities, shapes, sizes,..). Moreover, it is impossible to experimentally distinguish dimuons originating
from the interaction with solid NH; beads or the liquid helium (LHe).

20.2.1 Packing Factor, Pp

The NH3 beads do not fit the entire volume of the target holder, because of its irregular shapes.
Consequently, at the end of the 2015 run, the composition of each PT cell is obtained by determining the
packing factor. The packing factor, P, is the volume ratio between the volume occupied by the solid

ammonia and the total volume of the target cell. This quantity is dimensionless [{].

~ Vams 1 mnms

Pp = -
Veen  Veen pnmS3

(20.4)

where  mpps refers to the measured mass of NHs [g]
pnu3 is the NH3 density [g.cm™3]

Veen = L x TR? = 691.15 cm?, is the volume of the cell [cm3]
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The target material is obtained by weighting the solid-state NH3 beads (Fig. a) in socks by using
the experimental setup, Fig. b. This measurement is performed in a nitrogen gas volume (2) at 80 K
due to the evaporation of liquid nitrogen (1). The buoyancy of the LN2 is taken into account in the final
weight, as suggested by the target group. The target material is collected into a sock (2) and weighted

using a digital balance (4). The temperature is measured with a pt100 platinum thermometer (3).

A summary table of the measurement is given in Tab. . At low temperature, the ammonia
density considered is pxpz = 0.853 £ 0.031 g/cm®. This value has been measured in the past by the

SMC collaboration [[116, 117]. The packing factor in 2015 for the two PT cells is estimated as follows :

Ppy = 56.57% + 2.41%
r ’ ’ (20.5)
Ppy = 47.97% + 2.05%

Figure 20.2: (a) Left: Picture of the NHj3 crystals one week after irradiation [118]. The size of solid NHs
crystals is about 2-4 mm. (b) Right: Diagram of the target weighting setup.

Table 20.2: Summary table of the 2015 target material measured by the COMPASS target group after
the data taking [[119]. An additional 0.4 g systematic uncertainty is added to each sock due to material
lost. The measurement is separated into four socks due to the limited size of the weighting setup

PT Celll PT Celll | PT Cell 2 PT Cell 2

Sock #1 Sock #2 Sock #3 Sock #4

NH3 material [g] | 155.8 £0.1 185.4+0.1 | 128.1+0.1 162.0+0.1

sock [g] 2.7+0.2 3.2+0.2 29+0.2 2.6+0.2

label [g] 0.7£0.1 0.7£0.1 0.7+0.1 0.7+0.1

Sensor pt100 [g] 0.2+0.1 0.2+0.1 0.2+0.1 0.2+0.1

Polyamide + Copper wire | neglected neglected neglected neglected

LN2 buoyancy [g] | —0.5+£0.0 —-0.6+0.0 | —04+0.0 —0.6=+0.0

net [g] | 152.7+£09 181.9+0.9 | 124.7+0.9 159.1+0.9
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20.2.2 Component Fractions

In this section, the component fractions are defined to simplify the definition of mixtures and to
associate their variables such as the molar mass, the density or the molar volume (molarity) to their

elementary compounds.

In a stable mixture of compounds, the mass fraction w;, the molar fraction x;, and the volume fraction
¢; of the i-th compound are defined in Eq. . In these equations, the volume V; refers to the volume

of the i-th compound prior mixing.

w; = mT:jiX ; with Zwi =1
Y . : R
e L Zx =1 (20.6)
Vi .
o = ; with ¢; =1
% Z

In the case of the polarizable target, the two-compound mixture is supposed homogeneously dis-
tributed, although the target is composed of irregular NH3 beads and LHe. This mixture is stable,
therefore the following relation is also assumed : nyix = nNgs + nope. Finally, the LHe is assumed to fill
the remaining space in the target cell, such that Vi,ix = Veen = Vus + Viue; This assumption is further
discussed in Sec. . These considerations lead to the definition of the following relations between
the component fractions as given in Eq. . Owning of a mixture made of only two compounds, the

notation w;, z; and ¢; is simplified and will always refer to the NHj fraction.

MNH3 PNH3 NNH3 Mk VNm3 Vi, mix
- (P = == = Pp = = : 20.7
v Mumix < Prmix F) v Thmix < Mnu3 w> ¢ 7 Vi ( Vin,NH3 x) (207)

Under these assumptions, the relation between the mixture and its elementary compounds are defined
in Eq. and easily derived from the relation, mmix = mnxu3 + mpyge. The definition of the mean free
path for a mixture is defined and eventually discussed later in the Sec. .

Mmix — 1MNH3 + MLHe
Myix = M X + Mipe x (1 —
NH3 X & LHe X (1 — ) (208)
Pmix = pPNH3 X Pr + pLae X (1= Pr)
Vm,mim = Vm,NH3 X Pp + VM,LHC X (1 - PF)

where M is the molar mass of the corresponding compound [g/mol]

Vin refers to the molarity of the corresponding compound [mol.cm ™3]

Consequently, the definition of the component fractions as a function of LHe and NHj3 quantities is
naturally derived as shown in Eq. .

w= |14+

(1-Pp) o pLHe:|1

(1-w) o MNHB] -1
Pr PNH3

w MLHe
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20.2.3 Target Fiducial Volume

As a matter of fact, the polarized targets cannot fully be filled due to the shape of the NH3 beads.
Consequently, the target fiducial volume refers to the effective volume occupied by the polarizable NHj.
The concept of [Random Close Packingl ([RCPD is a coeflicient that describes the volume occupied by a

compound when randomly packed. This coefficient consequently gives an educated guess of the packing
factor measurement reliability. From literature [120], the structure of the NHj3 beads is similar to a cubic

lattice. Thus, typical compactness of material is between ~ 47 — 53%.

However, getting such good compactness is a challenging task. The simulation (Fig. ) was designed
by the COMPASS target group to demonstrate the difficulty of filling the target. This toy MC simulation
illustrates the volume occupied by the NHjs beads of variable sizes (with spherical shape). This figure
shows some possible NH3 arrangements for a given packing factor value. As an example, the configuration

Pr = 47.60%, might reflect a situation with some unfilled space in the top of the cell.

Figure 20.3: From left to right: illustration of the target filling as a function of the packing factor Pp.
In this simulation, spherical beads of NH3 between 2 mm and 4 mm radius are assumed.

In Fig. , the beam tracks projected upstream of each target are renormalized by the flux. On the
left side of each track projection, the boundary of the target holder (2 cm radius) is visible. The right
side of the circle is not visible, but it gives an approximative positioning of the target. A grey reticle
is drawn to highlight the theoretical positioning of targets centered around 0. The red reticle gives the
estimated positioning of the target in Fig. . The shift along X is expected because of the steering of
the beam, previously discussed in the Sec. E of Ch. ﬂ However, the second cell presents some peculiar
profile. The red reticle, matching with the target holder, shows some slight shift about 2 mm compared

to the central reticle in gray.

A dark blue hole in the top right of each profile is visible, but not due to the filling of the targets.
This anomaly, also seen in the aluminum and tungsten targets, will be further discussed in Sec.
of Ch. @ Consequently, at this stage of the analysis, there is no clear evidence of a significant target
filling issue, but a systematic uncertainty will be estimated in Sec. @ in Ch. @, by comparing the ratio
of cross-sections between the first and the second cell. Additionally, an excess of dimuon is due to nearby

materials around the target and minimized by applying a radial cut below 1.9 cm on the vertex position.
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Figure 20.4: Transverse yield Nyeam /%, expressed as the ratio between beam tracks of Drell-Yan events
and the beam flux .# computed in bins of X and Y. The gray reticle represent the theoretical positioning
of the target. The red reticle represent the measured positioning; (a) Left: Upstream PT cell 1; (b)
Right: Downstream PT cell 2.

20.2.4 Isotopic Composition of the 2015 PT targets

The composition of PT targets in 2015 will be evaluated by taking into account both NH3 and LHe
amounts of material, and their isotopic composition. Amounts of material are given in Tab. and
obtained from the target material measurement Tab. . Additionally, the amount of LHe material is
calculated using the relation :

NLHe _ TNH3

Hmie = (1—x) x
The natural abundance for hydrogen is 99.9885% of protons and 0.0115% of deuterons, nitrogen is 99.632%

of N and 0.368% of ®N. The *He mole fraction in the target cryostat is estimated by the target group
about 91%.

Table 20.3: Summary table of the isotopic composition of the 2015 PT material

Isotope PT Cell 1 mol] | PT Cell 2 [mol]
Proton (99.9885%) 58.934 £+ 0.317 49.974 £+ 0.317
Deuteron (0.0115%) 0.007 £ 0.001 0.006 + 0.001

Nitrogen-14 (99.632%) 19.574 £+ 0.106 16.599 £ 0.106
Nitrogen-15 (0.368%) 0.072 £ 0.001 0.061 £ 0.001

Helium-4 (91.059%) 9.579 £ 0.070 11.492 £ 0.083
Helium-3 (8.941%) 0.941 +£ 0.006 1.128 £+ 0.008
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20.2.5 Temperature Dependence

In order to achieve 70% polarization of protons in the NHj target cells, the PT cryostat operates at very
low temperatures, as introduced in Sec. B Consequently, at such low temperature, some properties of the
material may change. In the literature [121], the helium density is well determined : prpe = 0.1451 g/cm?.
However, the ammonia density, shown in Fig. is poorly known at very low temperature. Indeed,
few values have been measured, and the closest to the working temperature is Adeva 1998 [116] at 77 K.
At such temperature and pressure conditions, the NH3 beads remain solid. There is no transition phase

below 77 K. Therefore, the NH3 density is reasonably extended to the cryostat temperature.

Figure 20.5: The NHj3 density as a function of the temperature. In red, the measured values of NHj
density. The blue area is the region of interest of the COMPASS data taking.

In frozen spin configuration, the temperature decreases below 60 mK. This temperature is even lower
than superconducting magnets at LHC. A superfluid transition of *He into He-II takes place below the
lambda point at T\ ~ 2.1768 K as illustrated in Fig. .

Figure 20.6: Helium-4 phase diagram [[122]

In the cryostat, the pressure is given by the 3He vapor at saturated vapor pressure. The LHe is
composed of a mixture between liquid *He and He-II. In the literature [121], the He-II is the notation
of the superfluid “He, also known as the second sound of the *He in analogy to the wave motion in
the air. The second sound is a known quantum phenomenon [[121], where the heat transfer propagates
such as wave-like motion. Additionally, the He-II has the highest thermal conductivity of any known
material. Its density denoted p, is described in the literature using a two-fluid model. The density is

written p = pg + pn, where pg is the density of the superfluid phase, which has no viscosity or entropy.
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The density of the normal phase is denoted ppy. In this model, the normal component is progressively
replaced by the superfluid component toward lower temperatures, as shown in Fig. . Consequently,
there is no discontinuity in the apparent density p ~ 0.1451 g/cm?®.

Figure 20.7: Temperature dependence of the normal and superfluid phase diagram of *He [123]

The superfluid properties of He absorbed in porous media are discussed in various papers [12(].
Consequently, the NH; beads might appear to be porous in the scope of the *He. The relation Vi, =
Vel = Vnus + Vone would not longer be conserved. This effect is expected to be small, because of the

4He cross-section, but it can be estimated by considering Vinix = Vanus + Ve

20.2.6 Summary Table

The detailed values used in the analysis are shown in Tab. . The values for the first and second
cell are obtained using the mixed formula, Eq. . In this motion, special care has been taken to express
this equation in terms of the amount of each material nnus, NHes, NHea due to the hybrid nature of the
PT targets.

Npnus + Nru Na
osel — (N7, o LHe) = —5 X [nNH3ANHS + NHe3 Ates + NHea AHed]

(20.10)

where n; refers to the amount of material the i-th compound in the target [mol]

A; is the atomic weight of the i-th nucleus in the target nucleus [umal

Table 20.4: Summary table for the 2015 PT material; The systematic uncertainties are small and
consequently neglected.

Properties LHe NH; PT Cell 1 PT Cell 2

m [g] - - 334.6 + 1.8 282.8 + 1.8

M [g.mol~] 3.91 17.03 12.43 + 0.02 11.35 + 0.02

o [g.em™3] 0.1451 | 0.853 + 0.036 0.5438 £ 0.0040 0.4821 + 0.0036
Length, L [cm] - - 55 55

Fraction Pr - - 0.5677 + 0.0242 0.4814 + 0.0205
Fraction w - - 0.8904 + 0.0055 0.8517 + 0.0055
Fraction x - - 0.6513 + 0.0014 0.5690 + 0.0015

lor[em? | - - | (2.3217 +0.0085) x 102° | (2.0235 + 0.00849) x 102° ||
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21 | Beam Flux

In the evaluation of the cross-section, the renormalization of the collected data by the incoming beam
particle flux going through the fiducial volume of the targets is a crucial step. A precise determination
of the 2015 beam rate through the targets is performed in this section. The attenuation factor due to
the material budget crossed by the beam is also presented. Finally, an additional term due to the limited
capability of the DAQ to record data is estimated.

21.1 Ionization Chamber Flux

The ionization chamber, namely ion2 chamber in the experimental hall, is located upstream of the
COMPASS apparatus and monitors the rough intensity. The incident radiation causes the gas to ionize
and create ion-electron pairs [88]. Moreover, this device is independent of the COMPASS DAQ system
and has a large acceptance which makes it an excellent upper limit reference to estimate the intensity of
the incoming beam flux. An estimation of the flux is given in Fig. using Eq. .

7400 £ 370, for a = beam
5300 4 265, for a 7~ beam

yionQ = 6 X Nion27 with ﬂ - (211)

The S calibration numbers, provided by the EN/ EAE department at CERN, depends on the beam
nature and material budget. By considering a negatively charged m beam, the average integrated flux in
2015 is about 3.90 x 108 hadrons/spill. 