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Abstract

One of the goals of the COMPASS collaboration is the study of the nucleon spin structure.
Data were taken from a polarized muon beam (160 GeV /c) scattering off a polarized target
(°LiD or NH3). In this context, the need of a precise knowledge of quark Fragmentation
Functions (final-state hadronisation of quarks ¢ into hadrons h, FFs) was raised. The
FFs can be extracted from hadron multiplicities produced in Semi-Inclusive Deep Inelastic
Scattering (SIDIS). This thesis presents the measurement of charged hadrons (pions and
kaons) multiplicities from SIDIS data collected in 2006. The data cover a large kinematical
range: Q> > 1 (GeV/c)?, y € [0.1,0.9], € [0.004,0.7] and W € [5,17] GeV. These
multiplicities provide an important input for global QCD analyses of world data at NLO,
aiming at the FFs determination.
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Introduction

The first observation of the nucleon internal structure was performed at the Stanford Linear
Accelerator Center (SLAC) in late 60’s. They performed the first Deep Inelastic Scattering
(DIS) measurements using a high energy electron beam and proton target giving the first
evidence for the existence of quarks. During this time Feynman introduced the Quark
Parton Model (QPM) which gave a good description of the DIS cross section measurements.
After the SLAC results, new experiments were set up with higher energy and different beam
particles (e.g. muons and neutrinos) which showed that in addition to quarks there must be
other constituents in the proton. On the theory side, Quantum Chromodynamics (QCD)
was developed and introduced gluons as the bosons of the strong interaction and quark
confinement which explains why isolated quarks are never observed.

The final state of a DIS process is composed by the scattered particle (electron, muon
or neutrino) and a hadronic system. If the scattered lepton and a produced hadron are
detected (Semi-Inclusive DIS, SIDIS), the corresponding cross section can be described by
a hard scattering cross section (e.g. electron-quark interaction calculable in perturbative
QCD) and two functions: the Parton Distribution Functions PDFs and the Fragmentation
Functions FFs. Both are universal, in the sense that they do not depend on the type
of process from which they are measured. The PDFs parametrize the partonic structure
of the target before the interaction and the FFs parametrize the hadronization process
(formation of hadrons out of quarks (gluons) produced in DIS). Currently the PDFs of u,
@, d and d quarks are well constrained with high precision by experimental measurements,
while the ones for the s and § quarks are still affected by large uncertainties. Most of their
uncertainties came from the poor knowledge of the FFs, particularly those of the strange
quarks. The FFs are determined from measurements of electron-positron annihilation,
proton-antiproton collisions and semi-inclusive DIS. Several parameterizations of FFs exist.
There are difference among, specially for what concerns the strange quark sector.

One of the goals of the COMPASS experiment is the study of the nucleon spin structure.
For this purpose, SIDIS data were taken using a polarized 160 GeV muon beam and a
polarized target (°LiD or NHj3) for several years. The quark polarization can be accessed by
measuring double spin asymmetries in polarized SIDIS. In the determination of the quark
polarization for a full flavour separation the precise knowledge of quark FFs is essential.
In particular, it was found that the strange quark FF into kaons is the dominant source
of uncertainty [1]. In order to contribute with new accurate measurements to constrain
the FFs better (through QCD fits of world data), it was decided to extract the hadron



multiplicities (average number of hadrons produced per DIS event) from COMPASS data.
This observable can be used to extract the quark FFs.

The work done for this thesis concerns the extraction of charged unidentified and identi-
fied hadron (pion and kaon) multiplicities. The thesis is structured as follows: in chapter 1
the theoretical framework is given. The kinematic variables used to describe the DIS pro-
cess and the corresponding cross sections are presented. The Quark Parton model and its
improved version using QCD are briefly described. The PDFs and FFs are introduced and
an overview on the current knowledge of FFs is provided.

The chapter 2 gives a description of the COMPASS experiment. The main compo-
nents of COMPASS apparatus is briefly described. Since the Ring Imaging CHerenkov
(RICH) detector is an important item for this analysis it is described in chapter 3. The
determination of RICH performances and the algorithm followed to perform the particle
identification are described in chapter 4.

The extraction of the unidentified hadron (h* and h™), 7+, 7=, Kt and K~ multi-
plicities from COMPASS data is explained in detail in chapters 5 and 6. The final results
are presented and discussed in chapter 7. A fit at leading order of the pion and kaon
multiplicities is performed and compared to other existent parameterizations in this same
chapter.



Chapter 1

Nucleon Structure and Quark
Fragmentation Functions

1.1 Motivation

One of the present goals of hadronic physics is the study of the inner structure of the nu-
cleon, and in particular of its spin structure. Momentum distributions of partons (quarks
and gluons, polarized or not) in the nucleon are described via Parton Distribution Functions
(unpolarized and polarized PDFs). At COMPASS, deep inelastic scattering of longitudi-
nally polarized muon on longitudinally polarized nucleons was used to measure the spin
structure function of the nucleon, and also to determine which fraction of the nucleon spin
is carried by the spin of the quarks of various flavours and of the gluons. For this purpose,
polarized SIDIS (see below) data with the detection of a hadron (pion or kaon) tagging the
struck quark flavour were taken. It appears that the quark fragmentation functions (FFs)
into hadrons are key ingredients for the determination of the polarized quark distributions
through SIDIS. The FFs describe the hadronization of partons into various hadrons. They
are rather well known for the u and d quarks, but still not well determined, up to a factor
of 3, for the strange quarks. Thus they constitute the largest uncertainty for the determi-
nation of the strange quark polarization from SIDIS. In the COMPASS kinematic range,
the strange quark unpolarized PDF is also affected by large uncertainties.

In order to improve the situation, it was decided to use the existing abundant COM-
PASS data to study hadron production (hadron multiplicities), and in particular the mul-
tiplicities in unpolarized SIDIS. With the RICH detector kaons are well identified in COM-
PASS. The multiplicity is sensitive to both PDFs and FFs. They will serve as input to
global analyses to determine the FFs. Since FFs are universal objects, they are also used
for the description of various processes.

Deep Inelastic Scattering (DIS) has proven to be an effective tool to study FFs and
PDFs. A DIS process occurs when a high-energy lepton [ interacts with a nucleon N and
new particles (X: hadrons) are produced (I + N — ' + X). If only the scattered lepton

3



4 1.2. DEEP INELASTIC SCATTERING

" is detected in the final state, the measurement is called inclusive. If in addition to I,
at least a hadron is also detected in the final state (I + N — I' + h + X) it is classified
as a semi-inclusive reaction (SIDIS). When all particles produced and I’ are detected
the measurement is called exclusive. The FFs are accessible by measuring the hadron
multiplicities in SIDIS.

In order to establish an approach to the subject of the present work (the FFs) the the-
oretical framework to study the DIS and SIDIS processes is provided. The DIS and SIDIS
kinematics and cross section are briefly introduced. The model used to interpret the DIS
(SIDIS) results and to describe the nucleon structure (Quark Parton Model QPM) as well
as its improvement version with Quantum Chromodynamics are described. The PDF and
FF definitions are given. A brief description of how the PDFs are extracted is provided.
Some fragmentation function characteristics are briefly discussed. The experimental mea-
surements through which FFs are determined are presented. A brief explanation on how
FFs are accessed in SIDIS data is discussed. A summary of the existent FFs parameteri-
zation is given at the end of this chapter.

1.2 Deep Inelastic Scattering

The DIS process is schematically illustrated in fig. 1.1. The incoming lepton [ exchanges
a single virtual photon v+ with the nucleon N. The nucleon absorbs the vy energy and
breaks up into a final state X. The final state of the lepton is represented by I’. This DIS
description is known as the one photon exchange approximation.

l v

Figure 1.1: Deep inelastic scattering diagram.

The kinematics of a deep inelastic scattering event is determined by the 4-momentum
vector of | (k = (E,k)), ' (K = (E',K)) and N(P = (M,5 = 0)). The 4-momentum
vector for the exchanged photon is given by q =k —k'= (v =F - F' = k— E’) For a
lepton [, there are only two Lorentz invariant independent variables that describe inclusive
DIS [3]. One of them is given by the invariant mass of the virtual photon Q? defined in
eq. (1.1). The Q? expression in the laboratory frame holds if the lepton [ mass is neglected.
QQ? defines the scale at which the nucleon structure is being studied. If Q? is large enough
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the probe of the nucleon components is possible.
2 2 lab / 0
Q"= ~ 4EF'sin® 2 (1.1)

The second variable is = (eq. (1.2)). It measures the property of elasticity of the
interaction: if x = 1 the interaction is elastic, if x < 1 the interaction is inelastic. This
variable was first introduced by Bjorken and in the quark parton model [4] interpretation
it is defined as the fraction of the nucleon 4-momentum P carried by the quark which
interacts with the virtual photon.

2 2
@ w @ (1.2)
2P-q 2Mv

In addition to 2 and Q?, others dimensionless Lorentz invariant variables can be used
(table 1.1).

Table 1.1: Kinematic variables used for DIS. The expressions in the laboratory frame hold in
case of a fized target and neglecting the lepton mass.

Variable \ Description

2l lab ) ) Negative square 4-momentum transfer
Q= ~ ABE'sin® (5) (Interaction scale)

Q2 lab 2 Fraction of the nucleon momentum P
T=pq = 2Mv carried by the quark which interacts with ~x
V= P;uq L o 5 Energy transfer from the lepton [ to y*

Yy = % ‘b = Fractional energy transfer to ~yx

lab
s=(P+k)? ~ M?+2ME Center-of-mass energy squared
W?2=(P+q)?2 M2+2Mv— Q?* | Invariant mass of the hadronic system (X)

Cross section for the inclusive DIS process: [+ N — '+ X

The deep inelastic scattering cross section can be written in the one photon exchange
approximation (fig. 1.1) in terms of the lepton-photon coupling (L,,) and the hadron-
photon (W#) coupling tensors [5]:

do a? E’L
dEdQ  2Mgt E M

v (1.3)

where « is the fine structure constant. The leptonic and hadronic tensor are [6]:

Ly (k, s; k') =2 { L) (k; k') + 1L (k, s:K') } (1.4)
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with
LE) = Kby + Ky — g (B —m?) (1.5a)
Ll(f;) = —msumgso‘qﬁ (1.5b)
and
WH(q; P, s) = Wi (a; P) +iW[) (¢; P, S) (1.6)
with
1
gV PGP =Wi(P gy )( g - 1 ) (1.72)
P q q v, Pa,
(e Tte) ()
1
o D(g; P,S) = epvas ¢ {G1<P “q,q )MSB (1.7b)
Go(P - q, ¢*
+ %(P q)SP — (S.q)PB}

where the lepton and nucleon polarizations® are given by s and S, respectively; g, is the
Minkowski metric? and m is the lepton mass. The functions W, (P - q,q¢%), Wo(P - q,¢%),
G1(P-q,q*) and G5(P - q,¢?) are the spin averaged and spin dependent structure functions
and they parametrize the internal structure of the nucleon. They are expressed by the
dimensionless functions defined in egs. (1.8a) to (1.8d).
MW, (P.q, Q )= Q@
I/W2<P'Q7 Q2) Q
P q)?
P06, (Pg.Q*) = 012"
( - q)G(P.q, Q) = gao(2,Q
Inserting egs. (1.5a), (1.5b), (1.7a) and (1.7b) in eq. (1.3) gives:
do a? B
dE'dQ  2M¢* E
When summing over all spin configurations of the initial and final lepton and nucleon, and
neglecting the lepton mass, eq. (1.9) reads:
d2aunp Oé2 E/

v (S
1rdQ? Mg E - Ly W]

45? { PFi(x, Q%) + (1—79 N %) FQ(%QZ)}

This represents the unpolarized DIS cross section. Its measurement gives the access to
the structure functions F; and Fs.

[ Ly W) = Ly ay W] (1.9)

(1.10)

! Covariant spin 4-vector proprieties: s-k =0 and s-s = —1. Similar for S.
’Diagonal matrix where gog = —1, g11 = goo = g33 = 1.
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1.3 Quark Parton Model

The Quark Parton Model (QPM) |4, 7] is developed in the infinite momentum frame,
where the nucleon has a very large momentum along a certain direction and is composed
by massless point-like particles called partons. In particular, the transverse momentum
component of the partons can be neglected. The partons are considered to carry a fraction
¢ of the nucleon 4-momentum P. In DIS, the virtual photon interacts with the parton and
the invariant mass of the initial and final states are (EP + q)? and 0 respectively, leading

to
Q2
2P - q

(EP+q)?=0=2P-q+q’=0=¢= (1.11)

which is the x definition given in table 1.1.

Within this model, the DIS interaction only occurs with quarks (since the gluons do not
have electric charge). The quarks located near the interacting quark are not affected by the
interaction. The cross section is the sum over all the individual lepton-parton interactions
weighted by the parton charge and momentum. The hadronic tensor defined in eq. (1.6)
in this model is [5]:

v 1 L v 124 v 1%

W =3 i, 8) o (oPYPY 4 PYQ 4 PR g Pra] (L12)
q,s

where ny(x, s; S) is the density of quarks ¢ with charge e, and spin s. The nucleon spin is

given by S. The expression for the structure functions in this model are [5]:

Fi(z) = % Z eoq(x) (1.13a)

Fy(zx) ==z Z e2q(x) (1.13b)

where ¢(z) are the unpolarized Parton Distributions Functions (PDFs). The sum in
egs. (1.13a) and (1.13b) is over all quark flavors. In the parton model, since Q* — oo
and v — oo the @* dependence of F; and F} is lost (eqs. (1.13a) to (1.13b)). This is called
the Bjorken scaling. Another important result of the parton model is the Callan-Gross
relation [8]:
1

Fi(x) = ng(x) (1.14)
The Bjorken scaling and the Callan-Gross relation showed that the partons were indeed
point-like particles with spin 1/2. The unpolarized DIS cross section in the QPM is [9]:

d*c"™ qpym ST’ ME [1 9 y*y? 2
Al z 11—y — 1.15
dady 0 YT v ) Eq e;q(x) (1.15)
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Scaling violation

The structure function F, has been measured by different collaborations in a wide x — Q>
kinematic range [2]. The measured values are plotted as a function of Q% in different x bins
in fig. 1.2. The Bjorken scaling is only observed in a small = region (0.1 to 0.4). Outside
this region the structure function F, has a logarithmic dependence on Q2. At small x,
F, increases with Q?, while at large x, I, decreases for large Q® values. One conclusion

«
*
“— [ x=0.00005 Proton
7 o =0,00008
3 0°F oo *£0.00013 ; HI+ZEUS
) 3 . B BCDMS
= f °* e xo00002 o
. cest . x=000032 NMC
10°F ceet*" ee x=0.0005 A SLAC
F o .ee x=0.0008
x=0.0013
-
1051 x=0.002
x=0.0032
r x=0.005
. . coe
10° . seesessease® x=0.008
E oo
F : x=0.013
3 x=0.020
10 x=0.032
s . x=0.05
102 B x=0,08
° x=013
r . . x=0.18
10 E et 8, x=025
F .
r oo, T ox=04
L .
1 : i
-1 toet ¢
0 F 4T ' +t T x=0.65
F x=0.75
107k
x=0.85 (i=1)
3l
e \2\1\4\5 ]
10 1 10 10 10° 10 10 10
Q (GeV?)

Figure 1.2: The proton structure function Fy as a function of Q? for different x values. Figure
taken from [2].

derived from the observation of the F; scaling violation was that something was missing
in the QPM interpretation: the gluon contribution. To include the gluon contribution, the
parton model was developed within the Quantum Chromodynamics frame (QCD).

Improved QPM with QCD

The Q? dependence observed in fig. 1.2 can be calculated by introducing the quark in-
teraction described in QCD |[3,10]. Quantum Chromodynamics is a gauge theory based
on a non-abelian group SU(3), which describes the strong interaction. In this theory, the
quarks carry a charge color in addition to the electric charge. The color interactions are
mediated by the gluons which are also colored particles. The internal nucleon dynamic
is dominated by the gluon emission and absorption by the 3 valence quarks. The gluons
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can produce a pair of quark-antiquark or emit gluons. This creates a cloud of gluons and
virtual ¢q pairs known as sea quarks.

The QCD coupling constant a, depends on the scale of the interaction: at low ener-
gies (long distances) quarks or gluons are always grouped as colorless particles (hadrons)
(confinement). At high energies (short distances) the quarks and gluons behave as free
particles (asymptotic freedom).

Depending on the energy, a physical process can be cataloged as a hard process (large
energies, as ~ 0) or a soft one (low energies, as =~ 1). A hard process can be explained
within perturbative QCD (pQCD) while a soft one can only be parametrized from exper-
imental data. This two regimes differ by the factorization scale A. In DIS the scale of
the interaction is given by Q2. At high scales (Q? > 1 GeV?) the DIS cross section can
be factorized |11] in terms of soft and hard processes. The hard process involved in DIS
is the lepton-quark (gluon) interaction (,) and the soft one is a non-calculable universal
quantity: the PDFs.

The resolution of the virtual photon probe is illustrated in fig. 1.3; it is 1/Q?. At low
energies Q? ~ 0, the quasi real photon sees the nucleon as a point like particle. While Q?
increases, the virtual photon starts to be sensitive to the nucleon constituents and interacts
with them. For larger (Q2, the virtual photon is sensitive to smaller distances and it is able
“to see” the gluons. The first QCD correction to the quark parton model (QPM) concerns
the gluon emission by the initial or final quark [10]. The splitting functions P;j(x/€) are
the probability that a quark or gluon of type 57 and momentum fraction £ is the parent of
i with momentum fraction z [12].

l 4 l 4 l 4
v* ok v*
N X N X N X
Small @2 » Large @?

Figure 1.3: Resolution of the photon probe versus Q*. Figure taken from [10)].

The @Q? dependence shown in fig. 1.2 is calculated using the Dokshiter-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [13-16]:

e ) _ edd) ) | Ersta/a@ate. @) (1.16)

If the PDFs are known at a certain scale of Q* (Q2), they can be calculated at any other
scale.
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1.4 Determination of Parton Distribution Functions

The PDFs are non-perturbative objects and therefore can only be parametrized from ex-
perimental data. A global fit to world data is performed. This is possible because PDFs
are universal quantities, i.e they are hard process independent. The current fits include
data coming from: lepton-nucleon DIS, collider experiments (pp or pp), neutrino scattering,
etc [2]. The different kinematic domains covered by all the experiments permit determining
the PDFs in a wide z and Q? range.

For the fit it is also necessary to provide the PDF functional forms at a starting scale
Q2. The most used functional form is [2] zq;(x, Q3) = 22(...)(1 — z)® and the number of
free parameters varies from 10 to 25. The DGLAP equations are used to evolve the PDFs
functional forms to the Q? of the experimental data.The PDFs resulting from a global fit
performed by the group MSTW [17] are shown at Leading Order (LO) for two different
Q? values in fig. 1.4.

MSTW 2008 LO PDFs (68% C.L.)

<] | ¢ \ :
E Q*=10GeV?{ X Q% = 10" GeV?
* 1 1 * T ]
g/10
0.8- .
o6f .
04f .
02f .
TN Gi vl ol oSS
10° 10® 102 10™ 1 10*  10° 102 10" 1
X X

Figure 1.4: Unpolarized PDFs at leading order (LO) (MSTW) at Q> = 10 GeV? (left) and
Q? = 10* GeV? (right). Figure taken from [17].

1.5 Semi-Inclusive Deep Inelastic Scattering

In a Semi-Inclusive Deep Inelastic Scattering Process (SIDIS), a hadron is detected in
coincidence with the scattered lepton (I + N — I’ + h + X). New variables are associated
to the hadron (see table 1.2). A invariant one is z, the energy fraction of the virtual photon
transferred to the produced hadron h (eq. (1.17)):

:P'Phla:bﬂ
P-q v

z

(1.17)
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Table 1.2: Kinematic variables realated to the hadron in SIDIS.

Variable \ Description

p = (En, pr) | Hadron 4-momentum vector

Pry = DPn Component of p; along ¢

Dh, Transverse component of p;, with respect to ¢

0y Angle between ¢ and py,

On Angle between the scattering plane and the hadron production plane.

Energy fraction of the virtual photon transferred

g to the produced hadron A

The semi-inclusive cross section reads [18]:

do  qpm Sra’ME
d*dydz Q*

[xy2H1(m, Q% 2) + (1 —y)Hy(x, Q% z)} (1.18)

where H; and H, are structure functions related to F} and Fy [9,18]:

Z/l dZZHi(m’QQVZ) = Fi(vaQ)a 1= 172 (119)
h 0

SIDIS in QPM

The production of hadrons in DIS in the QCD improved quark parton model can be seen
as two independent sub-processes (thanks to the factorization): first a quark ¢ absorbs
the virtual photon v« (hard process ), then the quark ¢ fragments into a hadron h (soft
process) (fig. 1.5).

K*
N[i) X

Figure 1.5: Factorization in semi-inclusive deep inelastic scattering.

The structure functions H;(z, Q?, 2) contain the information on what happens to the
struck quark after the interaction with the virtual photon, the quark fragmentation. The
fragmentation function Dg(z,éf) is defined as the probability for a quark of flavor ¢ to
fragment into a hadron A with a fraction of energy z. The expression of the semi-inclusive



12 1.5. SEMI-INCLUSIVE DEEP INELASTIC SCATTERING

DIS cross section can be written in terms of the fragmentation functions (FEFs) and the
PDFs [9,19]:

Bo? 1o 8ra’ME
dxdydz Q? 2

_ ygf)] vy e2q(x) Dl (2) (1.20)

Scaling and ? evolution

A scaling violation is observed for the FFs measured in ete™ annihilation (fig. 1.6) [2]. The
scaling is observed in the x = 2p,/+/s bin 0.1-0.2. At low = (z < 0.1) the FFs increases
with /s, while at large z, the FFs are shifted towards lower values for large Q2 .

200(b)m 002<x<oos T

100 = 0.05<x<0.1 E
0: > a% - » e o o0 o
S0F *

300 . 0.1<x<02

20t T oRd &Y L »

0.2<x<0.3 E!
v o

Eag
E a o o .+...

[ =
%,M v 0'3<<§<0'4 4 b s

L e

/o, do/dx

s 0.4<x<0.6
v 1) ¢+ ’ + te o

: %P Ll
*Ta% ey 0 6ex<08 !
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ls TASSO o ALEPH T F ‘]
Fs MARK ITs DELPH E
s TPC |

o L3
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Figure 1.6: The ete™ FFsn for all charged particles as a function of \/s for different x = 2py,/+\/s
values. Figure taken from [2]

The D!(z, Q%) fragmentation functions are evolved via the DGLAP equations [13-16]:

dD"(z,Q?%) Oés - )
dqlilQCj B Z/ Pyi(2/€, as(Q)) Dy (€, Q%) (1.21)

The quark and gluon fragmentation is illustrated in fig. 1.7. The fragmentation of a
quark ¢; via the decay of the same quark ¢; after emitting a gluon G is represented in
fig. 1.7a (quDgi). The fragmentation is also possible through the decay of a gluon G
(Pe,D)(fig. 1.7b). In fig. 1.7c, the fragmentation of a gluon caused by splitting into
a quark-antiquark and subsequent fragmentation of the quark into hadron is illustrated
(PqGDgZ_). The last figure, fig. 1.7d, represents the gluon fragmentation via the three-gluon
self-interaction (PggD5).
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7% C)

b)
KE e e

G ql
4d; 4d;

Figure 1.7: a) The fragmentation of a quark q; emitting a gluon G wvia the decay of q; into a
hadron h (quD(’;i). b) The fragmentation of q; through gluon G (PGqDZ), c)The gluon frag-
mentation caused by a q@; pair creation and the subsequent decay of q; (quDf;i). d)The gluon
fragmentation by a three-gluon vertex (PogDJ). Figure taken from [20].

1.6 Fragmentation Functions

The FFs describe the quark fragmentation into a hadron (also known as hadronization).
They are involved in processes such as SIDIS where at least one hadron is found in the final
state. The quark fragmentation into a hadron is soft process and cannot be described using
pQCD. Different models have been developed to describe how quarks confine together to
make a hadron [21].

1.6.1 Lund String Fragmentation Model

In the Lund string model [22], the hadron production is explained by the creation of quark-
antiquark pairs (¢q). The interaction between partons (color force) is represented by a
string (fig. 1.8a). The energy inside the string increases linearly as the distance between
the constituting partons increases. When the stored energy is large enough to create a
new qq pair the original string breaks into smaller strings. For each new string the same
process is repeated until finally only hadrons remain. The hadronization scheme within
the Lund model is illustrated in the center of mass frame in fig. 1.8b. The virtual photon is
absorbed by the u quark and in consequence the u quark is ejected from the bound state.
In this case, the u quark bounds with the d quark to form a 7+ which carries a fraction z
of the available energy v (see table 1.2 and table 1.1, respectively). The remaining system
(in this case the d quark and ud quark pair) repeats the fragmentation process until the
energy is smaller than the available energy (v).

1.6.2 Quark Fragmentation Regions

Until now, only the hadrons produced from the struck quark were considered. However, it
is also possible that a quark which is not involved in the scattering process fragments into
hadrons. In order to study these phenomena two regions are defined by the magnitude
of py [9]: the target fragmentation region where the final hadron h moves with small
momentum in the rest frame of the target and the current fragmentation one, where the
product P - py, grows with@Q?. The study of the contamination by the hadrons produced in
the target fragmentation region was performed by Berger in [9] using the rapidity of the
final state n (eq. (1.22)). The 7 sign is related to the target and current regions. If n > 0
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Figure 1.8: The fragmentation process in the Lund model. Figure taken from [19].

the hadron moves in the direction of the virtual it is a current hadron, while if n < 0 the
hadron is considered as a target remnant (fig. 1.9).

1. En+py
) P L} 1.92
n=ghg— (1.22)
do
an
5~ 2 6~ 2

CENTRAL | REGION

TARGET .  CURRENT

REGION REGION
Moy~ ~INW/m,) 0 Ny ~ +IN(W/m)
BACKWARD REGION (n<0) FORWARD REGION (n>0)

Figure 1.9: Illustration of typical hadronic rapidity distribution (n). Figure taken from [23]

The typical hadronic correlation length in rapidity is § ~ 2. Therefore to separate the
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current and target regions it is necessary® that An = Mmae — Dmin > 20 or W 2> 7.4GeV.
This phenomenological requirement is known as the Berger criterion. It is important to
be able to differentiate between the current and target fragmentation to ensure the quark
fragmentation into hadrons is independent of the production of the quark.

1.6.3 Fragmentation Function Symmetries

The FFs Df;(z, Q?) are defined for any ¢ flavor and h hadron. Within the QCD improved
quark parton model, some symmetries such as the charge-conjugation or isospin are inher-
ited by the FFs. For the present work only the FFs from the light quark (u, 4, d, d, s and
5) and gluons are considered because the mass threshold for heavy quarks is higher than
the covered kinematic domain.

There are two main groups of FFs: if the ¢ quark which fragments into the hadron h
is a valence quark of h the FFs is said to be favored (D}‘av), if the ¢ quark belongs to the
sea quark the fragmentation function is unfavored (D}, ).

Quark FFs into pions There are twelve quark fragmentation function for pions, half of
them correspond to 7% and the other one to 7~. Using the charge-conjugation symmetry,
the number of independent FFs reduces to six. If the isospin asymmetry is considered (7"
case DT = D(’;) only three FFs stay independent.

Dt DI =D DI =D (1.23a)
ph:Df =DI, Dj =Dj DI =DI, DI =D (1.23b)

u S

Additional hypotheses can be applied. For example, the favored FFs can be considered to
be the same as well as the unfavored ones (leading to two FFs).

Quark FFs into kaons In the kaon case, only the charge-conjugation symmetry is
applied, leaving six independent FFs.

DK = pk= pK~ — pk* (1.24a)
DK™ = pk~  pK~ — pK* (1.24b)
DET=DI", DE =DI (1.24c)

Further assumptions can be made. The most commonly used are to group the quark FFs
into kaons in three categories: the favored (DX" = DX7) the strange (DX+ = DK and
the unfavored ones (DX", DX" DK™ DK™} (leading to three FFs).

3The maximum rapidity is reached when the hadron momentum p; = % — Mmaz ~ 1 while for
the minimum 7,,;, ~ —In %

W
U,
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1.7 Quark Fragmentation Functions: current knowledge

1.7.1 Measurements

The same non-perturbative functions D(’; are used to describe the quark hadronization in
all processes. The universality of the FFs has been experimentally tested |2,24]. Sev-
eral scattering processes such as electron-positron annihilation, lepton-nucleon SIDIS and
hadron-hadron collisions (pp(p) for example) are used to access the quark FFs. The eTe™
data (LEP [25], SLAC [26], BaBar [27] and BELLE [28])provide a “clean” access to the FFs
since the o¢ ¢ ~4+a=hX ¢rogg sections do not depend on the PDFs. They do not allow the
separating D} and D?. The data from hadron-hadron collisions data (UA5 [29], UA1 [30],
ALICE [31], CMS [32], RHIC [33], ATLAS [34]) give access to D and D. The data are
sensitive to the gluon fragmentation function DZ.

The quark fragmentation information obtained from a SIDIS process can be compared
to the two previous ones if the data belong to the current fragmentation region (sec-
tion 1.6.2). There are several collaborations contributing to enlarge the data base from
SIDIS interactions: EMC [35] (muon beam, proton and deuteron target), E00-108 [36]
(electron beam, proton and deuteron target), HERMES [37] (electron beam, proton and
deuteron target) and COMPASS (only deuteron data analyzed so far). A preliminary ver-
sion of COMPASS results has been presented in [38,39]. In 2012, a SIDIS data taking
with a proton target was performed. One of the advantages of SIDIS is that factoriza-
tion has been proven to all orders in a; [11]. In contrast to e™e™ annihilation, the SIDIS
measurements are performed at much lower scales providing a wider coverage in Q2.

A summary of the different aspects from eTe™ annihilation, hadron-hadron collision
and semi-inclusive DIS process regarding the extraction of the fragmentation function is
given in table 1.3.

1.7.2 Fragmentation Functions access in SIDIS

The relevant observable in SIDIS to access Df; is the hadron multiplicities, which is defined
as the average number of hadrons produced per DIS interaction defined:

1 do.lN—>lh’X
T dolNSUX T g
Using the expression for the DIS and SIDIS cross sections given in egs. (1.15) and (1.20),
eq. (1.25) becomes:

M(z,y, 2)

(1.25)

>, €q4(2, Q%) ® Dy (2, Q%)
> g e2q(x, Q%)

The fact PDFs and FFs depend on two different variables x and z is a great advantage since

at LO the convolution in eq. (1.26) becomes a simple product. If hadron multiplicities

are measured separately for positive and negative charge, from eq. (1.26) it is possible

to differentiate between D;‘ and Dg. The details on how the FFs are extracted from

COMPASS data set are given in section 7.4.

M(x,Q% 2) = (1.26)
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Table 1.3: Fragmentation functions access in different processes.

eTe™ annihilation hadron-hadron collision SIDIS
l vV
v* ot
@ @ h*
K+
N i) X
High
precision v v v
data
PDF
Indep. v X X
Access
D?av & X v v
h
Dunf(w
Access
parton v X v
kinematics
Theoretical ) N1 6 NNLO 1O, NLO 1O, NLO
Calculation

1.7.3 Global Fits of multiplicities data and Parameterizations of
FFs

In order to provide a general parameterization of the FFs, the universality of FFs is ex-
ploited to perform a global QCD analysis (fit) of available data on multiplicities from
various processes. Most parameterizations are based on information from e*e™: Kniehl-
Kramer-Poter (KKP) [24], Kretzer (KRE) [40] and Hirai-Kumano-Nagai-Sudoh (HKNS)
[41]. The Albino-Kniehl-Kramer (AKK) [42| parameterization uses some hadron-hadron
scattering data in addition. The de Florian-Sassot-Stratmann (DSS) [43,44] collaboration
uses the three type of data available and Leader-Sidorov-Stamenov (LSS) [45,46] uses only
the semi-inclusive data from [37,47| and [38]. In addition, different assumptions in the
symmetries are considered and different functional forms are used for D(I;- A summary
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of these parameterization is provided in table 1.4 [48]. Only HKNS, AKK and DSS are
described in the following because they reflect all the parameterizations types.

Parametrization Year Data No. FFs fitted
SIDIS pp ete T K
KKP [24] 2000 X X v 5 5
KRE [40] 2001 v X v 2 3
HKNS [41] 2007 X X v 2 2
AKK [42] 2008 X v v 3 5
DSS [43,44] 2014 v v v 4 3
LSS [45, 46] 2014 v X X 3 -

Table 1.4: Parameterization of FFs for pions and kaons.

HKNS parameterization . The functional form for the FFs is given by:
D}(z,Q°) = Nl'z*'(1 — )% (1.27)

where N, o' and ' are parameters determined by the fit. The different assumptions
for the FFs for pions and kaons are summarized in table 1.5. Without these assumptions,
it is not possible to differentiate between the valence quarks (favored) from a sea quark
(unfavored) because the ete™ cross section allows only to extract DZI; "". At LO for
pions, all favored FFs are assumed to be equal; all the unfavored ones are assumed equal
between themselves. In the kaon case, the same assumptions are used for the unfavored
FFs. A difference is made between the two favored functions DX # DX The charm

and bottom quark FFs are also fitted.

Pions
Favored DI = D§+ =D7 =DI
Unfavored DI =Dj =DT =Df =Df =DI =Drf =DI
Gluons D;T+ =Dy

Kaons
Favored DET — DK~
Unfavored D§+:D§+=D§<+:D§+:D§7:Dzlfi:DdizDgi

Strange DK = DK~
Gluons Df+ =Df"

Table 1.5: Assumptions in the HKNS parameterization.
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AKK parameterization . This parameterization uses data from e™e™~ annihilation and
pp collision. The FFs are parametrized with the functional form:

h
6hi

Di(=, Q) = NIzt (1= 2% (144" (1 - 2) (1.28)
For pions, all favored FFs are considered equal and two different FFs are used in the
unfavored case. For kaons, all favored and unfavored FFs are not equal and a total of 5
FFs is fitted (in addition the heavy quark FFs) (table 1.6).

Pions
Favored DI = D;—r+ =Dl =D
Unfavored DI =Dj =DT =DI DI =DI =DT =Dr
Gluons D;‘+ =Dy

Kaons
Favored ~ DFK™ = DX~
Unfavored DX" = DK™ DE" =pK™ DI = DK" = DK~ = DK
Strange DE" = DK~
Gluons DE™ = Dk~

Table 1.6: Assumptions in the AKK parameterization.

DSS parameterization . This was the first collaboration that determined the individ-
ual FFs for quark and antiquark. The functional form is more complex than the HKNS
one and is more flexible:

Nhzei (1 — 2)80 [1+ (1 — 2)%]
B2 + a;, B; + 1] + v B2 + oy, B + §; + 1]

Dl(z,Q°%) = (1.29)
For pions, the two favored (unfavored) FFs are related via a proportionality factor N.
In addition, the isospin symmetry is considered only for the unfavored case but a slightly
different normalization is assumed in the ¢+ sum (D(’;g =N, D, Dy .= N—Dj ).
In total four, FFs are fitted, two favored and two unfavored. For kaons, two independent
favored FFs are considered. For the unfavored fragmentation the same functional form is

assumed for all flavors (table 1.7). The FFs of heavy quarks is also considered.

The favored and unfavored FFs extracted by HKNS (red lines) and DSS (black lines) at
LO for Q* = 3(GeV/c)? are plotted as a function of z for 7™ and K in figs. 1.10a and 1.10b,
respectively. DT differ in the z region (0.1-0.75). The difference is smaller for D;—ﬁ. The
DSS favored FFs (two top figures in fig. 1.10a) are slightly lower than the ones obtained by
HKNS. The unfavored FF Dg+ (bottom left plot in fig. 1.10a) differ significantly at large
z. A different behavior is observed in the gluon FF into pions in both parameterizations.
In the DSS case the gluon contribution is better constrained with respect to the HKNS
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Pions
Favored Df = W+D§+, D7 = N,-DI

Dr =D3", D' =Dr" =N, Di
Unfavored Dg_ _ D%_, DT =Dr = N:’i DT

7T+ ™
Gluons Dy, Dy

Kaons
+ —
Favored ~ DE" DK

DE" = D" = DK" = DK*
f o d a d__ s
Unfavored Dk~ — DK~ _ pi _ ij{
Strange DE"  DK”
Gluons Df+, D"

Table 1.7: Assumptions in the DSS parameterization.

due to the use of pp collision data. In the kaon case, HKNS and DSS FFs differ in a more
important way than in the pion case, especially for the 5 fragmentation into K+ where
the shapes are very different. The disagreement between the different parameterization
sets can be understood by the different assumptions used. In the case of kaons the lack of
experimental data is an important factor.

‘ D] (2,Q) ' 2Df (2 QP) ‘ 2DE (2,Q%) ‘ 2DF (2.7
101k 101k 10 & 101k

10%F 10%E 10°fF 10°F

10°%F = DSSLO 10° ——DSSLO 10°F =——DSSLO 10° —DSsLO
— HKNS LO — HKNS LO — HKNS LO — HKNS LO
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Figure 1.10: Comparison between D', D DI and Dg FFs extracted by HKNS (red lines) and
DSS (black lines) parameterizations at LO for Q* = 3(GeV/c)?. Left: ©*. Right:K*. [49].

z



CHAPTER 1. NUCLEON STRUCTURE AND FFS 21

1.8 Summary

The DIS was presented as a powerful tool to study the structure of the nucleon. The
unpolarized PDFs are well constrained in a wide kinematic domain for the w, @, d and d
quarks. However, in the case of the s and § quarks large uncertainties still subsist. The
quark FFs are defined as universal and process independent objects which parametrize
the quark hadronization. They can be accessed via the analysis of data where hadron
production is involved such as electron-positron annihilation, hadron-hadron collision or
SIDIS.

Several parameterizations of quark FFs already exists based on LO and NLO analyzes
of various data sets. They differ significantly for the strange quark sector. The COMPASS
data presented in this thesis will provide a significant amount of new data which will help
solving the discrepancies.






Chapter 2

The COMPASS Experiment at CERN

In this chapter a brief description of the COMPASS! experiment is provided. The gener-
alities of the experimental apparatus are briefly described in section 2.1. The beam and
target are presented in sections 2.2 and 2.3, respectively. The description of detectors used
in particle tracking is in section 2.4 while the detectors used for the particle identification
are described in section 2.5. The trigger system is described in section 2.6. The two fi-
nal sections are dedicated to the data acquisition system and data reconstruction. The
information provided in this chapter is inspired from [50].

2.1 General Overview

COMPASS is a high energy, high rate and fixed target experiment at the Super Proton
Synchrotron (SPS) at CERN. The purpose of this experiment is the study of hadron
structure and hadron spectroscopy with high intensity muon and hadron beams.

The COMPASS spectrometer illustrated in fig. 2.1 covers a wide kinematic domain:
values of Q2 up to 100 (GeV/c)? and values of x down to 107° for incident energies (muon
beam) of 160 GeV/c.

The apparatus can be divided in three parts: the first part contains the detectors
in charge of the incoming beam detection and is located upstream the target location.
The second and third parts are located downstream of the target and extend over a total
length of 50 m. The second part is built around the analyzing magnet SM1 and is known
as the Large Angle Spectrometer (LAS); it has been designed to ensure 180 mrad polar
acceptance. The third section is the Small Angle Spectrometer (SAS). It is built around
the analyzing magnet SM2 and measures the particles emitted at small angles (+30mrad).

In 2006, the data taking was performed with a 160 GeV /c muon beam impinging on a
deuteron target (°LiD).

'COmmon Muon and Proton Apparatus for Structure and Spectroscopy

23
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Figure 2.1: COMPASS 2004 muon setup top view. Figure taken from [50].

2.2 Muon Beam

The muon beam used by COMPASS is obtained from a primary proton beam, accelerated
in the SPS up to 400 GeV /c. The proton beam interacts with a 50 cm thick beryllium
target (known as the T6 target), producing pions and kaons. The proton beam is delivered
onto the T6 target within a time period window of 4.8 s (spill time). The produced pions
are transported along a 600 m long channel of the M2 beam line [51] leading to around
5% of the pions to decay into muons and neutrinos. Both pions and a large fraction of
the muons produced in the decays are transported until the muons are focused and the
hadrons are stopped in a hadron absorber. After the absorber, a system of magnets is used
to select and focus the muons of 160 GeV /c. The muons coming from the 7 — uv weak
decay channel are polarized, however this feature is not exploited in the present analysis.

The muon beam which arrives at the experimental area has transverse dimensions of
Oy X 0y = 8 X8 mm? and an angular divergence of oy, X opy ~ 0.5 x 1 mrad?. At each
spill 2-10® muons reach the experimental area. The beam is accompanied by a large muon
halo that extends transversely up to several meters of distance with respect to the beam
line, its intensity decreases with the distance. The high intensity halo near the beam line
is measured by a dedicated veto counter (size 30 x 30 cm?), with a 4 cm diameter central
hole) and it represents ~ 16% of the muon beam. The far halo, whose intensity is lower,
is measured by a large veto counter, with a central hole of 30 x 30 ¢cm?, where it amounts
to 7% of the nominal muon beam.

The Beam Momentum Station (BMS) is used for the determination of the incident muon
momentum. It consists of six scintillator hodoscopes (BM01-BMO06) located symmetrically
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upstream and downstream a bending magnet (B6: three consecutive dipole magnets) which
is surrounded by four quadrupole systems (Q29-Q32). The BMS is illustrated in fig. 2.2.

BMO03 BMo04

031 032 MIB3

beam

BMO06

-137.2 -131.0 -123.8 =73.7 =70.8 -61.3

Distance from target (m)

Figure 2.2: Layout of the Beam Momentum Station for the COMPASS muon beam. Figure
taken from [50].

The BMS system was designed to measure the momentum of more than 10% individual
particles per spill with a relative precision of 0.5%. In order to eliminate ambiguities in the
reconstruction of particle trajectories, their time of transit is measured with a resolution
of 50 ps.

2.3 Target

The target is composed of three cylindrical target cells. Each cell contains small pieces of
LiD and is filled with a *He/“He cooling liquid mixture. The central cell is 60 cm long and
the up/downstream cells are 30 cm long; the gaps between cells are 5 cm long (fig. 2.3).

The COMPASS target is designed to be a polarized target however this feature is
not relevant for the present analysis. The main components of the target system are:
the refrigerator system which is used to conserve the target temperature between 55 and
95 mK, a superconducting solenoid which produces a homogeneous magnetic field of 2.5 T
along the beam direction with an angular aperture of ~ 180 mrad and a dipole coil magnet
with a 0.42 T magnetic field.

2.4 Tracking Detectors

The Large Angle Spectrometer (LAS) and Small Angle Spectrometer (SAS) are equipped
with different types of tracking detectors. Depending on the detection cover area of each
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Figure 2.3: 2006 COMPASS target. Figure taken from [52].

detector they are classified as: very small area trackers, small area trackers and large area
trackers.

2.4.1 Very Small Area Trackers

The very small area trackers cover the transverse beam size up to ~ 3 cm. In this region
the particle rate is very high (10°/s/mm? in the center of the muon beam) thus the tracking
detectors must have an excellent time and (or) position resolutions.

The scintillating fibre detectors are the smallest ones in the spectrometer and their size
vary between ~ 16 cm? and ~ 144 cm?. The best characteristic of this kind of detectors is
their time resolution ~ 500 ps. All along the apparatus there are 9 stations composed by
two or three scintillating fibre detectors. In each station the orientation of the detectors is
orthogonal. Where there is a third detector, this last one is orientated 45° with respect to
the others.

The silicon detector size is 30 cm? with a space and time resolution of ~ 10 pym and
< 2.5 ns. The measurement of the incoming muon beam track is improved with these
detectors in addition to the BMS. There are 3 silicon detectors stations located upstream
the target; each one of these stations is composed by two silicon detectors where one of
them is rotated by 5° with respect to the other.
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2.4.2 Small Area Trackers

The radial region between 2.5 cm and 20 cm is covered by the small area trackers. Two types
of gaseous detectors which combine a high rate capability (~ 10*/s/mm?) and good spatial
resolution (< 100 pm) with minimal material budget are used: Micromegas (MICRO Mesh
Gaseous Structure) and GEM (Gas Electron Multiplier) detectors.

A GEM is a thin polyimide foil (50 pm)with Cu cladding on both sides, into which
numerous microholes (~ 10*/cm?) with a diameter of 70 um has been chemically etched
using lithographic techniques. The COMPASS GEM detection principle is shown in fig. 2.4;
it is composed by three GEM amplification stages which are separated by thin grids of
2mm height. Across each foil a high voltage (several 100 V) is applied to generate the
avalanche multiplication of the electron through the holes. The fast signal is induced by
the electron cloud emerging from the last GEM foil on an anode segmented into two sets of
768 orthogonal strips (pitch 400 pm). A GEM station consists in two detectors (oriented
45° relative to each other) and there are in total 11 stations (located at SAS). The active
area for the GEM detectors is 31 x 3lcm?. The central area (5 cm diameter) can be
activated to align the detector with low intensity beams. The detection efficiency is ~ 97%
with a spatial and time resolution of ~ 70 pm and 12 ns respectively.
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Figure 2.4: COMPASS GEM detection principle. Figure taken from [50].

There are three Micromegas stations (located at LAS), each one is composed by four
detectors with different orientations: horizontal, vertical and two rotated by 445° with
respect to the vertical. Each plane has an active area of 40 x 40 cm? with a deactivated
central zone (5 cm diameter). The basic principle of the detector is illustrated in fig. 2.5:
the particle ionizes the gas in the conversion gap, the resulting primary electrons drift in
a moderate field ~ 1.5kV/cm (to prevent important secondary ionizations) towards the
amplification gap. The field in the amplification zone is large enough to accelerate the
electrons to produce an avalanche. The conversion and amplification gaps are separated
by a micromesh, which collects the positive ions produced during the avalanche in a short
period of time (< 100 ns). This feature is possible because of the small width of the gap
(~ 100 pm). All Micromegas detectors operate with a detection efficiency of 98% and with
a spatial resolution < 100 pm.
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Figure 2.5: Micromegas detection principle (left). Micromegas detector (right). Figure taken
from [50].

2.4.3 Large Area Trackers

The large area trackers cover all the spectrometer acceptance with a good spatial resolution.
As the particle rate in the region covered by the large area trackers is small in comparison
to the central region (10?/s/mm?), the use of detectors such as drift chambers (DC) [53],
straw drift tubes [54] and multiwire proportional chambers (MWPC) is possible. These

detectors have large active size area (~ m?) with a central dead zone of few cm?.

Each DC consists of eight layers of wires with four different inclinations: vertical,
horizontal and rotated £20° with respect to the vertical direction. Two consecutive planes
with the same inclination are staggered by 3.5 mm to solve the left-right ambiguities,
and the ordering of the plane with different orientations is such to minimize the fake
track combinations. Two of the DC are located before SM1 and have an active area of
180 x 127 cm?; the third one is located downstream SM1 and has a larger active area
204 x 204 cm?. All of the three DC have a central dead zone of 30 cm. The central dead
zone can be activated for alignment purposes with a low intensity beam. The average
spatial resolution of a single DC layer is 270 um and the efficiency is above 95%.

A straw detector station consists in three straw detectors with different orientations
(vertical, horizontal and rotated by 10° with respect to the vertical); there are 5 stations
in total located between SM1 and SM2. Each detector is composed by two layers of straw
tubes with the same orientation. The straw tubes consist in two layers of thin plastic film,
one is coated with carbon loaded Kapton, the other one is an aluminised Kapton foil. The
active area for the straw detectors is 320 x 280 cm? and have a central dead zone of about
20 x 20 cm and their average resolution is 190um.

There are three types of MWPC installed in the spectrometer, each one of them have
a different quantity of layers: A-type, consists of three layers vertical and two tilted by
+10° with respect to the vertical axis; A*-type has four layers, 3 identical to the A-type
and an additional one orientated horizontally. These detectors have an active area of
178 x 120 cm?. The B-type is composed of two double layers detectors with opposite
orientation fixed together, but only three layers are read out (the vertical layer and the
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two tilted ones). The active area is 178 x 180 ecm?. All layers have a wire length of about
1 m, a wire diameter of 20pum and a pitch of 2 mm and are enclosed on both sides by
graphite-coated Mylar foils. The central dead zone of each detector increases with respect
to the detector position (the diameter varies from 16 to 22 cm). The average spatial
resolution of the chambers is 1.6 mm.

2.5 Particle Identification

Several detectors are used to provide particle identification: the RICH detector allows to
distinguish between pions, kaons and protons in a high intensity environment. To measure
the energy of the hadrons, photons and electrons two types of calorimeters |50| are used:
two hadron calorimeters (HCAL1 and HCAL2)? and two electromagnetic calorimeters?
(ECAL1 and ECAL2). To perform muon identification two muon wall detectors (MW1 and
MW?2) are used, both consisting of tracking detectors combined with a hadron absorber.
The identification detectors are briefly described in the following subsections because there
were not used on the different analysis presented in this thesis. For the RICH detector, a
dedicated chapter with the general characteristics is provided (chapter 3).

2.5.1 Hadron Calorimeters

A hadron calorimeter can distinguish between hadron and muon tracks depending on the
energy deposited: a hadron deposits almost all its energy in a form of a hadronic shower
while a muon only deposits a small energy fraction. The signal measured is used to
determine the hadron energy by a linear relation [50]. Hadron calorimeters are also used
by the trigger system described in section 2.6. HCAL1 and HCAL2 are simple calorimeters
with a modular structure with iron and scintillator plates and are located before the muon
filters. Their efficiency depends on the energy: for HCAL1 for hadrons with momenta above
5 GeV/c it is almost constant and close to 100%; for HCAL2 the same efficiency is reached
for hadrons with momenta above 10 GeV/c.

2.5.2 Electromagnetic Calorimeters

The electromagnetic calorimeters are used to identify electrons and to detect photons.
ECALL (located in the LAS) and ECAL2 (located in the SAS) consist of blocks of lead
glass connected to photomultipliers with light guides. The incoming photon or electron
interacts with the calorimeter and initiates an electromagnetic shower which produces
Cherenkov radiation inside the lead glass. The detected light intensity is proportional to
the deposited energy.

2The numbers 1 and 2 refers to the detector location: LAS and SAS respectively.
3ECALI1 was not installed in the 2004 configuration, that is why it is not shown in fig. 2.1.
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2.5.3 Muon Wall Detector

The muon wall detectors MW1 and MW?2 consist of a set of tracking stations and a hadron
absorber: thick iron wall (60 cm) for MW1 and concrete wall (2.4 m) in MW2 case. Muons
passing through the MW detector are detected before and after the absorber while other
tracks (hadrons, electrons, etc.) are stopped.

2.6 The Triggering System

The triggering system [55] has the task to select physical event candidates in a high rate
environment; it is composed by scintillating hodoscope stations, scintillator veto stations
(to exclude halo muons) and calorimeters (to select events with hadron production). The
distribution of all these components is illustrated in fig. 2.6a. The different triggers are
formed combining these different components and they are summarized in table 2.1.

Table 2.1: COMPASS triggers with the muon beam in 2000 run.

Trigger name Components

Inner trigger (IT) H4I, H5I, HCAL1, HCAL2
Middle trigger (MT) H4M, H5M, veto, HCAL1, HCAL2 Inclusive
Ladder trigger (LT) H4L, H5L, veto, HCAL1, HCAL2 triggers

Inclusive MT (iMT) H4M, H5M, veto

Outer trigger (OT) 1130, 140, veto Semi-Inclusive

triggers

Pure calo trigger (CT) HCALL, HCAL2, veto Calorimeter trigger

Depending on the event kinematics two different algorithms are used to determine
the scattered muon kinematics. When the angle of the scattering muon is large enough
(Q* > 1 (GeV/c)?) to be measured by using only the hodoscope stations, the trigger
signals are built using the vertical target pointing algorithm. The angle (0%,0%) of the
scattering muon is determined by using two hodoscopes with horizontal strips located at
different positions along the beam direction and the vertical component 0, is determined.
If 6, is compatible with the target position the event is triggered. The y — z plane is
selected since the particle track is not bent by the dipole magnet in the y-direction. In
the case where the scattering muon angle is too low to be measured (Q* < 1 (GeV/c)?),
the bending angle of the magnet is used to determine 0* and to perform a energy loss
criteria to fire the trigger. This is possible since the muon energy loss v is translated into a
deflection by the magnetic dipole field. In the low Q? region the information coming from
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the hodoscopes is not enough to tag the event since there are several background processes
in the scattered muon signal (elastic scattering off target electrons, elastic and quasi-elastic
radiative scattering off target nuclei). To improve the trigger signal, an energy deposit in
the hadron calorimeters (larger than 5.4 GeV) is required additionally. In the particular
case where any scattered muon is detected, it is still possible to determine if an inelastic
interaction has occurred; if a large deposit of energy (> 16.2 GeV) is registered in HCALL
or (and) HCAL2 the event will fire the trigger.

The kinematic range covered by the trigger system is shown in fig. 2.6b as a function of
y and Q?. The trigger system is optimized to select quasi-real photon and DIS events; the
quasi-real photon events correspond to the low Q? region (~ 0) and they will be detected
by the inner (IT) and ladder (LT) triggers. A DIS event is characterized to have higher
Q? values; the middle trigger (MT) is in charge of the DIS events with small to moderate
Q?. The inclusive middle trigger (iMT) covers the same region as MT but it not requires
an energy deposit in the calorimeters. The outer trigger (OT) is designed to detect DIS
events with high Q2. The events with the largest Q? are covered by the pure calorimeter
trigger (CT).
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Figure 2.6: (a) Main elements of the trigger system. (b)Trigger system kinematical domain.
Figure taken from [55].

2.7 Data Acquisition

The data acquisition system (DAQ) [50] is in charge of the information management coming
from more than 250,000 spectrometer electronic channels to be sent to permanent storage.
At COMPASS the typical event size is 45 KB at a trigger rate of about 10 KHz. The
pipeline used in the DAQ is illustrated in fig. 2.7. First the analogue signals coming
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from the detectors are preamplified, then they are digitized directly at the front-end by
ADCs (Analog to Digital Converters) or TDCs (Time to Digital Converters) according to
the type of detectors the front-ends are coupled to. The data are then transferred to the
readout driver modules CATCH (COMPASS Accumulate, Transfer and Control Hardware)
or GeSiCA (GEM and Silicon Control and Acquisition) upon the arrival of a trigger signal
(provided by the Trigger Control System: TCS). CATCH and GeSiCA combine the data
from up to 16 cards (ADC or TDC) and transmit them via an optical S-Link to the
computers named Read-out Buffer (ROBs, maximum through output 160 MB/s), where
they are stored in 512 MB spill buffer cards. During the 4.8 s of beam time the data are
written into the memory, during the rest of the full SPS cycle (12 s) they are read through
a PCI interface. In this way the required bandwidth is reduced by a factor of three. The
events are written to multiple 1 GB large files (chunks) labeled by the run number and

their consecutive chunk number. Finally, the data are transferred to the CERN central
data recording facility (CASTOR).
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Figure 2.7: General architecture of the DAQ system. Digitized data from the detector front-ends
are combined on the readout modules named CATCH and GeSiCA. The storage of the data during
the spill and the event building is performed locally. The data are recorded at the CERN computer
center. Figure taken from [50].
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2.8 Event Reconstruction

The off line analysis of the events stored at CASTOR is performed by the COMPASS
software CORAL* [50]. CORAL can also analyze the events generated by a Monte Carlo
(MC) simulation (see chapter 6). CORAL has a modular architecture and is written in
C++. The scheme of the steps followed by the reconstruction program are shown in
fig. 2.8. First, the information on the fired detectors channels is extracted. This is known
as decoding, in the case of MC data this step is known as digitization. In general, there
are more than one detector channels fired by the same particle. In that case a clustering
process is performed, ¢.e. the neighboring detector channels that were fired are grouped
together, and the coordinate of the cluster in the experiment reference system is computed.
At this stage the detector calibration and position are used to extract the information. The
CORAL output is stored in a ROOT [56] structure called mDST (mini Data Summary
Tape).

The physics information is extracted from the recorded mDST using the software pack-
age PHAST [57] (PHysics Analysis Software Tools). PHAST gives access to the recon-
structed event information, and it provides a set of algorithms to compute the relevant
physical variables of each event. The PHAST outputs are stored as a root file. These files
are significantly smaller that the mDST and are used in the final physics analysis.

In COMPASS the experimental data are organized into several levels. The first level
is known as period, it contains all the data taking information of a one week period. A
period is divided in several runs, which are subsequently divided in spills. Each spill is
composed of the events which are analyzed.

1COMPASS Reconstruction Algorithm Library
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Chapter 3

RICH Detector

The particle identification is an important step in the hadron multiplicities extraction. In
the COMPASS spectrometer, the hadron identification is performed by a large-size Ring
Imaging Cherenkov detector (RICH) capable of separating pions, kaons and protons in a
wide momentum range (~ 2GeV /c— ~ 60GeV /c) and in an angular acceptance of 0.01-0.4
radians.

In this chapter the RICH detection principle is presented as well as the description
of the main components: the gas and mirror system (section 3.2.1 and section 3.2.2),
the photon detectors (section 3.2.3), the readout electronics (section 3.2.4) and the data
reconstruction (section 3.2.5).

3.1 Cherenkov Effect

When a charged particle is moving through a transparent medium with a speed v greater
than the speed of light (vjjgne = ¢/n. n is the medium refractive index) a radiation known
as Cherenkov radiation is produced by the medium.

Figure 3.1: Cherenkov radiation geometry.

The Cherenkov radiation produced by a particle with a certain mass M), and momentum
pr is emitted only at a particular angle (©¢) with respect to the particle track (fig. 3.1).

35
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The coherence between waves (emitted between A and B) is achieved when the particle
traverses AB at the same time as the radiation travels from A to C. The opening angle
O¢ is defined geometrically in eq. (3.1) where §3 is the particle velocity.

c/n At 1

GeAt T B (3.1)

cos O¢c =

From eq. (3.1) some characteristics from the Cherenkov radiation can be inferred:

Threshold limit: If 3 < 1/n no Cherenkov radiation will be emitted.

Maximum emission angle: cos® = —. It is reached for ultra-relativistic particles

(6=1).

n

In order to perform a particle identification with a RICH detector two variables are
needed: O¢ and the particle momentum p;, (which is measured independently in the
spectrometer). O can be measured if the radiation (photons) emitted by the particle is
detected. There are different techniques to recollect and transport the produced photons
where light detectors are placed [58]|. The resulting image in the detection plane is a ring
with a radius r «« ©¢. The particle identification is performed by a mass assignment given
in eq. (3.2).

My, = ppy/n2cos? O¢ — 1 (3.2)

3.2 The COMPASS RICH Detector

The COMPASS RICH detector (fig. 3.2) is designed to distinguish between pions, kaons
and protons in a high-intensity environment. The momentum range covered goes from the
pion Cherenkov threshold ( &~ 2.67 GeV/c) to ~ 60 GeV/c.

RICH is a large size detector (~ 3 x 5 x 6 m?), which is filled with a gaseous radiator.
Two spherical mirror systems reflect the photons into an array of photon detectors (mul-
tiwire proportional chambers and multianode photomultipliers tubes), sensitive to a large
wavelength range, from visible to far UV, placed outside the spectrometer acceptance, one
above and the other below the beam line. The whole structure of the detector vessel is
built mainly in thin aluminum in order to minimize the material budget.

3.2.1 Gas System

One of the principal elements of a RICH detector is the radiator. At COMPASS the
radiator is gaseous, C4F19. This particular gas has a refractive index n ~ 1.0015 and
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Figure 3.2: Artistic view of the COMPASS RICH detector (a) and the Cherenkov effect (b). (c):
photon detectors (not to scale).

a low chromaticity! (dn/dE ~ 5107 eV~'). These characteristics allow the particle
identification (PID) to be performed in a wide momentum range (~ 2.67 to ~ 60 GeV/c).

The propagation of the Cherenkov photons in the vessel can be affected by the presence
of water vapor and oxygen (high UV light absorption cross section). In order to remove
these impurities, the gas is constantly circulating and filtered at a constant pressure (1 mbar
higher than the atmospheric pressure) in a dedicated gas system [60]. The overpressure of
the vessel is needed to prevent the air contamination and to avoid mechanical stress to the
detector, given its large size. Other circulation system (known as fast circulation system)
allows a reshuffling of the gas inside the vessel, to avoid stratification, that may cause a
gradient in the value of the refractive index from top to bottom.

In order to absorb the photons emitted by the muon beam, a 10 cm diameter pipe filled
with helium is positioned inside the vessel on the beam path.

3.2.2 Mirror System

The RICH optical system covers a total area of ~ 21 m2. It consists of two spherical
surfaces, each one contains 58 spherical mirrors of different shapes (34 hexagons and 24
pentagons); the final arrangement of the mirrors is shown in fig. 3.3. All the mirrors have
a reflectance above 80% in the UV region.

The mirror system has a radius of curvature of 6.6 m. The photon image is focused
outside the spectrometer acceptance where the photon detectors are located (fig. 3.2). The
radius of curvature is not the same for each mirror (R = 6600 + 1% mm), in consequence
the reflected image maybe be slightly blurred. This effect is more pronounced for particles
incident at larger angles than for particles at small angles [61]; this aberration contribute

!Dependence of the refractive index of a dielectric medium on the photon wavelength [59].
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to the dispersion of the photon angle with respect to the angle of emission which affect the
detection resolution [62].

Figure 3.3: Photograph of the COMPASS RICH detector optical system.

3.2.3 Photon Detectors

The photon detector array consists of two symmetric parts with respect to the beam
direction, each one is composed of 8 modules as is shown in fig. 3.2c. The modules located
in the external region consist on MultiWire Proportional Chambers (MWPC) equipped
with solid state Csl photocathodes [63]. The central area (quadrants 3, 5, 10,12 fig. 3.2¢)
is composed by MultiAnode Photomultipliers Tubes (MAPMT) [64] coupled to individual
telescopes of fused silica lenses. The use of two different photon detector types employing
different photon converters results in the detection of photons in two different wavelength
regions, < 200nm for the MWPCs and ~ 200 — 650 nm for MAPMT. The low momentum
particles are mainly detected in the outter part of the detector and the high momentum
particles in the central region [62].

The spherical mirrors will focalize all the photons emitted parallel in the same point,
as a result of this, the image reflection in the photon detectors will be a ring. An example
of a RICH event is shown in fig. 3.4. In this particular event there are 6 visible rings and
a few active pads due to background.

3.2.4 Readout Electronics

The readout electronics for the central area (MAPMT) consists of three elements: a chip
card MAD4, a bus board (Roof) and a DREISAM card. The MAD chip amplifies and dis-
criminates the signal. The discriminated signal is transported to the chip card DREISAM.
This chip functions as a time to digital converter. The signal acquired in a window of
100 ns centered on the time of the trigger is transformed into a temporal information with
respect to the absolute time of the experiment with a resolution better than 130 ps. The
Roof board acts as a bridge to carry the information from the MAD to DREISAM and, in
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Figure 3.4: [llustration of a typical RICH event. Figure taken form [50].

the opposite way, to deliver to MAD information on the thresholds. The readout system
is free from cable connections to minimize the electrical noise.

For the peripheral area, characterized by a lower population of events and lower back-
ground level, the electronic of the readout system is based on a APV25 chip (128-channel
preamplifier /shaper ASIC with analogue pipeline) [65,66]. This chip has an integration
time of the signal < 400 ns.

The large number of RICH electronic channels (82,944) corresponds to ~ 40% of the
total number of COMPASS electronic channels. To reduce the data flow, empty channels
are suppressed at the front end stage and only the amplitude signals above threshold are
read out in local FIFO arrays?. Data are then transmitted with optical fibers to the general
acquisition system at a rate of 40 MB/s.

3.2.5 RICH Event Reconstruction

RICHONE is a package contained in CORAL software (see section 2.8). It is in charge of
RICH event reconstruction, i.e reconstructs the physical variables from the RICH active
pads for each event. The reconstruction is divided in several stages. The first one regards
the data decoding® and clustering?. Then the reconstruction of the Cherenkov angle for
each individual photon is done. It is also possible to perform the ring reconstruction which
is used for studies on the apparatus. The particle identification (PID), in which a mass
hypothesis is assigned to each particle, is based on a maximum likelihood calculation. The
PID will be explained in more detail in chapter 4.

2]t means that elements are transmitted from the array in the same order they arrive - first in, first
out (FIFO).

3The information on the fired detector channel is extracted.

4The detector channels that are fired by the same particle are grouped together.
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Decoding and clustering

There are two different types of photon detectors and they have different decoding systems
and clustering algorithms. Regarding the MWPC the analog signal comes from channels
that have a signal (this signal is sampled three times) [67]. Since more than one channel
can produce a signal, a clustering procedure is used. First, the pad with the maximum
pulse height has to be found. All the adjacent pads with a pulse height smaller than the
maximum are included in the cluster [62]. During the clustering process the mean position
of each active pad is evaluated in the cluster, weighting the signals with their maximum
pulse height, to determine the center of gravity of the cluster. For the MAPMT signal
decoding is enough to read the time information coming from the PMT that was hit. The
signal coming from the MAPMT does not require clustering, since the probability to have
correlated hits in adjacent pads is negligible [65].

The cluster or hit position will be used to determine the trajectory of the photon.
In addition, the time information coming from the MAPMT is used to reject out-of-time
photons while the amplitude information from the MWPC serves to reduce the background
both from out-of-time photons and from electronic noise [62].

Cherenkov angle and ring reconstruction

To reconstruct ©¢, the trajectory of each Cherenkov photon is calculated with respect to
the plane containing the particle track and its virtual reflection in the mirror [68]. All
the photons emitted by the particle are expected to have the same angle ©c and to be
uniformly distributed in ©°, whereas the photons emitted by others particles or background
have a flat ©¢ distribution. The emitted photons with the same (O¢, ) pair are reflected
on the same point on the focal surface (neglecting the spherical aberration), resulting in a
ring image on the photon detector (fig. 3.4). Since the emission point of the photon along
the particle trajectory is not known, the middle point between the detector and the mirror
is taken. A good determination of the track trajectory parameters and the momentum of
the particle are mandatory in order to extract ©¢ with good precision.

To characterize the RICH, for example to determine the angular resolution, the ring
reconstruction of the emitted photons is needed. The ring reconstruction is based on the
search of a peak in the ©¢ distribution: small intervals of +£30 (where o is the single
photon resolution: oyrapyr = 2.0 mrad and opwpe = 2.5 mrad)® on an overall range of
0 — 70 mrad are considered. The interval with the maximum number of entries defines
the ring. This procedure associates a ring to each track and in order to reject tracks
with only background photons a minimal amount of 4 photons per ring is required [62].
The resolution of the Cherenkov angle measurement provided by each single photon as a
function of the particle momentum is illustrated in fig. 3.5. In the high momentum region
where the Cherenkov angle saturates the resulting resolution is ~ 1.2mrad.

5 is the angle between the photon trajectory and X on the XY plane
6The MWPC resolution is bigger that the MAPTMT because of the MWPC smaller pad size. Also the
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Figure 3.5: Resolution of the Cherenkov angle for the reconstructed ring images, provided by
each single photon, versus the particle momentum for a sample of identified pions. Figure taken

from [50].

Mass separation

For the physical analysis of RICH events the PHAST software is used. The available
information at PHAST is summarized in table 3.1.

The measured values of ©¢ as a function of p, for the RICH detector are shown in
fig. 3.6; in this figure the number of kaons and protons are scaled in order to be visible.
In the low momentum region, the RICH detector is only sensitive to electrons, muons and
pions. The bands corresponding to kaons and protons start to be visible at p, ~ 9.45 GeV /¢
and p, ~ 17.95 GeV/c respectively. For high momentum values, above 40 GeV/c, a
saturation of the Cherenkov angle is observed, principally for pions and kaons.

Table 3.1: RICH information available in PHAST.

Background, pion, kaon, proton, electron and muon likelihood
(LH(bg), LH(r), LH(K), LH(p), LH(e), LH(n))
Pion, kaon, proton , electron and muon likelihood derived
Maximum likelihood angle
Reconstructed ring angle, O¢;

Number of photons used in O¢ reconstruction, N
Fitted ring angle, O¢
Ring, pion, kaon, proton, electron and muon x?

Mean ring time from photons in the PMT part
Number of photons per ring in the PMT part

The final particle identification is performed using a likelihood method. This likelihood

is constructed for five different hypotheses (e, u, ,i, K and p) and the corresponding
explanation is given in section 4.2.

resolution in the peripheral region is diminish because of the spherical aberration and the poorer particle
momentum resolution
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Figure 3.6: Measured Cherenkov angle O¢ as a function of py. w threshold ~ 2.67 GeV/c, K
threshold =~ 9.45 GeV/c and p threshold ~ 17.95 GeV/c.



Chapter 4

RICH Performance Study and Particle
Identification

The final goal of this thesis is the extraction of pion and kaon multiplicities. The hadron
identification is done using the information from the RICH detector; the detection efficiency
is not perfect, in consequence the misidentification probability is not zero, so it is necessary
to determine the RICH response for the different hadrons. The RICH performance study
consists in measuring the identification and misidentification efficiencies (probabilities) for
pions, kaons and protons. The process followed to determine the RICH performance is
described in section 4.1; as a first step pure samples of pions, kaons or protons have be
selected without the use of the RICH detector (section 4.1.1); the RICH detector response
is determined from these samples (section 4.1.2) i.e. the hadrons are identified using the
RICH information and the identification and misidentification probabilities are extracted
in the hadron phase space (pp,0) (where p; is the hadron momentum and 6 is the polar
angle) for each type of particle (7%, K%, p and p). The particle identification is performed
via a likelihood estimator for different hypotheses (section 4.2); as a first approach, the
mass assignment corresponds to the largest likelihood among them; this identification
is improved by requiring a better separation between all the hypotheses, this stage is
presented in section 4.2.1 for pions, 4.2.3 for kaons and 4.2.2 for protons.

The results obtained for the RICH performance are given in section 4.3. Finally, the
method to identify pions, kaons and protons using the full RICH information (likelihood
cuts and RICH performance matrix) is described in section 4.4.

4.1 Determination of RICH Detector Performance

The identification (misidentification) probability is given by the ratio of the number of
particles correctly (wrongly) identified out of a pure sample of known hadrons over the
total number of particles composing the pure sample.

N(t — 1)

Pt —1) = NG

(4.1)

43
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In other words, P(t — i) is the probability that a particle of type t is identified as a
particle of type i. In eq. (4.1), N(t) is the number of particles ¢ and N(t — i) is the
number of particles ¢ identified as i. The identification and misidentification probabilities
(P(t — t) and P(t — i)) are a pure detector properties and can be presented in a matrix
form (eq. (4.2)), where the diagonal elements are the identification probabilities and the
off-diagonal ones the misidentification probabilities.

P(K —7) P(p—m)
P(r — K) Plp — K)
P(mr —p) P(K —p)
Pr—-X) P(K—X) P(p— X)

Mp = (4.2)

In order to determine these probabilities a calibration sample is needed; three different
calibration samples where used to study the RICH response.

4.1.1 Selection of ¢y, K2 and A Samples

The RICH performance analysis is based on the study of the pion, kaon and proton (p)
samples coming from @099, K2 and A (A) decay. In table 4.1 the branching ratios for these
mesons and baryons are summarized.

Table 4.1: Decay modes for ¢r020, K° and A [69].

®1020 K° A
KDY K
KTK~ 48.9% | mteTu, 40.6% | 7t7~ 69.2% | pr— 63.9%
KYKY 34.2% | mtuFy,  27.0% | 7°7° 30.7% | n7® 35.8%
pr +atar—a%  153% | 3 70 19.5%
atr =% 125%

For the RICH calibration sample analysis, the same 6 periods used in the multiplicities
analysis’ of the 2006 data taking were used. To ensure a good sample selection some
requirements had to be fulfilled by the event in order to be kept. In the following the
selection criteria are explained.

Spill selection. During data taking there can be some instabilities in the beam behavior
or detector performances. Bad or unstable data from these periods are rejected on a spill
by spill basis. To determine if a spill should be removed many variables are analyzed: the
number of reconstructed beam tracks per vertex, the number of outgoing tracks per vertex,
the number of primary vertexes per event, detectors efficiencies, etc. If the value of one of

LW40, W41, W42, W43, W45 and W46
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these variables deviates from the majority of the neighboring spills the spill is considered
as a bad spill and is rejected. In fig. 4.1 the number of outgoing tracks per vertex is shown
as a function of the spill number; the red points correspond to the good spills. In black the
spills that are rejected. In table 4.2 the percentage of spills rejected for each of the periods
used in this analysis is summarized.

&
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#0utgoing tracksivertex

N

-
[
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2000 4000 6000 8000 10000 12000
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Figure 4.1: Number of outgoing tracks per vertez as a function of spill number. In red, the points
corresponding to good spills, in black the rejected spills.

Best primary vertex. The first event rejection criterion is related to the existence of
an interaction point known as wvertexr in the event. A primary vertexr is defined as the
intersection of two tracks, one incoming track (associated to the muon beam u) and one
outgoing track (related to the scattered muon p’). If more than one primary vertex is
found in the event, the vertex with the maximum number of outgoing tracks is chosen. In
case of equal number of tracks, the vertex with the smallest x? is selected.

Table 4.2: Number of total spills and fraction of bad spills for the different periods used in this
analysis.

Period # spills % bad spills

W40 24900 6.5%
W41 17412 14.6%
W42 15538 5.2%
W43 18841 7.4%
W45 15543 7.2%
W46 10559 11.8%

Track selection. Due to the different decay nature of the mesons used in this analysis
leads to different requirements for the track selection:

e Strong decay. The @30 mean lifetime is ~ 1072% s so it will decay before it travels
~ 107 cm in consequence it is not possible to differentiate between the primary
vertex and the decaying vertex (secondary vertex) that is why the primary vertex is
request to have only 2 outgoing tracks of opposite charge in addition to the scattered
muon u’ to be considered as a ¢1pz0 candidate.
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The inability of differentiate between the primary and secondary vertex has as con-
sequence the contamination of the ¢qp90 sample coming from hadrons generated in
the muon-nucleon interaction and not from the meson decay. If the hadron pair is
required to carry all (or almost all) the virtual photon energy this contamination is
reduced; the ¢1990 sample composed by this particular kind of hadrons is known as
exclusive sample (¢$55). In order to select the ¢55 sample, a cut in the reaction
inelasticity (/) is required. The inelasticity is defined in eq. (4.3), where Mp is the
proton mass and Mpissea = Mp + M, — My where My is the invariant mass of the
K™K~ system. The ¢$%, yield is coming from the region where I < 2.5 GeV/c?
M72m'ssed o MI%

I =
2My

(4.3)

The ¢S5, sample is a very pure kaon sample, the hadron contamination coming from
the other decay channels is almost negligible. However, the ¢¢%5) do not reflect the
contamination that is observed in data used in the multiplicity analysis where the
hadron sample is mostly composed by pions. In order to perform the RICH response
analysis in a similar kaon sample, the inclusive ¢igo0 sample (o)) is defined by
events with [ > 2.5 GeV /2.

Weak decay. The K9 and A(A) are long-living particles (~ 10710 s), they decay far
away from the primary interaction point. The events with K2 and A(A) candidates
are required to have at least one secondary vertex (Vp) reconstructed with 2 outgoing
tracks of opposite charge.

For the final selection of V4 additional requirements are asked, these are summarized
in table 4.3. The first one involves the distance between the primary vertex (PV') and
Vo (PV — V). If a Vj decay does not have a large enough distance from its primary
interaction, the decay particles cannot be properly reconstructed. Only the Vj’s with
a decay length (PV — V) larger than 2 times the error of the decay length (opy_v;)
are kept. In addition, a collinearity requirement is demanded. The collinearity
cut rejects events for which the cosine of the angle between the reconstructed Vj
momentum and the vector defined by PV and Vj positions is larger than 0.9996 for
K3 and 0.9999 for A (A). The cut in the invariant mass value is used to remove the
overlapping zone of Kg and A(A) samples (fig. 4.2).

Table 4.3: V| selection cuts.

K? Aor A
Distance PV — > 20py_sD > 20py_sD
Collinearity c050.,; > 0.9996 c080.,,>0.9999

Invariant Mass [My| < 10 MeéV/c?  [Mgo| < 10 MeV /¢?
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The track momentum is limited to the region: [2.8 —50 GeV/c]. The lower cut is defined
by the Cherenkov threshold for pions. The upper limit is chosen to avoid the region where
the Cherenkov effect saturates (pion and kaon bands overlap) (fig. 3.6). In addition, the
track incident angle is limited to be in [0 < 6 < 0.4 rads] region, to eliminate the particles
outside RICH acceptance.

The presence of the RICH pipe degrades the RICH performance [67] (see also Ap-
pendix C.2). The particles close to RICH pipe are removed from the analysis by applying
a radial cut at the RICH entrance defined in eq. (4.4).

@? +y* > rbipg,  TPiPE = 5cm (4.4)

The final selection of K2 (~ 4.4 x 107 events), ¢1o20(~ 1.0 x 10% events) and A (A)
(~ 1.5x 107 events) are shown in the Armenteros diagram in fig. 4.2 [70]. The white regions
in figs. 4.2b and 4.2c correspond to the cut in the invariant mass distribution defined in
table 4.3.

0806 0402 00 02 04 06 08 4806 04020002 0406 03 .

(a) ¢1020- (b) ng (C) A and K

0306 0402 00 02 04 06 08

Figure 4.2: Two dimensional plot of the transverse momentum of decay products versus the

longitudinal momentum asymmetry (o = %) for ¢1020, Kg, A and A samples.

4.1.2 P(t — i) Efficiencies and Sample Purity

In this section the procedure to determine N (¢t — i) and N(t) from eq. (4.1) is explained
in detail only for pions (the process is analogue for kaons and protons). The probabilities
are evaluated for positive and negative hadrons because of the different RICH response for
different charged particles [67].

The positive pion sample is built with the requirement that the negative decay parti-
cle (spectator) is properly identified by the RICH (for the negative sample the spectator
particle is required to be positive) [71]. This procedure is applied in order to reduce the
background under the peak in the invariant mass distribution. This mostly concerns the
kaon sample, since the ¢1020 sample is highly contaminated with pions (see ¢1990 decay in
table 4.1).
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The identification and misidentification probabilities for 7 are defined in eqs. (4.5)
to (4.8). All equations have the same denominator Nyo(77) (the particle in the parenthesis
is the spectator). In the numerator, the first particle in the parenthesis is the spectator
and the second one is the particle for which the probability is being calculated.

N(rt —=7t) Nio(m~mt)

P(rt = 7)) = e A (e (4.5)
P — 1) = P L) (46
Nyo(m™
Pl )= H (1)
N ~ Nio(mX)
Pt = X) = (4.8)

In this analysis 5 subsamples are extracted from the K3 calibration sample. In the first
one only the spectator particle 7~ is identified with the RICH, its corresponding invariant
mass distribution is shown in fig. 4.3a. In the other three subsamples, in addition to
the spectator, the second particle is identified as a 7%, Kt or p. Their invariant mass
distribution is plotted in fig. 4.3b, fig. 4.3c and fig. 4.3d. The last subsample contains all
the second particles that were not identified by the RICH (fig. 4.3¢). In the following only
the name of the particle which is being studied will be called to made reference to the
invariant mass distribution.

The functions used to fit the invariant mass distribution of @929, K9, A and A subsam-
ples are summarized in table 4.4. The fit is performed simultaneously for all subsamples. A
constraint is added to the fit in order to always ensure that > N (¢ — i) < N(t) when the

(2
fit of invariant mass distribution is performed for ¢t = 7% and ¢« = «#*, K, p; if the fit in-
cludes in addition the invariant mass distribution coming from the non-identified particles
the constraint becomes > N(t — i) = N(t).

7
An example of the fits used in the identification and misidentification probabilities
determination for positive hadrons is shown in figs. 4.3 to 4.6. The number of events in the
invariant mass peak is represented by the green dotted line, the background contribution
by the red one and the blue solid line corresponds to the sum of both contributions. The
corresponding fit examples for negative hadrons can be found in Appendix A.

The overall results for positive and negative hadrons (p, € [10,40](GeV/c) and 0 €
[0.01,0.4](rad)) are presented in eqs. (4.9) and (4.10) where Mp is truncated.

0.01 0.04
ME=10.02 0.04 (4.9)
0.01 0.06
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Table 4.4: Functions used to fit the ¢p1020, K9 and A(A) invariant mass distributions.

Background Signal
Gaussian
P1020 (z — 2mg)"exp(—al(x — 2my)) ®

Relativisitc Breit-Wigner [72]

K? 274 degree Chebyshev polynomial Two Gaussians
AA) (z— (my+mg))exp(—al(z — (my +my))) Two Gaussians
0.01 0.04
My, =10.02 0.02 (4.10)
0.01 0.07

The last row where the P(X — h) probabilities are located is HOL shown, this presenta-
tion is adopted since Mg relate the number of identified hadrons (I, ) to the true number

%
of hadrons (7},) via the eq. (4.11); this system of equations is overdetermined (there are
only 3 unknowns and 4 equations), however it can be solved since the last row can be
expressed in terms of the others rows because of the >~ P(m — i) = 1 condition.

I P(K —-m) P(p—m) T
Ix P(r — K) P(p — K) "
— ) Ty (4.11)
I, P(mr —p) P(K —0p) T
X P(r— X) P(K—X) P(p— X) g

Writing explicitly the expression for the identified kaons (eq. (4.12)) shows the contri-
bution to the kaon sample from the pion and proton yields. From this relation is clear that
the misidentification probabilities must be kept as low as possible.

Ix = T, + P(K — K)Tx + P(p — K)T,, (4.12)

In order to measure the contributions from the different hadron species ¢ to the identified
sample 7 the purity of the sample Q(t — i) is defined (probability that a particle which is
identified as a type i is truly of type t) (eq. (4.13)).

Ot — i) = %P(t S i = {mKp) (4.13)

(2
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The purity depend not only on the identification (misidentification) probabilities but also
on the hadron rates. The hadron sample for the multiplicity analysis is mostly composed

of pions (~ 74%), so the pion contribution will be the dominant one. In average [I—; ~ T

and % ~ 20 this means that even a small value of P(m — K) or P(m — p) causes a

I and [I—K in the
P

large pion contamination in the kaon and proton sample. The ratio II—;, 7
P

multiplicities binning are shown in Appendix B.

The results give in eqgs. (4.9) and (4.10) are only an overview of the probabilities.
In section 4.2 is shown the particle identification depends on the hadron phase space
and because the probabilities depend on the particle identification, the Mgz matrix also
depends on the hadrons phase space. In order to take into account this dependence the
RICH response is characterized by a set of Mz matrices binned in the hadrons phase space.

4.2 Likelihood Tuning

The particle identification is performed via a likelihood estimator [73| for different mass
hypotheses (e, u, m, K and p) and also for the background hypothesis (bg). The likelihood
function is:

N
LH(M) = exp[—(Sy + B)] [ [(s11(Ocy, 05, On1) + 1) (4.14)
7j=1

Where N is the number of photons used to reconstruct O¢ (section 3.2.5), ©¢; is the
measured Cherenkov angle for j photon and O, is extracted from eq. (3.2) (0, = ©O¢)
for all mass hypothesis. The likelihood function depends on the probability for a photon
to belong to the signal (sy) or to the background (b) and their integral over the fiducial
region 2. The s,; probability takes into account the resolution of the photon detectors and
lose of photons by absorption (C4F;o impurities, beam pipe), holes in the mirror wall and
photon detector dead zones. The background probability b is extracted directly from real
data [62]. In order to extract the likelihood estimator for the background, s, is set to zero
in eq. (4.14).

As a consequence of the two different kinds of photon detectors installed in the RICH
(section 3.2.3), the angular resolution is not constant in all RICH regions. The likelihood
determination is directly affected by this angular resolution because of ©¢; and ¢; deter-
mination. The track parameters such as the particle momentum p; and the polar angle
¢ at the RICH entrance determine the phase space where ©¢; and ¢, are measured. In
consequence the particle identification is p, and 6 dependent.

As a first identification the largest value of LH (7)), LH(K), LH(p), LH (e) and LH (bg)
is taken as the good hypothesis. However, there are events where one or more likelihood
values are very similar. In these particular cases is not enough to compare the likelihood

2This fiducial region is defined to keep only photons with 0c; < 70 mrad
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because the identification could be ambiguous. To improve the identification is possible
to require LH(h)/LH (2nd) (LH(2nd): second largest likelihood) and LH (h)/LH (bg) dis-
tributions to be larger than some cut. With this requirements a good separation between
likelihoods is ensured. The value of these cuts is tuned in order to privilege some physic
channels. Since pions are the dominant hadrons in the multiplicity sample, the selection of
the cuts is focused in diminishing the pion misidentification probabilities and to improve
the purity of the kaon sample.

In the next subsections the procedure followed to determine the cuts in LH (h)/LH (2nd)
and LH(h)/LH(bg) (likelihood tuning) distributions is explained. The different momen-
tum pj, range where the pion, kaon or proton identification is possible with the likelihood
information leads to a different approach for the likelihood tuning depending on the hadron
type that is going to be identified.

4.2.1 Pion and Kaon Likelihood Tuning

A very detailed analysis of a tuning to enhance the purity of the kaon sample, while keeping
its statistics as high as possible were performed for the 2007 COMPASS data in [74]. The
results of this analysis were the starting point to tune the 2006 likelihood, a summary of
the analysis is given in this section.

The first step consists of the extraction of the identification and misidentification prob-
abilities with different sets of cuts on the LH (h)/LH (2nd) distribution. The identification
and misidentification probabilities as a function of p, for pions and kaons are shown in
fig. 4.7. The identification probabilities for p;, < 30 GeV/c do not change their values with
the different likelihood cuts. In the higher momentum range (where the Cherenkov angle
saturates) the impact of the different cuts starts to be visible. An increase in the cut value
is reflected in a decrease in the misidentification probabilities but also in the identification
ones.

The pion and kaon purity of the sample was also extracted and they are plotted in
figs. 4.8a and 4.8b respectively as a function of x. The pion purity values are high around
0.99 and the impact of the different likelihood set cuts is negligible. For kaons the purity
value varies between 0.88 and 0.95 and its value is sensitive to the different likelihood cuts
specially at low x.

To perform the likelihood tuning two Figures of Merit (FoM) were defined in terms of
the efficiencies, purities and hadron rates:

1. FoM1 = purity = ef ficiency: depends only on p;, value (figs. 4.9a and 4.9b).

2. FoM2 = purity*%: depends on the likelihood cut and pj, value(figs. 4.9¢ and 4.9d).

To find the optimal cut for the LH(h)/LH(2nd) distributions, a good compromise
between the identification probability and purity of the sample were searched. The final
values for the 2007 data tuning are summarized in table 4.5.
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Figure 4.7: Top raw: PID efficiency of pion (left) and kaons (right), as a function of the particle
momentum pp. Bottom raw: misidentification probability of kaons (left) and pions (right), as a
function of the particle momentum pyp. Different markers correspond to different cuts on the
LH(h)/LH(2nd). Figure extracted from [74].
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Figure 4.8: Pion (a) and kaon (b) purity samples as a function of x. Figure extracted from [74].

Table 4.5: Summary of the RICH selection cuts for 2007 data.

Pions LH(m)/LH(2nd)1.02

Kaons | LH(K)/LH(2nd) > 1.08

With RICH it is also possible to identify electrons. From fig. 3.6 is clear that is possible
to separate electrons from pions only at low momentum values (< 8 GeV/c). A fine tuning
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Figure 4.9: Example of the two FoM for positive pions(left) and kaons (right) as a function
of x. Each color corresponds to a different LH(h)/LH (2nd) threshold and py,. Figure extracted

from [74].

of this identification has been also done in [74]: it was found that is possible to distinguish
electrons from pions if LH(e) > 1.8 x LH(w). In the opposite case, the distinction is not
possible and the electron hypothesis is not taken into account in the LH(h)/LH (2nd)
calculation.

An analysis of the Mg matrices using the set of likelihood cuts defined in table 4.5
using the 2006 data were performed. The values were compared to the 2007 results and a
good agreement was found.

4.2.2 Proton Likelihood Tuning

In eq. (4.12) it is shown that the protons also contaminate the kaon sample (~ 8% of
the hadron sample used in the hadrons multiplicity are protons) so that, a tuning in the
proton likelihood is also necessary to reduce the proton contamination. The method used to
perform the likelihood tuning for protons (antiprotons) is different from the one described
in the previous section since the proton threshold value is relatively high ~ 17.95 GeV/c
(thr(p)) in comparison to the kaon or pion threshold.

The identification of protons is performed directly from the proton likelihood informa-
tion for particles with momentum p, > 17.95 GeV/c. The protons with p, < thr(p) do
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not emit Cherenkov photons and therefore the proton likelihood value will be zero. Never-
theless, is still possible to perform a particle identification. Two different ways to identify
protons in the region below threshold are possible: if the proton goes through the RICH
but no photons are detected in the fiducial region all the likelihoods values will be null,
i.e. LH(e)=LH(p)=LH(r)= LH(K)= LH(p) = LH(bg) =0. In the opposite case,
if some photons are detected in the fiducial region, they will be considered to perform the
likelihood estimation; if in addition the background likelihood value is the largest, it is
possible to identify protons using the background information.

For the proton identification below threshold the likelihood tuning is performed on
the LH(mw)/LH (bg) and LH(K)/LH (bg) distributions. The FoM used to tune is defined
in eq. (4.15), where S and B are the number of events in the signal and background,
respectively in the A (A) invariant mass distribution. The FoM and the signal events for
A and A are shown in fig. 4.10 and fig. 4.11 respectively. The values that maximize the
FoM are shown in each plot and they are summarized in table 4.6. In addition, particles
other than protons are rejected (i.e. 7%, K*).

FoM — —2 (4.15)

vVS+ B

Table 4.6: Summary of the likelihood cuts to identify protons for p, < 17.95 GeV/c (thr(p)).

p P
Not to be a ™ or K
LH(n) LH(m)
— <22 | —— <21
LH(Bg) = =" | LH(Bg) ~
LH(K LH(K
— <29 | ———— < 28
LH(Byg) LH(Bg)
or ALL LH=0

Different identification methods are applied in the different p;, momentum regions.
Three p, momentum regions are considered:

e py, € [thr(K), thr(p) —5) (GeV/c). Only the cuts provided in table 4.6 are used.

e py, € [thr(p) — 5, thr(p) + 5] (GeV/c) This region is called gray zone. In this region,
the proton candidate must satisfy the cuts from table 4.6 or LH (p)/LH (2nd) > 1.

e pn € (thr(p) + 5,50] (GeV/c). Ounly LH(p)/LH(2nd) > 1 is required. No further
tuning in this distribution was studied since the Cherenkov angle saturation is sig-
nificantly less important than for pions and kaons.

The importance of the gray zone lies in minimizing the loss of protons caused by the
change in the identification algorithm. The proton (antiproton) identification probability
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Figure 4.11: Same as Fig. 4.10 for A.

is plotted as a function of pj in fig. 4.12. In red, the points corresponding to P(p — p)
(right) and P(p — p) (left) when only two regions in the particle momentum range are
considered (p, < thr and p, > thr(p)); the green ones correspond to the identification
probability when the p, range is divided in three zones. The difference is visible in the
identification probability value for the pj, bin which contains thr(p). When the gray zone is
not considered the P(p — p) ~ 0.30 while if it is considered the identification probability
is ~ 0.60.

The overall result for the proton PID efficiencies is shown as a function of pj in six
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Figure 4.12: Identification probabilities for p (p) as a function of pp. The green markers corre-
spond to identification efficiencies when the gray zone is included in the py division, the red ones
when pp, range is divided only in two zones.

different € bins in fig. 4.13. For p, > 25 GeV/c the identification probability is > 0.90 for
p and p. The proton and antiproton misidentification as kaons or pions in this same region
is < 0.05 for all  bins.

For the smallest values of p;, (below the proton threshold) the identification probabil-
ity P(p — p) and P(p — p) are very unstable for the different 6 bins: varies between
0.38 — 0.60; the smallest identification probability is found in the largest 6 bin (0.09-0.12
rad). The misidentification probabilities also present a high 6 dependence. For the proton
(antiproton) misidentification as pion P(p — m) the largest discrepancy between values is
found in the second py, bin (15 — 20 GeV/c), for p varies between 0.06-0.40 and 0.00-0.30
for p. In the kaon misidentification case an important difference between p and p values
is observed in the first p, bin (10 — 20 GeV/c); P(p — K) varies from 0.2 to 0.28 while
P(p — K7) varies from 0.11 — 0.32. These misidentification probability values are not
optimal for the kaon and pion purity. It can be concluded that the LH(w, K)/LH (2nd)
tuning is not enough to separate LH (m, K) form LH (bg) if we want to identify protons be-
low threshold. The procedure followed to optimize the proton misidentification efficiencies
below the proton threshold is described in the following.

The number of photons used in the RICH ring reconstruction (section 3.2.5) has a
direct impact on the likelihood estimation and in consequence in the LH (w, K)/LH (bg)
distribution® (see eq. (4.14)). The number of photons used in the ring reconstruction for
pions and kaons with 10 < pj, < 20 GeV/c in the 0.01-0.12(rad) 6 range in A and A sample
are plotted in figs. 4.14¢ and 4.14d respectively. The blue histogram corresponds to the
events belonging to the peak (signal) distribution and the pink one to the background
events. It is clear that most of the signal events are coming from likelihood estimated with
a low number of photons, < 40 for pions and < 30 for kaons. The second blue peak in
fig. 4.14c is the consequence of the intrinsic pion contamination in the A and A samples
(table 4.1).

3The likelihood estimator is related to the number of photons used in the ring reconstruction.
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Different cut values in LH(w, K)/LH (bg) distributions have been tested and the cho-
sen ones are LH(w)/LH(bg) > 2.02 and LH(K)/LH (bg) > 2.08 since the background in
both distributions remains almost unchanged while the signal distribution is reduced dras-
tically . The change in the invariant mass distribution in the sample used to extract the
proton misidentification probabilities before and after this tuning are shown in figs. 4.15a
and 4.15b. The red histogram corresponds to the invariant mass distribution when only
the two ratios, LH(7)/LH (2nd) and LH(K)/LH(2nd), are considered to identify pions
and kaons. The same distribution is shown in blue when LH (7w, K)/LH (bg) are consid-
ered additionally. The proton (antiproton) misidentification probabilities with this new
requirement are presented in section 4.3.
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Figure 4.15: A invariant mass distribution in the sample used to extract the misidentification
probabilities. In red only the cut in LH(mw, K)/LH (2nd) is required to identify m and K. In blue
the same distribution with LH (w)/LH (bg) > 2.02 (right) and LH(K)/LH (bg) > 2.08 (left).

It is also important to study the impact of the new requirements in the LH (7)/LH (bg)
and LH(K)/LH (bg) distributions on the pion and kaon identification probabilities. This
study is shown in fig. 4.16 for pions and kaons. The identification probabilities are extracted
in the 0 range 0.01 —0.12 (rad) bins in the momentum py, range 10 —40 GeV/c. The impact
of this additional cut in the identification probabilities was found to be small: < 0.01 for
pions and < 0.03 for kaons.

4.2.3 Kaon Identification and Misidentification Efficiencies

The likelihood tuning presented in the two previous sections was performed to minimize
the pion and proton contamination in the kaon sample. In addition, a specific study of the
RICH response for kaons was performed.

4.2.3.1 Kaon Threshold Influence

The number of photons available to perform the likelihood evaluation is related to the
distance between p;, and the Cherenkov threshold limit. In the case of kaons, this limit
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Figure 4.16: First (second) row : Positive (negative) pion and kaon identification efficiency as
a function of LH(h)/LH (bg) cut value. The four plots are extracted globally in the 10-50 GeV/c
pp, range in all 0 range 0.01 — 0.12 (rad).

is &~ 9.45 GeV/c. The closer the particle momentum value is to the threshold value few
Cherenkov photons are emitted. A study was performed to determine if the P(K — i)
probabilities values are affected by their proximity to the kaon threshold. Two types of
binning in pj, have been defined in the 10 — 20 GeV /¢ momentum region with a different
number of bins near to the kaon threshold. The first one has only 4 bins {10, 12,15,17,20}
and the second one has 10 bins {10, 11,12, 13,14, 15,16,17, 18,19, 20}.

The kaon identification and misidentification probabilities P(K* — i*) are plotted as
a function of py, in the € range (0.01,0.12) in fig. 4.17, the different colors correspond to the
different p, binning. The vertical axis is located at the kaon threshold value (9.45 GeV /c).
Fort the positive (left) and negative (right) case the probability to identify kaons increases
as pp, value moves away from the kaon threshold (the photon production increases as the
momentum py, value gets larger). For momentum values p, > 13 GeV/c the identification
probability values are stables.

In the particular case where the p, binning is finer is possible to see in more detail the
influence of the kaon threshold in P(K* — K*). For the first three bins (10 — 13 GeV /c),
the identification probability values varies from 0.70 to 0.95 for the positive case and from
0.75 to 0.94 for the negative one. Comparing the identification probability value between
the first p, bin and the fourth one the difference reach ~ 0.29 and ~ 0.21 for positive and
negative kaons respectively. The misidentification probabilities of kaons as pions or protons
are not affected by the kaon threshold. It can be concluded that the kaon identification is
sensitive to the kaon threshold for momentum values p, < 12 GeV/c.
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Figure 4.17: Kaon identification efficiency as a function of p, between 10 — 20 GeV/c, in the
6 range (0.01,0.12). The horizontal line corresponds to the kaon PID threshold (~ 9.45 GeV/c).
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4.2.3.2 Event Multiplicity

The event multiplicity is defined as the total number of outgoing tracks within the event.
The two subsamples extracted from the ¢q990 sample show a very different multiplicity,
this difference is illustrated in fig. 4.18. The ¢$55, multiplicity is shown in red and the

inclin blue. For ¢S most events have a multiplicity = 3 (outgoing p and the hadron
pair) while in ¢iic, the event multiplicity varies between 3 — 10. The event multiplicity is
reflected in the amount of background in the invariant mass distribution. The background
in the exclusive sample ¢$5h (fig. 4.5) is significantly lower than the background in the

inclusive sample ¢, (fig. 4.4).
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Figure 4.18: Event multiplicity from ¢1020 decay. Left: K*. Right: K~

The identification and misidentification probabilities were extracted in the ¢S5 and

inclsamples. The difference between the probabilities values AP = P(¢% ) — P(¢5%5)
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is plotted in fig. 4.19 as a function of the particle momentum p;,. The different colors in
each plot correspond to the probabilities measured in different 6 bins.

The P(K* — K¥*) and P(K*(=) — p(p)) probabilities are affected by the event mul-
tiplicity in the p, bins near to the kaon threshold. For both probabilities the effect is
slightly larger on the first # bin. The difference on the identification probabilities due to
the event multiplicity reaches 0.25 for positive and negative kaons. For P(K*+(=) — p(p))
this difference is twice bigger. In both cases the difference is consequence of the amount of
background in each sample. The kaon misidentification as pions behaves similar regardless
of the event multiplicity.
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Figure 4.19: Difference between QS%% and qb%%lo for kaon RICH identification (1°¢ row) and
misidentification efficiencies (2™ and 3" row). Left: KT. Right: K~.

Even if this study was performed only on the kaon sample it can imply that RICH
performance depends on the event multiplicity. An improvement to the work presented
in this thesis will be an extraction of the identification and misidentification probabilities
also as a function of the event multiplicity.

4.2.3.3 Further Studies

A study of the RICH response with respect to the ¢$35h decay angle was performed. This
study is interesting because there are some regions where the information of the two decay
particles is not available; for example if the two kaons travel near to the pipe region, but
one of them is rejected by the RICH pipe cut the identification probability will be affected.
The decay angle is measured at the center of mass for Kt (0cp (K™)) and K~ (0o (K7)).
The correlation between the two decay angles is shown in fig. 4.20a; in the horizontal axis
the decay angle values for Kt and on the vertical one those corresponding to K~. Most of
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the statistics lies near to the ¢y = 7/2 region. This in the laboratory frame correspond
to the maximal decay angle. The decay angle of the two particles in the laboratory frame
as a function of the decay angles in the ¢1920 center of mass frame is shown in fig. 4.20b.
To produce this plot, ¢1090 is assumed to have a 20GeV /c momentum.

3.5¢ 0.01
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Figure 4.20: a) Decay angle correlation between K (0o (KT)) and K= (Bcpn (K ™)) coming
from ¢1020 decay. b) Decay angle in the frame where ¢1920 is moving with momentum 20 GeV/c.
z-axis: KT decay angle in the center of mass frame. y-azis: decay angle of each kaon relative to
phiigog direction.

The identification (misidentification) probabilities are extracted in three different 0oy,
bins: [0, 1.3, 1.7, 3.14]. The results for K™ and K~ probabilities are shown in fig. 4.21
as a function of py, for the (0.01,0.04) 6 bin. The global probabilities are plotted in blue.
The orange, green and red markers correspond to the different 6cy; bins. In general,
the misidentification probabilities are not affected by the different decay angles. For the
identification probabilities only two momentum bins are affected by the decay angle: the
first one and the last one. In both cases the difference is consequence of the lack of statistics.
We can conclude the RICH response is independent of the decay angle.

Another study was performed to verify if the RICH response is affected by the magnetic
field generated by SM1 along the particle track. The study is very similar to the one
previously explained. In this case the identification and misidentification probabilities as a
function of the azimuthal angle (p4,) were studied. The binning chose for this analysis is
|[—3.14,—1.2,1.2,3.14]. The correlation between the azimuthal angle ¢4, for K+ and K~
is shown in fig. 4.22.

The identification and misidentification probabilities are plotted in the same way as the
Ocn analysis in fig. 4.23. Non visible effect is observed for the misidentification probabili-
ties. For the identification probabilities, in the two last momentum bin, a slight difference
between the lower and the largest ¢ bins is observed.

4.3 RICH Performance Results

The RICH performance depends on the hadron phase defined by: the particle polar angle at
RICH entrance (#) and the hadron momentum (py,). In this section the RICH performance
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Figure 4.21: P(K* — K™) as a function of py. The green markers correspond to the final

values. The blue, orange and yellow markers corresponds to the different Ocpr bins.
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Figure 4.22: Same as fig. 4.20 for pa,.

results for the binning shown in table 4.7 are discussed. This binning was specific defined
for the hadron multiplicity analysis, in order to reach this binning different sets of binning
were studied and their corresponding results can be found in Appendix C.2. In these
binnings it was observed that the RICH performances depend mostly on pp; that is why
the binning for the multiplicities analysis has 14 bins in p, and only 2 bins in . The
RICH identification and misidentification efficiencies for positive and negative hadrons are
plotted in figs. 4.24 and 4.25, respectively.
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Figure 4.23: Same as fig. 4.21 for va..

Table 4.7: Binning in pp and 0 used to extract the RICH response.

o (GeV/e) 10,11, 12, 13,15, 17, 19, 21, 25, 27, 30, 35, 40, 45, 50
0 (rad) 0.01,0.04, 0.12

For pions the identification efficiency is > 97% up to 30GeV /¢, afterwards the efficiency
starts to decrease and reach values below 50% in the last p, bin. The misidentification
of pions as kaons and protons remains below 3% for both of them in the p, < 30GeV/c
region. For higher p, values the pion misidentification as kaons starts to increase its value
as a result of the Cherenkov angle saturation explained in section 3.2.5. This behavior is
not observed in the proton misidentification whose values remain constants.

In the 10 — 13 GeV/c region, the identification efficiency for kaons varies between
40% — 98%. This can be explained by the kaon threshold proximity (~ 9.45 GeV/c). In
the same region, the kaon misidentification as protons reach its largest values ~ 55%. In
general the population of kaons is bigger than the protons one, in consequence the proton
sample will be largely contaminated by kaons in this region.

The proton identification probability varies between 80% — 99% for all p;, domain. The
bump in the middle p; region is related to the different PID algorithms. The proton
misidentification as pions is always bigger that the kaons ones for p, < 40 GeV/c, this can
be explained because the A sample is not a pure proton sample.

For the three particles the lack of statistics for high p, and 6 values has as a consequence
the increment in the error bars.
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Figure 4.24: Positive identification and misidentification probabilities for positive hadrons. The
probabilities are plotted as a py, function, the different color in each plot corresponds to a different
0 bin.
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Figure 4.25: Same as fig. 4.24 for negative hadrons.
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4.4 Particle Identification with RICH Detector

The particle identification is divided in two stages: in the first one pions, kaons and
protons are identified with the requirements summarized in table 4.8. In the second stage
the number of identified hadrons is corrected by the RICH efficiencies. This method is
known as unfolding.

Table 4.8: Summary of the RICH cuts to identify pions, kaons and protons in py, € [10,40]GeV/c.
Indentically to the ones used in the analysis.

m ey > 102 & ik > 2.02
K Ty > 108 & Fis > 2.08
pn < thr(p) =5 pn € [thr(p) — 5,thr(p) + 5] | pn > thr(p) +5
Not to be a m or K Not to be a m or K
Lﬁf(g“g)) <22 (2.1) LLHH((“)) <22 (2.1)
p(D) | sy <29 (28) LI <29 (28) A > 1
e ALLH — 0 or All LH =0
or %gé) >1

RICH unfolding

The unfolding method is used to correct the yields of identified hadrons for RICH detection
performance. The true number of hadrons 7}, can be solved from eq. (4.11) leading to the

relation:
— —
T = Mg'I, (4.16)

where My !is the inverse of the Mp matrix truncated already presented in section 4.1.2.
The unfolding correction is only possible if the My determinant is different from zero.

The T}, error propagation is taken from [75] and is given in eq. (4.17).

cov(T;, T;) = 1,15 cov(M,;! , M Y+ M, Mk cov(Iy, I)) (4.17)

with
cov(Mz, My') = cov(Mij, My) M, M Mt M (4.18)

and

COU(Ik,Il) = O',%(Skl (419)
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4.5 Summary

The RICH detector performances are determined from real data, using samples of 7w, K or
p coming from the decay into two charged particles of Kg, ¢ or A. To take into account
the dependence of the RICH performance on the hadron phase space, the performances
are extracted in bins of the particle momentum (p,) and the track polar angle () at the
RICH entrance.

A likelihood tuning for minimizing the pion contamination in the kaon sample was
presented. In addition, a likelihood tuning to perform the proton identification below
and above threshold was described. The optimal cuts for the hadron identification are
summarized in table 4.8.

High identification probabilities are reached for hadron momentum py, below 30 GeV /c:
for pions > 0.97, for protons > 0.80 and for kaons > 0.90 (excluding the zone near to
the kaon threshold ~ 9.7GeV/c). The identification probability values drop for larger p,
values in the pions and kaons case due to the Cherenkov angle saturation (8 — 1). As a
consequence the misidentification probabilities become important in this.



Chapter 5

Extraction of Hadron Raw Multiplicities

The goal of the present work is the extraction of the charged hadron multiplicities from
muon Deep Inelastic Scattering events (DIS) on a deuterium isoscalar' target (°LiD). The
multiplicities are defined as the mean number of charged hadrons produced per DIS event,
and the goal is to measure them with high accuracy in a very fine binning.

The multiplicity analysis is divided into stages. In the first step the DIS and hadron
yields (NP5 and N, h = h* 7%, K* respectively) are extracted from experimental data
in order to determine the “raw "multiplicities (M" = N"/NPI5) in an adequate binning

of the relevant kinematical variables. The steps followed to extract M —are developed in
detail in this chapter: DIS sample selection, hadron sample selection and particle identifi-

cation. Also the binning selected to extract the multiplicities is discussed.

The value of M is affected by the geometrical limitations of the spectrometer, the
detector performance and by the data reconstruction efficiency. In this chapter only the
corrections associated to the particle identification (performed by the RICH detector) and
QED radiative effects are applied. The corrections which need a Monte Carlo simulation,
such as the correction for the limited geometric and kinematic acceptance of the spectrom-
eter are discussed in chapter 6. The last stage of the analysis consists in correcting M"

raw
to obtain the final multiplicity results which are discussed in chapter 7.

5.1 DIS Event Sample Selection

5.1.1 Preselected Sample

The hadron multiplicity analysis was performed using 6 weeks of 2006 data?. To improve
the analysis speed, a preselected data sample including the following cuts was used. The

!Same number of protons and neutrons.
W40, W41, W42, W43, W45 and W46

69
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first cut consists in rejecting the bad spills defined in table 4.2. The remaining events must
have at least one primary vertex reconstructed. The primary vertex is asked to have two
tracks; one of the tracks corresponds to the incoming muon p and the other one to the
scattered muon p'. If the p’ tracks is not reconstructed, the primary vertex is rejected;
this cut removes half of the statistics. The p energy is restricted to the 140 — 180 GeV
range. The primary vertex longitudinal position z,. is required to be within one of the
three target cells i.e. z,, € [—59,—33] U [—20,32] U [39,67](cm). In fig. 5.1a the z,,
distribution is shown (however in the final DIS selection); the three cell target location
is represented by the vertical red lines. An additional radial cut in the vertex position is
applied, defined as 22, + y2,, < 1.4%°cm?. As it can be seen in fig. 5.1b the target is not
centered at zero. The shifted position of the target is taken into account before the cut
is performed. The red circle (dotted line) delimits the events which fulfill the radial cut.
Some additional preselection cuts are applied on the event kinematics, Q? > 0.8(GeV /c)?
and 0.05 < y < 0.95. The size of the effect of all the preselection cuts is summarized in

table 5.1.
25000; , e
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Figure 5.1: Primary vertex distribution. (a) zywe distribution. The red lines correspond to the
target location. The dotted area represents the events of the DIS final sample (section 5.1.2).
(b) Yotz as a function of xyy. Events inside the red circle correspond to the DIS final sample
(section 5.1.2).

5.1.2 DIS Event Statistics

For the final data sample more requirements are applied. A stricter cut on the longitudinal
position of the vertes z,. is applied to remove the bad filling at cell target extremities:
Zptz € [—D6, —35] U [—20, 31] U [43,66](cm). These new limits are represented in fig. 5.1a
by the blue dotted vertical lines.

In order to ensure the same muon beam flux along the whole target, the beam track
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Table 5.1: Number of events and fraction of remaining events after each cut in the preselected
event sample.

# events Fraction (%)

Total events 1487206272 100.00
Primary vertex (PV) 1385088896 93.13
i reconstructed 776427136 52.21
E, € [140 — 180] GeV 769273152 51.73
PV inside target region 407598080 27.41
Q? > 0.8(GeV/c)? 49767444 3.35
y € [0.05,0.95] 41106093 2.76

and its extrapolation are required to cross all target cells inside the radial target region.
This is requested only to be consistent with previous spin asymmetry analysis |1, 76].

To select the DIS kinematic domain, the following cuts are applied on the kinematic
variables Q% y and W (their impact in the sample size are summarized in table 5.2):

e Q% > 1(GeV/c)? and 5 GeV < W < 17 GeV . To select the deep inelastic scattering
regime. The lower W limit is to avoid the region of nucleon resonance. The upper
W is to avoid low statistic region.

e 0.1 <y < 0.9. The lower limit (y > 0.1) removes events with poorly reconstructed p’
(momentum resolution degradation at low angle) and the misidentification of beam
halo muons as p/. The upper limit (y < 0.9) eliminates events where large radiative
corrections are needed (> 20%). .

It is also important to reject the events for which the incoming momentum is badly
reconstructed?.

The final step to select the DIS events is performed using the information provided
by the trigger system described in section 2.6. For this analysis only the inclusive middle
trigger (iMT) and the outer trigger (OT) are used. These two triggers were chosen because
of their inclusive nature, i.e. only a scattered p' is required to fire the triggers. The covered
region for each of the triggers is shown as a function of Q? in fig. 5.2a and x in fig. 5.2b.
The inclusive middle trigger (blue lines) covers the low Q? region while the outer trigger
(magenta lines) covers the high Q?. The very low and very high z regions are covered by
the outer trigger, while the middle x region is dominated by the inclusive middle trigger.

In 2006, a significant region of lower efficiency was found for the iMT. This inefficiency
region could not be reliably described by the Monte Carlo simulation, it was decided to
remove the problematic region by using a geometrical cut [77]. The events where the p/
track passes through inefficient slabs are rejected.

3For this the reconstruction program PHAST function PaParticle::Chi2CutFlag() is used. If PaParti-
cle::Chi2CutFlag() is true, the event is rejected.
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Figure 5.2: Event distribution for the inclusive middle (iMT in blue) and outer (OT in magenta)
triggers as a function of Q* (left) and x (right). The red dotted lines delimit the kinematical region
covered in this analysis.

The Q?, x and y distributions are shown in fig. 5.3, with the final DIS sample delimited
by the red dotted lines. The Q% — x correlation is illustrated in fig. 5.3d where the strong
correlation between these two variables is visible. Most of the statistics is located at low
Q? — x values. For the present analysis the domain is restricted from 0.004 to 0.7. At high
x values, Q? values up to 80 (GeV/c)? are reached.

Table 5.2: DIS event statistics after each cut and fraction of remaining events.

# events Fraction (%)

Total events (preselection) 41106093 100.00
Zytz €Xtra cut 37286389 90.71
i cross all target 36709511 89.3
Q* > 1(GeV/c)? 33766580 74.57
y € [0.1,0.9] 27348839 60.38
W e [5,17](GeV) 24694434 60.07
(4 momentum reconstruction 21984586 48.53
Trigger 13044824 31.73
x € [0.004,0.7] 13033506 31.71

5.2 Hadron Selection: h*, 7+ and K+

The criteria to the hadron selection is presented in this section. We count the total number
of charged hadrons h™ and h~ (also called unidentified hadrons) and the total number of
identified 7*, 7=, K™ and K~ (subsamples of A" and h™).
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Figure 5.3: Top: Q?, x and y distribution. The red dotted lines delimit the final DIS sample.
Bottom: Q% — x and y — x correlations for the final sample only.

All the outgoing tracks in the primary vertex are studied to find hadron candidates.
The tracks already tagged as u' are rejected. The amount of material traversed by the
track has to be smaller than 15 radiation lengths (X X0); the purpose of this cut is to
reduce the muon contamination. To ensure a precise momentum reconstruction, the first
measured point of the track is requested to be before SM1 (Zyi,s¢ < 350 e¢m) and the last
one (Z,5>350) are requested to be after SM1. The cut in Zj,4 helps also to reject tracks
reconstructed only in the fringe field of SM1, keeping only the tracks with good momentum
resolution.

The fractional energy of the hadron z is required to be: z € [0.2,0.85] (fig. 5.4). The
lower cut avoids the contamination from target remnant fragmentation (section 1.6.2),
while the upper cut excludes muons wrongly identified as hadrons and rejects regions with
high diffractive contributions. The diffractive contributions will be discussed further on in
section 6.2.

As the multiplicities for charged identified hadrons (7 and K') will be extracted, ad-
ditional cuts linked to the RICH detector are applied. In particular, the hadrons which
travel near the RICH pipe are excluded since the RICH efficiency in this zone is not well
determined (see section 4.1) with eq. (4.4). To finalize the hadron selection, cuts on the
momentum p, and on the § angle (track polar angle at the RICH entrance with respect
to the beam direction) are applied. The momentum cut restricts the p, range common
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Figure 5.4: Fractional energy of the hadron z distribution.

to pion, kaon and proton optimal identification . The angular cut is applied to take into
account the RICH acceptance. These cuts reject about half of the hadron sample, leaving
~ 4x10% of h* and h~. More detail about these cuts is given in the following. The impact
of all these cuts is summarized in table 5.3. In total 3.5 x 10® of yet unidentified hadrons
h* and h~ are kept for the 1.3 x 107 DIS events.

Table 5.3: Impact of cuts on the hadron sample statistics after all cuts.

# events Fraction (%)

Outgoing tracks in preselection 156334512 100.00
no ' (preselected sample) 111578922 73.92
Hadron candidates (within DIS sample section 5.1.2) 39835022 100.00
XX0<15 39718776 99.71
z € [0.2,0.85] 7836554 19.68
RICH pipe cut 7466469 18.74
pn € [12,40](GeV/c), 0 € [0.01,0.12] 3580470 8.98

Pion, kaon and proton identification

In order to work where the RICH identification efficiencies are high and well determined
and where the sample contamination due to misidentification efficiencies is low, the hadron
phase-space (py, 0) is restricted. The first constrain in the p, hadron momentum range is
determined by the RICH detection threshold: pions ~ 2.67 GeV/c, kaons ~ 9.45 GeV /c
and protons ~ 17.95 GeV/c. Since the principal goal of this analysis is the kaon mul-
tiplicity extraction, the p, momentum range is restricted to 12 — 40 GeV/c (pp, range
common to pion, kaon and proton identification). The upper limit in pj, range is set to
40 GeV/c, in order to avoid the region where the identification efficiencies are not well
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determined due to the Cherenkov effect saturation (fig. 3.6). The angular range is re-
stricted to 6 € [0.01,0.12] for pions, kaons and protons. The lower cut 6 > 0.01 rejects the
zone where the RICH response is degraded by the photons produced by the muons of the
beam far halo (Appendix C.2). The upper cut 6 < 0.12 was set to be consistent with the
previous multiplicity analysis [76] and with the range where RICH performance matrices
were extracted (section 4.3).

The particle identification (PID) is done using the RICH detector information. The
identification procedure is described in chapter 4 and the PID selection criteria for w, K
and p are summarized in table 4.8.

The unidentified hadron, pion and kaon phase space distributions (not final) are shown
in figs. 5.5 and 5.6. The final pion sample constitutes ~ 74% of the total unidentified
hadron sample, the kaon sample ~ 14% and the proton one ~ 8%. In average, this
corresponds to ~ 0.3 (0.247, 0.05K and 0.03) hadron per DIS event. The final statistics
used in the analysis is summarized in table 5.4. These values still need to be corrected by
the RICH detection performance. For this the unfolding method introduced in section 4.4
is applied.

Table 5.4: Number of unidentified hadrons, pions, kaons and protons for the 6 periods analyzed.

DIS ht h~ Tt T K+ K~ D D
13033506 1980932 1599538 1393318 1241431 367710 236466 178157 &7986

5.3 Binning

The raw multiplicities (eq. (5.1)) are extracted in a x, y and z binning.

Nz, y,2)
h . s I
Mraw<x7yvz> - NDIS(I',y). (51)

The choice of x and z variables is natural because the PDFs depend upon x and the
fragmentation functions upon z. The y variable was chosen instead of Q? because of the
large correlation between z and Q*. (fig. 5.3d). In addition, y is more adapted to the
evaluation of the acceptance via Monte Carlo data (section 6.1.4).

5.4 QED Radiative Effects

The DIS kinematic variables are based on the single photon exchange process (only first
order QED process). However, higher order QED processes are also involved, such as the
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Figure 5.5: Left: pp, distribution for unidentified hadrons, pions and kaons. Right: 0 distribution.
The red dotted lines indicate: 6 € [0.01,0.12], py, € [12 — 40]. (Not final selection)
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Figure 5.6: Correlation between the polar angle 0 and py, for the pion (left) and kaon(right).
The red dotted lines delimit the phase-space for this analysis.

Table 5.5: Multidimensional binning for the multiplicity extraction.

Variable Binning
X 0.004, 0.01, 0.02, 0.03, 0.04, 0.06, 0.1, 0.15, 0.7
0.10, 0.15, 0.20, 0.30, 0.50, 0.70, 0.90
zZ 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, 0.65, 0.70, 0.75, 0.85
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initial and final state radiations (fig. 5.7), vertex corrections and vacuum polarization [78].
These corrections are taken into account via the radiative correction factor defined as:

01~ (ma y)
n(zr,y) = —————— 5.2
( ) Umeasured<x7 Z/) ( )
where o1, (z,y) is the cross section defined for the single virtual photon exchange and
Omeasured (T, Y) is the observed cross section. It can be written as:

Omeasured = 01y + Oinitial state radiation 1 O final state radiation + ... (53)

The radiative correction factor n(z,y) is taken from the precalculated tables given
in |78] for a 160 GeV muon beam and the COMPASS target. The correction values are
different for N"(x,y,2) and NP15(z,y). If only p and u' are detected (NP19(z,y)) and
the scattering is accompanied by an energetic bremsstrahlung photon (not measured in the
experiment), an scattering event can be mistaken for a DIS event. This does not happen
for a SIDIS event.

For DIS events (NP%(z,y)) the region more affected by the radiative corrections is
comprised between y > 0.7 and y < 0.9 and < 0.02 where the correction value is above
20%. At high x, for y between 0.10 and 0.15, the correction factor is negligible. For the
remaining domain, the correction varies between 3% and 18% . The correction factor for
N"(x,y, 2) varies between 2% and 15%. Values are plotted in Appendix E individually for
unidentified hadrons, pions and kaons and given in table E.1 for DIS events.

’

p 7

(a) Initial state radiation. (b) Final state radiation.

Figure 5.7: Higher order QED contributions involved in a DIS process.

5.5 Results for Raw Multiplicities (h*, 7& and K¥)

The raw multiplicity results shown in this section are corrected for the QED radiative
effects. For the pion and kaon multiplicities the RICH unfolding correction is applied. The
final statistics after the radiative corrections and the RICH unfolding is summarized in
table 5.6.
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Table 5.6: DIS and unidentified hadrons statistics after RC corrections (section 5.4). Number
of pions, kaons and protons after RC and RICH unfolding correction (section 4.4).

DIS
11805536.30

ht h~ Tt T Kt K~ P D
1810061.8 1457011.0 1315491.5 1170296.3 339646.5 215745.2 148567.4 65305.8

The unidentified hadron, the pion and the kaon multiplicities are shown as a function
of z in different x and y bins (122 x 8z x 7y) in figs. 5.8 to 5.10. Each column corresponds
to a different x bin and each row to a y bin. The gray shaded area correspond to the z
bins which are excluded due to the momentum extrapolation section 6.1.6.

The statistical error of eq. (5.1) is extracted via the error propagation equation [79]:

2 8‘]\4Thaw ’ an‘law ’ aM’[Law 8‘]\4751(1111
O, =\ gy 0N ) T\ gNDISONPIS + 20Nnyprs ONh 9NDIS (5.4)

where the correlation between N and NP'9 is taken as oynypis = 03,0515

The charged hadron multiplicities strongly depend upon z as expected while a slow
increase in the values is observed as a function of y. The multiplicities shown a weak
dependence on z. In the low y region (4 first rows where y < 0.3) the raw multiplicity
shape decreases for small z values. This change can be understood because of the p,
domain restriction (12 — 40 GeV /c).

The h*™,h~, 7 and 7~ multiplicities are very similar. However, a difference between
the positive and negative charged hadron multiplicity values is observed for high = values.
For M"* and M™ the difference can be explained by the dominance of u valence quarks
in the high x region. In the kaon case, MX ~MZX  this behavior reflects the fact that
K~ (us) cannot be produced from the nucleon valence quarks (uud or udd).

In total, there are 367 (367) M"" (M"") points, 365 (364) M™ (M™ ) points and 359
(352) MX" (MX7) points.

5.6 Systematic Studies

The precise estimation of the systematic uncertainties on the multiplicities is crucial be-
cause of the small size of the statistical uncertainties. For the raw multiplicities, two
sources of systematic uncertainties were studied: the first one regards the compatibility in
time of the experimental data. The second one is related to the particle identification and
its corresponding unfolding to correct for RICH inefficiencies.
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Figure 5.8: Unidentified hadron raw multiplicities as a function of z in different xy bins. h™
(red solid circles) and h™ (blue opne circles). Each column corresponds to a different x bin (8 in
total) and each row to a y bin (6 in total). The gray shaded area indicates bins which are excluded
from final analysis section 6.1.6. Statistical error is shown but is smaller than the points in most
of the cases.
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Figure 5.9: Same as fig. 5.8 for ™ and n~.
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Figure 5.10: Same as fig. 5.8 for K™ and K.

5.6.1 Stability Over Time

The SIDIS sample used in the present analysis consists of data taken during six different
periods of about one week each. Since the experimental conditions may have slightly
varied with time a study of the compatibility of the results from the various periods was
performed.

The ratio between the extracted raw multiplicities in the different periods and their
average is fitted with a constant in the same kinematics bins (x, y, z) defined in section 5.3.
An example of this fit is shown for unidentified hadrons, pions and kaons in figs. 5.11 to 5.13
respectively for the period W/1. Similar results were found for the other periods. The
points within the gray region are not taken into account for the fit because they are later
on rejected (see section 6.1.6).

The compatibility between the results of six periods was found to be compatibly within
statistical fluctuations for unidentified hadrons, pions and kaons. Consequently, no sys-
tematic error is assigned for the data time compatibility.

5.6.2 Systematics Related to the Use of the RICH

The first stage of pion and kaon identification is based on the selection of the cuts for
the likelihood ratios: LH(h)/LH (2nd) and LH (h)/LH (bg). These cuts were optimized to
minimize the pion and proton misidentification as kaons. The systematic error associated
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Figure 5.11: Ratio of W41 raw unidentified hadron multiplicities over the six period average
< Mygw >. The red markers correspond to positive hadrons and the blue ones to negative hadrons.
Each column corresponds to a different x bin (8 in total) and each row to a y bin (6 in total).
Gray zone: same as fig. 5.8.
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Figure 5.12: Same as fig. 5.11 for 7 and ©~ multiplicities.
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Figure 5.13: Same as fig. 5.11 for K™ and K~ multiplicities.

to the selection of these cuts is performed varying the cuts around the optimized values.
Two sets of cuts loose and severe were used (table 5.7). The difference between the
corresponding RICH identification (or misidentification) probabilities and the optimal ones
are plotted in fig. 5.14. For pions and protons the largest differences (< 5%) are in
the higher momentum p;, region. For kaons the difference reaches 4% at low pp; small
differences (< 1%) are observed at the highest p, value.

The pion and kaon identification is performed using the loose and severe sets of like-

lihood cuts and the corresponding multiplicities are extracted (Mfafﬂ loose and Mf,‘aj; severe

respectively). The largest difference between Mfazlw“ and Mﬁaz severe with the nominal
multiplicity M"" is taken as an estimate of the systematic error (eq. (5.5)).
RICH _LH hE 1 oo arht h
Osyst  — - MAX(eraw 0% — Mraw|’ |Mraw severe — Mraw') (55)

A further study is performed to estimate the impact of the statistical uncertainty. The
values of the matrix probabilities are varied by their statistical uncertainties. When the
identification probabilities goes up the misidentification values goes down as shown in

eqs. (5.6a) to (5.6¢). This procedure takes into account the constrain >, P(i — j) <
1 to avoid unphysical values.
P(m = 7) £ 0p(rsm) = P(m = K) F 0proi),P(T = D) F 0prop) (5.6a)

P(K-)K)ZEJP(K_J() = P(K—>7T):FO'p(K_m—),P(K—)p):FO'p(K_,p) (56b)
P(p = p) £ 0p@pop) = P(p = 7) F 0ppom, P(p = K) F 0ppk) (5.6¢)
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Table 5.7: Set of loose and severe cuts to evaluate the RICH systematic errors.

Loose Severe
m K p(p) m K »(p)
LH(w)
LH(2nd) >1.00 - - >1.06 - -
LH() B -
LH(bg) >2.00 <2.3 (2.2) >2.04 <2.0 (1.9)
LH(K)
LH(2nd) >1.06 - - >1.10 -
LH(K)
LH(bg) >2.00 <3.0 (2.9) - >2.16 <2.7 (2.6)
LH (p) _ B 7
LH@2nd) >0.98 >1.06
= 0 ] o = o
B - Loose cuts e Loose cuts = Loose cuts
+T 0_055_ @ Strict cuts +1 009 M Strict cuts 1 0-055_ ’ Strict cuts
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Figure 5.14: Difference between the identification and misidentification probabilities of loose
and severe cuts with the optimal ones.

Two sets of RICH probability matrices M} and My are generated and the observed
number of pions and kaons is corrected using eq. (4.16) with these matrices. The raw

multiplicities M + and M. ~ are recalculated. The largest difference between M +

and M" = with M"" is taken as the systematic error (eq. (5.7)).

raw raw

O_RICHistat _ ]\4—14)((|]\4hi + Mh

syst

MM = — M) (5.7)

raw raw ’ ) ‘ raw ra
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The final systematic uncertainty associated to the particle identification and unfolding
correction (of/9H) is the largest value between aglitcH—smt d i{;tCH—LH. The relative
error o/ is shown in figs. 5.15 and 5.16 for pions and kaons respectively in the same
(x,y,2z) binning as before. The red color zones indicate the systematic error for the positive
hadrons and the blue zones for the negative ones. The gray framed region corresponds to

the z bins rejected to avoid a model dependence in the multiplicity final results.

For pions in the region y < 0.3 (three upper rows) the systematic error is smaller than
< 0.01% for all x and z bins. For higher y values, the error reaches the maximum (~ 2%)
and only for the high z bins, where the multiplicities are small.

In the kaon case, the largest errors (~ 10%) are reached for high = (8th column) for
large z values where the kaon multiplicities values are small. Elsewhere ther are of the
order of below 5%.

5.7 Summary

The raw multiplicities for unidentified hadrons, pions and kaons coming from muon deep
inelastic scattering on a deuterium isoscalar target (°LiD) have been extracted in a (r,y,2)
binning from the 2006 COMPASS data. The data cover a wide kinematic domain defined
by: @* > 1 (GeV/c)?, y € [0.1,0.9], = € [0.004,0.7) and W € [5,17] GeV. The hadron
energy fraction z is limited to the [0.2,0.85] region. The hadron momentum range lies
between 12 GeV /c and 40 GeV/c.

The raw multiplicities M =M™ and MK are corrected for radiative effects. The

pion and kaon raw multiplicities are also corrected by the RICH identification and misiden-
tification efficiencies. The acceptance correction and other MC corrections are not yet
applied on the results showed in this chapter. The statistical error is the dominant one
(o/M! < 1%).

raw
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Figure 5.15: Band associated to the systematic error (relative) due to the RICH wunfolding
correction in the pion sample. The red band corresponds to 7% and the blue one to 7~. Gray zone
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Chapter 6

Acceptance and Other Monte Carlo
Corrections

The raw charged hadron multiplicities presented in the previous chapter need to be cor-
rected for acceptance and other effects before being used in a QCD global fit . In this
chapter it is shown how the corrections were determined within the COMPASS collabora-
tion [80,81].

We describe the acceptance correction i.e the correction due to the geometrical limita-
tions of the spectrometer and the data reconstruction efficiency. A brief description of the
event generation, the spectrometer simulation and the MC data production is provided.
The correction related to the electron contamination is evaluated. The raw multiplicities
(M", M™ and M ™) extracted in the previous chapter are restricted to the momentum
domain 12 to 40 GeV/c because of the RICH particle identification limitations. The ex-
trapolation of the results to the unmeasured range is explained . The data are corrected
for the contribution of diffractive meson production.

6.1 Determination of the Spectrometer Acceptance

The acceptance is evaluated from a MC simulation. The first step consists in simulating
events from the physics process of interest (SIDIS in this case) with an event generator such
as LEPTO [82]. A simulation of the experimental setup has to be done (COMGEANT).
The events coming from LEPTO are propagated through the experimental setup simula-
tion. The output of this chain is referred to as generated event sample. These events are
use as an input of the COMPASS code for event reconstruction and are analyzed in the
same way as the real data. This new sample is referred to as reconstructed event sam-
ple. The final acceptance is defined as the ratio between the reconstructed events and the
generated ones.

87
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6.1.1 SIDIS Event Generation with LEPTO

The LEPTO generator simulates complete events in deep inelastic lepton-nucleon scatter-
ing. The lepton chosen for the event generation is u*. The muon momentum phase space
is recorded during data taking and the generated muon momentum is chosen randomly
from this information as well as transverse coordinates of the interaction. The interaction
in the SLiD target is simulated by choosing the interacting nucleon as a proton or a neutron
(with equal probability) and with momentum equal to zero.

The parton flavor depends on the parton distribution function (PDF) used to generate
the events. For the present analysis the MSTWLO 2008 [83, 84| parametrization is used
since its validity kinematic domain (z € [107%, 1] and Q? € [1,10%](GeV/c)?) comprises the
COMPASS one.

The hard scattering processes (muon-parton interaction) are simulated according to
the electromagnetic cross section. The fragmentation of the partons in the final state is
simulated using the Lund string model [22] (section 1.6.1). The JETSET default values
describe the Large Electron-Positron Collider (LFP) data; in [77] these values were opti-
mized for the COMPASS data. The simulation also includes the decay of unstable particles
based on measured branching ratios.

6.1.2 Monte Carlo Simulation of the Spectrometer

The COMPASS apparatus description COMGFEANT is based on the simulation tool Geant
3.21 [85]. The different apparatus components such as the target (position and material
distribution), the detector geometries (position, dimension and material distribution), the
magnet fields intensities as well as the relevant processes of the particles interacting with

the materials (energy loss, changes on the trajectory, generation of new particles, etc.) are
described.

The COMGEANT output contains the energy deposits of the particle in the detector
as well as the hit coordinates, the information on the particle identification and the particle
kinematics. The COMGEANT output is given as a input to CORAL the COMPASS code
for the event reconstruction, where the energy deposits and hit coordinates are used to
simulate the detector response. The CORAL software records the information from the
generated and reconstructed events.

6.1.3 Monte Carlo Sample from LEPTO

The MC sample for the determination of the acceptance was produced in an enlarged
kinematic domain: Q2 > 0.8 GeV?, x € [107%,0.99], y € [0.05,0.95] and v € [0, 250] GeV.
This in order to be able to take into account smearing effects. The total number of events
generated is ~ 9.3 x 107.For the event reconstruction, the same selection are applied as for
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the real data. The total number of reconstructed DIS events is ~ 1.4 x 107 (same order
as experimental data). The inclusive kinematic variables Q?, x and y are shown in fig. 6.1
for real (black markers) and reconstructed MC data (red markers). The ratio between real
and reconstructed MC data is plotted in blue. A good agreement, ~ 90% is observed.

R0 1.8 Foe - RD

mc 3 Foo - M

-ROMC T L. - ROMC 7
= . .

E | | | | | | e
01 0.2 0.3 04 05 0.6 0.7 0.8 0.9

Figure 6.1: Q?, z and y distributions of real (black) and reconstructed MC data (red) with the
ratio RD/MC in blue markers. Figure taken from [81].

6.1.4 Acceptance Calculation

The acceptance is calculated from the ratio of the number of reconstructed (N") and the
number of generated hadrons (N}'). The generated hadrons are taken with the kinematical
cuts: z € [0.2,0.85] and p, € [12,40](GeV /c) while the reconstructed ones must satisfy in
addition the requirements defined in section 5.2. For generated and reconstructed hadrons,
the hadron identification is taken from the information provided by the generator. The
acceptance is defined as:

N (g, yg: 2g)
For the inclusive variables x and y, the reconstructed values are used to fill the correspond-
ing bin (i.e x, = =, and y, = y,). For the semi-inclusive variable z, the reconstructed value
is used for the nominator and the generated value for the denominator. In other words,
a generated event is considered only if the corresponding reconstructed DIS event exists.
The raw multiplicities are corrected for every (z,y,z) bin by the correction A" as:

Ah(xrvyrazr) = (61)

M (2, Y, 2)
ML, ey, 2) = Aa ) (6.2)

The acceptance correction factors A"(x,y, 2) for unidentified hadrons (h*), pions (7%)
and kaons (K*) are shown in figs. 6.2 to 6.4. The acceptance is mostly flat in z and shows a
dependence on y. For unidentified hadrons, pions and kaons, the acceptance varies between

50% — 78%.

Lately, with an imporoved MC sample, a detailed study on the acceptance were done
to check the results obtained versus the longitudinally position of the vertex (z) along the
target. It was found that the multiplicities obtained separately for the three targets cells
agree well, with better than +3% [80].
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Figure 6.2: Acceptance correction factor for unidentified hadrons versus z in different xy bins.
AP in red and A" in blue. Each column corresponds to a different x bin (8 in total) and each
row to a y bin (6 in total). The gray shaded area indicates bins which are excluded from final
analysis (section 6.1.6).
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Figure 6.4: Same as fig. 6.2 for kaons.

6.1.5 Electron Contamination

A dedicated study was performed to estimate the electron contamination in the hadron
sample [80]. Two different momentum regions were studied:

e 3—8GeV/c. In this region the RICH detector can discriminate electrons from pions,
so that a comparison between real data and MC data is possible.

e Momentum region 12 — 40GeV/c. The RICH detector can no longer discriminate
electrons from pions, kaons or protons. The electron contamination is based only on
MC.

The MC sample used in this analysis is the one described in section 6.1.3. Only recon-
structed events are used. In order to perform the electron identification two sets of likeli-
hood cuts were used: Lﬂf&)) > 2 and LLI?((Q) > 3. The fraction of electrons(positrons) to the
total sample is about 9.85(8.2)% while in MC it is 8.6(7.3)%. The difference between real
data and MC is only ~ 13%. Given the overall small size of this correction it is reasonable
to use the MC sample at momenta the electron identification cannot be provided by the
RICH detector. The fraction of electrons in the hadron and pion sample in the momentum
range between 12 and 40 GeV/c obtained from MC alone is shown in figs. 6.5 and 6.6
respectively (this contamination does not affect the kaon sample) . This contamination
decreases from 8% at low z to below 1% at high z (excluding bins in the gray regions).
This correction is incorporated into the acceptance correction of section 6.1.4.
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Figure 6.5: Fraction of electron contamination for unidentified hadron as a function of z in
different xy bins. Red markers:h™. Blue markers:h™. Each column corresponds to a different x
bin (8 in total) and each row to a y bin (6 in total). Gray zone: same as fig. 6.2
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Figure 6.6: Same as fig. 6.2 for pions.
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6.1.6 Extrapolation to Unmeasured Momentum Range

The multiplicities were extracted in a truncated momentum range (12 — 40GeV /c) defined
by the cut for the particle identification with the RICH detector. In order to be able to
use our multiplicities to extract fragmentation functions in a global QCD analysis we must
evaluate the impact of this rejection. In a first step, the non-measured range is completed
by using the generated sample. Two multiplicities are calculated from this sample, one of
them restricted to the same momentum range as the raw multiplicities (M} pro(12 —40))
and the other one without restriction (M2 ;pr0). To obtain the extrapolation factor the
following difference is used:

Mehmtra(xm Yg> Zg) = MZEPTO(IW Yg> Zg) - MSEPTO(12 - 40)(%7 Yg> Zg) (6.3)

The multiplicity in the non-covered momentum range M, is added to the measured

multiplicity (when all corrections have been applied) in each (x,y, z) bin.

M"(z,y, 2)

_ 6.4
f(:l?’y,Z) ]\4/’L(a:»7y7 Z) —I—fotm(x,%Z) ( )

The fraction f(z,y,z) is plotted for h*, 7* and K* in figs. 6.7 to 6.9 respectively. The
regions where f is below 0.9 are shown as gray shaded regions. They are further discarded
from the analysis to limit the model dependence. The same shaded area is used in all other
plots.

6.2 Diffractive p’ and ¢ Production

The scattering of a lepton off a nucleon can produce DIS but also diffractive vector mesons
as shown in fig. 6.10. These are unstable particles which decay into pions and kaons
that cannot be distinguished from the ones resulting from the fragmentation of a quark
belonging to the nucleon. However, in a MC simulation it is possible to differentiate the =
and K origin and thus estimate the correction factor . The full description of this study
can be found in [81].

The dominant channels at COMPASS energies are [87]:

Y*N — p°N — Nrtr~ (6.5)
VN = ¢°N - NKTK~

6.2.1 MC simulated with HEPGEN

The HEPGEN! generator [88] simulates the p® and ¢ diffractive vector meson production
based on the v, Q? and p2 distributions measured in NMC [89]. The cross section is

Hard Exclusive Production GENerator
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Figure 6.7: Ratio between the measured multiplicities (after all corrections are applied) with and
without the extrapolation in the non-covered momentum. The points inside the gray zone have a
LEPTO contribution > 10% and they are excluded from final analysis.
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Figure 6.8: Same as fig. 6.7 for pions.
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Figure 6.9: Same as fig. 6.7 for kaons.

ll

Figure 6.10: Vector-meson (V) diffractive production. In the VMD model [86], the vy virtual
photon fluctuates in a qq pair with compatible quantum numbers. (a) Vector-meson exclusive
production (the same nucleon N is found in the final state). (b) Vector-meson productions with
nucleon diffractive dissociation.

normalized by the Kroll and Goloskokov GPD model [90]. The incident muon momentum
and coordinates are selected in the same way as for LEPTO and the target is equally
simulated. For the calculation of the cross sections the v and Q2 variables are chosen
randomly in the phase-space. A weight proportional to the cross section is associated to
the event. All hadrons coming from the p® and ¢ decay and all particles produced (mostly
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pions) by diffractive dissociation of the target nucleon (~ 10% of the cases) are kept .

As previously, the MC chain HEPGEN + COMGEANT + CORAL is used to produce
the HEPGEN generated and reconstructed events.

The MC sample was produced in the kinematic domain: Q? € [0.5,80](GeV/c)? and
v € [5,155](GeV). The total number of events generated is ~ 6.1x10% and ~ 2.2 x 10° for p°
and ¢ respectively. The total number of weighted events in the p' and ¢ DIS reconstructed
sample are ~ 1.7 x 10°> and ~ 5.3 x 10%.

6.2.2 Diffractive Vector Meson Correction

The fraction of pions (kaons) resulting from a diffractive p" (¢) is calculated in the same
binning as the raw multiplicities as:

NT, (x,y,2)
f”o(x,y, Z) — - HEPGEN - (67)
P Nippro(®, Y, 2) + NEppaen (T, Y, 2)
NE T,Y, 2
fdfg(x,y,z) HepcEN( ) (6.8)

Nigpro(®,9,2) + Nitgpan (T, Y, 2)
where N¥ppaens NFepro, Nhgpopy and N pro are the number of pions and kaons re-
constructed from the HEPGEN and LEPTO MC samples normalized by the corresponding
MC luminosity (Lyc). The luminosity defined depends on the event weighting and the
process cross-section g;,; (DIS for LEPTO events and diffractive vector meson production
for HEPGEN events) eq. (6.9). The final weigthed number of unidentified hadrons, pions
and kaons are summarized in table 6.1.

Z w; = Lyre -+ Oipg (6-9)

events

Table 6.1: Weigthed number of unidentified hadrons, pions and kaons used for the diffractive
vector meson correction.

Generator  N?* N N7 N7 NEKT  NET
LEPTO 65 168 54 922.1 4184 3670.3 906.9 646.3
HEPGEN 710.9 682.2 157.5 153.3 27.2 26.1

The diffractive p® and ¢ can also lead to a contamination in DIS events (egs. (6.10)
and (6.11)), with the fraction of the contamination expressed in eqs. (6.10) and (6.11). In
contrast to egs. (6.7) and (6.8) the denominator only includes the DIS events from the
LEPTO generator because the cross section used to generate the LEPTO sample already
takes into account the diffractive contribution.

NgEPGEN(

0 z,y)
fDIS(I7y> = NDIS (6.10)

LEPTO (z,y)
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NfEPGEN(

fgls(%y) = NDIS ") (6.11)

repro(T:Y)
The total contribution from the diffractive vector-meson contribution (f5) to the DIS
0
sample is the sum of f7 ;¢ and fgls. The final correction reads as follows:

N™(z,y,2) NE(z,y
Bh — ) B7r )y J BK
O Wiy I Ry T
L Ve y,2) 1 '
Nh(xaywz)l_ g%(l’,y)
- f%(x,y,z)
B(z,y,2) = o (6.13)
I flg(‘ru Y, Z)
BX(z,y,2) = 0 (6.14)
1 - g%(xvy)

Results for B" are shown in bins of (x, y, 2) in figs. 6.11 to 6.13. For pions, the
correction is in general small ~ 1, but can reach high values ~ 40% in some high z bins
where the multiplicity values are small.

6.3 Systematic Uncertainties Associated to the Monte
Carlo Simulations

The various corrections described previously (acceptance, vector-meson production, etc.)
constitute a source of systematic uncertainties.

6.3.1 Monte Carlo Sample: LEPTO Dependence

To determine the acceptance dependence upon the physical model chosen, different PDF
parameterizations were used to generate different MC sample. In addition, different pa-
rameters were used in JETSET [76,77]. For each sample, the acceptance is recalculated
and the hadron multiplicities are corrected by this new acceptance A®. The systematic
uncertainty on the acceptance is estimated for each kinematic bin (z,y,2) as:
Alh
o < ALt (6.15)

syst — 9 cor _acc

The corresponding value of a;‘g;t ~ 5% found for the systematic error on the acceptance is

the largest contribution to the total systematic error on the multiplicities.

The same MC samples are used to study the systematic uncertainty due to the multi-
plicity extrapolation to the unmeasured momentum range (section 6.1.6). The contribution
of this extrapolation to the systematic uncertainties is 0.1M", =~ where M", is the mul-
tiplicity in the non-covered momentum range obtained from the generated MC sample.
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Figure 6.11: Correction factor B" for the p° and ¢ as a function of z for (x —y) bins.
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Figure 6.12: Same as fig. 6.11 for pions.
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Figure 6.13: Same as fig. 6.11 for kaons.

6.3.2 Monte Carlo Sample: HEPGEN Dependence

The cross-section for exclusive p° production is normalized to the GPD model of Goloskokov
and Kroll. The theoretical uncertainty on the predicted cross-section close to COMPASS
kinematics is around 30% [90]. The uncertainty affects the values N/{gEPGEN, NfEPGEN,
NZopopn and NEooopy. Propagating this uncertainty in the correction factor leads to
at most, a systematic uncertainty of 13% for the pions and below 10% for the kaons [81].

6.4 Summary

The most important correction is the acceptance A(x,y, z), which takes into account the
geometrical limitations of the spectrometer and the efficiency of the detectors and of the
data reconstruction; this correction varies between 50% and 78% for h*, 7% and K=.

The correction factor corresponding to the vector meson contamination (B"(z,y,2))
varies from 0 to 40% for pions but it mainly affects the regions where the multiplicities
are very low (high z). For the kaons, the maximum correction reaches 25% for medium z
values. This correction is model dependent.






Chapter 7

Results for Charged Hadron
Multiplicities and Extraction of Quark
Fragmentation Functions

This chapter contains two parts: in the first one, the final multiplicities of unidentified
charged hadrons, charged pions and kaons extracted from semi-inclusive deep inelastic
scattering of 160 GeV muons off an isoscalar target (°LiD) are presented. These results
are calculated from the raw multiplicities extracted in chapter 5 and the correction factors
determined in chapter 6.

In the second part, the quark FFs into 7 and K are extracted from the charged pion
and kaon multiplicities. The results are compared to other FFs parameterizations.

7.1 Charged Hadron Multiplicities

The final results are given with and without the subtraction of the diffractive meson contri-
bution (B", because of the uncertanity of the correction. See eq. (7.1)). The multiplicities
presented in the following sections are all corrected for the diffractive meson contribution
(section 6.2.2).

1
Ml}/L'JW(x> Y, Z) = Mfaw('r? Y, Z) Ah( Bh(x7 Y, Z) + Meh:ctra(x7ya Z) (71)

Al(z,y, 2)
The z, y and z binning used is defined in table 5.5. A" corresponds to the acceptance
correction (section 6.1.4) and M, to the extrapolation accounting for the unmeasured
momentum range (section 6.1.6). The error propagation of eq. (7.1) was performed assum-

ing A" and B" are independent [79,91]:

2 2 2
Iy, Imp <UA>2 (UB>2 Opmt,

— raw - _ extra 72
() [(M )+ () (5) - (i i

raw

101
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The corresponding systematic errors from the different sources are added in quadrature.
The largest contribution in most bins comes from the uncertainty on the acceptance cor-
rection (see Appendix F).

7.1.1 Unidentified Hadron Multiplicities

The unidentified hadron multiplicities M{}E are shown in fig. 7.1 as a function of z for
different 2, y bins. In the low y region (3 first rows) minor differences between h* (red
markers) and h~ (blue markers) multiplicities are observed. These differences become
larger in the high y — z region (three last rows and 4 last columns). A strong z dependence
is observed for all (z,y) bins while the x dependence is weak as expected. The Q? values
range from 1 to 30 (GeV/c)?. After the correction for the unmeasured momentum range
a total of 204 and 205 points are left for M and M"" respectively in comparison to the
367 points presented in fig. 5.8. The statistical uncertainties are too small to be visible in
almost all kinematic bins. The bands at the bottom are the systematic errors.
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Figure 7.1: Unidentified hadron multiplicities (with diffractive VM correction) as a function of
z in different xy bins. Red markers: M{}?M Blue markers: M\}/L;u

An alternative presentation of the charged hadron multiplicities M?*" and M"™ is given
in fig. 7.2a, where the multiplicities are averaged over y using the square of the statistical
errors as weight. To illustrate the impact of the diffractive vector-meson (VM) correction
the corresponding values with (MP,,: open circles) and without (M": closed squares)
correction are plotted together in figs. 7.2b and 7.2c¢ for positive and negative unidentified
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hadrons respectively in logarithmic scale. Each panel corresponds to a different x bin ,
The larger correction is found at high z where the multiplicities are small. The corrected
multiplicities are more linear than the not corrected one in a log scale.

7.1.2 Charged Pion Multiplicities

The results for M{,, and M{,, are shown in fig. 7.3. The are 205 and 206 points for 7+
and 7~ respectively. Positive and negative pion multiplicities are very similar. A strong
dependence on z and a weak one in x is observed. The statistical error starts to be visible
only at large x and y values.

The 7+ and 7~ multiplicities are shown averaged over y in fig. 7.4a as a function of z in
different = bins. In this representation a difference between the positive and negative pion
multiplicities is visible for z > 0.04. This excess of 7" compared to 7~ can be understood
by a dominant u quark distribution in the target: the fragmentation process u — 7+
(ud) is more probable than u — 7*(iid). The comparison between the VM corrected and
uncorrected multiplicities is shown in figs. 7.4b and 7.4c¢ for 7% and 7, respectively. The
correction has the strongest impact at high z (>0.5) and low x (<0.04). In this region the
correction leads to a more linear distribution.

7.1.3 Charged Kaon Multiplicities

The results for positive and negative kaon multiplicities corrected by the vector-meson
production (eq. (7.1)) are plotted in fig. 7.5. There are 207 points for K and 206 for K.
A systematic difference between the positive and negative multiplicities is observed over
all the kinematic domain. This behavior reflects the fact that the fragmentation process
to produce K~ is unfavored (u — K~ (us), needs quarks u and s from the quark sea) while
the KT production is favored (u — K~ (uS) needs only § from the quark sea).

The VM correction for kaons is maximal for medium z values and for low z values
(<0.04) where it can reach 20%. In the comparison between the kaon multiplicities with
and without corrections shown in figs. 7.6b and 7.6c (K and K, respectively) the dif-
ference is almost imperceptible in all x domain.

7.2 Sums of Charged Hadron Multiplicities

Before the global extraction of the FFs it is possible to study some specific quantities
(at leading order) like the ratios and the sums of the various multiplicities. Following
eq. (1.26), in an isoscalar target and neglecting the heavy quark contribution, the charged
hadron multiplicities can be written as:

(qu +qa)(4D, + D7) + (qa + q3) (4D}, + DP ) + 2q, D% + 2¢s D"

M =
5(qu + qa + g4 + q3) + 2(qs + gs)

(7.3)
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Figure 7.2: Top: h* (red) and h™ (blue) multiplicities versus z in 8 x bins. Data are averaged
iny. Middle: h multiplicities without (full squares) and with (empty circles) VM correction.
Bottom: Same as middle for h™.
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Figure 7.3: Same as fig. 7.1 for pions: M{}}Q and M7,

In particular, the sum of charged kaon multiplicities versus x, gives a simple access to
the strange quark distribution in the nucleon gs(x) and the strange quark fragmentation
into kaons DX (z). This sum can be written as

Zmax Q(z) [ D (2)dz + S(x) f;"z:ﬂ” DX (2)dz

ME"(2) + M5 (2)dz = i O] T 25@) (7.4)
where

Q(z) = qu(@) + qa() + qa(r) + qa(x), DG (2) = 4Df,,(2) + 6Dy (2) (7.5a)

S(x) = qs(x) + qs(x), Dg (2) = 2D/ (2) (7.5b)

Df,, = DE" = DI (7.5¢)

D =Dy =Dy =Dy =Dy (7.5d)

DX ,=DE" = DE" = DE" = DX = D™ = DX~ (7.5¢)

The kaon multiplicities integrated over z are shown in fig. 7.7 for the [0.01,0.70] x region.
The first = bin [0.004,0.10] is not considered since the z range covered in this bin is smaller
than [0.20,0.85]. The results are plotted with (red open circles) and without (red full
squares) the diffractive vector-meson correction. However they cannot be distinguished.
The full blue circles in fig. 7.7 represent the charged kaon multiplicity obtained from a
MC sample at LO using LEPTO (Lund fragmentation) and MSTW PDFS. HERMES
results [37] with and without the vector-meson correction are plotted using full black
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Figure 7.4: Same as fig. 7.2 for pions.



CHAPTER 7. MULTIPLICITIES RESULTS & FFS EXTRACTION 107

0.004 0.01 0.02 0.03 0.04  0.06 0.10 0.15 0.70

0.10 /‘\N 0.6 :ﬁ
0.4
p
A 0.2
2 0.0F------- OB o-f - - oo o f--mmmo-- L R S-f--omeme - [ oe -
0.15 0.6 = =
0.4
0.2
O 20 . B + 0.0 --._.:igano- ..... gﬂsbo- ..... %ﬂ.ﬂ.ben ..... gQMba ..... 8&6600 ----- Sﬁﬁbbo ..... Eo&bab
o __ 06
oK ™ s
02f 4, . . :
0.0 f---- 0880000 | - O08esee. |- 380080 0| . - 2°088888s | _ 00888880 | . - 200388886 -} - - -2°008288 & -
0.30| o5 B e e
04f , . . .
02f e & % % %%, o3, ote. oo
Pt SO Soee | Sse | - b Stas | I I Socts .
0.50| ot ,
04} o 8 3 8 8 o0 3 {'ﬂ
® 8 8 . . 0%,
02F % (] 8 83 °3s % ) 08 :
0.70 o =R ¥ =T ¥ = =S ¥ ==l ¥ = ¥ N ¥ =t
. 0.6 0.2 04 06 08
04 ¢
° ® 8 8
02} ° 8 e 8 S & } *
0.0f-—--------"I~ e e P i e i e =TT R
0'90 02 04 06 0802 04 06 0802 04 06 0802 04 06 0802 04 06 0802 04 06 0802 04 0.6 08 Z
v

Figure 7.5: Same as fig. 7.1 for kaons: M‘If;[ and M‘If]\}

squares and open black circles respectively (again indistinguishable); the corresponding
vertical error bars includes the statistical and systematic errors added in quadrature. The
present results differ from those of HERMES [37]; as a consequence the conclusions on
the strange quark FFs and PDFs differ. If we assume 2S(z) << 5Q(x), eq. (7.4) can be

rewritten as:

0.85
METHET / M5 (2) + M5 (2)dz
0

2
_ . (7.6)
_ Q) fyy” D (2)dz + S(x) [y, D (2)dz
5Q(x)
In the high z region, S(z) ~ 0 and therefore eq. (7.6) becomes only z dependent:
N B 1 0.85
MG R~ = D§ (z)dz (7.7)
0.2

In the low z region S(z) # 0 and eq. (7.6) becomes

MKJr_;'_K* 1 0.85 DK J 1 5 0.85 DK 4
S s ([ D+ st [ D) (78)

Using eqs. (7.7) and (7.8) the contribution of S(x) 0(?'285 DX (2)dz can be inferred (for the

=z measured range 0.2-0.85). If M +K" Mﬁ;*f: then SDE is likely positive, while

low
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Figure 7.6: Same as fig. 7.2 for kaons.



CHAPTER 7. MULTIPLICITIES RESULTS & FFS EXTRACTION 109

+ —
MK +K

if METHET < M}fg}ff_ it is negative. If a small or null difference between M, 7

low x

and M}fgh*ff is found, one can expect that SD¥ is close to zero. From COMPASS data

(fig. 7.7a) one might conclude that SD¥ is rather small since M + M%" does not rise
at low z, while HERMES results do.

Another observation from this plot is the difference which cannot be explained by
statistical or systematic fluctuations between the multiplicity extracted from the LEPTO
generator data and the experimental multiplicities in the x region [0.02,0.15]. In order to
study this discrepancy, the sum of MX" and M%X ™ was extracted in a smaller y domain
([0.10,0.30]) which corresponds to lower Q) values. This sum is shown in fig. 7.7b. The
decrease in M5 4+ M®™ value in comparison to fig. 7.7a is due to the different z covered
domain. In the lower y region only z € [0.35,0.85] is covered. A very good agreement
between the experimental multiplicities and the ones extracted from LEPTO generator is
found in fig. 7.7b in contrast to fig. 7.7a. The agreement between the low y multiplicities
and the LEPTO ones was not expected since the LEPTO generator is not adjusted to
follow the y dependence. This can be done as an improvement of the present analysis.

In figs. 7.7a and 7.7b two LO calculations are plotted in addition. In magenta, the
PDF parameterization from NNPDF [92] and in gray the one from MSTW [17|. For
both calculations, the DSS [43] parameterization was used for the FFs. The z and Q?
values used in the prediction correspond to the COMPASS mean values, summarized in
table 7.1. The region delimited by the full lines in each case corresponds to the error
associated to the PDF parameterization. The largest error band is obtained when an
error of 7% is associated to the fragmentation function value (this is estimated from the
difference between COMPASS and DSS values). The discrepancies between COMPASS
and HERMES data with the results based on FFs from DSS and PDFs from MSTW and
NNPDF are substantial in fig. 7.7a. However, in fig. 7.7b the LO calculation with MSTW
and NNPDF parameterizations are in reasonable agreement with our data especially at
low z, below 0.04.

For completeness, the sum of 7 and 7~ multiplicities is showed in fig. 7.8. Here, a fair
agreement between the LO calculations and the COMPASS pion multiplicities is observed
in both y regions. Only the HERMES data disagree.

7.3 Ratio of Charged Pion Multiplicities

The ratio of the charged pion multiplicities M™ /M™ is shown in fig. 7.9 as a function of
x between 0.01 to 0.7 and integrated in two z ranges [0.20,0.85] (fig. 7.9a) and [0.35,0.85|
(fig. 7.9b). The ratio using the multiplicities with and without the exclusive correction are
represented by the open red circles and red full squares respectively. In fig. 7.9a, the full y
domain is considered [0.10,0.90] while in fig. 7.9b it is restricted to [0.10,0.30]. In addition,
the results from the JLab E00-108 [36] (second entry) (blue full squares) and HERMES
(black full squares and open circles) experiments are shown in both plots. A disagreement
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Figure 7.7: Sum of kaon multiplicities MEY £ ME" in two different y regions integrated over
z. The present COMPASS data (in red) are compared to a MC simulation at LO (blue points,
LEPTO+MSTW) and two parameterizations at LO (magenta and gray bands, see text). HERMES
data [37] are shown only in the upper plot (in black). Data with (open points) and without (full
points) VM corrections are not distinguishable.
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Table 7.1: 2 and Q? mean values for COMPASS and HERMES [37].

< Q* > (GeV/e)?

COMPASS HERMES

<> yel0.10,090] ye0.10,030] <z >

0.014 1.543 1.047

0.024 2.434 1.167

0.034 3.488 1.701 0.033  1.193

0.048 4.884 2.405 0.048  1.382

0.073 7.545 3.779 0.065 1.555

0.112 11.676 5.85 0.087  1.728

0.155 19.027 9.166 0.118 2.173
0.166  3.167
0.240 4.878
0.340  7.477
0.452  10.238

between the E00-108 and the COMPASS is found. This is expected because the E00-108
selected kinematic domain is restricted to Q* € (2,4) (GeV/c)? and x € (0.2,0.6). The
ratio obtained from HERMES data is in reasonable agreement with the results obtained
in this work in fig. 7.9a. As in fig. 7.7, two LO calculations are plotted. In both figures,
the theoretical prediction is systematically above COMPASS and HERMES data at low
x. However, a fair agreement between the predictions and the ratios at high x values for
COMPASS and JLAB is observed in fig. 7.9a.

7.4 Quark fragmentation functions from charged pion
and kaon multiplicities

The pion and kaon multiplicities have been used as an input to LO fits in view of the
extraction of quark FFs [39,80,93]. In this chapter a summary of the results obtained is
given.

In order to extract the fragmentation functions from the measured charged = and K
multiplicities (separately) the corresponding expression at LO (eq. (7.3)) is used. For
this study the PDFs are considered to be known. The LO MSTW parametrization given
in [83| provided by the LHAPDF data group [94] is used. Only three independent FFs
are considered for pions (including the gluon FF) and four for kaons, assuming isospin
and charge summetry and also Dg = D,,; for pions. The corresponding expressions are



CHAPTER 7. MULTIPLICITIES RESULTS & FFS EXTRACTION 113

e M y € [0.10, 0.90]
E 1 .8_— o My

~ [ . p/E00-108 +

*. 1.6 NNPDF2.3 +DSS (LO) | Lo
= [ [¥IMSTW2008+DSS (LO) =h el

1.2
. \JHERMES
= o MHERMES
0.8- S N ——— ———
10° 10 T
(a)

MSTW2008+DSS ( +
H-P ' +

MHERMES

HERMES
o M3 ayr

107 10" T
(b)

Figure 7.9: Ratio of M™ /M™ for COMPASS (red), HERMES data [37](black) and JLab (blue)
data compared to LO calculations as in fig. 7.7.
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defined for the reference value Q3 = 1 (GeV/c)? in Table 7.2. The extraction of pion and
kaon FFs is performed via a y? minimization:

ilKMt}io x]v ) M!ﬁ:; (%7 )) /‘7;] (7.9)

where N are the number of data points and o7 = o3, +03, . Finally M. is extracted
from eq. (7.3).

Table 7.2: Quark FF parameterizations at Q3 = 1 (GeV/c)?. The normalization factor |N| is
calculated numerically at each iteration such as |N| = fol 2D, (z,Q%)dz

FEs Pions Kaons
Diaw  (N/IN|)z*(1—2)F  (N/|N|)z%(1 — z)P=cte
Ds (N/IND)z2(1 = 2)°

Duns  (N/IN)z(1=2)?  (N/IN[)2*(1 = 2)°

The actual calculation of FFs is performed by a customized version of the Q? evolution
code developed in [41].

To determine the fit uncertainties the bootstrap method [95] is used. This method
consists in generating replicas of the original multiplicity data set by repeatedly and ran-
domly varying the original data points according to a Gaussian distribution centered on
their mean values and with the width of the data point errors. Then for each replica the
corresponding FFs are extracted using Eq. (7.9). The final error band due to the data
uncertainties is determined as the mean value == RMS of the extracted FFs from replicas.
For the current analysis the number of 100 replicas is used.

7.4.1 Pions

The results for the z and y dependence of the 7+ and 7~ multiplicities with vector-meson
correction are presented in the eight bins of x in Figs. 7.10a and 7.10b. In each x bin the
results for the different y are shifted by a 0.25 constant. The statistical and systematic
uncertainties are shown as vertical bars (added in quadrature); however they are in general
smaller than the size of the symbols. The curves correspond to the global LO fit of 7 and
7~ multiplicities described below to extract pion FFs. A good agreement between the fit
and the data is found. The data represent a new precise SIDIS data set that will be used
for flavor separation also in the NLO extractions of fragmentation functions.

The final parameters of the fit are given in Table 7.3. The extracted favored and unfa-
vored FFs at Q? = 3(GeV/c)? are shown in Figs. 7.11a and 7.11b, respectively. The error
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Figure 7.10: 7" (a) and 7~ (b) multiplicities versus z for 8 x bins and 5 y bins (corresponding
to 5 Q? values and staggered by +0.25 for clarity). Combined statistical and systematic errors
are plotted (vertical bars, but in general not visible). The curves correspond to the LO fit of n+
multiplicities.
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bands from statistical and systematic uncertainties as well as the FFs extracted from the
original multiplicity set (solid lines) are plotted. As expected, the favoured FFs are larger
than the unfavoured. The FFs at NLO from DSS [43] (dashed line), HKNS [41](solid line),
AKK [42]|(dash-dotted line) (second entry) and LSS [45](dotted line) parametrizations are
also plotted. A good agreement between the COMPASS LO unfavored FF with DSS and
LSS NLO parameterizations is found in almost all the z range (< 25% and < 26% re-
spectively). Also, a fair agreement in the low z domain (z below 0.4) is observed for the
favored FF (LSS < 36% and for DSS < 30%). This was expected since this two parame-
terizations include the data from SIDIS. The agreement with LSS is sliglty better because
they have included a preliminary version of the COMPASS data in their fit. The D7,
parametrization from HKNS differs from all the others parameterizations because it only
includes electron-positron annihilation data. However, this discrepancy is less important
for the unfavored FF. In the AKK parameterization (electron-positron annihilation and pp
collision data), an agreement (< 29%) with the COMPASS favored FF is observed at the
low z (z < 0.35), while some discrepancy is observed at high z. For the unfavored FF, this
parameterization is systematically above all the others parameterizations.

IN| ol B x*/ndf IN| ol B x*/ndf
Without vector-meson correction With vector-meson correction
D7 0.162 -0.583 0.417 0.159 -0.777 0.391
Jav 2.207 1.265
D’urnf 0.069 -0.757 0.706 0.064 -0.621 1.188

Table 7.3: Parameters of the favored and unfavored FFs for pions at Q> = 1(GeV/c)?.

g 0.7E 0% = 3(Gev/c)? ‘*E E Q% = 3(GeV/c)?
55 sl —— COMPASS LO I COMPASS LO
Q [y -+= AKK NLO Q E --= AKK NLO
R —— DSS NLO R sE ——- DSS NLO
= — HKNS NLO E — HKNS NLO
b NN 0l LSS NLO
0-3; 03;
02; 0.2;
wE e o
0‘: | | | | | " | ‘:‘ L .'_' """" I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 . 0.7 0.8 0.9
z z
(a) (b)
Figure 7.11: Favored (a) and unfavored (b) quark fragmentation functions into pions zD7F,, and

zDy, ¢ versus z, extracted from a LO fit of pion multiplicities (corrected for VM contribution) at
Q? = 3(GeV/c)?. The error bands correspond to statistical and systematics uncertainties.

7.4.2 Kaons

The results for charged kaon multiplicities with vector-meson correction are presented
in eight bins of = in Fig. 7.12. The data are well described by the fit at almost all
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x values for y below 0.7. In the last y bin (0.7-0.9), some discrepancies between the
experimental multiplicities and the ones extracted from the FFs start to be visible. For
K™, the experimental data are systematically below the LO calculations. In addition for
x below 0.06, the K multiplicities for the larger y bin are smaller than the precedent one
(y € [0.5,0.7]). In the K~ case, a better agreement with the LO calculations is found,
except in the z bins 0.04-0.06 and 0.10-0.15 for the higher y bin.
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Figure 7.12: Same as Fig. 7.10 for kaons
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and without the vector-meson correction are given in Table 7.4. They are compared to the
FFs at NLO from DSS [43] (dashed line), HKNS [41](solid line) and AKK [42]|(dash-dotted
line)(second entry) in Fig. 7.13.

N a B X N a B X’
Without VM correction With VM correction
D}fw 0.059 -1.319 0.02(cte) 0.05  -0.952 0.02(cte)
DX -0.074 7991  33.378  7.369 0.191 6.868 12.076  5.591
Dfnf 0.009  5.198 9.662 0.000 42.101  382.36

Table 7.4: Parameters of the favored, strange and unfavored FFs for Kaons at Q> = 1(GeV/c)?.

The results for the kaon favored FF shown in Fig. 7.13a is in a good agreement with
the NLO calculations from the DSS parameterization (within 4 to 21%) in the z range
0.35-0.7. This is expected because the DSS fit uses K multiplicities from HERMES (SIDIS
process). The COMPASS favored FF agrees also with the NLO HKNS parameterization
within 3 to 23% without considering z above 0.80. A significant discrepancy between the
AKK prediction is observed in the z range 0.25-0.85. For the unfavored FF (Fig. 7.13b)
Dqﬁf, the good agreement with DSS is conserved, but the compatibility with HKNS is lost

at low z. A fair agreement with AKK is found (< 50%). The D% shape from the present
study differs significantly from the three NLO parameterizations shown in Section 7.4.2.

7.5 Summary

The final unidentified hadron (h*), pion (7*) and kaon (K*) multiplicities extracted from
the 2006 COMPASS data (muon deep inelastic scattering on a LiD target) were presented
as a function of z for different x and y bins. In addition, a two dimensional projection
(averaging over y) was also shown. The sum of charged pion and kaon multiplicities
were compared to HERMES experiment results [37] and to LO calculation using the LO
definition of hadron multiplicities within the quark-parton model improved with QCD
defined in Section 1.7. Two sets of PDFs parametrization were used: MSTW [17] and
NNPDF [92|. For the FFs only the DSS parameterization were considered. For the sum of
charged pions, a good agreement between the LO calculations and COMPASS data were
found. However, an important discrepancy with HERMES data was observed at low z.
In the kaon case, only a good agreement with the L.O calculations was found in the low
Q? domain (low y). A discrepancy with the recent result from HERMES experiment is
observed in all x range. For pions, the ratio of 7+ over 7~ multiplicities was compared
to HERMES 37| and E00-108 (JLab) |36] results. A good agreement with both data was
found in the common x ranges. However, an agreement with the LO calculations was only
found at high z.
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Figure 7.13: The favored (a), strange (b) and unfavored (c) quark FFs into kaons szfw, D%

and szfnf versus z, extracted from a LO fit of kaon multiplicities (corrected for VM contribution)

at Q* = 3(GeV/c)?. The error bands correspond to statistical and systematics uncertainties.

Pion and kaon fragmentation functions have been extracted from a fit at LO of the cor-
responding multiplicities. They have been extracted in the 0.20-0.85 z domain. They were
compared to NLO predictions given by four parameterizations (which consider different
sets of data to perform their fits): HKNS [41], AKK [42], DSS [43], and LSS [45]. In the
case of pions two I'I's were extracted: the favored (D7,,) and the unfavored (D7, ;). The
pion FFs obtained agree with the NLO DSS and LSS parameterization by 30% or less in
certains z regions. As expected they differ from the ones of HKNS and AKK, which do not
contain SIDIS data. For kaons, a total of three FFs were extracted: the favored (chfw), the
strange (D§) and the unfavored (D ;). The favored FF Df, , agree with the NLO DSS
parameterization within < 17% (for z € [0.40,0.75]). The HKNS prediction had a partial
agreement for Djfftw in the low and high 2 region while only agree in the highz region for
Diﬁf. The favored FF shows important discrepancies with AKK in all 2 domain while the
AKK calculation of Diilf agrees within < 36% with COMPASS. In the particular case of
the strange quark FF, D¥ | the fit obtained from this work is not very stable and differs

significantly from the existing calculations.

These data represent a high statistics data set which will be included in future global
NLO QCD fits of world data. They will constrain the values of quark FFs into pions and
kaons at moderate Q2 values.






Chapter 8

Summary and Conclusion

In order to improve the knowledge on quark fragmentation functions into pions and kaons,
the production of charged hadrons in semi-inclusive deep inelastic scattering on a isoscalar
target (°LiD) was studied.

The multiplicities of charged unidentified hadrons, pions and kaons have been deter-
mined in a fine binning of three kinematical variables: x, the fraction of momentum carried
by the quark; y, fractional energy transfer to the virtual photon and z, the energy frac-
tion of the virtual photon transferred to the produced hadron h. The measurement was
performed using 6 weeks of 2006 COMPASS data (~ 1.1 x 107 DIS events and a hadron
sample ~ 3.2 x 10°). The kinematic domain covered is the following: Q% > 1 (GeV/c)?,
y €10.1,0.9], z € [0.004,0.7], W € [5,17] GeV and z € [0.2,0.85].

The hadron identification as pion, kaon and proton was achieved using the Ring Imaging
CHerenkov (RICH) detector. The performance of the RICH detector was analyzed using
data from the same 6 weeks. The good knowledge of the RICH response is essential to
calculate the absolute value of the pion and kaon multiplicities. The criteria used to identify
were optimized by tuning the RICH likelihood cuts. This was performed carefully to ensure
the best compromise between the identification efficiency and the purity of the sample,
specially the kaon purity. The hadron momentum range is restricted to [12 — 40] GeV/c
and the polar angle in the range 10 to 120 mrad. The lower cut in hadron momentum was
selected to be well above the kaon identification threshold (~ 9.8GeV). The upper limit is
to avoid the region where effects arising from saturation (5 — 1) are observed to ensure
a good pion-kaon separation. The polar angle range is selected where the efficiencies are
generally high and precisely measured. In this phase-space, high identification efficiencies
are found in general for pions (> 0.97) and kaons (> 0.90) and low misidentification
probabilities are found (< 4% for pions and < 6% for kaons).

The hadron multiplicities have been corrected for the geometrical limitations of the
spectrometer and the data reconstruction efficiency. This global acceptance correction is
estimated using a MC simulation. The contribution to the hadron yield from the vector-
meson production was also estimated and the charged hadron multiplicities are provided
with and without this contribution.
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The sum of K+ and K~ multiplicities is of special interest, since it is related, at least
at LO in QCD, to a combination of the strange quark distribution S(z, @?) in the nucleon
and to the strange quark FFs into kaons D% (z,Q?). The results for M5 4+ M*™ are in
good agreement with LO calculations only at low Q2. They will be of high interest to
constrain the existing models in the full Q? range. To complete the sum of 7% and 7~
multiplicities is also calculated. Results of 77 and 7~ multiplicities ratio are also presented;
a fair agreement with HERMES and JLab data is found if compared to a similar Q% range.

The 7 and 7~ multiplicities were used to extract the favored and unfavored quark
FFs: D7, and D, ;. this was done via a fit at LO, assuming the PDFs known. Similarly,
using K+ and K~ multiplicities, the favored Df,,, unfavored D[ ; and strange D§ quark
FFs were extracted at LO.

The present pion and kaon multiplicity data (about 800 points in total) constitute an
important input for further global fit of world data to be done at NLO. In particular, the
kaon data enlarge quite significantly the available data set.
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Appendix A

Invariant Mass Fits for Negative
Hadrons

An example of the fits used in the identification and misidentification probabilities deter-
mination for negative hadrons. The p, momentum bin is 17—19 GeV/c and 0.01—0.04 rads
for the incident angle at RICH entrance . As in Section 4.1.2, the negative hadron sample
is built with the requirement that the spectator particle (positive hadron) is properly iden-
tified by the RICH. The corresponding identification and misidentification probabilities
(Eq. (4.2)) for the showed bin are:

0.00 (0.00) 0.92
B 0.00 0.03
R — (A~1)
0.01 0.02 (0.02)

0.00 0.00 (0.00) 0.00

Two different values for the kaons identification and misidentification are shown on the
second column in Eq. (A.1). The first values correspond to the probabilities extracted in
the ¢1020 inclusive sample and the ones inside the parenthesis come from the ¢92 exclusive
sample.
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Appendix B

Ratio of Identified Hadrons.

In order to optimize the kaon identification with the RICH detector, the purity of the dif-
ferent hadron samples (pion, kaon and protons) is needed. The sample purity (Eq. (4.13))
is defined in terms of the identification and misidentification probabilities and the ratios:
II—;, % and II—IP(, where I, refers to number of observed hadrons. In this appendix, these
ratios are shown in each (z,y) bin used in the hadron multiplicities analysis as a function
of the particle momentum pj,, and the incident angle at RICH entrance 6 in Figs. B.1 to B.3

respectively.
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Appendix C

RICH Performances Matrix in Different
Binning

C.1 Binning: py(5) x 0(6)

In this section the RICH performance results for the binning showed in Table C.1 are
discussed.

Table C.1: Binning in pp and 0 used to extract the RICH response.

pn (GeV/c) 9.6,13, 18, 25, 30, 50
6 (rad) 0.00,0.01,0.02,0.03,0.04, 0.06, 0.4

In this binning an analysis of the influence of the cut of RICH pipe was performed.
In figs. C.1 and C.2 the identification and misidentification efficiencies for positive and
negative pions and kaons are shown as a function of py, in different 6 bins., the red markers
correspond to P(h — h) when all the incoming particles at RICH are taking into account
and the green ones when the particles near to the RICH pipe are eliminated. For 7 and
7, in the first 6 bin (0.0,0.01) the identification efficiencies with and without the cut
varies as a function of p, between ~ 0.20 — 0.45. For the (0.01,0.02) bin this dependence
decrease and only differs ~0.10 for the first pj, bin (9.8,10) and is not visible any more for
high py, values (figs. C.1a and C.1b). The presence of the RICH pipe does not have any
influence in P(m — K) as it can see in figs. C.1c and C.1d. For kaons a similar analysis was
performed,but different distance from the RICH pipe where also studied. For P(K — K)
(figs. C.2a and C.2b) for the (0.0,0.01) 6 bin, for the first p;, bin the RICH pipe cut increase
the identification value by ~ 0.7 for K+ and ~ 0.15 for K, for the subsequent p;, bins the
difference increase an can reach ~ 0.55. Contrary for pions the identification values are
still affected by the RICH pipe presence in the second # bin for all p; bins. Regarding the
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different distance for RICH pipe there is not an improvement in the values. The P(K — )
values are also sensitive to the pipe, but the difference are < 0.05. Only in the last p;, bin
in (0.00,0.01) there is a difference between 0.10 — 0.25 for the different distance, but all
them lies within the error bars.
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Figure C.2: Same as fig. C.1 for kaons.
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C.2 Binning: p(6) x 6(6)

This binning was defined (Table C.2) in a previous multiplicity analysis [76]. The RICH
efficiency matrices (Mp) were extracted in this binning in order to made a comparison
between 2004 and 2006 multiplicity results.

Table C.2: Binning in pp and 0 used to extract the RICH response.

o (GeV /) 10, 15, 20, 25, 30, 40, 50
0 (rad) 0.01,0.02,0.03, 0.04, 0.06, 0.09, 0.12

The first 6 bin (0 < § < 0.01) is no showed anymore. In addition it was found that
in a few bins, the statistics is too low to perform a correct analysis (summarized in table

C.3). In those bins, the identification and misidentification values were taken equal to the
neighboring bin (for example pp,(40,50) 6(0.09,0.12) = p;(40,50) 6).

Table C.3: List of bins where the statistics 1s too low to perform a good fit.

pr(6) x 6(7)

7 | pr(40,50) 6(0.09,0.12)
pr(40,50) 6(0.04,0.06)
pr(30,40) 6(0.06,0.09)
pr(40,50) 6(0.06,0.09)

K | pn(20,25) 6(0.09,0.12)
pr(25,30) 6(0.09,0.12)
pr(30,40) 6(0.09,0.12)
pr(40,50) 6(0.09,0.12)
pr(40,50) 6(0.06,0.09)

p | pr(30,40) 6(0.09,0.12)
pr(40,50) 6(0.09,0.12)

Results for the M matrix elements are shown in figs. C.3 to C.5. The pion identification
probabilities values are > 0.95 for p, between 10-30 GeV/c in all  bins. For 30 < p;, <
40 GeV/c the values varying with 6 between 0.80-0.93. In the last momentum bin the
performance drops significantly to ~ 0.5 or lower values (figs. C.3a and C.3d). The behavior
of the misidentification probability of pions into kaons (P(r — K)) is highly correlated with
the identification values (figs. C.3b and C.3e) if the identification values are high (p, < 30)
the pions misidentification as kaon will be low and viceversa. The misidentification of
pions into protons (P(m — p)) it is constantly below 0.01 for almost all bins. However
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in the 20 < p, < 25 GeV/c the values vary an can reach values > 0.02, this can be
explained because the K° sample used was contaminated by protons because it did not
have |M,| < 10MeV/c? cut.

For kaons in the first p, bin (10-15 GeV/c), P(K — K) vary between 0.95-0.98 and
is smaller in comparison with the subsequent bins values (p, < 30 GeV/c)(figs. C.4a
and C.4d). For higher p;, bins the efficiency drops to 0.75. The misidentification efficiency
values are below 0.03 wihtin error bars for all bins. However in the last § bin P(K — h)
vary 0-0.09, the instability in this bin is related to the reduce number of K with high p,
and 6 values (figs. C.4b and C.4f).

For protons, in the two first p, bins P(p — p) vary between 0.38-0.60, P(p — )
between 0.0-0.50 and P(p — K) between 0.10-0.35.

Within error bars no deviation of the 6 dependence is observed for any P(h — h)
distribution, whence is possible to use a single parametrization in p, averaged over all §
bins. The final parametrization is shown in black in Figs. C.3 to C.5 for pions, kaons and
protons. In the pions case, the parametrization for P(m — 7) and P(m — K) probabilities
are performed using a Fermi function (figs. C.3a to C.3e). For the misidentification P(m —
p) (figs. C.3c and C.3f) a first order polynomial was used. For the kaon identification
probability (figs. C.4a and C.4d) the product of an exponential and a first order polynomial
was used. The 1 — exp * pol(1) function was used for fit the misidentification probability
to identify kaons as pions (figs. C.4b and C.4e). The misidentification of kaons as protons
was fitted with a second order polynomial (figs. C.4c and C.4f). In the case of the proton
identification and misidentification probabilities, two regions were considered: below and
above proton threshold. For P(p — p), P(r — p) and P(p — K) probabilities in the
region above threshold, a smoothed Heaviside step function was used for the fit. For the
region below threshold a constant was used to fit the points on P(p — p) and P(m — p)
while for P(p — K) a first order polynomial was used (figs. C.5a to C.5f).

The results obtained from the parametrization at the central value of the p, bins are
given in tables Tables C.4 to C.6. The errors shown in the tables correspond to the RMS
of the values obtained for the various py, bins. These values were used in [76] to perform
the pion and kaon identification.
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Figure C.5: Same as fig. C.3 for P(p — h)

Table C.4: RICH response parametrization for pions.

™

Region

FIT(r= = x7)

FIT(r~ — K~)

FIT(x~ — p)

10-15 GeV /¢

0.988 £ 0.0028

0.0037 £ 0.0024

0.0061 £ 0.0027

15-20 GeV/c

0.9852 4 0.0077

0.0053 £ 0.0034

0.0056 £ 0.0033

20-25 GeV/c

0.9779 £ 0.0128

0.0077 £ 0.0073

0.005 £ 0.0094

25-30 GeV/c

0.9594 + 0.03

0.0114 £ 0.0129

0.0044 + 0.0091

30-40 GeV/c

0.8911 £ 0.0384

0.0200 £ 0.0267

0.0036 = 0.0092

40-50 GeV /¢

0.5562 £ 0.0549

0.0658 £ 0.0356

0.0024 £ 0.0164

Tt

FIT(r" — x™)

FIT(x+ — K™)

FIT(r" — p)

10-15 GeV /¢

0.9887 £ 0.0028

0.0055 £ 0.0017

0.0054 £ 0.0027

15-20 GeV /¢

0.9871 £+ 0.0051

0.0069 £ 0.0042

0.0048 £ 0.0057

20-25 GeV/c

0.9824 £ 0.0127

0.009 £ 0.0061

0.0042 £ 0.0079

25-30 GeV/c

0.9688 £ 0.0420

0.0120 + 0.0214

0.0035 £ 0.0043

30-40 GeV/c

0.9069 =+ 0.0459

0.0195 £ 0.0520

0.0026 £ 0.0027

40-50 GeV /c

0.5433 £ 0.0745

0.0699 £ 0.0774

0.0013 £ 0.0072
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Table C.5: RICH response parametrization for kaons.

K-

Region

FIT(K~— — K~)

FIT(K~ — 7°)

FIT(K= = p)

10-15 GeV/c

0.9623 £ 0.0176

0.0173 £ 0.0087

0.0120 £ 0.0124

15-20 GeV/c

0.9855 + 0.0206

0.0076 £ 0.015

0.0095 + 0.0102

20-25 GeV/c

0.9871 £ 0.0184

0.0030 £ 0.0144

0.0078 £ 0.0075

25-30 GeV /¢

0.9719 £ 0.0127

0.0030 = 0.0032

0.0072 £ 0.0129

30-40 GeV/c

0.9349 £ 0.0151

0.0089 £ 0.0057

0.0077 £ 0.0029

40-50 GeV /c

0.8496 £ 0.0689

0.0296 £ 0.0144

0.0119 £ 0.0124

K+

FIT(K+ — K*)

FIT(K* — ")

FIT(K* — p)

10-15 GeV/c

0.9631 £ 0.0137

0.0132 £ 0.0099

0.0108 £ 0.0028

15-20 GeV/c

0.9881 £ 0.0079

0.0039 £ 0.0030

0.0087 £ 0.0029

20-25 GeV/c

0.9905 £ 0.0070

0.0005 £ 0.0004

0.0073 £ 0.0033

25-30 GeV/c

0.9755 £ 0.0124

0.0021 £ 0.0075

0.0065 £ 0.0057

30-40 GeV/c

0.937 £ 0.0122

0.0108 £ 0.0048

0.0066 =+ 0.0106

40-50 GeV /c

0.8515 £ 0.0759

0.0361 £ 0.0403

0.009 4= 0.0089

Table C.6: RICH response parametrization for protons.

p

Region

FIT(p — p)

FIT(p— n)

FIT(p — K-)

10-15 GeV/c

0.5119 £ 0.0872

0.23 £ 0.0917

0.1832 £ 0.0331

15-20 GeV/c

0.5119 £ 0.0706

0.1792 £ 0.0652

0.1832 £ 0.0151

20-25 GeV /¢

0.8377 £ 0.0799

0.0207 £ 0.0508

0.0790 £ 0.0177

25-30 GeV /¢

0.9484 £ 0.0387

0.0057 £ 0.0248

0.0301 = 0.0109

30-40 GeV/c

0.9722 £ 0.015

0.0011 £ 0.0147

0.0084 £ 0.011

40-50 GeV /c

0.9749 £ 0.0282

0.0001 = 0.0312

0.0011 £ 0.0047

p

FIT(p — p)

FIT(p — ")

FIT(p — K)

10-15 GeV/c

0.5116 £+ 0.0694

0.2271 £ 0.0645

0.1781 + 0.0293

15-20 GeV/c

0.5116 £+ 0.0645

0.1607 £ 0.0493

0.1781 £ 0.0147

20-25 GeV/c

0.8319 £ 0.0505

0.0199 £ 0.0272

0.0682 + 0.0136

25-30 GeV /¢

0.9489 £ 0.0593

0.0083 £ 0.0626

0.0273 £ 0.0252

30-40 GeV/c

0.9723 £ 0.0131

0.0026 £ 0.0143

0.0078 £ 0.0041

40-50 GeV /c

0.9805 =+ 0.0251

0.0004 £ 0.0306

0.0011 = 0.0089







Appendix D

Individual Periods Statistics

D.1 Data statistics

The number of DIS event and unidentified hadrons (with radiative correction) of each of
the used periods is summarized in Table D.1. The total number for identified pions, kaons
and protons is in Table D.2 (with radiative correction and after RICH unfolding).

Week DIS h+ h—

W40 | 2857330.79 440391.88 354876.46
W41 | 1938510.04 296539.50 239834.93
W42 | 1980746.22 303702.61 244895.8
W43 | 2122197.34 324914.26 261165.03
W45 | 1774610.90 271661.05 217152.38
W46 | 1132140.77 172852.49 139086.36

Table D.1: Number of DIS events and unidentified hadrons for the 6 periods analyzed.

D.2 Systematic study: Stability over time

To finalize the time systematic error analysis the ratio between the multiplicities extracted
from the analysis of W40 W41 W45 and W42 W43 W45 is fitted with a constant (a)
in all (z, y, z) bins. The results from the fit are summarized in Table D.3 for unidentified
hadrons and pions and in Table D.4 for kaons. The compatibility between the two samples
is at the per mile level within statistical fluctuations. Consequently, no systematic error
will be assigned for the data compatibility.
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D.2. SYSTEMATIC STUDY: STABILITY OVER TIME

Week

T+ m— K+ K— D D
W40 | 323004.38 286993.80 81053.01 52040.88 36486.67 15955.97
W4l | 2152284 192037.09 55614.62 35637.89 24199.02 10822.50
W42 | 220418.03 196468.61 57030.74 36352.00 24891.15 10930.14
W43 | 235170.03 209401.41 61718.96 38735.70 26503.87 11617.13
W45 | 196350.17 173806.99 51581.39 32363.74 22310.72  9694.6
W46 | 125320.49 111588.42 32647.82 20614.96 1417598 6285.45

Table D.2: Number of identified hadrons for the 6 periods analyzed.
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Appendix E

Radiative Corrections

The value of the radiative correction for the DIS events is summarized in table E.1 for the
(x,y) binning used on the hadron multiplicities analysis. The radiative corrections for the
unidentified hadrons, pions and kaons are represented in figs. E.1 to E.3 respectively.

y/x H 0.004-0.01  0.01-0.02 0.02-0.03 0.03-0.04 0.04-0.06 0.06-0.1 0.1-0.15 0.15-0.7

0.10-0.15 — — 0.937 0.944 0.950 0.96 0.972 0.99
0.15-0.20 — 0.925 0.931 0.937 0.943 0.952 0.963 0.983
0.20-0.30 — 0.916 0.922 0.927 0.933 0.942 0.953 0.973
0.30-0.50 0.886 0.898 0.905 0.911 0.916 0.925 0.937 0.956
0.50-0.70 0.850 0.864 0.875 0.881 0.888 0.898 0.912 0.93
0.70-0.90 0.767 0.798 0.812 0.823 0.832 0.85 0.878 0.896

Table E.1: Radiative corrections values for the DIS events for 8x x 6y bins.
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Figure E.1: Hadron radiative corrections
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Figure E.2: Same as fig. E.1 for w.
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Figure E.3: Same as fig. F.1 for K.






Appendix F

Systmatic Errors

The ration between the systematic and the statistical errors is shown for unidentified
hadrons, pions and kaon in figs. F.1 to F.3, respectively. In all cases the systematics are
larger than the statistical errors.

The contribution to the systematics is shown for unidentified hadrons in fig. F.4. In
this case three different contribution are considered: the acceptance, the contamination
from the vector-meson decay and the extrapolation to the unmeasured momentum. The
acceptance is the dominant error in almost all bins. The contribution from the vector-
meson contribution becomes important for high z. For pions and kaons (figs. F.5 and F.6,
respectively) the systematic from the RICH detector is also considered. However, the
contibution from RICH identification is not as important as the acceptance and the vector-
meson ones.
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Figure F.1: Ratio between the systematic and the statistical errors for unidentified hadrons as a
function of z in different x and y bins. Red markers: h*. Blue markers: h™.
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Figure F.4: Fraction of the various contribution to the systematic as a function of z in different
x and y bins. Yellow markers: acceptance. Green markers: Vector-meson production. Blue
markers: Ezrtrapolation to unmeasured momentum.
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Figure F.6: Same as fig. F.4 for kaons.
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