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Abstract

In general, eight target transverse spin-dependent azahotodulations are allowed
in semi-inclusive deep inelastic scattering (SIDIS) ofgvied leptons on a transversely
polarized target. In the QCD parton model four of these asgtrigs can be interpreted
within the leading order approach and other four are twistd level contributions. Two
leading twist transverse spin asymmetries, namely CddintsSivers effects were already
published by HERMES and COMPASS collaborations. While #@aining sixnew
asymmetries have been measured for the first time in COMPASH) & high energy
longitudinally polarized muon beam and a transverselynoadd deuterium target.

In the introductory chapter of this thesis we describe theega expression of the
cross-section of polarized SIDIS and review the aspectee@fICD parton model with
transverse momentum dependent distribution and fragmentanctions. Then we de-
fine the target transverse spin asymmetries arising in SébtSmotivate the importance
of their measurement.

The two subsequent chapters are dedicated to our study dbtiide spin asymme-
tries A, and Ay ;; calculations and the prediction plots foyy,z and P, dependence of
asymmetries for COMPASS, HERMES and JLab experiments asepted.

In chapters 5—7 we describe the COMPASS experimental s&twipy the general as-
pects of the data analysis procedure (event selectionysisahethods, systematic studies
and cross-checks) and present the results on target traessfgin dependent azimuthal
asymmetries extracted from COMPASS 2002-2004 data. Asytneseare evaluated as
a functions ofz,y,z and P, kinematic variables for positive and negativeidentified
hadrons and for positive and negative pions and kaons.

Atthe end of the thesis we summarize the obtained resultdi@wdsome conclusions.
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Chapter 1

Introduction

One of the important aspects in the investigation of thecttire of the nucleon is the par-
tonic origin of the nucleon spin which still remains mysters. According to the naive
quark model the nucleon spin sums from the spins of it carestitpartons (quarks). How-
ever in late eighties the results obtained by the EuropeaonM@ollaboration (EMC) has
shown that the contribution of the valence quarks spinsdadtal spin of the nucleon is of
less tharB0% Ref. [1]. This puzzle has stimulated a further theoretical experimental
investigations in order to find the missing component of theleon spin.

The contribution of the spins of the partons into the ovespih of the nucleon is de-
scribed by helicity and transversity distributions. Thédity distributions are defined by
the difference between the numbers of partons with theirssparallel and antiparallel
to the spin of the longitudinally polarized nucleon (spirparallel to the momentum of
the nucleon). While the transversity distribution is dedirsgmilarly but for the nucle-
ons with spin polarized transversely to its direction of it Both type of distributions
are defined in a frame in which the nucleon has a very large mameand its direc-
tion breaks rotational symmetry (infinite nucleon momentuame). Considering the
transverse structure of the nucleon one have to mentiorhanah important degree of
freedom — the intrinsic transverse momentum of the parkgn/hich plays an essential
role in spin-physics.

Another possible contributions in the formation of the maei spin can be expected
from orbital momentum of the partons and from gluons (dudéoftelicity conservation
gluons can contribute only to the longitudinal polarizataf nucleon) and gluon orbital
momentum.

In the past years a lot of progress and understanding hasdodesved concerning
the longitudinal structure of a fast moving proton — thgsrken = - dependence of the
unpolarized parton distribution functions and of the hagfidistributions, but still very
little is known about the transverse structure — both thestrarse spin distributions and
the parton intrinsic motion. These factors cannot be camsttlas minor details in the
investigation of spin structure of the nucleon. Without addknowledge of the total
intrinsic momentum carried by the partons, and its connactith the spin, one could
never explore the parton orbital motion and progress tosvardhore complex picture
beyond the simple collinear partonic representation.
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One powerful method to study three-dimensioh&®CD picture of nucleon is the
measurement of azimuthal asymmetries in polarized SIDIS

01, P) + N(P,Sy) — ((I') + h(P) + X, (1.1)

wherel indicates the beam leptof, the target nucleon, andthe produced hadron, and
four-momenta are given in parentheses. ThandS; are the longitudinal polarization
of lepton and polarization of target, respectively.

The description of SIDIS includes a set of transverse moumrtependent (TMD)
distribution and fragmentation functions (DFs and FFs)sREf, 3]. The definitions of
these functions and QCD factorization for inclusive preessncluding both a large mo-
mentum scale, like the mass of a virtual photoreire™ annihilation or in Drell-Yan
lepton pair production, and a small transverse momenturneoptoduced particles, was
established by Collins and Soper Ref. [4] already in theye20E. Recent data on single
spin azimuthal asymmetries in SIDIS obtained by the COMPR8£. [5, 6], HERMES
Ref. [7] and CLAS at JLab Refs. [8, 9] collaborations trigggtia new interest in TMD
DFs and FFs. The gauge invariant definitions of TMD and fazation theorems for
polarized SIDIS were carefully studied in Ref. [10] and H&f]. It was demonstrated
that the general expression for the SIDIS cross-sectiorbedactorized into TMD DFs
and FFs and soft and hard parts arising from soft gluon radiaind QCD contributions
to hard scattering, respectively. However, it is difficaltapply the complete formalism
of the QCD factorized approach in performing a phenomencéb@nalysis of data or
making predictions. The current common practice (see,¥ample, the recent analysis
of Cahn, Sivers and Collins asymmetries in Refs. [12] — [18}pb use the leading order
(LO) expressions for soft and hard parts which is equivalentsing the simple parton
model expression including twist-two TMD DFs and FFs. Thppraach allows to cap-
ture the main features of considered effects and make pi@usdor different processes.
In our calculations in Sec. 3 and 4 we followed the same line.

In general, eight target transverse polarization deperasmmetries are allowed in
reaction Eqg. (1.1). At leading twist of the QCD parton modhe polarized nucleon is
described by eight transverse momentum dependent disbrbiwinctions four of which
induce the specific target transverse polarization deperad#muthal asymmetries.

The data concerning two asymmetries, namely, Collins anerSieffects in reaction
Eq. (1.1) are now available from HERMES Ref. [7] and COMPASSsR[5, 6], exper-
iments. The interpretation of these asymmetries withinQ&D parton model includes
transversity and Sivers distribution function and the wady unpolarized and transversely
polarized quark fragmentation functions. Using these theg@henomenological analysis
and extraction of Sivers DF were performed, see Ref. [14]rafetences therein.

The Collins FF can be studied via azimuthal asymmetries énréactionete™ —
hi1ho X. The new measurements were reported from Belle CollalmoratiKEK Ref. [15].
The global analysis of these and SIDIS data from HERMES anflPASS experiments
were performed in Ref. [16] and, for the first time, the trarsity function for light
guarks and Collins fragmentation functions were extracted

ILongitudinal momentum fraction + transverse momentum depat distribution functions
2Here only spinless or unpolarized hadron production is ickemed.
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It is very important to measure all possible TMD spin-depsrichsymmetries and
perform a ‘global’ phenomenological analysis by simul@meextraction of TMD DF’s
parameters from experimental data taking into account émeigl TMD positivity con-
straints Ref. [17]. The comparison of extracted DFs with eisthased on Lorenz Invari-
ance relation will alow to check the self-consistency oflteQCD picture of polarized
SIDIS (see discussion and predictions in Ref. [18] and in Send 4).

COMPASS (COmmon Muon and Proton Apparatus for StructureSpettroscopy)
is a high-energy physics experiment at the Super Protonisgtron (SPS) at CERN in
Geneva, Switzerland. The purpose of this experiment is tilndysof hadron structure,
in particular the investigation of spin structure of the leon and hadron spectroscopy
with high intensity muon and hadron beams and a polarizeted®suor proton target. In
the longitudinal target spin mode, the main goal of the expent is the measurement of
AG/G, the polarization of the gluons in a longitudinally pol&iiznucleon, in the same
time very precise data in the flavor decomposition of the itoatnal helicity distribution
functions ¢¢) was collected. Approximately twenty percent of the rugniime COM-
PASS was running with the transversely polarized targethWie data collected in this
mode the transverse spin effects in particular the singld-tae double- spin azimuthal
asymmetries are extracted and investigated.

The last mentioned aspect — the extraction and interpoetafitarget transverse spin
dependent asymmetries in COMPASS is the main goal of thigghe



Chapter 2

Target Transverse Spin Dependent
Asymmetries

2.1 General formalism and QCD parton model

Following Ref. [2], we consider the polarized SIDIS in thenpie quark-parton model
within one-photon exchange approximation and neglectiedé¢pton mass. In the sequel
the standard notations for DIS variables are ugedid!’ are four-momenta of the initial
and the final state leptom; = | — [’ is the exchanged virtual photon four-momenta and
Q? = —¢?; P is the target nucleon four-momenta whilé and S are its mass and spin
respectively;P, is the final hadron four-momenta;

Q? P-q P-P,

v Y=P TPy

= 2.1
Sh @)

The kinematics and defined reference frame of DIS procesgsepted in Fig. 2.1.

Figure 2.1: Definition of azimuthal angles for semi-incliesdeep inelastic scattering.
P,r and Sy are the transverse components of hadron momefyeand the target polar-
ization with respect to the photon momentum.
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The reference frame is defined with thexis along the virtual photon momentum
direction andz-axis in the lepton scattering plane, with positive direstchosen along
lepton transverse momentum. The azimuthal angles of thdupeal hadron (with trans-
verse momentum?,r), ¢, and of the nucleon spinig, are counted aroungraxis (for
more details see Refs. [2] or [3]).

Based on the general principles of quantum field theory itmshown in the model
independent way that in the one photon exchange approximtie cross-section of the
process Eq. (1.1) includes set of 18 structure functions.Ref, [19]:

do B
dx dy dip dz doy, P2, B

2 2

2
a Y ] <1+;—$) {FUU,T+€FUU,L+\/25(1+5) cos ¢, Fy

ry@Q? 2(1—¢

+ecos(2¢y) F32" + Py/2e(1 —e) singy, Fip ™

+ 5z 2 €<1 + 5) sin ¢y, F(S}IL% +e Sln(2<bh) szd’h
+ S P \/QFLL—l— 25(1_5) Coséth%s%
+ [S7| | sin(¢n — ¢s) ( (Sj;(?h ¢s) 4 F;;(gh ¢s)>

+/2e(1 +¢) singg Fim?s 4 \/2e(1 + ) sin(20), — ¢g) FonPo=99)
+ |S7| P, V1-¢? cos(pn — ¢s) FIC,(}S(%_(Z)S) +v/2¢e(1 —¢) cosps Fz‘gﬁ(ﬁs

+/2e(1 =€) cos(2¢n — ¢s) Fraon™ ¢S)] }’ @2)

where the standard SIDIS notations are used, and thesrafilmngitudinal and transverse

photon fluxes is given by
1.2,2

1—y—
I yl 27y 27 (2.3)
1=y +39°+ 7%
wherey = 2]‘59”. The notations for the structure functiof§;” which on the r.h.s. depend

onz, Q% » and P,T (transverse component of the momentum of the produced hjadro
have the following meaning: the superscript correspondhéoazimuthal asymmetry
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described by the given structure function, whereas thedimstsecond subscripts indi-
cate the respective ("U”-unpolarized,”L"-longitudinail@"T’-transverse) polarization of
beam and target and the third one specifies the polarizafidmeovirtual photon. Inte-
grating these structure functions over the produced has@nentum and summing over
all hadrons in the final state one can find relations betweepdtarized SIDIS structure
functions and ordinary DIS structure functions. For moraaikesee Refs. [2],[19].
The azimuthal angles in Eq. (2.2) are defined as presentbd Ifig. 2.1. The angle
is the laboratory azimuthal angle of the scattered leptohaDIS kinematicsly ~ dog.
Taking into account expression Eq. (2.3) the depolarimataxtors entering in the
cross-section can be written as

y2

2(1—¢) 1477

2
Yy 1 1.2 2
21—z 1+72( y—17y%) (1-y), (2.5)

(1-y+iy*+1%°) =~ (1-y+3v°), (249

Y 1 1
2¢(1 = 2 — 1oy — 122 (2 —y) /1
sa—g Vil =152y y— 17y~ (2-y) v,
(2.6)
v 25(1—5):#3/ l—y—17%%  ~yyl-y, (2.7)
2(1—6) /1_‘_72
2
y 1
1—e2= (1-13y) ~y(l—1y). (2.8)

2(1—¢) iz’

As one can see from this general expression of the crosesebere are only eight
target transverse polarization dependent azimuthal natidak: five single target spin
dependent and three double beam-target spin dependeninatgies. Up to now only
sin (¢, — ¢5) (so called Sivers asymmetry) anih (¢, + ¢5) (so called Collins asym-
metry) are measured and interpreted within leading orded @&ton model. In the next
sections we will present the parton model interpretatioallofight modulations and first
measurement of corresponding asymmetries by COMPASS.

2.1.1 Parton model interpretation

The high energy polarization phenomena which include thid Beale can be described
using QCD factorization theorem. According to this theort® cross section can be
factorized into a hard photon-quark scattering processpantbn distribution functions
describing the distribution of quarks in the target andrmagtation functions describing
the fragmentation of a quark into the observed hadron. Wittis approach the cross sec-
tion for hadron produced in the current fragmentation ne@bSIDIS can be represented
as a convolution of initial quark distribution in nucleon

do"NUHHX o DF @ do't1!t @ FF, (2.9)

wheredg!tek)—'+d' () _js the polarized lepton-quark elastic hard scatteringssection
and symbol® stands for convolution over quark intrinsic transverse raptam. A first
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proof of factorization to all orders in, for the (similar but simpler) case of two-hadron
production inete~ collisions was given in Ref. [20]. The recent works on faiation
in SIDIS can be found in Refs. [21, 22] and in Ref. [23].

Limiting ourselves to the leading and first sub-leading témrthe 1/Q) expansion of
the cross section we end up with eight (six time reversal evehtwo time reversal odd)
twist-two TMD quark distribution functions DFs describitige nucleon:

ky x Sy] - S
P (e, k2) = f( K2) + £ 12) L Mwl T
kr-S
Pi(w, k) si(x, kr) = 9i, (v, k7) St + gip (2, k7) TM r (2.10)
kr-S k
Pl (e, ) s (o br) = Wl (oK) Sr + [BE (e 28, + (e, i) K057 | K2

kr x S
Fhi(z, k%)[Tij\/[N]
In this equationsV/ is the nucleon masg;; is the transverse momentum of qua#;
andSy, are the transverse and longitudinal components of tardatipation with respect
to nucleon momentum arfsly the unit vector along this momentum. The probabilistic

interpretation of distribution functions is as follows:

e Pl (x, k%) is a number density of quarks which is defined by ordinary iamed
TMD DF f{(x, k%) and naive T-odd DF;;*(x, k2) — the Sivers function. In the
notation of our published papers Refs. [5]I8] q(z, k%) = — A f,.%(x, k2).

e The quark longitudinal polarizatios! (z, kr), is defined by DFg{, (z, k3.) — the
TMD helicity distribution andy?.(x, k%) — the distribution of longitudinally polar-
ized quarks in transversely polarized nucleon.

e The quark transverse polarizatiat},(z, kr), contains four different terms, corre-
sponding DFs are:

1. hi,(x, k%) describes quark transverse polarization along targesvease po-
larization,

2. h‘{j(x, k%) describes quark transverse polarization along quarksitrirans-
verse momentum in the longitudinally polarized target,

3. h%(z, k%) describes quark transverse polarization along quarksitrirans-
verse momentum in the transversely polarized target,

4. hi%(z, k%) (T-odd Boer-Mulders function) describes quark transversiar-
ization along normal to the plane defined by quark intrinsansverse mo-
mentum and nucleon momentum in the unpolarized target.

These partonic functions are often referred to as unintedranctions, as they are
not integrated over the transverse momentum.
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Very often the combination

k2
(. k3) = By (e, K) + 53 hi (e, k)
is used and referred as TMD transversity distribution. Brbtation of papers published
by COMPASS collaboration Refs. [5],[6]

Arg(z) = / PhrArq(z, k2) = hy(z) = / Pherhy (z, k2).

The TMD "kp-unintegrated” distribution functions are related witle thrdinary par-
ton DFs via integration over intrinsic transverse momentditne quarks. After the inte-
gration overks only the unpolarizedy(z), helicity ¢{ () and transversity{(x) ordinary
distributions do not vanish.

fi(z) = / 2hr (0 12), (2.11)
gi(z) = / 02k g, (1, 12, (2.12)
hi(z) = / d2ky [hgT(g;, k2) — ;E Qh‘{;(x, k2| (2.13)

For production of unpolarized (spinless) hadron the qu&& éntering in Eq. (2/.9)
contain the ordinary spin independent and fragmentingkoansverse polarizatiosy.,
dependent parts:

[P, x K]-st
D(};T(vafgj_) :D?q(zvpf%J_)_FHlJ;]h(zvpf?J_) m Tv (214)

hereD? (z, P2, ) is the ordinary unpolarized FE/L"(z, P?, ) — the Collins FFk’ — unit
vector collinear with fragmenting quark momentum,is a produced hadron mass and
Py, is the transverse to this vector component of produced hadromentum. The
probabilistic interpretation of FF is the following:

. D{Lq(z, P?) is the probability density that a struck quark of a flaydiragments
into a certain hadron of typlk carrying energy fraction;

. qu"(z, P?2)) (Collins FF) is the difference of the probability densitfes quarks
with opposite transverse spin states to fragment to a hadron

The relation with the notation used in Refs. [5],[6]i8. D" (=, P2, ) = — 2L H{-'(z, P2)).

The leading order QCD parton model calculations Refs. [&]-shows that the struc-
ture functions entering in amplitudes of transverse poédion dependent azimuthal mod-
ulations in Eq. (2.2) are given by the following convolutson
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F[S]i;(¢}L—¢S) o fl 19 quv (2-15)
Frinontes) o pig Hiil, (2.16)
F(SJi;(i’*(i)h—(i’S) o hJ-q ® H (2.17)
th}swhws) x ¢l ® qu’ . (2.18)

The spin independent part of the cross section is given by
FUU,T 0.8 f{l ® Dilq (219)

The Eq. (2.15) and Eq. (2.16) describe now the well knownrSigad Collins effects,
respectively. The new leading twist modulatiens(¢, —¢s) andsin(3¢,—¢g) according
to Eqg. (2.18) and Eq. (2.17) give us access to %sandhfj‘%. Note that the first of these
modulations is double spin effect related to the longitadpolarization of quark in the
transversely polarized nucleon. Our study performed fisréffect is presented in Sec. 3
(see also Ref. [18]).

Within the QCD parton model the nonzero contributions aaise for the remaining
four transverse azimuthal modulations at twist-threellelteis important to note, that
using only twist-two DFs and FFs and taking into account tieepk,|/Q kinematic
corrections one also obtain the nonzero contributionsltthake asymmetries Ref. [2],
Ref. [19]. This approximation was successfully used to desdhe (twist-three) Cahn
effect in unpolarized SIDIS Ref. [24] and also to make predits for thecos(¢;,) depen-
dence of SIDISA;;, asymmetry (see Sec. 4 and Ref. [25]). Within this approxiomat

, M
F(Sj;((ﬁs) x = (hq Q H + fl 1 D ) , (2.20)

Q

. a M
Feo o o (i Hi 4 S @ L) (2.21)

COSs M
FLT(¢S) x o ng ® quv (2.22)

COS - M
FLT(zm $5) 0 g ® qu’ (2.23)

Note, that the convolutions in these equations includeedifit combination of intrinsic
transverse momentum of quarks in nucleon and produced hadnsverse momentum
in the quark fragmentation. For exact definitions of all aaotions presented in EQs.
(2.15) — (2.23) see Ref. [19]. All DFs and FFs entering in ¢heguations are now pa-
rameterized (extracted from experimental data) or can bdeted (ag)/; in Ref. [18] or
in quark-diquark model of nucleon, see for example Ref.)[26he measurement of the
corresponding asymmetries will allow us to conclude aboyidrtance of twist-three DFs
and FFs. Itis worthwhile to remind here that for longitudipaolarized target the twist-
two A?}}@‘Z’) asymmetry appears to be much smaller than twist-thﬁé"éw asymmetry at
HERMES Ref. [27] and JLab Ref. [9].
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Let us briefly mention some experimental results and phenofogical analyses for
the structure functions entering in the SIDIS cross-sadiq. (2.2). For simplicity we
do not distinguish between measurements of the structaiéuns and of the associated
spin or angular asymmetries, which correspond to the rdttbeappropriate structure
functions andFy . + eFyp 1, (See next section).

1. F9:% — measurements of the cross-section components contaitéag structure
function have been reported in Refs. [28, 29, 32, 33]. A dpton of thecos ¢,
modulation by the Cahn effect alone has been given in Re}. [24

2. F&9n _ described by?, helicity distribution function, corresponds to the polar-
ized Cahn effect. In Sec. 4 we will present our phenomeno#ginalysis on this
subject (see also corresponding publication Ref. [25]).

3. F{}‘}jzd’h — contains the functionsi (Boer-Mulders function Ref. [30]) andi;-
(Collins function Ref. [31]). It has been measured in Re38, [33].

4, ing‘z’h — this structure function has been recently measured by t#e&@ollabo-
ration Ref. [34].

5. Ffj“‘z’” has been measured by HERMES Ref. [27]. The precise exinactithis
observable requires care because in experiments the impeéarized along the di-
rection of the lepton beam and not of the virtual photon R8s, 36, 37, 38]. This
implies that the longitudinal target-spin asymmetries soeed in Refs. [39, 40, 41]
receive contributions not only from;;; “*, but at the same order iryQ also from
Fper=?s) and Fiip %) (see also the phenomenological studies of Refs. [42, 43,
44 45 46, 47, 48]) In Ref. [27] the HERMES collaboratiors lsaparated the dif-
ferent contributions to the experimentah ¢;, asymmetry with longitudinal target
polarization and shown that; ** is dominant in the kinematics of the measure-
ment.

6. F: %) _corresponding twist-twel;’**

MES Ref. [27] and JLab Ref. [9].

asymmetry have been measured at HER-

7. Ffj;%h_%) — contains the Sivers function Ref. [49] and has been recerghsured
for a proton target at HERMES Ref. [52] and for a deuterondaeg COMPASS
Refs. [5, 6]. Extractions of the Sivers function from the estmental data were
performed in Refs. [53, 54, 55] (see Ref. [14] for a compariebthe various ex-
tractions).

8. Fyin#+9s) _structure function contains the transversity distribafunction Refs. 50,
51] and the Collins function. As the previous structure tiorg it has been mea-
sured by HERMES Ref. [52] on the proton and by COMPASS Ref6]%n the
deuteron. Phenomenological studies have been preserfRad.ifb4], where infor-
mation about the Collins function was extracted, and in [, where constraints
on the transversity distribution function were obtainedising additional informa-
tion from a Collins asymmetry measuredeine annihilation Ref. [57].
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9. F(SJi;(3¢>h—¢>s)' Fz%s(%—dm), F(S};ws)' Flii;(%h—%)' Fzgsws), cm%s(%h — The pre-

liminary results on the corresponding asymmetries foreimuttarget are the main
results of our work, they have been recently presented by EEBS collabora-

tion Ref. [58, 59]. The analysis procedure and results fes¢hsixnewasymme-

tries as well as phenomenological analysis performedf ¢h=9s) asymmetry

(Ref. [18]) will be presented in the following sections.

Thereby with last sixiewazimuthal asymmetries extracted for the first time in COM-
PASS for deuteron target we make complete the set of measuatsraf transverse-spin
asymmetries and supplement access to six more structwedns in addition to already
measured ones.

2.2 Definition of asymmetries

Our goal is the measuring of the structure functions coneding to target transverse spin
dependent azimuthal asymmetries to provide data which eantérpreted, for example,
within QCD parton model. As it can be seen from the mastertamuéor polarized SIDIS
cross section, Eg. (2.2), in total eight azimuthal modalatre allowed:

w1 (dn, ps) = sin(¢p, — Pg), (2.24)
wa (@, ¢g) = sin(¢y, + dg), (2.25)
w3(n, dg) = sin(3é, — ¢s), (2.26)
wy(dn, ps) = sin(ps), (2.27)
ws(dn, dg) = sin(2¢, — ¢g), (2.28)
we(dn, s) = cos(pn — ¢s), (2.29)
wr(dn, ¢s) = cos(¢s), (2.30)
ws(dn, ps) = cos(2¢ — ¢s) (2.31)

and the cross section can be represented in the terms of adyiesras:

5
do(¢n, ds,...) o (1+[Sp|Y Dmilonds) Aplonoohyy, (g, ) (2.32)

i=1

8
+ B|S7|Y_ Do) ATy (6 65) + ).

1=6

Here, we factored out the explicitly calculable depolai@afactors,D™:(?»¢s) and de-
fined the asymmetries as the ratios of corresponding steiétunctions to unpolarized
one:

Fi(@n.¢s)
Atgg}@@s) — . BT 7 (2.33)
FUU,T
whereB = L or B = U corresponds to beam polarization dependent (DSA) or indepe
dent (SSA) part of asymmetry.
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In O(1/Q) approximation these depolarization factors entering in 2¢32) depend
only ony and are given by (see Egs. (2.2) — (2.8))

DFnen=9s) (1) =

Dsm(@ntos) (4
DFsn2én=9s) (y))

peos(én—os) (y) =

DeosZon=0s) (1))

1,
. 2(1—y)
— DsinBéntés) () — D = 77
(v) ~NN (Y) T+ (1—y)?
_ Dsin(d)g)(y) _ 2(2 - y) V = y7
1+ (1—y)?
y(2—y)
D — _J\= I
— Deos(os) (y) = vizy
L+ (1 —y)?

(2.34)
(2.35)

(2.36)
(2.37)

(2.38)

Defined in such a way asymmetries have very simple interjwatan the QCD parton
model and are given by the ratio of convolutions of spin-tceleat to spin-independent

DFs and FFs, see Egs. (2.15)

—(2.23).

In the QCD parton model four of the eight transverse asynmasare given by the
ratio of convolutions of spin-dependent to spin-independeist two DFs and FFs:

gem(on=9s) ﬁq®D

v Jle D,
einontes) hi® Hi)

urT fl Dh )

cos(on—0s) _ 9ir ® Dl
ALT q h

fl ® qu
i

Asin(Bén—os) hit © Hi)'

ur fl® D,

(2.39)

(2.40)

(2.41)

(2.42)

As an example, thel%?"~?s) and AS**~?5) |eading-twist asymmetries can be
used for extraction of DFg?,. andh,;’ describing the quark longitudinal and transverse
(along the quark transverse momentum) polarization in thestersely polarized nu-
cleon. The other four asymmetries can be interpreted as Kiaematic corrections to

spin effects on the transversely polarized nucleon Ref. [2]

yeos(@s)

ACOS(2¢h—¢S)

M91T®D
X —
r Q fleDl,
M91T®D1q
LT N4 h
Q f1®D1q

(2.43)

(2.44)
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M h{® Hil + fiff ® DY,

ATtes) 2.45
ot QT eDl, (249
(2 M hif @ Hil + fif @ Dh

AGPon08) o = ly + i (2.46)

Q f1®D1q

According to Eq. (2.32) the counting rate asymmetries et from the data as
amplitudes of corresponding azimuthal modulatioasvasymmetries) are then given by

Auitores) - puionds) (y) IS AnerS) (i = 1,5), (2.47)
Aghe) = DU ) fRIST AL (i = 6.8), (2.48)

wheref is the target polarization dilution factor (the fractionpafiarisable material inside
the target see Sec. 7.1.5).



Chapter 3

Predictions for A;7 asymmetry

This section is dedicated to our phenomenological analysiformed forAzﬁ(¢’l_¢s)

asymmetry (see also Ref. [18]).

As it was already noted in previous sections within this LOOR@arton model ap-
proach the polarized nucleon is described by eight twistMD DFs. One of these DFs,
gir(z, k), describes longitudinal polarization of quarks in the snarsely polarized tar-
get and lead to a specific double-spln;. asymmetry (Eq. (2.42)). The rough estimates
of this asymmetry has been performed in Ref. [60] using theafled Lorentz invariance
(L1) relation Ref. [61, 3] between the firét--momentum of the twist-two DE}.(z, k%)
and the twist-three D3 (). In its turn the twist-three Dlg3(x) was expressed through
the twist-two helicity DFg¢{(x) using Wandzura and Wilczek Ref. [62] (WW) relation.
Thus the corresponding. weighted distribution functiogﬁp) was related to the ordinary
helicity distributiong; (z) measured in DIS.

Now using the recent parameterizations for (un)polarizsttidution and for frag-
mentation functions and applying the same LI and WW relatias in Ref. [60] we per-
formed a more detailed analysis and calculatgg asymmetry on transversely polarized
proton and deuteron targets for different types hadronymtion. The predictions were
given for COMPASS, HERMES and JLab energies.

The chapter is organized as follows. First in Sec 3.1 we tatieunadron-transverse-
momentum weighted asymmetries. The resulting valuesmddaior COMPASS, HER-
MES and JLab energies are rather small. Then in next secen 8.2), we assume
gaussian parametrization for intrinsic transverse moomardnd calculate the asymme-
tries without weighting by hadron transverse momentum his tase, with appropriate
choice of cuts, asymmetry can reach 2—7 % depending on thk wfichtrinsic transverse
momentum distribution o§?.(z, k2.). We present results for different sets of cuts and
indicate the regions of kinematical variables where asymnoan be sizable.

Finally, in Sec. 3.3 we discuss the obtained results and doame conclusions.

3.1 Hadron-transverse-momentum weighted asymmetry

In the LO QCD parton model the twist-to parton distributianétiong?,.(x, k%) describes
the longitudinal quark polarization in a transversely piaked nucleon. Such a polariza-

14
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tion can be non-vanishing only if the quark transverse mduararnis nonzero. This DF
can be measured in polarized SIDIS as first shown in Ref. [Bgrev it leads to a spe-
cific azimuthal asymmetry. The D§..(z, k%) does not contribute to helicity distribution
gi(z), but it does contribute to the twist-three DE(z) = ¢f(x) + g4(x), which gives
O(1/Q) contribution to the inclusive polarized lepto-productmnss section Ref. [61].

Following Ref. [2], we consider in our calculations the palad SIDIS in the simple
guark-parton model. We will use standard notations for Dé&ables and azimuthal
angles presented already in Sec. 2.4nd/’ are momenta of the initial and the final state
lepton;q = [ — " is the exchanged virtual photon momentun()/) is the target nucleon
momentum (massy its spin; P, is the final hadron momentur)? = —¢?; s = Q*/xy;

r = Q2P -q,y=P-q/P-l;z= P-PB,/P-q. The reference frame is defined
with the z-axis along the virtual photon momentum direction anéxis in the lepton
scattering plane, with positive direction chosen alongdegransverse momentum. The
azimuthal angles of the produced hadron (with transversaentum, ), ¢, and of
the nucleon spinyg, are counted aroungaxis (for more details see Refs. [2] or [3]). As
independent azimuthal angles we chogge= ¢, — ¢5 and¢s and we will give cross-
sections integrated overs (which corresponds to integration over laboratory azirauth
angle of lepton) at fixed value of;.

We are interested itos ¢7 asymmetry arising due t@ DF and thus we do not con-
sider the contributions to cross section arising from DEs h17, h{; and time reversal
odd DFshi and fi5. These contributions are either vanishing aftgrintegration or
projected out ircos ¢; weighted asymmetries.

Keeping only relevant terms at leading order the SIDIS csesgion for polarized
leptons and transversely polarized hadrons has the form

do({N — ('hX) 2ma?
dedydzd?Pyr — Q%y

{1+ 1=y Hy +y(2—y) B |S7| cosdf Hy ). (3.1)

The structure function®{,; entering in Eq. (3.1) are given by quark-charge-square
weighted sums of definité,-convolutions of the DF’s and the spin-independent frag-
mentation functioer}(z, P?2)) with P,, = P,r — zkr being the transverse momentum
of hadron with respect to fragmenting quark. The expliaitrfef the structure functions
can be found in Refs. [2, 3]:

Hy = Zeg/d%Tff(x,k%)Dg(z, (Pur — zkr)?), (3.2)

kr-P
Mo = X [ s e Dl (P = ). (33

Note, that these structure functions include only unpoéatiFFs D) (z, P, ).
The target transverse spin asymmetry for SIDIS of 100 % togially polarized
lepton (F,=1) is defined as

do! — dot

do! + dot” (34)

ALT(xv Y, z, PhT7 Cbs) =
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with 7 (| ) denoting the transverse polarization of the target nurcleith S, = 0 and|S7|
=1. From Eq. (3.1) we get
2—y
S Try Hng
Apr(z,y, 2, Pur, ¢),) = TP 4, cos(¢p — ds). (3.5)
zy2 1
In Ref. [60] the P,r-weighted asymmetries were introduced for the first timevds
demonstrated that it is possible to express these asynas¢tough the corresponding
moments of DFs and FFs for arbitrary dependence on intringitsverse momentum.
The transverse-spin asymmetry weighted v8th- Pj,;-/M = (|Ppr|/M) cos(¢dn, — ¢s)
(see Ref. [60]) can be expressed as
fdzPhT‘PLj\f‘ cos @5 (do! — dot)
fd2]‘_)hT(dO'T + dO'l)

Uy, e gttt () Di(2)
LR 5~ 2 fi(x) Dl(z)’

[Pprl

AL:;M* cos(pn—as) (:L’, v, Z) _ 9

(3.6)

where K2
g;}T(l)( ) = /d kp —— WE gir(z, k2. (3.7)

As is shown in Refs. [61, 3] thig:2/2M?2)-weightedk-integrated functiog?\" (z),
which appears in Eq. (3.6) is directly related to the &JFx),

d
gi(x) = —gir. (38)

This relation arises from constraints imposed by Lorenvaiiance on the antiquark-
target forward scattering amplitude and the use of QCD éousibf motion for quark
fields Ref. [3]. Using Wandzura and Wilczek Ref. [62] approation forgi ()

1 q
oto) = —gt(o) + [ ay 2, (3.9
the following relation was derived in Ref. [60]
1 q
g (@) / dy —gléy)- (3.10)

For numerical estimations of asymmetries we used the LO BRY&f. [63] unpo-
larized and corresponding GRSV2000 Ref. [64] polarizedn@ard scenario) DFs and
Kretzer Ref. [65] FFs. In Fig 3.1 we present the ra;,ifél )/ fi(z) for u-, d- and s-
quarks and antiquarks calculated using these DFs and Bd)(3From this figure one
can see that contribution of andd quarks have opposite signs and are small in fow
region. Thus the effect is expected to be small aticand moreover it have to be smaller
for deuterium target compared to the proton one due to the reffective cancelation
between the, andd quark contributions.

The predictions for, y andz dependence of are obtained by per-
forming integration of numerator and denomlnator of Egp)and presented in Figs. 3.2,
3.3 and 3.4. The following selections and cuts are imposed

|PhT\/M) cos(pn—dbs)
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(x)

q
(xg/f1
S

q(2)
1T

g
©
o
e

0.02

-0.02

-0.04

Figure 3.1: The rati@f(Tl)(x)/f{’(x) for different types of quarks &? = 5 (GeV/cy.

e COMPASS: positive/(*), all () and negative/(~) hadron productionp)? > 1.0
(GeV/c}, W? > 25 GeV?,0.05 < x < 0.6,0.5 <y < 0.9and0.4 < z < 0.9

e HERMES:#*, #° and7~ production,Q? > 1.0 (GeV/c}, W? > 10 GeV?, 0.1 <
r<0.6,045 <y <0.85and0.4 < z < 0.7

e JLab at 6 GeVr ™, 7 and7~ production,Q? > 1.0 (GeV/c}, W? > 4 Ge\?,
02<xr<06,04<y<0.7and0.4 < z<0.7.

As one can see from these figures the predigiyg| /M -weighted asymmetries are
guite small even for high, y and z values both for proton and deuteron targets. This
is related to dominant contribution of lo\# 1| integration region into denominator and
negligible contribution to numerator in Eqg. (3.6). We haeae also calculations for JLab
at 12 GeV beam energy with the same kinematic cuts as for 6 Ge/fesults are almost
identic to that of Fig. 3.4 and we do not present them in thiefahg too.

3.2 Transverse momentum dependence

Usually, for reconstruction of produced hadron azimutimglain data analysis some cut
on minimal value of P, 1| of order 50 — 100 MeV/c is applied. On the other hand as we
have demonstrated in the previous section the expebted /M -weighted asymmetries
are very small due to integration over all available hadrandverse momentum phase
space. Thus, it is very interesting to have a model and mat@igiions for transverse
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Figure 3.2: Predicted dependenceAfﬁ”T‘/M) <s(@n=95) oz, y andz for production
of positive (), all charged £) and negative/(") hadrons at COMPASS for SIDIS on
transversely polarized proton (the solid line) and deutétioe dashed line) targets.

momentum dependence df; . For this end let us assume that transverse momentum
dependencies of DFs and FFs are given by factorized gaussian

1 k2
iz, k%) = fY2)—s exp(——=%), (3.11)
1 (2, k7) 1 ( )M% ( u%)

DMz PE) = Di(z)—y Py 3.12
q(zv hJ_) - q(z)ﬂ_lugD eXp(_ ,U2D )7 ( : )
q 2 q k%
gir(z,kr) = gip(z) N exp(—?), (3.13)

1

where f{(z) and D!(z) are ordinary transverse momentum integrated DFs and FFs. DF
¢%(z) can be related tg!})(z) by using the definition Eq. (3.7)

2M*
gtr() = Fom o (@) (3.14)

thus, the Eq. (3.13) can be rewritten as

2M? k2
ooz, k2) = g% (x) T exp(——2). (3.15)
Ty M1

Note, that normalization coefficiei in Eq. (3.13) is fixed by the relation Eq. (3.14).
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Now using Egs. 3.2 and 3.3 and performing integration ovimnisic transverse mo-
mentum one obtains fabs ¢; weighted asymmetry

[27 dgf (do! — dot) cos 6
[T deg (do' + dat)

2—y MZ|P;LT‘ E %T 2 q(l) h
—Z 555 CX — (& T x) D z
ry (NQD U’%ZQ)Q b NQD"'U%ZQ Zq q gl ( ) q ( )

—)2 P2 :
1+€Bly2y) L exp (_ AT ) Zq €2 fi(x) Dh(z)

1w+ 1+ 22

ACOWS Pyr) =2
LT (%%2’7 hT)

(3.16)

The numerator for asymmetry expression contains factaspqstional toz, P, and

g%})(m) which are small at smalt. At the same time the denominator gets the maxi-

mal contribution at small values of this variables. The sanealid for y dependence.
Thus, the interesting region where asymmetry can be langesonds to relatively large
values of kinematic variables y, z and P, r.

The dependence of asymmetry on the lower limif%f ,,.;,, is calculated as

fPiT’maw dP?y [ dx [ dy [ d= 027T dgj)(do" — dot) cos ¢

Ccos ¢§ P}2LT.7rLi7L
ALT (PhT,min) =2 ’P%T o
Jpz " dPY [ da [ dy [ dz [;7 dey(dot 4 dot)

hT,min

(3.17)
— 2 P2, .min P2, mazx 1
I dadydz 25— T (3 Hrmn) 1 (3 S )| 5, ¢ 6l (@) D)
=2

_ P2 ) 2 max
JIf dadydz 0G0 [exp (= Sme ) — exp (—Hm )| 32, 2 () Di(2)

1 g2

Y

where -
[(a,x) = / dtt* ' exp (—t)

is incomplete Gamma function and we cho¢Bgr,,..| =2.0, 1.5 and 1.0 GeV/c for
COMPASS, HERMES and JLab, respectively.

In Figs. 3.5 and 3.6 we show our predictions fé)fTS(‘z’h_‘z’S)ﬂPhT,mmD for COM-
PASS, HERMES on proton and deuteron targets and protoreiguand neutron targets
for JLab. The same kinematic cuts as in previous section das bsed. The width of
the transverse momentum distribution for unpolarized Diks lBFs can be obtained by
analyzing the data otvs p-azimuthal dependence (Cahn effects) dAgr|-dependence
of unpolarized SIDIS cross-section. The correspondindyarsaperformed in Ref. [12]
shows that the following valueg = 0.25 (GeV/cy} andp?, = 0.2 (GeV/cy satisfactory
describes the data up [Br| < 1 GeV/c.

It is easy to check that with our choice of distribution fuootthe naive positivity
constraint'k—]\g‘ |gir(z, k3)| < fi(z, k3) holds whernu? < 0.246 (GeV/cy in whole range
of variablesr and|kr|. We present the results for three different choices of tesiverse
momentum width parameter? of the g7,.(z, k%) DF: 0.1, 0.15 and 0.2 (GeVk) As
one can see in Figs. 3.5 and 3.6, the asymmetry reveals aysiependence upon this
parameter and increases wijthfor |P,7.,..,| higher than 0.5 (GeV/c).
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Figure 3.5: Predicted dependenceﬁtif;(d”’_%)(\PhT,mm\) on | Pz min| for proton tar-
get.
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In Figs. 3.7, 3.8 and 3.9 we present the y- and z-dependencies ofi%(* %)
integrated ovefP,r| with |Pyrmin| = 0.5 GeV/c andu? =0.15 (GeV/c). As it is



3.2. TRANSVERSE MOMENTUM DEPENDENCE 22

expected these asymmetries due to the avoided $Bal| region are almost twice larger
than 222l.weighted asymmetries in Figs. 3.2, 3.3 and 3.4.

Finally, we have checked that the value of the predicted asgiry depends on the
widths of the transverse momentum dependence of the DFsksmdHer example, with
the following choice of parameterg? = 0.09 (GeV/c} andy?, = 0.13 (GeV/c} and
u3 = 0.08 (GeV/cy, the asymmetry increases fy1.5 times and, naturally, the azimuthal
and transverse momentum distributions of unpolarized Slye changed too. Thus, itis
desirable to extract these widths from the same set of datst, the parameterg? and
12, have to be fixed from unpolarized SIDIS azimuthal &Rg|-dependencies, then?

can be extracted from the measupée?;(¢”_¢5) asymmetry.
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3.3 Discussion and Conclusions

We have performed the detailed calculations of double spimathal asymmetry for
SIDIS induced by longitudinal polarization of quarks inrtsaersely polarized nucleon.
The results presented in the Sec. 3.1 show that the hadanavierse-momentum weighted
asymmetries are quite small and maybe difficult to measarget. 3.2 it is demonstrated
that unweighted asymmetry can be enhanced and reach feanpexeith the cut on min-
imal value of hadron transverse moment®qr ;| ~ 0.1 + 0.5 GeV/c?.

We have used the conventional LO QCD approach for SIDIS irctineent fragmen-
tation region. One of the main ingredients used for asymnueeticulations is the Lorentz
invariance relation between twist-two and twist-three IQF%) (x) andgi(x) Eq. (3.8)
and the Wandzura-Wilczek approximation fgfz) Eq. (3.9). The recent measurements
of go(x) structure function Ref. [66] demonstrated that the WWiietais not strongly
violated in highz > 0.05 andQ? > 2 ~ 3 (GeV/cy region. On the other hand it was
demonstrated that the Lorentz invariance relations atlatéd in some QCD based model
(so called dressed quark target model) for DFs Ref. [67]nTh@as shown Refs. [68, 69]
that the same Wilson link in the definition of DFs which makesgible the existence of
nonzero Sivers effect leads to violation of Lorentz invacarelations among DFs. Thus,
experimental verification of our predictions for doublersgis(¢;, — ¢s) asymmetry will
allow us to check if there exists a strong violation of Lomeinivariance relation.

In our calculations we have used the ordinary formalism didiazed QCD picture of
SIDIS. The possible effects of polarized hadronization R&f] has been neglected. This
polarization dependence of hadronization is expected tmbanced at low energies. For
this reason, it is important to perform measurements ag¢difft energies with different
accessible range 62

As it is mentioned in Sec. 3.2 the naive positivity bound issé@ad for the width of
transverse momentum distributiongf. (z, k2.) DF u; < u0. However, as it was shown in
Ref. [17] the positivity bounds which takes into accountwaikt two TMD DFs are more
complicated and involve also other polarized DFs. §o(x, k=) distribution function of
interest the following inequality (or even more sharperssd for details Ref. [17]) was
derived

2 2 2
(gt )4 1L (@) < (R k)~ () (318)

where f{*(z, k%) is a DF leading to Sivers effect. Note that in Ref. [18#e naive
positivity constraint%ﬁf(x, k%) < fl(z, k%) was used during fitting of the Sivers
DF. The resulting DF for/l-quark can reach the upper limit allowed by this relation at
r ~ 0.24 and k| =~ 0.57 GeV/c for the best choice of parameters. This will violate
the relation Eq. (3.18) even if’,.(z, k2) = 0 unless very improbable value farquark
helicity TMD DF ¢¢, (z, k%) = 0 holds at this values of and [k|. One has to note,
however, that extracted in Ref. [12] and other analyzes Refe[13] references therein)
parameters for Sivers function have large errors and it ssipe to fulfill the constraint
Eq. (3.18) taking into account that at moderat¢he following inequality takes place

(g1 (2 k3))" < (fi(z, k3))"

1The relation between notations of this article with thatclisere can be found in Ref. [13]
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These considerations demonstrate that to check the sadistency of the LO QCD
picture of polarized SIDIS itis very important to measutgaksible TMD spin-dependent
asymmetries, for example, the azimuthal angle 8ng|-dependence of SIDIS!,
asymmetry which will give us a possibility to extract the-dependence of?, (z, k)
(see next section), and perform ‘global’ phenomenologacellysis by simultaneous ex-
traction of TMD DF’s parameters from experimental datarigkinto account the positiv-
ity constraints Ref. [17].

In the following sections we will show the results OTS(d”’_d’S) asymmetry extracted
from the COMPASS data. The definition of thlg; as an amplitude ofos(¢, — ¢s)
modulation in the cross-section which we used in our catimuria differs from one given
by Eq. (2.32) by the factor ab®*(¢»=%:)(4). In order to calculate asymmetry according
to the COMPASS-definitiome have to use expression Eq. (3.16) divided by the depolar-
ization factorDs(¢»=%:)(3) from Eq. (2.37):

Mz|Ppr] _ P 2 q(1) h
W3 +222) CXP\ ~ iz 57 Zq eq Gir (%) Dg(2)

P2
i exp (- b ) 5, €2 fi(2) Di(2)

o
ACLO;e}xp(xv Y, 2, Prr) =2

(3.19)

In addition cutting away the events with smally, z and P, in order to get sizable
asymmetry values we will loose the most part of statisticS@MPASS, since the favor-
able kinematic for this experiment corresponds to low valokekinematic variables (see
Sec. 6.3.9). With this reason we recalculated our predistfor whole COMPASS kine-
matical range, which bring as to smaller effect but at leastdan’t loose the statistics.
The comparison of the extracted asymmetries with the ptiedis are given in Figures
8.1-8.2 presented in the conclusion part of the thesis @ec.



Chapter 4

Predictions for A;; asymmetry

In this section we present our study of double longituds@h asymmetryA;; and
present obtained results (see also Ref. [25]).

Analogously to the previous sections we consider here peldrSIDIS processes,
at twist-two in the parton model, with transverse moment@pehdent distribution and
fragmentation functions. Such processes can be describidms of six time reversal
even Refs. [2, 3] and two (naively) time reversal odd PDFke dlependence on par-
tonic intrinsic motion induces a dependencefgni. In addition, atO(kr/Q), kinematic
corrections induce a dependence of the unpolarized cratss®n the azimuthal angle
¢, between the leptonic and the hadron production planes —aloalfed Cahn effect
Refs. [71, 72]. It was shown in Ref. [12] that a careful studyh® dependence of the
cross section on the final hadron momentum allows to extnachverage values of intrin-
sic momenta in unpolarized PDFs and FFs.

We expand on the work of Ref. [12] and evaluate the role ofgpéctintrinsic motion
in polarized SIDIS; in particular, on the double spin asynmnéDSA) for the scattering
of longitudinally polarized leptons off a longitudinallpfarized targetA; ;, where lon-
gitudinal refers to the incoming lepton direction, in thbdaatory frame. We show that
a study ofA;; and of the weighted asymmeth"f(z’h allows to extract the transverse
momentum dependence of the unintegrated helicity digtdbifunction ¢?; (z, k%) [or
Aq(z, k2)].

The chapter is organized as follows. In Sec 4.1 we shortlglrelce relevant for-
malism for polarized SIDIS. In Sec 4.2 some predictionsiierdouble longitudinal spin
asymmetries are presented. The results are given foreliffeets of kinematical cuts, ac-
cording to the experimental setups of HERMES, COMPASS aradb #xperiments; they
indicate the best kinematical regions for the asymmetnetsibeable. Finally, in Sec. 4.3
we shortly discuss our results and draw some conclusions.

4.1 Polarized cross section

Similarly to the previous section and Ref. [2], we considex polarized SIDIS in the
simple quark-parton model, with unintegrated parton digtrons. The standard notations
for DIS variables are used:and/’ are, respectively, the four-momenta of the initial and

26
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the final state leptong;= ¢— /' is the exchanged virtual photon momentuf()/) is the
target nucleon momentum (mass$)jts polarization;P, is the final hadron momentum,;
Q* = —¢* 2 =Q)2P-q;y=P-q/P -l; z=P-P,/P q, Q* = xy(s — M?),

s = ({+ P)?. We work in a frame with the-axis along the virtual photon momentum
direction and the:-axis in the lepton scattering plane, with positive direstthosen along
the lepton transverse momentum. The produced hadron hesvése momentur®?;,;

its azimuthal angleg,,, and the azimuthal angle of the transverse nucleon gpinare
measured around theaxis (for further details see Ref. [2]).

We consider longitudinally polarized protons and leptovisgre longitudinal (accord-
ing to the laboratory setup) refers to the initial leptoredtion. It then results that a proton
with longitudinal spinS along the incoming lepton direction, has a transverse — rgith
spect to they* direction — spin component:

St = Ssinb,, 4.1

where

AN 22 M?2x2y? 2Mxy\/1 —
sinf., = e 1—y— t ~ v g (4.2)
! Q? + 4M?2? Q? Q

This component gives contributions of ordel/ Q).

Keeping only twist-two contributions and terms up@\//Q) the cross section for
SIDIS of longitudinally polarized leptons off a longitudilty polarized target can be writ-
ten as:

dx dy dz d? Pyr N xy?s h \PL gy Trtgir) s .

where the arrows indicate the direction of the lepten) (and target nucleon<t) po-
larizations, with respect to the lepton momentufn;S;, and Sy are the magnitudes of,
respectively: the longitudinal beam polarization, thegitundinal and the transverse target
polarization. Notice that= stands for a nucleon with a polarization vector, in the labor
tory frame where the nucleon is at regppositeto the initial lepton momentum. For-=a
polarization one reverses the signs of theand .S terms.

The three terms have a simple partonic interpretation:

8% 4 0

MHp=Y e /dsz fi(z, k3) Ty o D)z, Pyy), (4.4)

q
2 2 q 2 2 § —a? h 2

H91L = Z €q d kT glL(x> kT) Yy Q4 Dq (Zv PhJ_)a (45)

q
2 2. kr q 2 2 82 —a? h 2
Hng - Z €q d’kr M Ccos ¢ ng({L', kT) Y Q4 Dq (Z, PhJ_) ) (46)
q

and deserve some comments.
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e The partonic factorized structure of the above equatiosspposed to hold in the
large @* kinematic region wheré,; ~ Aqcp ~ kr < @ Ref. [10]. It neglects
terms ofO(k7/Q)?, in which case

P%LJ_:PhT—ZkJT,

where P, is the intrinsic transverse momentum of the hadkowith respect to
the fragmenting quark direction.

e The first two contributions, Eqgs. (4.4) and (4.5), give, exdpvely, the unpolarized
cross section and the helicity asymmetry
d°c B 202 " doott dPot~ B 40 "
drdydzd?Pyr  xy2s fio drdydzd?Pyr dedydzd®Pyr  xy?s '
4.7
where+, — stand for helicity states. The quark intrinsic motion inelsiekinemat-
ical azimuthal dependenceia the elementary polarized cross section Ref. [2]

dot1—la ~ FP+a>+ P Aq (8% —a?)
dQ? dy 12
where )\, denotes the quark helicity. Keeping the terms up to ordet;¢f) the
Mandelstam variables for the non-coplai@r— (¢ scattering are expressed as

: (4.8)

5 P 2,/1 br }
§ ~ xs|l— — Y — cosp|,
0 '
t = —Q*=—uays, (4.9)

u ~ —xs(l—y) {1 _ Pk cosgp}

B QVI-y ’
wherey is the azimuthal angle &€, d’kr = krdkrde. Eq. (4.4) then gives
the unpolarized Cahn effect Refs. [71, 72], while Eq. (4i8¢gthe corresponding
effect for the polarized (helicity) cross section, botldk; /().

e EqQ. (4.6) contains anothens ¢ dependence, of different origin. While the distri-
bution functionsf{(z, k3.) and g7, (x, k%) which appear in Egs. (4.4) and (4.5),
are just thek; dependent unpolarized and longitudinally polarized gl PDFs,
which, upon integration ovei’kr, give the usualf{(z) [or ¢(x)] and gi(z) [or
Aq(x)] distributions, the quantity

K .
—3f o8¢ ir(w. k) = Afos, (4.10)

is related to the number of partons longitudinally poladizeside a transversely po-
larized proton Refs. [2, 3, 73] (see Sec. 2.1.1): it can orjyathd on the scalar prod-
uct between the two corresponding polarization vectorscivpives thecos(ps, —
) = — cos g factor explicitly shown (see, for example, Eq. (C19) of Re&B]).
This distribution is a leading-twist one, not suppressedfy/ )) small factors.
However, Eq. (4.6) will be multiplied by, which is of O(M/Q), Egs. (4.1)—
(4.3); for this reason, in Eqg. (4.6) we shall not take intocant the extrgkr/Q)
kinematical terms contained {#* — 4?) of Eq. (4.8).
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The integrals in Egs. (4.4)—(4.6) can be analytically penked, if one assumes a
simple factorized and gaussian behavior of the involved TRIDFs and FFs, like it was
done in Sec. 3.2:

1 k2
iz, k%) = fYz)— exp (——T) , (4.12)
1 ( T) 1 ( ) WM(% ,LL(Q)

DMz P2) = DMz —y By 4.12
q(z7 hJ_) - q(Z) ﬂ_luQD eXp | — ,UQD ) ( . )
(o) = gile) e (1) (4.13)
gr1r(x, = gr(T)—Sexp|—— ], .
1T T 1T 77,“% M%

Lwkd) = ol e (-2) (4.19)

g X, = g eXp 79 > .

e g ! WNQ :“%

here EQs. (4.11) - (4.13) are the same as Eqs. (3.11) - (3sE8)in calculations ofi T’
asymmetry in the previous chapter, while Eq. (4.14) istéwone describing thg!, DF.
From above four equations and Eqgs. (4.4) - (4.6pab,,/()) we obtain:

2
2P exXp <—%>
Hf1 = {14_(1_?/)2_4(2_?/) /—1_y < o hr COSQbh} wpH+z2pg x

Q (uh + 22p13) 1 + 2% g

x Y es fi(x) Di(2), (4.15)
q
H [2 Y e T L ] exp ()
= y|2-y-— -y cos ¢y, X
o Q (i + 2°43) b + 22 i3
x Y ez gi(x) Di(2), (4.16)
q
2 iy Pur oxXp < uDJrthm)

Mo = —y(2—) coS G, Z ez gir(x) D} (2). (4.17)

M(pp + 22p3) pp + 223

4.2 Predictions forA;

We use Eqgs. (4.3) and (4.15)—(4.17) to compute observallieshwiepend on partonic
intrinsic motions. Notice that we have allowed differeneege values ofk2) for the
different distribution functions{k2) = 2 for the unpolarized distributiongk?) = 13
for the helicity distributions, an¢k?.) = u? for g7, (x, k%); each of these value is taken to
be constant and flavour independent. For the fragmentatiaribns we havép? ) = 13,
Following Ref. [12] we use

pa = 0.25 (GeV/c)? ph = 0.20 (GeV/c)?, (4.18)

while we considep and 3 as free parameters, which can give interesting information
on the quark transverse motion in polarized protons; theenpositivity bounds imply
that we should have

1< g [ < pg (4.19)
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Our approach is supposed to hold uphg- ~ 1 (GeV/k) Ref. [74]. Above that higher or-
der pQCD corrections must be taken into account, and leadyptwdriations of the values
givenin Eq. (4.18) Ref. [74]; however, we shall considereaxpents which are expected
to produce data mainly in the low,, region, and both our approach ap@DvaIues are
well adequate.

We consider thé’,r dependence of the double longitudinal spin asymmetry

— —

[2Tdy [do = —do ™

ALL(x7y727PhT) = ] 9 (420)
— —
RS [ dopdo S +do~ ]
and thecos ¢, weighted asymmetry, defined as
e =
d —d
ACOS@L xvyvz7PhT f ¢h i ]COS(bh : (421)
LL
— —
BS [IT dgy[do = +do ]
From Egs. (4.15)—(4.17) one has
A
ALL x,y, %, PhT = ULLa (422)
g
0
with
y(2 —y) 1 PET

Aoy = W BT 8 exp M n 22 Ze . (4.23)

and
14+ (1—y)? 1 PhT
= . 4.24
= e e Ze fie) Dylz) . (4.24)
Analogously, Egs. (4.15)—(4.17) and (4.2) give
A cos ¢p, A COS bn
A 2,y 2, Py) = =0 T 20T (4.25)

00
where the contribution from the longitudinal part of thegmrpolarization is given by

cos Vl_y Z:uzphT
AULL¢h = —4 2 ] exp o 22 Ze

ry  Q(ph + 22u3)?

(4.26)
and the contribution from the transverse part of the targmr'[zation by

cos _2<2_y)\/1_y ZMZPhT
Ag§R o = - 2 exp 2 +z 2 E e 2 Jir(T 7 (2).
D

y Q (p}h + 22p?

(4.27)
Of course, both the numerator and denominator of Eqgs. (480)(4.21) can be
integrated over some of the variables, according to theerangered by the setups of the
experiments we shall consider:
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e COMPASS: positive/(™), all (k) and negative/(~) hadron productionp)? > 1.0
(GeV/cf, W? > 25GeV?, 0.1 <x < 06,05 <y <0.9and0.4 <z <0.9

e HERMES: 7", #° and7~ production,@? > 1.0 (GeV/c}, W? > 10 GeV?, 0.1 <
xr<0.6,045 <y <0.85and0.4 < z < 0.7

e JLab at 6 GeVr ™, ¥ andw~ production,Q? > 1.0 (GeV/c}, W? > 4 GeV?,
02<x<0.6,04<y<0.85and0.4 < z<0.7.

We start by considering Egs. (4.22)—(4.24). Notice thay #re leading-twist quan-
tities, not suppressed by any inverse powert)of Concerning the usual integrated dis-
tribution and fragmentation functions we use the LO GRV98 [G&8] unpolarized and
the corresponding GRSV2000 Ref. [64] polarized (standeeth@rio) DFs, and Kretzer
Ref. [65] FFs. We can then compute tRgr dependence aofi; ;, depending on the only
unknown quantity:. We plot the results of our computations in Figs. 4.1 and fbr2a
proton and deuteron (+ neutron, for JLab) target, respalgtiv
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Figure 4.1: Predicted dependencedy;, on P,r, for scattering off a proton target, with
different choices ofu3: 0.1 (GeV/c} — continuous, 0.17 (GeV/E)- dashed and 0.25
(GeV/cy — dot-dashed lines.

The results depend clearly on the relative valueg:f for the unpolarized and helic-
ity distribution, g andy; respectively:A. ., (Pyr) is approximately constantif; = uf =
0.25 (GeVi)?, whereas it sharply decreases withy- if 13 < p2. The trend ofA . (Pur)
is thus a significant indication of the average quark trarsevenotion inside unpolarized
versus longitudinally polarized nucleons. Although oumauical estimates are based on
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Figure 4.2: Predicted dependenceAf; on P,r, for scattering off a deuteron (and
neutron for JLab) target, with different choices;gf 0.1 (GeV/c} — continuous, 0.17
(GeV/cy — dashed and 0.25 (GeV?c) dot-dashed lines.

the gaussian factorization ansatz, Egs. (11)-(14), weattpem to have a more general
interpretation and information content. Thgr dependence afl;;, reflects, essentially,
the difference between thie- dependence of{(x, k1) andg{, (z, kr), independently of
their functional forms; the trend of ., (P.7), whether constant or decreasing, reveals the
behavior ofy{; (z, kr)/ f{(z, kr) and their relativé:; dependence.

Similarly, we can use Eqgs. (4.24)—(4.27) in order to give s@stimates o1 "
Notice thatAUZ‘)LS¢’L and Aac‘;?‘z’h are (kinematical) higher-twist quantities, proportional
to P,r/Q; in addition,Ac 77 ”" contains one unknown function, namefl. (), related to
the helicity distribution of partons inside a transverggtyarized proton. In the absence
of any better guidance, we adopt the same strategy as in B3f. Analogously to see
Sec. 3.1 we start by noticing that, from Eq. (4.13) we obtajn(8.7)

/{32 /,LZ
G0@) = [ e S gt ) = A gt (o).

According to Refs. [61, 31;;1}1)(@ is directly related to the DIg(z), which has both
twist-two and higher-twist contributions (Eq. (3.8),

d
gi(z) = —g*M(x).

This relation, although much debated, arises from comggamposed by Lorentz
invariance on the antiquark-target forward scatteringléoge and the use of QCD equa-
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tions of motion for quark fields Ref. [3]. If, in addition, oneses the Wandzura and
Wilczek Ref. [62] approximation for the twist-two part gf(x) given by Eqg. (3.9),

1 q( ../
gi\r
ab) = —i(a) + [ ot B
the following relation can be derived (Eqg. (3.10),
1 q(..0
D () 2x/ Jy! gl(ic) 7

T

which, via Eq. (3.7), allows to expreg$;.(x) through the well known integrated helicity
distributions.

Although such a procedure is appealing and convenient, weldlstress there are
strong arguments Refs. [67]-[69] (see also Sec. 3.3) agthiessalidity of the relation
(3.8). Therefore, we should consider the above expreskiqQn(3.10), only as a rough
model for the otherwise unknown functigfh.(z).

o 002 SEIT pett 3T
8§ 4 004 T R SR
°e . N i
. .
-0.06F —H2=0.10 75, -0.1f >,
0.08 --ou2=017 S R .
T - w025 *, 015t . 0.2f “,
01 COMPASS h', HERMES TT o2sdlab T
05 1 15 05 1 02 04 06 08

cosq,

-0.08tCOMPASS h _ HERMES T -02fjLab TO
0.5 1 15 0.5 1 0.2 04 06 08
0
=4 . L \"‘~ “!.
g2 P o
< N,
-0.021 ™
..
-0.03f RiGid T i
COMPASSh' 008l HERMES TT oasfdlab O
0.5 1 15 0.5 1 02 04 06 08
P,r (GeV/c) P,r (GeV/c) Pyr (GeVic)

Figure 4.3: Predicted dependenceAfo’LS% on P,y for scattering off a proton target
with different choices ofu2: 0.1 (GeV/c} — continuous, 0.17 (GeV/t)- dashed and
0.25 (GeV/cj — dot-dashed lines. Each line splits into three almost appihg lines

corresponding, for each value of, to three different values @f? = (up-down) 0.1, 0.15

and 0.2 (GeW).

In Fig. 4.3 we show our predictions fotS% “(P,;) as measurable by COMPASS,
HERMES and JLab collaboration experiments on a proton tafigee analogous results,
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Figure 4.4: Predicted dependence/tjg”§¢’L on P,y for scattering off a deuteron (and
neutron for JLab) target with different choices @f: 0.1 (GeV/c} — continuous, 0.17
(GeV/cY — dashed and 0.25 (GeVic)- dot-dashed lines. Each line splits into three
almost overlapping lines corresponding, for each valugiofo three different values of
u? = (up-down) 0.1, 0.15 and 0.2 (GeV?.

for scattering off a deuteron target (and a neutron targetedls for JLab) are shown in
Fig. 4.4. Again, we present the results for three differdmtices ofu2 = 0.1, 0.17 and
0.25 (GeV/cj, which turn out to be well different from each other. Insteaten varying
the values of:? our results hardly change: each line, obtained at a fieehlue, simply
splits in three almost overlapping lines (correspondingnfup down, tqu? = 0.1, 0.15
and 0.2 (GeV/@). This is not surprising, as, when adopting the express3on)(there
remains little dependence gt} in Eq. (4.27). Our computations show instead a clear
strong dependence @i3.

It is interesting also to compute the dependencﬂ‘}@j‘z’h on each of the other single
variables; for example, the-dependence is computed as

P}%T,'maw 2 CcOS ¢h COS ¢h
“dPpy [dy [ dz (Aoi7 ™ + Aoip ™)

P2
M o (4.28)
f PﬁT,;::z deT f dy f dz oy

Az () =

while they- andz-dependencies are calculated in a similar way. In Figs./4&and 4.7
we present the-, y- andz-dependencies ofl} “r integrated over,; with Potimin =
0.5 GeV/c andu? =0.15 (GeV/cj, p3 =0.25 (GeV/cj for COMPASS @it imar = 2
GeVic), HERMES (1 ma: = 1.5 GeVie) and JLab £yr e = 1 GeVie) kinematics.
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In order to find the kinematic range most preferable for thasneement of the asym-
metry in a sense of available statistics and the significahtiee magnitude of the effect
the old“golden rule” of spin physics can be used. Significance of the figure of thé me
of asymmetry can be reached by minimizing the relativestiadl error of asymmetry:

ALY 1 1

X X

A7 VUNAGE T VaAn
which is equivalent to maximization of the quantity - (A7 ?)%. Note, that in the last
part of EQ. (4.29) the acceptance was assumed constanthevkinematic variables and
number of events, N, is oy. The correct expression that takes into account non-consta
acceptancey, containsN « a - og and, in principlea can be calculated using the com-
plete simulation chain for the experiment or simply usingasweed number of events in
different bins of kinematic variables.

As an example, assuming constantve performed this exercise for the COMPASS,
HERMES and JLab kinematics dividing the accessible intesizaach variable into five
bins. The optimal region according to this criterion happenbe located at small val-
ues ofzx,y, z and |P,r| where the asymmetry itself is very small. It has sense to ap-
ply this “golden rule” imposing an additional cut;;* > A,.;, with, for example
Apin = 30Asys, WheredA,,, is the systematic error of asymmetry measurement. In
figure 4.8 theA’ ¥ (x,y) andoy(z,y) - (AT} ¥ (z,y))? distributions inz : y phase-space
are presented for COMPASS, HERMES and JLab experimentsofsitiye hadron pro-
duction at0.4 < z < 0.65 and0.5 < |P,r| < 0.75 GeV/c. It can be clearly seen that

(4.29)
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additional cut4};” > 0.01 is imposed.
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in COMPASS kinematics asymmetry reaches it maximum in tgereof largex andy,
while preferable for the measurement region is at smallhere effect is smat~ 1%.
Situation is more optimistic for HERMES and much more opsiticifor JLab.

4.3 Discussion and Conclusions

We have studied th&, dependence ofl;;, andAcL"Lsd’h, measurable in SIDIS processes
by COMPASS, HERMES and JLab collaborations. Fpf values up to~ 1 GeVr this
dependence is entirely generated by intrinsic motion, bbgiartons inside the nucleons,
and of hadrons in the parton fragmentation process Refs7{l]2

Within a simple factorized gaussian model for theandp, dependence of the dis-
tribution and fragmentation functions, it turns out thgt; (P,r) is strongly sensitive to
the relative value ofk%) in unpolarized (2) and helicity (:2) quark distributions: similar
values,u? ~ 13, would reflect into an approximately constatt; (P,r), while p3 < i,
would lead to a decreasing trend. Such different behavierexpected in general, inde-
pendently of the factorized gaussian assumption, as thpesbfal; ; (P,r) is essentially
related to the ratio of thé; dependence off and f{. Notice, however, that we have
assumed the same constant value§df and (p*) for all quark flavors; more involved
choices might lead to different behaviors. A comparisorhefquark intrinsic transverse
momentum in unpolarized and longitudinally polarized pra might give new important
information concerning the spin and orbital motion of qarkor example, one expects
that parton transverse motion contributes to the longiaidcomponent of the angular
momentum, differently inside unpolarized and longitudlynpolarized nucleons.

The P,r dependence ofiS% “* is not only related to kinematical non-collinear con-
tributions, but also to a TMD and spin dependgfjt function, which gives the number
density of longitudinally polarized quarks inside a tragrsely polarized nucleon. This
function induces aos ¢, dependence, but it is unknown; we adopted a much debated re-
lationship, together with the twist-two part the WandzWdezek sum rule (and the usual
Gaussian factorization), in order to link thedependent part of{ - to the integrated he-
licity distributions. Within such an approach, it turns dbat alsoAS” **(P,r) has a
strong dependence @i alone, thus giving further information on the average tvanse
motion of quarks inside a longitudinally polarized proton.

We conclude by noticing, as it was done in Ref. [18], that tkeecek; dependence of
the distribution functiong{(z, k%), g7, (z, k3.) and g, (z, k7.) is crucial when consider-
ing the general positivity bounds of Ref. [17], which invelin one inequality the three
previous functions and the Sivers function. Thedependence might play an essential
role in fulfilling the inequality, and a check of its validity a fundamental test for the self
consistency of the LO QCD description of SIDIS processes.



Chapter 5
The COMPASS experiment

5.1 Introduction

COMPASS (COmmon Muon and Proton Apparatus for Structure$pettroscopy) is
a high-energy physics experiment at the Super Proton Sgtronr (SPS) at CERN in
Geneva, Switzerland. Experimental setup is located in S®¥&Nirea on the M2 beam
line (see Fig. 5.1). The purpose of this experiment is thdystf hadron structure and
hadron spectroscopy with high intensity muon and hadromie&hortly the history of
COMPASS experiment can be presented in the following cHomical sequence:

e March 1996: The Hadron-Muon Collaboration (HMC) and the @hl&xperiment
with Omni purpose Setup (CHEOPS) experimental groups diduira joint COM-
PASS proposal.

e February 1997: The experiment was approved conditiongligBRN.
e September 1998: The final Memorandum of Understanding wgasdi
e 1999 - 2000: Installation of the experimental setup.

e 2001: Technical run, and commissioning of the setup.

e 2002: COMPASS started data taking.

e 2005: One year of shutdown.

e 2006 - till now: Data taking restarted.

Apart from a two-week pilot run in 2004 with90 GeV /¢ pion beam used for the
measurement of the pion polarizability via the Primakofiaton,the experiment was
focused on the investigation of the spin structure of thdewrcusing al60 GeV/c put
beam and a polarized deuteron target. In the longitudingétapin mode, the main goal
of the experiment is the measurementa® /G Ref. [76], the polarization of the gluons
in a longitudinally polarized nucleon, in the same time vemgciseA{ data was collected
Refs. [77, 78], and the polarized valence quark distributiom semi-inclusive DIS was
studied Ref. [79].

39
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Approximately 20% of the running time in 2002-2004 datangkperiod COMPASS
was running with the transversely polarized target, andespondingly transverse spin
effects were measured. Our work is dedicated to this lasitpaamely to the results ob-
tained in the extraction of transverse spin dependent ahehasymmetries from COM-
PASS 2002-2004 data.

With the muon beam COMPASS investigates also spin strutmctions, flavor sep-
aration, vector meson production, and polarizeghysics.

Hadron beam experiments are scheduled to start in 2007. ndam@eon the beam
availability the present COMPASS physics programme wilcbenpleted around 2010.
Future plans involving measurements of generalized patisinibution functions, de-
tailed measurements of transversity and an extension ag@etroscopy studies are pre-
sently being discussed.

5.2 The experimental set-up

The COMPASS physics programme imposes specific requirententhe experimen-
tal setup. They are: large angle and momentum acceptardadiing the request to
track particles scattered at extremely small angles, peekinematic reconstruction of
the events together with efficient particle identificationd @ood mass resolution. Oper-
ation at high luminosity imposes capabilities of high beatemsity and counting rates,
high trigger rates and huge data flows.

The basic layout of the COMPASS spectrometer, as it was us2dd4, is shown in
Fig. 5.2. Three parts can be distinguished. The first paltdes the detectors upstream
of the target, which measures the incoming beam particlles.sEcond and the third part
of the setup are located downstream of the target, and ewtesrdh total length 050 m.
These are the Large Angle Spectrometer (LAS) and the Smale®®pectrometer (SAS),
respectively. The LAS starts immediately after the target serves for the detection of
the particles that have been scattered at large polar aofjlgsto 180 mrad. The SAS
placed after the LAS does measurements for the particlesiall angles {30 mrad)
and higher energy (momenta eV /c and higher). Each of the two spectrometers is
built around an analyzing magnet, SM1 and SM2 respectiviéig. first SM1 magnet in-
stalled in LAS part has an field integral bf) Tm and assist in the measurement of lower
momentum particles, while the SM2 magnet of SAS deals wighpidrticles with higher
momenta and therefore has a higher integrated filed strerigtd Tm. Both spectrom-
eters consist of various tracking detectors and are coepley a hadron calorimeters
and by a muon filter stations for high energy muon identifaratin addition LAS has A
RICH detector for hadron identification and SAS includeslanteomagnetic calorimeter.
The flexibility required by the broad spectrum of the COMPA®$sics programme has
been reached by mounting a large set of huge setup elemeragsymallowing them to be
positioned at variable distances from the experimentgktathe RICH, the first hadron
calorimeter, the first muon filter, the second analyzing neagmd the trackers fixed to
it can move longitudinally on rails. In the following seat®we will describe in more
details the COMPASS setup as it was in 2002-2004 years, aepiformation about
the spectrometer (including all upgrades done after 20@4)y=an be found in Ref. [80].
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Figure 5.1: CERN accelerators and the COMPASS (NA58) erpanrt in the SPS North
area (M2 beam-line)
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5.3 The muon beam

The CERN SPS beam line M2 can be tuned for either high-iniepesitive muon beams
up to 190 GeV /¢ or high-intensity hadron (mainly proton or pion, positivereegative)
beams up t@80 GeV/c. Negative muon beams are also available, although withrlowe
intensities. On request a low-energy, low-intensity &ytielectron beam can be used for
test and calibration purposes. The changes between tlwugdream modes are fast and
fully controlled from a computer terminal.

The muon beam is derived from a very intense primary prot@mbextracted from
the CERN SPS at00 GeV /c momentum, that impinges on a Beryllium target witt) mm
thickness. Thinner targets can be selected for lower flueqtiired. The nominal pro-
ton flux available for COMPASS i$.2 - 10'® protons duringt.8 s long spills, within a
16.8 s long SPS cycle. A section of six acceptance quadrupoles artlat three dipoles
selects a high pion flux with the small contamination of kaisut3.6%), which then
transported along &0 m long Hadron Decay Section consisting of regularly spaced al
ternately focusing and defocusing (FODO) quadrupoles g/tiex majority of pions and
kaons decay into muon and neutrino. The section of hadraorladis made from Beryl-
lium modules is then installed in order to absorb the hadmmpmonent of the beam.
Series of dipole magnets provide an upward deflectiodafirad for a good momen-
tum separation. The dipole section is followed by a seriescoéptance quadrupoles for
the muons. The accepted muon beam is subsequently cleadedamentum selected
by two horizontal and three vertical magnetic collimatoie muons are transported
to the surface level by a secod) m long FODO channel. Finally the muons are bent
back onto a horizontal axis by three, five meters long dipagmets, surrounded by four
hodoscopes and two scintillating fibres planes for momemh@asurement (see next sec-
tion), and focused onto the polarized target. The muon mémenan be chosen between
60 and190 GeV /c with a momentum spread usually betwees’ and+5% RMS. The
nominal COMPASS setting is60 GeV /c. The maximum authorized muon fluxds 10®
muons per SPS cycle, the limitation being imposed by radidegtion guidelines. Due
to the parity violating nature of the pion decay, the COMPA®S$nN beam is naturally
polarized. The final muon polarization value(ef80 4 4)% in the 2004 run also includes
a tiny correction due to the kaon component of the pion beane nominal parameters
of the positive muon beam are listed in Table 5.1.

Table 5.1: Parameters and performance ofltiteGeV /c muon beam.

Beam parameters Measured

Beam momentunyy,)/(p-) (160 GeV /e)I(172 GeV /)
Proton flux on T6 per SPS cycle 1.2-10%
Focussed muon flux per SPS cycle 2108

Beam polarization (=80 £ 4)%

Spot size at COMPASS target,(x o) 8 x 8 mm?
Divergence at COMPASS target,(x o,) 0.4 x 0.8 mrad
Muon halo withinl5 cm from beam axis 16%

Halo in experiment{.2 x 2.5m?) at|z,y| > 15cm ™%
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5.4 Beam Momentum Station (BMS)

The first part of the setup includes the Beam Momentum StdB&AS), located along
the beam line about00 m upstream of the experimental hall. This beam spectrometer
measures the momentum of the incoming muon on an event by baeag; it includes
an analyzing magnet and two telescopes of tracking stafamnsed by scintillator ho-
doscopes and scintillating fibre (SciFi) detectors.

Fig. 5.3 shows the detectors composing the BMS. Three catigedipole magnets
(B6) compose the last large vertical befd fnrad) that brings the muon beam close to the
horizontal direction before entering the experimental. idie B6 dipoles are surrounded
by a system of four quadrupoles and six beam detectors. Fabem (BM01-BMO04))
are scintillator hodoscopes with horizontal scintillasttips. The readout is done using
fast photomultiplier tubes (PMT). The time resolution &sed is0.3 ns. In order to cope
with the high beam current and multiple-hit environmentred COMPASS experiment,
two scintillating fibre hodoscopes (BM05, BM06) were addede in between each of
the existing hodoscope pairs. These two planes providdiadai redundancy in the
track matching between the beam momentum station and teetdet located in front of
the target, thus increasing the overall beam detectionesifiy. The design was chosen,
such that the maximum rate per channel does not exteedl s—.

BM03 BMO4

031 032 MIB3 -
’ I Wi
Hhiit \ o BM06

BM0O5

-1372 -1310 -1238 -737-708  -613
\ \ \ - \
\ \ [ p 1 \
Distance from target (m)

Figure 5.3: Layout of the Beam Momentum Station for the COMBANnuon beam.

5.5 Polarized target

As it will be shown in the next chapters our observable countate asymmetries de-
pend linearly on beam and target polarizations, respdgti&ad on dilution factorf (the
fraction of polarisable material inside the target). The ofa polarized target is thus
mandatory and, and in addition, all the listed factors medabge as possible in order to
optimize the statistical significance of the results. Femmore, due to the limited muon
flux, (1.2-107s71), a target thickness of abotfl ¢/cm? is needed to reach the luminosity
of a high precision experiment(4 - 1032 cm—2s71).
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Deuterated lithium9LiD) has been chosen as isoscalar target. This materialsitio
reach a high degree of deuteron polarizatiord(0%) and has a very favorable composi-
tion Refs. [81, 82, 83]. Indeed, sinékiD can be considered to a good approximation as
a spin-0*He nucleus and a deuteron, the fraction of polarisable nateis of the order
of 0.35, taking into account also the He content in the targgion. The irradiated am-
monia (NH), which is used as polarized proton target, has a less falcmmposition
(f =~ 0.15) but can be polarized to a higher degree0%).

COMPASS target (see Fig. 5.4) consist of two cylindricalsceiith a radius ofi.5 cm
and a length 060 cm, separated by0 cm. They are surrounded by longitudinal (along
the beam direction).5 T magnetic field maintained by super-conducting solenoid-mag
net. Up to 2004, the SMC magnet has been used, limiting thepsaace tot 70 mrad
for upstream and- 170 mrad for downstream cell. The large aperture solenoid desig
to match the full COMPASS spectrometer acceptaned80 mrad) has been put in op-
eration in 2006.

®

Figure 5.4:Side view of the COMPASS polarized target: (1) upstreametacgll and (2) down-
stream target cell inside mixing chamber, (3) microwavetgag) target holder, (5) still{He
evaporator), (6)He evaporator, (7}He liquid/gas phase separator, ($Je pumping port, (9)
solenoid coll, (10) correction coils, (11) end compensatoil, (12) dipole coil. The muon beam
enters from the left. The two halves of the microwave cavity separated by a thin microwave
stopper.

In order to polarize the target the dynamic nuclear polanra(DNP) method has
been used. The high electron polarization transfer to tlsops through microwave
irradiation of a suitable frequency close to the spin resoadrequency of the electron.
This procedure goes under the temperature of adfiutn K provided by*He/*He dilution
refrigerator filled with liquid helium. The microwave ratian is generated with two
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extended interaction oscillator tubes (EIO). This proocesginues until the moment when
all proton spins are pointing in the same direction as thetela spins. After the needed
polarization has been achieved, the spin configuration eaffrbzen” by cooling the
target to50 mK. A deuteron polarizatiopP| > 40% is reached within 24 hours ir2a5 T
field. The maximum polarization difference between the ngash and downstream cells
| Pup— Paown| > 100% is reached in five days. The relaxation time for target fddion is
quit long (more than 1000 hours). In order to cancel accegtaffects which could mask
the physics asymmetries, the spin directions must be fratyu@very 8 hours) inverted
or by rotating the solenoid field, or by leaving external metgnfield constant and using
irradiation of target cells by the microwaves with exchah@equencies. During the
polarization flip by using the solenoid field rotation, in erdo keep the polarization, it
must be maintained by a transverse field which is also neextethfa taking in so-called
“transverse mode”, i.e. with orthogonal directions of tleaim and target polarizations.
Transverse (with respect to the beam direction) magnetetdie).42 T is produced by a
dipole coil.

downstizam
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Figure 5.5:Typical average polarizations in the upstream and dowastriarget cells during 20
days of the 2004 run. After day 11, the polarizations in thgdecells are reversed by changing the
microwave frequencies. Data are taken in transverse modeday 13 to day 18 and a new field
reversal by microwaves is performed at the end of the peflibé.current oft-417 A corresponds
to an axial field of2.5 T..

For the transverse mode the target polarization is firstdgirtoup to a stable high level
in longitudinal mode before the dipole field is switched dwert taking advantage of long
relaxation time data taking can be started with transveo$&rigation. In this mode, the
target material is kept in frozen spin mode bektmK, and the polarization is reversed
by exchanging the microwave frequencies of the two cellseRal process in transverse
mode performed usually once per week and takes two days.

Each of the target cell contains five NMR coils used for thelanonitoring of the
polarization. The relaxation rate in frozen spin mod@ig — 1.0) %/d in the0.42 T field
and(0.05 — 0.10) %/d in the2.5 T field. In the Fig. 5.5 you can see the typical average
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polarizations in the upstream and downstream target cetlagl20 days of the 2004 run
and Fig. 5.6 shows the target polarization modes duringdhgifudinal and transverse
data taking periods.
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Figure 5.6:Target polarization modes

5.6 Tracking detectors

Set of different tracking detectors are mounted in COMPA&®8s Depending on the
location along the beam axis and in transverse to beam ineptane, tracking detec-
tors must fulfill different requirements on space-time tegon, high rate capability and
active surface dimension. Working conditions of differdatector planes and various re-
quests are specified by the particle flux per unit transvardace which varies by more
than five orders of magnitude in the different regions of sje&ceter. Detector stations
mounted along the beam, or close to the target, must combhighgoarticle rate capa-
bility (up to a few MHz/channel) with an excellent spatiadoéution (100 xm and better).
In order to minimize multiple scattering and secondaryraxtgons the minimal amount
of material along the beam axis is required. In close to beagion and particularly in
the region upstream SML1 the strong requirements on the liea@resolution are more
strengthened because of the large number of low energy dagoparticles coming from
the target region. Far from the beam, the resolution consttan be reduced, but larger
areas need to be covered. Different varieties of large gessdetectors based on wire
amplification are used for these regions. The central regidriarge area detectors are
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deactivated in order to not exceed their rate capabilitye fi&ar-beam and beam regions
are covered by fast scintillating, gaseous and silicorkirgcdetectors, respectively, with
active areas overlapping the dead zones of the larger detdotguarantee efficient track
reconstruction and good relative alignment.

Each tracking station consists of a set of detectors of theedspe, located at ap-
proximately the same-coordinate along the beam. In order to determine precibely
interaction point each station measure the trajectory t¢feaiged particle in two or more
transverse to beam direction projections. The group of mélanwithin a station measur-
ing the horizontal and vertical coordinates are labélec&ndY -plane respectively, while
the labeld/- andV -plane describe all channels measuring projections mttekwise
and anticlockwise, respectively, with respect to thaxis. Note that the dipole magnets
bend the charged particle trajectories in the horizontah el

In general tracking detectors used in COMPASS can be dividédee groups:

e Very Small Area Trackers (VSAT) - These category is presghtecovering beam
and near beam region eight scintillating fibres hodoscdpei&() and three stations
of double-sided silicon micro-strip detectors (SI).

Two pairs of SciFis are mounted immediately upstream andndtowam of the
target, the other two pairs before and after SM2 magnet,enthié three Sis are
installed upstream of the target.

These small in size detectors (lateral sizes vary fdam to 12 cm), combine high
flux capabilities and excellent space or time resolutions.

e Small Area Trackers (SAT) - The region at a radial distanc2®fm to 30 — 40 cm
is covered by medium size detectors fulfilling requests ayhtspace resolution
and minimum material budget. These are three Micromegasr{¥iesh Gaseous
Structure) stations, and 11 GEM (Gas Electron Multipli¢g}isns.

Each Micromegas station is composed of four planes and hastare area of
40 x 40 cm?. All three stations are located between the target and the rAlgnet.

Each GEM station consists of two detectors with an activa afe31 x 31 cm?,
each measuring two coordinates. The 11 GEM stations coeeretfion from the
downstream side of SM1 to the far end of the COMPASS setup.

Both Micromegas and GEM detectors have central dead zorie$ wi diameter.

e Large Area Trackers (LAT) - At large angles detectors witlyéaactive surface,
covering experimental setup acceptance and with a goodhkpedolution are re-
quired. This type of detectors are presented by Drift ChamfieC), straw drift
tubes, and Multi-Wire Proportional Chambers (MWPC). Texskinstalled in SAS
part detect the particles scattered at relatively smalleengomparing with the de-
tectors mounted in LAS.

Three Drift Chambers has an active area.8fx 1.3 m? with a central hole 080 cm
diameter, and are located one upstream of SM1 and two immedddownstream
of it.
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Each of five straw drift tube stations consists of two plarfesize 323 x 280 cm?
and one plane of siz&25 x 243 cm?. Both planes have a central dead zone of
20 x 20 cm?. Straw drift tubes are mounted, two upstream and one doearstof
the RICH counter and two in the outer region downstream of SM2

Fourteen MWPC stations are located from downstream of tlHRlounter to the
far end of the setup. The active areas of MWPCs are®k 0.9 — 1.2m? and the
diameters of central dead zones increase along the beafindmé 6 to 22 cm.

In addition six large area drift chambersif x 2.5 m? active surface with a dead
zone of50 cm or 100 cm diameter in the center of the planes are installed in the
outer region of spectrometer downstream of SM2.

In the following sections more detailed description of la#l aforementioned detectors
is presented. The complete information can be found in RBél.

5.7 Very Small Area Trackers (VSAT)

In this section we describe the Very Small Area Trackers (VS#vhich cover the beam
region up to a radial distance 2f5 - 3cm. The very high rate of beam particles in this
area (up to about0’ s~'mm~2 in the center of the muon beam) requires excellent time
or position resolution of the corresponding detectors deoto identify hits belonging to
the same track. Scintillating fibres (see Sec. 5.7.1) ambsilmicro-strip detectors (see
Sec. 5.7.2) fulfil this task.

5.7.1 Scintillating-Fibre Hodoscopes (SciFi)

The COMPASS spectrometer has eight scintillating-fibréqipbodoscope stations Refs. [84,
85], two pairs of them being placed immediately in front (hp2) and behind (no. 3, 4)

of the target, and two more pairs upstream (no. 5, 6) and dogara (no. 7, 8) of the
second spectrometer magnet (SM2).

The task of SciFis is to detect minimally deflected partickesinly incoming and
scattered beam particles and all other charged reacti@upt®within the narrow region
close to the center of the primary beam.

Each station consists of at least two planes measuin@(d (") coordinates. Three
stations (no. 3, 4, 6) have an additional projectioi, (fotated by~ 45° w.r.t. beam line.

The fibers have differertt 5 mm, 0.75 mm and1 mm diameter and are disposed like
it is shown in Fig. 5.7 in order to avoid dead areas.

The number of fibres in one column is seven for stations 1-x4fosistation 5, and
four for stations 6—8, and is chosen to achieve the requimeglresolution and at the same
time minimize the amount of material in the beam.

The size of the active surface of each of the) ((Y) and (/) planes varies from
3.94 x 3.94cm?t012.3 x 12.3 cm? for different stations and planes. Parameters of the
different stations are given in Table 5.2.

The hitrate can reach 10° s~ per fibre in the center of the muon beam, so the spatial
correlation would be too ambiguous and hits can be assigndtetcorresponding track
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Figure 5.7: Fibre configuration of a SciFi plane (the actuahber of fibre layers per
plane is 8, 12 or 14, depending on the station).

only by time correlation. The obtained time resolution gsime plane is nearly constant
for all channels. R.m.s. values betwesit) ps and450 ps were obtained for the central
regions of the various planes. Stations 1-4 have an r.maiaspesolution oft 30 ym,
station 5 ofl 70 ym and stations 6—8 af10 xm, with local variations which are consistent
with fluctuations of the order af0% of the fibre diameter.

No. | Proj. #of | Size Fibre g Pitch | # of ch. Thickness
layers| (cm?) (mm) | (mm) (Xo)
12| XY 14 3.92,3.9? 0.5 0.41 | 96,96 1.64%
34| X,Y,U | 14 5.32,5.32,5.32 0.5 0.41 | 128,128,128 | 2.46%
5 | XY 12 8.42,8.4* 0.75 0.52 | 160, 160 2.1%
6 | X,Y,U |8 10.0%,10.0%,12.32 | 1.0 0.70 | 143,143,176 | 2.79%
7 |X,Y |8 10.02,10.02 1.0 0.70 | 143,143 1.86%
8 | XY |8 12.32,12.32 1.0 0.70 | 176,176 1.86%

Table 5.2: Parameters of SciFi stations in COMPASS. ColurspeRifies the number of
fibre layers per projection, columns 4 and 7 give the size®&tjuare active area and the
number of channels for each projection, respectively. @ol@ lists the thickness of the
respective station in units of radiation lengtiig)y.

5.7.2 Silicon Micro-Strip Detectors (Sl)

In total COMPASS setup includes three silicon micro-strgpedtors (SI) which are in-
stalled immediately after the target.

Each of three S| detectors is made of 806 ;.m thick n-type wafer with an active area
of 5x 7 cm?. The 1280 readout strips on the n-sidé.6 ;.m pitch) are perpendicular to the
1024 readout strips on the p-sidd (7 4m pitch), so that with one wafer two-dimensional
position information can be obtained.

The principle of detector is the following: ionizing patés traversing the detector
produce the electron-hole pairs along their tracks. Pa@saparated by external field,
so instead of recombining immediately they will drift to ei@des and produce electrical
pulse in the chain.
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Due to the small width of anode strips and small df:m distance between them Sis
has a perfect spatial resolutiagsy(m for the p-side, and1 pm for the n-side).

But as a result of the drift time of the electrons the average tesolution was found
to be higher than for SciFis{o;) = 2.5ns. Anyway the silicon micro-strip detectors
which has better spatial resolution and SciFi stations kvhias better time resolution,
perfectly supplement each other in the tracking of paifélem beam region.

5.8 Small Area Trackers (SAT)

The intermediate region at a radial distancedfcm to 30 - 40 cm is covered by the

Small Area Trackers (SAT), and is the domain of micro-pattgas detectors. Here,
two novel devices — Micromegas (see Sec. 5.8.1) and GEM tese(see Sec. 5.8.2) —
are employed successfully for the first time in a large-spalticle physics experiment.
These detectors combine high rate capability (up to abeut—'mm—2) and good spatial

resolution (better thah00 xm) with low material budget over fairly large sizes.

5.8.1 Micromega (MICRO-MEsh GAseous Structure) Detectors

COMPASS is the first high energy experiment using Microméd{ytisro-mesh Gaseous
Structure) detectors Refs. [86, 87, 88]. A total of twelvéed®ors combined in three
stations of four planes eack'( Y, U, V), are mounted in thém long region between the
polarized target and the SM1 magnet. The principle of opmraif Micromega detectors
is shown in Fig. 5.8. Detector present by itself a gaseoukéracomposed by three
electrodes: the drift electrode, the micro-mesh and theaystrips. The special feature
of this detector is the presence of a metallic micro-mestckviseparates the gaseous
volume into two regions: a conversion region where the iathan takes place and the
resulting primary electrons drift in a moderate field (hebbewt 1 kV /cm over 3.2 mm),
and an amplification region where a higher field (hW&ré&V /cm over 100 um) produces
an avalanche which then reaches read-out strips in very simar (aboutl 00 ns).

Drift electrode ~ 1000 V /

Conversion gap

3.2mm
Mesh ~ 500 V
Amplification gap (= =esesrsresasmasss frnsagunnans T
100 pm { Strips

Figure 5.8: Principle of a Micromegas detector.
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Due to the thinness of the amplification region avalanche% ealarge much in trans-
verse w.r.t. to the field direction and track can be deterthingh high precision. The
obtained mean time resolution for Micromega9i8ns and the spatial resolution av-
eraged over all Micromega detectors at nominal beam irtiersiof 90 xm while the
particle detection efficiency reach@s.

The gas mixture used in detectors is NgAg/CF, (80/10/10), which is optimized for
a good time resolution. The detector has an active aréa af40 cm? and a central dead
zone of5 cm in diameter.

5.8.2 GEM (Gas Electron Multiplier) Detectors

The COMPASS Gas Electron Multipliers (GEM) (Ref. [89]) alecagaseous tracking
detectors and are similar in their construction to the Mitegas. The volume of the
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Figure 5.9: Schematic cross section of a triple GEM detedtioe insert shows the electric
field configuration for typical GEM voltages.

gas-filled (Ar/CQ (70/30) mixture) chamber between his two parallel platetedeles is
divided by up to thre&0 pm thin polyimide foils with Cu cladding on both sides/m).
Foils has about(0* /cm? micro-holes (with the diameter @6 .m) which have been chem-
ically etched using photolithographic techniques. Thetetes induced in drift region by
ionizing particles are then multiplied several times sy electric field of severdD0 V
applied in the transfer regions. Suitable electric fieldsaet the electrons from the holes
on the other side of the foil and guide them to the next amplifoc stage or to the read-
out anode, which is segmented in two sets of 768 strips wititch pf 400 ym each,
perpendicular to each other and separated by a thin insglityer.

In the Fig. 5.9 the principle of operation of GEMs is showrg thsert depicts the
electric field lines in the vicinity of a GEM hole for typicabltage settings.

The spatial and time resolution of GEM detectors Ziggm and 12 ns respectively.
The active area of GEMs 31 x 31 cm?. The central region with a diameter fm is
deactivated during normal high-intensity physics runsdwydring the voltage in order to
avoid too high occupancies on the central strips. GEM dets@re mounted back-to-
back (rotated by5°), forming one GEM station. So the particle trajectoriesraeasured
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in four projections K'Y andUV). Partial overlap with a large area tracker located at the
same position along the beam guarantees complete traaksteaction and alignment. In
total, 11 GEM detector stations, i.e. 22 detectors, araliestin COMPASS.

5.9 Large Area Trackers (LAT)

The reduced flux in the outermost regions is covered by thgd Area Trackers (LAT). In
COMPASS detectors of this group are presented by: drift dleas(see Sec. 5.9.1, 5.9.4),
straw tube chambers (see Sec. 5.9.2), and multiwire priopattcounters (see Sec. 5.9.3).

5.9.1 Drift Chambers (DC)

Three identical Drift Chambers (DC) installed in COMPAS®\de reliable tracking in
the vicinity of the SM1 magnet. One DC is installed upstreand two DCs downstream
of the SM1 magnet. The chambers fulfil the severe critericoseg by the experimental
conditions in this region and by the required kinematics:

e large active area. All three DCs have an active areesofx 127 cm?, fully cover-
ing the acceptance of the target magnet upstream as wellvasstteam of SM1.
Detectors has a central dead zone306ft:m diameter which can be activated for
alignment purposes.

e good spatial resolution (better thaoo pm).

e minimized material budget. The total material budget ofhedetector along the
beam path, i9.32% of a radiation length.

e capability to stand high incident rate¥)( kHz/channel and higher) with minimal
loss in local efficiency. At nominal COMPASS beam conditiefficiency od DCs
is 95% or higher

Each DC consists of eight layers of wires aggregated in fauspvith four different
inclinations vertical ), horizontal {") and tilted by20°(U) and —20°(V") with respect
to the vertical direction. Such a construction was chosemder to minimize the number
of fake tracks during the reconstruction.

Each layer of wires consists of 176 sensitive wiregfim diameter, alternated with a
total of 177 potential wires with00 xm diameter, and is enclosed by two cathode foils of
25 pm thickness, coated with about ym of graphite, defining a gas gap ®fnm extent.
Two consecutive layers of the same pair (inclination) asggered by3.5 mm (half a
drift cell) in order to solve left-right ambiguities. Dugnoperation of the chamber the
cathode foils, the sensitive wires and the potential wireskapt at around-1700 V,0 V
and—1700 V, respectively.

Drift cell boundaries (Fig. 5.10) are defined by the cathals fnormal to the beam
direction, and by two potential wires separatedrym.

The choice of a small drift cell siz& (x 7mm?) depend on counting rate considera-
tions. Smaller drift cells decrease the incident flux pet aetl reduce the electron drift
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Figure 5.10:Drift cell geometry of the COMPASS drift chambers.

time. The reduced drift time has an additional advantagallatvs the use of a shorter
time window and consequently minimizes the number of uretated particles. As a gas
mixture Ar/GHg/CF, (45/45/10) was chosen, because of a good spatial resa|l gt
efficiency, large "high voltage” plateau and other chanasties.

5.9.2 Straw Tube Drift Chambers

Straw tube drift chambers (Ref. [90]) are installed dowaetn SM1 magnet and are used
for the tracking of charged particles at high anglgs-¢ 200 mrad).

The straw tubes consist of two layers of thin plastic flmse Timer layer which is
a 40 um thick graphite-coated kapton foil is glued onto the seca@yei - an aluminized
kapton foil of 12 um thickness. The gold-plated tungsten anodes WBithm diameter
are held tout in the center of straw tubes. Detectors coosisto shifted by a half the
diameter of a tube layers of straws.

Each detector has an active area of alsbuf. The central part closest to the beam
axis and correspondingly exposed to higher rates is made®liohg and 64 short straws
per layer, all with an outer diameter 6f14 mm, while the outer two parts each have 96
straws with9.65 mm outer diameter. In total 12440 straw tubes are assembledLit
detectors. Dead region with a size determined by the actese @t the neighboring GEM
detectors (around 30 cm) covers the immediate beam regietecdr has a rectangular
hole without material of abo®) x 10 cm? for the beam. The straw tubes are operated at
a high voltage ofl950 V, and as a fast counting gas a mixture of Ari0CF, (74/6/20)

IS used.

One station consist of three detectors formiXigY” and rotated byl 0° with respect
to the vertical oné/ projections. The detectors with vertica { and inclined strawsl()
are of the same type (called type X), while the ones with lomtial straws have a slightly
different geometry (type Y). The corresponding parametélsth types can be found in
table 5.3.

For one straw detector (two layers), the average resoligion190 zm and the effi-
ciency is higher thaf5% with the inefficiencies being concentrated along the meickén
edges of the detector.
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Table 5.3: Geometrical properties &fandY” types of straw detectors.
Type  Sensitive area  Length Number of straws Number Overall
X x Y (mm?) of straws with outer diameter of readout dimensions
(mm) of channels X xY (mm?)
6.14 mm 9.65 mm
3202 380 384
X 3232 x 2802 1523 128 892 3570 x 4117
3652 320 256
Y 3254 x 2427 1752 128 704 4567 x 3160

5.9.3 Multi-Wire Proportional Chambers (MWPCs)

The multi-wire proportional chambers (MWPC) provide thegangle scattered parti-
cles tracking. A total of 34 wire layers, corresponding toatt25000 detector channels,
make part of both LAS and SAS spectrometers.

In COMPASS three different types of MWPC are used, named-&;dgpe-A* and
type-B:

e Type-A stations consist of three anode wire lay&rd/ andV/, where last two are
rotated with respect to the first (vertical) onehy0.14°. Active area of the station
isof 178 x 120 cm?.

e Type-A* stations are similar to Type-A stations, with an additiomadizontal wire
layer (V).

e Type-B stations have only two wire layers, one vertical and mtated byi0.14°
(U or V). Type-B stations have a smaller active argzs(x 80 cm?).

For all the types of the stations layers are characterizétidojollowing values: wire
length of aboutl m, wire diameter oR0 ym, wire pitch of2mm and an anode/cathode
gap of8 mm.

Table 5.4: Characteristics of the COMPASS MWPC detectors.

A-type A*-type B-type
# of chambers 7 1 6
Active area 178 x 120 cm? 178 x 120 cm? 178 x 80 cm?
# of layers/chamber 3 4 2
Planes X, U,V X, U, V)Y X, UV
Dead zone» 16 — 20 mm 16 mm 22 mm
Wire pitch 2 mm 2 mm 2 mm
Anode/cathode gay 8 mm 8 mm 8 mm
# of wires/plane 752 (X,U,V),512 () | 752 (X, U, V),512 () | 752 (X, U, V), 512 )

Chambers have a dead zonel6f— 22 mm diameter, depending on the location of
the chamber along the beam axis. The characteristics dfatlypes of MWPCs used in
COMPASS are presented in Table 5.4.
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For track detection MWPCs use the principle of formation wdlanches when an
ionizing particle pass through a counting gas (mixture ofC&k/CF, in proportions
74/6/20). The avalanches induce an electrical pulse iresta@node wires (operated at
nominal high voltage ofi250 V) which is than detected in two dimensions by read-out
system.

The spatial resolution is arourfd0 xm. The detector efficiency for charged particle
detection is higher tha®n%.

5.9.4 Large Area Drift Chambers (W45)

The SAS part of COMPASS setup contains six large area drétnt¥ers (called W45).
They serve as a trackers for large angle particles. The blaséctor characteristics are
summarized in Table 5.5.

Table 5.5: Basic characteristics of the COMPASS large ariéiacambers.

XY-type XV-type XU-type YV-type Y U-type
# of chambers | 2 1 1 1 1
Active area 500 x 250 cm? | 500 x 250 cm? | 500 x 250 cm? | 500 x 250 cm? | 500 x 250 cm?
# of layers/chamber 4 4 4 4 4
Planes X,Y X,V X, U Y,V Y, U
Dead zone» 500 mm 1000 mm 1000 mm 1000 mm 1000 mm
Anode wire pitch | 4cm 4cm 4cm 4cm 4cm
Anode/cathode gap 10 mm 10 mm 10 mm 10 mm 10 mm
# of wires/plane | 260, 130 260, 288 260, 288 130, 288 130, 288

Chambers consists of 4 sensitive anode wire layers (diarp@jen, pitch of 4 cm),
separated by layers of cathode wires (diamét®rym, pitch of 2 mm) inclined by 5°
with respect to vertical direction for better field homogénerhe anode/cathode gap is
10 mm. The signal wires are separated with field wire2a 4m diameter. The signal
wires are operated at a high voltagelo25 V, the field wire potential is kept at800 V.
The active surface of each detector i$of 2.5 m?. The total number of readout channels
is 2750.

All chambers have two planes, each plane consisting of twe laiyers shifted with
respect to each other by half of the wire pitch. Four of thambears hasXY configura-
tion, the other two are of VV-type andY U-type, wherd/ andU are rotated with respect
to the X layer by (-30° and (30° respectively.

Detectors has a dead region with a diameter.oin and of1 m in the center of each
layer of XY'-type, and ofX'V, XU, YV andY U-type chambers, respectively.

A Ar/CF,/CO, (85/10/5) gas mixture is used to increase the drift veloeityich is
important for efficient track reconstruction. The averageel efficiency was measured to
be93%. A mean spatial resolution 6f5 mm was achieved in the 2004 run.
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5.10 Detectors for Particle Identification

Described in previous section detectors provide the trackiformation which is used
for the determination of the momentum of particles. In ordedistinguish particles of
different types additional information on their energy etacity is required. A range of
different detectors serving for particle identificatior anounted in both LAS and SAS
parts of COMPASS setup:

e A RICH counter located in the large angle spectrometer (see®11) determines
the velocity of the charged particles and separates thesrpinhs, kaons and pro-
tons, in the momentum range from f&weV//c up t043 GeV /c.

e Calorimetry measurements are provided by two hadron ca&igars (HCALL (LAS)
see Sec. 5.12.1 and HCALZ2 (SAS), see Sec. 5.12.2) and etegjreetic calorime-
ter (ECAL2 (SAS), see Sec. 5.12.3). Hadron calorimeterssomeathe energy of
hadrons and are used in triggering as well.

e Muon identification is done by applying the method of blogkall other charged
particles but muons after the momentum measurement. Inl#&gdrand SAS parts,
for this purpose to muon wall systems are installed (MW1 aMiVisee Sec. 5.13)
both consisting of medium resolution tracking detectonsismed with a hadron
absorber.

5.11 The RICH Detector

Cherenkov radiation is the process observed when a chaagédi@ passes through the
insulator at a speed greater than the speed of light in thdtumeand emits photons at
the angle determined by the following expression:

cosfOc =1/(F-n) (5.1)

wheres = v/c andn is refractive index. With known momentum of the particle and
refractive index of material by measuring the angfleone can obtain the velocity of the
particle and consequently the mass.

The COMPASS RICH Ref. [91] is a large-size Ring Imaging Chkoy detector
which performs hadron identification in the momentum ramgmi GeV /cto 43 GeV /c.
The threshold energy for the Cherenkov light emissioRisGel/ for pions,8.9 GeV
for kaons and 7 GeV for protons. Operation in this range imposes the use,6f Cas a
radiator gas, thanks to its low chromaticity, in spite offiigh refractive indexi — 1 =
0.0015 for 7€V photons). The overall length of the radiator vessel (see itjl) is
required to be of aboutm in order to provide sufficient number of Cherenkov photons
for this type of radiative gas.

Detector has a large dimensiois3(m x 6.6 m x 3.3 m, see Fig. 5.11) so the whole
angular acceptance of the COMPASS LAS is covered by theeastivface £250 mrad
in the horizontal plane anét180 mrad in the vertical plane).
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Figure 5.11:COMPASS RICH: principle and artistic view.

Cherenkov photons emitted in the gas at specific anglessponeling to particle type
are reflected by two spherical mirror surfaces of total asegelr thar21 m? and a radius
of curvature 066600 mm. These mirror surfaces has a mosaic structure composedof 11
spherical mirror units: 68 of them are regular hexagons wilide length o261 mm,
the other 48 are pentagons with six different sizes. Suclstoaction was designed to
reflect and focus the Cherenkov ring images on photon detetttat are placed far from
the beam line and outside the LAS spectrometer acceptance.

There are in total eight photon detectors presented by -simpge MWPCs {76 x
1152 mm?) with Csl photocathodes for photon detecting. The RICH getoynresults
in a photon detector surface d%6 m?2. The main parameters of the MWPCs a?6;:m
diameter wires4 mm wire pitch,2 mm anode-cathode gap. Photocathode surface is seg-
mented i8S x 8 mm? pads. The eight photon detectors have 82944 pad channelsin t
Csl photon converters shows a good quantum efficiency foelgagths belov200 nm
only; which automatically put constraint to operate in vafiraviolet (VUV) range of
both the mirror system and the gas radiator. The gas radms®parated from photon
detectors by the quartz windows which impose the lower lwhithe useful wavelength
at~ 165 nm. The radiator transparency in the light wavelength regietwken 160 and
200nm is essential for RICH operation, as it influences directly ttumber of photons
observed per ring. A dedicated radiator gas system edtaklisontinuous gas circula-
tion in a closed loop and ensures both optimum VUV transparand constant relative
pressure in the vessel.

Figure 5.12 shows an example of a RICH event. Radiuses ofottmeed rings are
related with velocity of the original charged particle vigpeession:

7 = (Ruirror/2) arccos (1/n) (5.2)
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where theR,,.;....- is the radius of curvature of the spherical mirror surfaces.
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Figure 5.12: Typical event from the online event display GIMPASS RICH.

5.12 Calorimeters

Calorimetric detectors in COMPASS are presented by twodradalorimeters and one
electromagnetic calorimeter. The first hadron calorim@#tAL1, see Sec. 5.12.1) is
installed in LAS before the muon filters, while electromagmealorimeter (ECAL, see

Sec. 5.12.3) and the second hadron calorimeter (HCALZ2, see5512.2) are installed in
SAS part before the second muon filter system (see Fig. 512¢. hdron calorimeters
measure the energy of the hadrons that penetrate into thetdetand the electromagnetic
calorimeters detects high energy gamma rays (or electr&uash hadron calorimeters as
well as electromagnetic calorimeters take part also igéimg (see Sec. 5.14).

5.12.1 LAS Hadron Calorimeter (HCAL1)

The first hadron calorimeter (HCALL1) is installed in LAS paefore first muon wall
(MW1). It consist of 480 calorimeter modules framed in a mxadf 28 (horizontal) x
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20 (vertical) with 12 modules removed from each corner &nd 4 modules from the
center (for the beam and scattered muons). Each calorimeigule consist o0 (142 x
146 mm?) alternated layers of iror2( mm thick) and scintillator § mm thick) plates,
equivalent to 4.8 nuclear interaction lengths. The outdideensions of the HCAL1 are
4.2 x 3m? with the useful surface0.8 m?.The whole detector construction is mounted
on the rails and can be moved across the beam axis.

Hadrons passing through iron layer interact with matenalastically and produce
the avalanche of secondary particles. Avalanches in their generate the Cherenkov
radiation in scintillator layers, which is then transpdriga light guide to photomultipliers
and converted to electronic signals. Summarizing all tigeas give the measure of the
energy deposited by particle in the calorimeter. Since tRAHL have been used for
trigger purposes small fractions of the signals are fedtimdast summation system.

The main characteristics of the calorimeter were deterdhuséng the negative hadron
and lepton beams at the CERN X5 beam line with energies batiweand100 GeV. Ob-
tained energy resolution of HCAL1 as a function of the endayypions can be param-
eterized by (E)/E = (59.4 + 2.9) %/ E @(7.6 + 0.4) %, with the energyF in units
of GeV. For the particles with momenta abové&:eV /c the efficiency is almost constant
and close td00%. The spatial resolution of the detectowis, = 14 + 2 mm.

5.12.2 SAS Hadron Calorimeter (HCAL?2)

The second hadron calorimeter have been installed in thel&®&een the electromag-
netic calorimeter (ECAL) and second muon wall (MW2). Calwter consist of 216
modules assembled in22 x 10 matrix with a2 x 2 hole left for the beam. HCAL2 like
HCALL1 is mounted on the rails and can be moved across the beiam a

There are two types of modules used in HCALZ2 both of them bsamglwich counters
with 20 x 20 cm? transverse dimensions. The first type are the most used éctdet it
consist of thirty-siX25 mm thick steel plates, alternated wiihmm thick scintillator sheets
which is equivalent to five nuclear interaction lengths fans and seven for protons.
Only the centraB x 6 cells are filled with thicker modules consisting of forty éag. As
well as in the case of HCAL1 small fractions of the signalsfadeinto the fast summation
system for trigger purposes.

The characteristics of the HCAL2 modules were determingdguX5 test beam
(same as for HCAL1). HCALZ2 has a good energy resolution ataristics in the energy
range froml0 to 100 GeV, where the energy resolution can be presentedo¥) /E =
(66/vE @ 5) %, with the energy in units of GeV.

The efficiency of the detector for hadrons with energies abldVGeV is close to
100%.

5.12.3 Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeter ECAL in located in the SAt pf the COMPASS
spectrometer before HCALZ2 detector. Detector was made @2 28ad glass modules
(38 x 38 x 450 mm?) assembled in a matrix oft x 48 with a central hole of0 x 10 for
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beam passage. The amount of detector material distribwedtdength is equivalent to
16 radiation lengths.

A high energy gamma ray (or electron) passing through detétitiates an electro-
magnetic shower inside the lead glass. The secondary @hscénd positrons from a
shower emit Cherenkov light with intensity proportionaldeposited energy. Photomul-
tipliers measure the intensity of the light emitted at trairtter.

The matrix of modules is installed inside a frame, which camwoved vertically and
horizontally by2.5 m for calibration and maintenance. The whole ECAL2 platforam c
be moved on rails along beam axis.

The calibration of the detector was done in COMPASS experirfte each data tak-
ing period usingd0 GeV electron beam. The energy resolution obtained for ECAL is
characterized by the relation:(E)/E = 5.5%/v'E @ 1.5%, and for space resolution:
o(z) = 6mm/v/E @ 0.5mm where the energy is in units ofGeV.

5.13 Muon ldentification

Muons are known as highly penetrative particles, in cohtabadrons. This important
feature was used in two muon identification systems instal €OMPASS. Both system
are made of hadron absorber mounted between two set of tsackéter the absorber
hadrons (as well as electromagnetic radiation) are cleanieghd one can unambiguously
distinguish muon tracks from hadronic background by chegldoincidence in muon
tracking detectors mounted before and after absorber.

The first muon identification system is installed in LAS, ihsgst of two Muon Wall
(MW1) stations and Muon Filte6( cm thick iron absorber - MF1) between them. System
track the muons scattered at large angles and it has a cbeatedlor beam passage.

The second (located in SAS) muon identification system sbia$i2.4 m thick con-
crete absorber (Muon Filter 2) followed by two Muon Wall stas (MW2) and three
MWPC-B (see Sec. 5.9.3) stations.

5.13.1 Muon WALL 1 (MW1)

The first Muon Wall station (MW1) installed in LAS use as a lsadements gaseous wire
detectors called Mini Drift Tube (MDT). The MDT detector leaison plastic larocci tubes
is working in proportional mode. This in a fact make the d&tecapable to work under
the high-rate background conditions of the COMPASS expamtim

The schematic view of the MW1 system is shown in Fig. 5.13. §ystem as it was
already mentioned consist of two stations separatedddy:an thick iron absorber (Muon
Filter 1). Each station in its turn consist of four detectarth two planes § andY’) of
MDTs on both sides, so the two coordinates are measured.

The gas mixture used in the system is Ar/C(@0/30). Detectors active surface is
400 cm x 200 cm, with the hole in the center matching the acceptance of SM2.
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Figure 5.13:Schematic cross—sectional side view of MW1; all dimensansgiven in millime-
tres. Vertically only partZ55 mm) of the stations are shown.

5.13.2 Muon WALL 2 (MW?2)

The second Muon Wall station (MW?2) located in SAS immediaadler the second Muon
Filter (2.4 m thick concrete absorber). MW2 is build of two identical stas of layers of
drift tubes operating with Ar/CIH(75/25) gas mixture. Each of the two stations consists
of 3 pairs of layers with an active area#f7 x 202 cm?. The three double layers have
vertical, horizontal and inclined (at15° w.r.t. to the vertical) tubes, respectively. Each
detector plane has a rectangular hole with a sizé &f0.8m? around the beam. The
hole is covered by the MWPC-B (see Sec. 5.9.3) stations,lwhactly overlap with the
sensitive area of MW2. Minimally deflected muon tracks whiess through the beam
hole in the first Muon Wall can be detected by MW2.

5.14 Trigger System (TS)

In the previous sections the brief description of COMPAS&cler stations was done.
During the data taking each station perform his functiomseck the particles and collect
the information. Having high rate environment and huge nemd$ channels per each
detector on one hand, and restricted ability to buffer aladand expenses related with
the disk-space on another, the necessity of selective ttatagprocess become obvious.
For this purpose the Trigger System (TS) is used. It mustlftdflowing requirements:

¢ It must be capable to select event candidates within higha@nditions.

¢ Decision time and trigger signal should be very fast (belotns), because of lim-
ited buffering time of the detectors. As an example buffgtime of calorimeters
is limited by 600 ns.

e The trigger system must have short dead time.

and perform following tasks:
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e Execute fast event candidate selection by checking theseaperequirements on
the event to be accepted.

e If event candidate has been selected trigger must prowvige Wwindow reference
and send the signal to detectors readout systems and fndrekectronics to process
all the data in specified time gate.

e Otherwise if event candidate has not been accepted, trgggdem must prevent
storage of the data.

Beam

Figure 5.14:Location of the components relevant for the trigger (schialdy). For the true
scale refer to Fig. 5.2.

In COMPASS event triggering is done mainly by using scattereion information
provided by system of fast trigger hodoscopes (see Sec.15.18or some events infor-
mation about energy deposits in calorimeters is also redquiAdditional veto detectors
system (see Sec. 5.14.2) serves for rejection of eventshalthmuons.

COMPASS trigger hodoscope system consist of four subsystéifferentiated by
their position is setup and covered kinematical range: riiiinigger (IT), Ladder Trigger
(LT), Middle Trigger (MT) and Outer Trigger (OT). Each of systems consist of two
hodoscope stations namely: H4l, H5I (Inner trigger), H45LHLadder triger), H4M,
H5M (Middle trigger) and H30, H40O (Outer trigger). The locatt of constituent parts
of TS in COMPASS setup is shown in Fig. 5.14.

Events identified by trigger system can be separated in ttegodes:

e Events withQ? > 0.5(GeV/c)? (Deep Inelastic Scattering (DIS) events), mainly
triggered by using the scattered muon information from Neédthd Outer triggers
(for details on MT and OT see Sec. 5.14.1). Each system (MT@Rdconsist
of two horizontal scintillator hodoscopes which determihe projection of the
muon scattering anglé in the non-bending plane. The provided information is
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then checked for compatibility with the target positionrfiel target pointing).
The signals are fed int82 x 32 coincidence matrices formed by read-out channels
of hodoscopes which select only those hit combinations vbarrespond to muon
tracks that point back to the target. In addition muon halatidoution suppressed
by making use of veto system (see Sec. 5.14.2).

e Low Q? region (quasi-real photon emission ever® (~ 0)) is characterized by
small (< 10 mrad) muon scattering angles so that target pointing technio imare
applicable. Another requirement for these events is thie tegree of polarization
of exchange photon, so the reasonable cut on relative ehesgy > 0.2 can
be applied. Events of this class are thus triggered by measenergy loss of
scattered muon (using the bending of the muon track in thenetagfields of SM1
and SM2) which should be at lea&st% (according to the cut applied ap. For this
purpose double vertical scintillator hodoscope planesmét (1T), Ladder (LT) and
Middle (MT) trigger systems were used (see Sec. 5.14.1).0A¢hte DIS trigger,
the signals are fed int82 x 32 coincidence matrices formed by read-out channels
of hodoscopes which select only those hit combinations vbacrespond to muon
tracks that have suffered a minimum energy loss (see therscheFig. 5.15).
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Figure 5.15:Concept of the trigger for quasi-real photo-productionhwitgh energy loss. The
scattered muon leads to a coincidence in the activated atiea coincidence matrix while the halo
muon fails to do so. In addition, a minimum hadron energy aarelguired in the calorimeter.
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In order to suppress the contribution of background praessthe region of small
angles (elastic scattering off target electrons, elasiiccaiasi-elastic radiative scat-
tering off target nuclei and beam halo) the calorimeterggighave been used as
well. For the calorimetric triggering TS requires energystérs in the hadronic
calorimeter, to ensure that hadrons (hadron) are involvede process which are
absent in the background processes.

So summarizing: the quasi-real photon trigger consistsvofgarts, a trigger on
the energy loss by measuring the deflection of the scattevsshnim the two spec-
trometer magnets and a calorimetric trigger selectingdradnergy clusters above
a threshold (see Fig. 5.15).

A detailed description of the trigger system can be foundeh @®2].

5.14.1 Trigger Hodoscopes

The trigger system is subdivided into four subsystems stingj of two hodoscope sta-
tions each, the inner (H4l, H5I), the ladder (H4L, H5L) , thigldle (H4M, H5M) and the
outer system (H30, H40).

The inner (H4l1, H5I) and the ladder (H4L, H5L) trigger systedetermine the hori-
zontal deflection of the scattered muon in the magnetic fielwbth SM1 and SM2 mag-
nets, by checking the spatial coincidences between theakeeiements in the two ho-
doscope planes. In order to minimize the possible backgreffiects in muon selection
(such as hadrons, electronsl..y m Fe absorber is mounted directly in front of the second
inner hodoscope. Detectors located between the two ingeetrhodoscopes have a hole
that matches the size of these hodoscopes. The strip widtleskieen chosen according
to they region where the corresponding detector is designed to.widnk inner system
designed for the range from 0.2 to 0.5 has a fine grained structure with the eém
widths of 6 andl2 mm. The ladder system working in therange between 0.5 and 0.9
uses 20 t&7 mm Sstrips.

The middle (H4M, H5M) and the outer (H3O, H40) trigger sysseane used for
the DIS events triggering, but middle system can be used dasigreal photon events
selection as well. The middle system uses horizontal pl§2&$ to30 mm strips) to
detect muons with scattering angles between 4 Ehdrad (vertical target pointing).
For the rough energy loss measurements it uses verticadplg@2 and/7 mm strips).
The outer system designed vertical target pointing measemes by 70 and50 mm wide
elements. Detector construction and location allows wg#t the muons up t@? ~
20 (GeV /c)?. The upper limit inQ? is fixed by the detector position and size of the gap in
the SM2 magnet. The kinematic rangejiandQ? covered by the different constituents
of the trigger system (four hodoscope trigger subsysterddfastandalone calorimeter
trigger) is shown in Fig. 5.16.

The read out of hodoscopes make use of light-guides and pludtipliers. The output
signals are fed int@2 x 32 coincidence matrices which select the events either with
muon tracks pointing back to target (Inner and Ladder trigjgeor events that fulfilled
the energy loss requirements (Middle and Outer triggers).
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Figure 5.16: The kinematical coveragejimand®? for the four hodoscope trigger subsys-
tems and the standalone calorimetric trigger. The two Jings= 1, W = M, andf = 0
show the kinematic limits of elastic scattering and forwsedttering, respectively.

5.14.2 \Veto System

The Veto System makes the part of trigger system which partbe halo muons rejec-
tion. veto system has two scintillator counters (Veto 1 aatb\2) upstream with hole for
the beam passage. The Veto 1 detector (larger one) with diores250 cm x 320 cm IS
installed at—800 cm, while the the second detector (Veto 2 — the smaller one)roaye
30 cm x 30 cm is at—300 cm. Together these stations reject the divergent beam pesticl
which pass through thécm diameter holes in one of them. Two examples of rejected
and one example of a good event are sketched in Fig. 5.17).

Another one veto detector which is not shown in Fig. 5.17, elgreto BL, 50 cm x
50 cm with a10 cm diameter hole was installed further upstream-a000 cm in order to
improve Veto system. Veto is applied only to middle and otriggers (inclusive triggers)
which do not require the calorimetric trigger.

The week point of the veto system is the dead time (aR0Yb at nominal beam
intensity) associated to it.
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Figure 5.17:Schematical layout of the veto system. The tragksand i3 are vetoed, whereas
the trackus fulfils the inclusive trigger condition.

5.15 Data Acquisition (DAQ) Concept

The COMPASS Data Acquisition system (DAQ) has to be capabdieal with more than
250 000 detector channels and up® TB data recorded per year. The read-out scheme
must be designed for high particle fluxes2010® 1 per spill of4.8 s and high trigger rates
of about10 kHz with typical event size 085 kB. In addition the obvious requirement to
have nearly dead-time free read-out scheme should be &k itato the account.

In order to fulfill all these requests the entirely new DAQ cept has been imple-
mented. Schematic representation of the data flow in COMHABAS system is shown
in Fig. 5.18.

The innovation is that data coming form detectors is digdiand buffered on front-
end cards mounted directly in detectors instead of transtgeach signal from each
channel onto a digitization part. Custom-designed for elathctor front-end electronics
thus includes preamplifiers and discriminators locatedeclo the detectors and TDC
(Time-to-Digital Converter) or ADC (Analog-to-Digital GQwerter) modules as well.

The Trigger Control Systems (TCS) perform the synchroronatf the digitizing and
read-out units. By receiving trigger signal the CATCH (COAMSS Accumulate Transfer
and Control Hardware) and GeSiCA (GEm and Sllicon Contrdlacquisition) readout-
driver modules fetch the data buffered within a specifiecetimindow on front-end of
detectors. These modules, mounted as close as possible tetiactors, also distribute
the trigger signals to the detector front-ends and inzeathem during system startup.

The data from up to 16 front-end cards are combined in readiovgr modules in a
sub-events pertaining to each trigger and transmittedntaleRead-Out Buffers (ROBS)
with a maximal speed of60 MB/s via S-LINK multiplexer module (SMUX) using the
S-LINK protocol developed at CERN.

As read-out buffers (Robs) commercial PCs with a Linux ofiiegesystem have been
used. Each of the ROBs contains four spill-buffers wit2 MB of memory. Data are
written in memory during the beam spill duration timieS(s) and are read out during the
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Figure 5.18:General architecture of the DAQ system. Digitized data ftben detector front-
ends are combined on the readout modules named CATCH andC&aRise to the detectors.
The storage of the data during the spill and the event byjldrperformed locally. The data are
recorded at the CERN computer center.

full SPS cycle ofl6.8s. Each spill buffer can fetch the data of 2-3 spills (the antain
free memory is controlled by DAQ system in order to avoid s&tan). Such a configu-
ration allows DAQ system to profit on SPS cycle down-timedimal between two spills)
and perform uniform data transfer in system.

From ROBs data are then transported via Gigabit Ethernebtdahirteen parallel
event builder computers where the complete events are tbfram received sub-events.
Event builder system has in total 868 TB disk space ( amount of data collected in one
day) available as buffer in case of problems with tape rengrdThese computers carry
out also online filter processes which are called to rejestuthfit events useless for the
analysis. Rejection of such events save bandwidth, st@pame and reconstruction time.

The input for the online filter is the complete event as it isduced in the exit of the
event builder. The filtering algorithm check the presenca oéconstructed beam track
(standard requirement in muon programme). For this silroaro-strip and scintillating
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fibre detectors upstream of the target together with the mamentum station must have
recorded the sufficient number of hits from the beam partitlsing such a filtering in
2004 a rate reduction B38% has been achieved.

The amount of data of approximatelg0 SPS-spills are combined in omen iden-
tified by a unique number. Eachun is subdivided to 10@hunks that contain around
25000 events and have a typical size~ot GB. During the data taking events formed in
chunks and runs are firstly stored in event builder diskshénstame time headers of each
event are read and written to a metafile for later storage i@racle database. Important
pieces of information concerning each run (00 spills) such as magnetic field strengths
and target polarizations as well as special comments madegdilne data taking, are
entered in an online log-book with a database software basédySQ) L.

At the end of a run chunks with the raw data are registered apdd via Central
Data Recording (CDR) system (using CERN-standard RFIQopad} to the COMPASS
Computing Farm (CCF) disk servers (20 servedd GB each (in 2002)) located five
kilometers away from the experimental zone. These disleseare part of the CASTOR
(CERN Advanced Storage) hierarchical storage system Bg}. |

In order to record COMPASS data files on tape in total of 6 tapterg are reserved
in CASTOR system. The specific configuration of CASTOR haslsmveloped and
optimized for COMPASS purposes so that final performancesare thar8 TB/d have
been reached. This values are close to ones required fofltb&Rand CMS experiments
at LHC.

When the CASTOR system is ready it gives the permission tg tupreceived files
to tape. After copying is done successfully the duplicai@e® of recorded on tape files
which were kept in event builders storage will be deleted &gessity.

In parallel, when the data file is recorded on tape, the cpording metafile is used
to fill the Oracle database with information on the run and acheevent. The structure
of database allows reconstruction software to have acoesadh of these events using
different selection criteria trigger type or event number.

The main software used for the COMPASS DAQ system is the DAddkage Ref. [94]
developed by ALICE collaboration at CERN. The package mlesicomponents for event
building, run control, information logging and event samgl The run control is supple-
mented by already mentioned electronic log-book develdpeGOMPASS.

COMPASS DAQ system has a very flexible architecture which lmamexpanded in
order to satisfy to possible modifications and upgrades.nEwedetector systems can be
implemented in DAQ system simply by including the COMPAS&nsliardized readout-
driver modules and ROB PCs. Higher rates can be handled bgasing number of
event-builders and making use of online filter capabili{@svelop and implement new
filtering algorithms).

In the first three years of data taking (2002-2004) COMPASSI a$ aboutl2 - 10°
SPS spills and collected of 30 billion events which is egleintito data sample of more
than 1 PByte. About 20% of these data have been taken in theviese target spin mode.
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5.16 Data Production Process and CORAL

The data files produced by DAQ system and recorded on tap&indhe raw information
from the detector channels digitized by the front-end etexts. The process during
which the raw data is converted to events containing thanmétion about the particles
that have hit the detectors and associated to each partidieas and tracks is called data
production process (event reconstruction). The amounataf collected by experiment is
of 350 TB/y. In order to process such a huge amount of data making eventsguction
at a rate comparable to the data acquisition rate, suffidentputing power of 200k
SPECIint2000 units is required. Currently this requireniefulfilled by 200 Linux Dual-
CPU PCs out of the CERN shared batch system.

The production procedure begins from "good” run selectidhe following criteria
available from corresponding metafile are checked for eanh reasonable number of
spills, correct timing from the BMS, target polarizationagmetic fields etc. Only chunks
of the good runs are downloaded from the tape. Access to dasaidi maintained by
CASTOR system which has his own commands for the manipulatith files (reading,
writing.. etc.). After the good run is downloaded from tapsonstruction procedure can
be started.

The software used by COMPASS for the event reconstructithreisiternally-developed
CORAL (COmpass Reconstruction and AnaLysis) software. CORALfidlg object
oriented programm with a modular architecture, written ##+CThe schematic represen-
tation of the reconstruction process by CORAL is shown in Bi9.

CORAL has two different modes: first is reconstruction of évents from raw data
collected by the experiment (real data), second is recactsdn from Monte-Carlo simu-
lated data (MC data) when as input to CORAL the output files@MGeant (COMPASS
Geant) COMPASS spectrometer performance simulation soft{see Sec. 5.16.4).

In the case of real data the first phase for the event recatistnuis thedecoding
process when the information on the fired detector chanmsttracted from the raw data.
Next stage iglustering process, here the detector planes that are fired by the sativégpa
are grouped together using special algorithms and detgetonetry information.

If CORAL process simulated data the procedure is differdiite reason for this is
the different structure of real and simulated data, in @sttto raw data Monte Carlo data
simulated by COMGeant contain the exact coordinates ofrttegaction point where the
particle hits the detector plane. The response of detettibiis case is simulated already
inside the CORAL during the so-calletigitization phase which replace thgecoding
process used for real data. Next to this clustering is pertorfor MC data as well.

After decoding (digitization) and clustering CORAL usefommation from tracking
detectors and magnetic field maps in order to reconstrudrafectories of the charged
particles through the spectrometer and determine theirentan(see Sec. 5.16.1). Using
of hadron calorimeter clusters data allows to separate saet hadrons, electromagnetic
calorimeter clusters provide information about energy iamghact coordinate of photons
and electrons.

The hadron identification is performed by using RICH detetzdoilities. The special
software calculates the most probable Cherenkov angle ssigraprobabilities (likeli-
hood) to all possible particle hypotheses (see Sec. 5,18/2ombining the information
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Figure 5.19: Schematic representation of the COMPASS stnagtion software.

from RICH photon detectors and reconstructed particl&kand momenta.

In order to determine the primary interaction point (prignaertex) and neutral par-
ticles decay-points (secondary vertices) the vertex ifleation procedure is performed
for all reconstructed tracks (see Sec. 5.16.3)

Final output of CORAL are the ROOT Ref. [95] trees, called iniata Summary
Tapes (MDST) which contain all the information obtainedmyithe reconstruction pro-
cess (track parameters, vertices, calorimeter clustartick Identification (PID) proba-
bilities, detector hit patterns,etc.). The data reductamtor between the input raw data
and the output mDSTs is about 100. Large DST files which intaddto the tracking,
vertex, and PID information contains the detector digitd ellusters are also created and
kept at CERN on tape.

Next sections are dedicated to track and vertex reconginjgiarticle identification
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and Monte-Carlo simulation procedures, while the last paroduces the PHAST soft-
ware tool used in COMPASS data analysis.

5.16.1 Track Reconstruction

Integrated in CORAL track reconstruction algorithm (TRAEHRAFDIC) has three
working phasesl) pattern recognition — finding track segments in the various zones of
the spectrometer. Spectrometer is divided in five zonegdleam axes, where track seg-
ments are expected to be approximately straight linesr@gsttarget, target-SM1, SM1-
SM2, SM2-MF2, downstream MF2R) bridging — investigating segments from several
distinct zones in order to find parts corresponding to saaektand merging them into
the full trajectories using special algorithn® fitting — computing the best estimators for
the parameters of the reconstructed trackarfdy positions,dz/dz anddy/dz slopes,
inverse momentunh/p) using information about magnetic fields and material m&pos.
this purpose, th&alman fit method is used Refs. [96, 97].

5.16.2 Particle Identification

The package named RICHONE serves for the Particle IdernidicgPID) with RICH
detector. The coordinates of the Photon Detectors (PD) wéalssignal above threshold
and a signal amplitude are combined with track informatiotamed from tracking recon-
struction. With this input RICHONE calculates the probdieis to all possible particle
hypotheses and include this information in the track patamse

CORAL make use of several algorithms which serve for ideraifon of track as a
beam or scattered muon or as a neutral particle.

Beam muon tracks are identified mainly by using BMS, SciF @iticon Detectors
(SI) information. Incoming muon track has to be reconstdén SciFis and Sis with the
momentum being reconstructed in BMS stations, in additi@ntime of the track should
be within a time window oBs of BMS and trigger time. In case if several tracks are
associated with the trigger time window, a backtrackingathm is used in order to find
the exact one.

A track is identified as a scattered muon if it is associated pmsitively charged
particle with momentum larger thanGeV /c passing through SM1, and if its trajectory
is compatible with the hodoscope hits as given in the triggatrix corresponding to
particular event. In addition extrapolated scattered mwack must cross the entrance
and the exit of the polarized target within a radial distaftoen beam axis smaller than
5cm. In the case of a standalone calorimetric trigger scatteradn track must have
number of hits downstream either first or second hadron Abs®not less than specified
minimal value, and the amount of material traversed in trecpmeter must be larger
than 66 radiation lengths for tracks reconstructed in LA8 @4 radiation lengths for
tracks reconstructed in SAS.

As an evidence of a neutral particle interaction can sereel fialorimeter clusters
with no track associated.
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5.16.3 Vertex Reconstruction

During the last phase of the event reconstruction the looati space of the primary inter-
action (primary vertex) or of the two-body decays of neupatticles (so-called ver-
tices) is performed. Vertex is a common point where (or vesgrn various tracks are
assumed to originate or to come to an end. Using differemditalgorithms (Point Of
Closest Approach (POCA), inverse Kalman filter algorithnQRAL gets the best esti-
mate of the three coordinates of the vertex position, thektpmarameters at the vertex
(momentum components.. etc) and the corresponding errticesm are calculated as
well.

A vertex is called primary when it contains a beam track. Simore than one beam
track can exist for one event, few primary vertices corresiiag to existing beam tracks
can be reconstructed. In such cases “best primary vertedéfined as the one with the
maximum number of tracks and, if the number of tracks is tineesahe one with smaller
vertexy?. The selection of the Best Primary Vertex (BPV) is perforrtadr at the level
of physics data analysis.

TheV? vertices (K2, A andA decays into charged particles) are searched by combin-
ing all pairs of tracks with opposite charge, regardles$eirtassociation to the primary
vertex. The most probable decay position, the track parnsett the vertex and the
corresponding error matrices are calculated using the alfitter technique.

5.16.4 Monte-Carlo simulation

The COMPASS spectrometer performance simulation progreatied COMGeant (COM-
PASS Geant) is a Geant 3.21 Ref. [98] based software whicb&tinked to any genera-
tor of lepton, photon or hadron interactions such as Lepfo[B8], Aroma Ref. [100] or
Pythia Ref. [101].

In order to generate the beam muons and halo parameters kivatted from the
real data events recorded with randomly generated trigggars been used. Beam-target
interactions are randomly generated inside the targeinwe]lcorresponding secondary
tracks are then propagated through the spectrometer.

The detector response simulation is performed applyingrifgmation about the
efficiency and resolution of each station and then is tunealsinyg real data samples.

Special attention is payed to the realistic descriptiomefregions of the spectrometer
with high material densities. With this purpose three disienal material maps that
describe the type and amount of material of each of the spweter elements (including
frames and supporting structures) have been used. Theadadwetector hits are written
out and subsequently processed as for real events. Thiseganstruction algorithms
and data analysis algorithms as well as different detectipgsties can be tested.

5.17 Data Analysis Tool (PHAST)

For the data analysis purposes B1@AST (PHysics Analysis Software Tools) internally-
developed software is used. The programm consist of vadlasses and ROOT-based
routines using which user can: 1) access to reconstructegteinformation stored in
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mDSTSs, 2) develop his own physics analysis code (selectetk$or analysis events,
calculate necessary physical quantities such,ag z, Q* etc., apply cuts, fill and plot
histograms.. etc.), 3) process new mDSTs containing fitetd-samples of selected for
analysis events.

The PHAST software also provides mDST output data strearneastage of event
reconstruction.

In this work all the data analysis was performed using PHAST.



Chapter 6

Data Selection

In our analysis done for the transverse spin dependent asymesiwe used the COM-
PASS data collected in years 2002-2004 with 1166 GeV /c longitudinally polarized
muon beam and a transversely polariZédD target. The following sections are de-
voted to data quality checks and event selection procedhiter the description of the
cuts applied to the data sample the final statistics useceianhlysis and distributions of
the important kinematical variables are presented.

6.1 Transverse Data Production

In the 2002-2004 years COMPASS spent about 20% of the ruftimmgon measurements
with transversely polarized target (see Sec. 5.5). The evtiata taking in this mode was
separated in five periods: two periods in 2002 (11 days if)tatae period in 2003 (9
days) and two periods in 2004 (14 days in total). In transvenede target cells are
polarized oppositely to each other and transversely wipeet to the beam direction, so
the two cell-spin configuration are possibl¢:j and ().

The typical cycle (data taking period) with transverselyapaed target consist of
three stages: first stage (ive days) goes with one of the possible cell-spin configareti
(M or 1), during the second phase the polarization is flipped in bells by using the
microwave frequency exchange (it takes two days to achienemal~ 50% polarization)
and in last stage~( five days) measurement is continued with reversed configarat
opposite to initial one. Two data taking stages of the cyctereamed sub-periods, so
each data taking period includes two sub-periods with ojpgasll-spin configurations.

In principle one could avoid microwave reversal and perfareasurement using only
one cell-spin configuratior{} or {/1}) and then calculate the asymmetries from the differ-
ence in the counting-rates from the two cells making a profi€E@MPASS target feature
that allows simultaneous measurement with two spin pa#dns. But such a method
would be influenced by systematic effects caused by diffeaicceptance of the two cells.

In a contrary aforementioned sub-periods technic couplitiy”double ratio” method
used in the analysis (see Sec. 7.2.1 and Sec. 7.7.1) wheteuhéng-rate asymmetry is
calculated for two target cells separately in two sub-mith opposite spin configura-
tions, allows to reduce to a minimum such a systematic effect

75
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The polarization reversal cannot be done fast in transvarsie, and in order to use
effectively the beam time data taking is performed duringlting sub-periods, for this
reason, the transverse spin measurement usually is seldeatihe end of the run, when
the spectrometer is fully operational and stable.

The list of sub-periods processed in 2002-2004 and ceti-spnfiguration for each
of them are given in Table 6.1, while the schematic reprediem of data taking cycle
in transverse mode (and longitudinal as well) is given in Bi§. During the 2002-2004
in total of ten sub-periods merged in five periods have beeogssed (P2B-P2C, P2H1-
P2H2, P1G-P1H, W33-W34, W35-W36). The sub-periods of ongdave opposite
cell-spin configuration this was achieved by correspondielgl reversal after the first
sub-period.

Year Sub-Period cell-spin configuration Duration daysfyea
2002 P2B I 11
2002 P2C M

2002 P2H.1 I

2002 P2H.2 M

2003 P1G I 9
2003 P1H M

2004 W33 M 14
2004 w34 U

2004 W35 I

2004 W36 M

Table 6.1: Cell-spin configuration for data taking sub-pésiin 2002-2004, and total
duration days/year.

All the data collected in transverse mode have been prodesseg CORAL software,
according to the procedure described in Sec. 5.16.

For the physics analysis of transverse spin effects theDfihs containing only the
events with at least one primary vertex reconstructed atidatiieast one more outgoing
track have been used.

6.2 Data Quality Checks

The data quality checks and spectrometer stability testingt be performed first, before
accepting the data for the physics analysis. For this reaach data taking period has
been checked run-by-run for the time stability of distribos of various parameters using
the histogram files created online during production or poed after in the reconstruc-
tion phase or extracted from the ready mDST files.

The data quality analysis has three main aspects:

e Detector Stability checks

The detector performance stabilities were performed airalythe hit distributions
in the about 360 detector planes. Malfunctioning detectangs which have not
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been noted in online logbook and could harm the data quaig@yatected in this
stage.

e Reconstruction and Detector Time Stability checksThe time stability of the de-
tector and reconstruction efficiencies was checked runiahyeoking at stability of
the following quantities:

- the number of clusters per plane and per event;

- the number of tracks per event;

- the number of track segments in the different spectronretgons per event (up-
stream SM1, between SM1 and SM2, downstream SM2);

- the number of primary vertices per event;

- the number of secondary vertices per event.

Using the miniDST events, the stability was checked moimitprun per run

- the number of reconstructdd® per primary vertex;

- the reconstructed™® mass distribution;

- the energy measured in the two hadronic calorimetsfsA L1 and HC AL2;
- the distributions of the: andy coordinates of the vertex in the two cells;

- the vertexy? distribution.

¢ Kinematic Stability checks.

The time stability of the distributions of several kinencatiobservables was inves-
tigated in details:

- the Bjorken scaling variable;

- the relative energy loss of scattered myon

- the negative squared four-momentum of exchanged ph@ton

- the azimuthal angle of the produced hadrgnand the azimuthal angle of the
nucleon spinpg;

- the momenta of the scattered muons;

- the momenta of the produced hadron and it's transverse acoem.

One of the most informative and objective ways to check thbajistability of the pro-
duction is the extraction of a known physical quantity froatad In COMPASS in order
to perform such a test the extraction/gf mass was used. The analysis was performed
run-by-run with the COMPASS analysis program PHAST usirgavailable mDST data.
The invariant mass of VO vertices (vertices with two outgairacks associated) is recon-
structed making hypothesis of neutral kaon decay in twogdthpions:

K% — zta (/T 69.20 & 0.05%)
K% — 7%° (I';/T 30.69 + 0.05%) (6.1)

The second by significance decay mode (to two neutral pignsjluces no measur-
able tracks in the COMPASS spectrometer, so only the firatuell reactions are de-
tected. The invariant mass of the 7~ is compared with the KO-mass from the Particle
Data Group (PDG) of 497.67R/¢V .

As an example, the mearr invariant mass in thé&™ region from the data collected
in the first sub-period of the 2004 run is shown in Fig. 6.1 asretion of time.
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Figure 6.1:7 invariant mass in thé(® region as a function of time from August 13 to
August 19, 2004.

The number of the runs not used in physics analysis due to serealed instabilities
is: 9 (over a total 462) for the 2002 data, 28 (over a total &)46r the 2003 data, and 44
(over 462) for the 2004 data.

6.3 Event Selection

The data sample selected for the analysis of target trasesgpin dependent asymmetries
includes only the deep inelastic scattering events witbnistucted at least one primary

vertex and at least one outgoing hadron track. In the foligvgiections the description of

kinematical and other cuts applied in physics data selegiocedure are given.

6.3.1 DIS Events @? cut)

Several aspects of large physics analysis program of CONBPASh as\ G researches
use for their purposes the whole kinematical rang@dfip to very small value§? ~ 0
which corresponds to a quasi-real photon regime. For thewese spin effects which are
the subject of this work, only the events from deep-inetastiattering region are used.
The corresponding)? > 1 cut thus have been applied to select the DIS events. Since
the COMPASS data are mostly concentrated at dptthis cut represents considerable
reduction in data. The reasonable decision to store in n8mibles used for physics
analysis, already reduced sample, with appligd > 1, "at least one primary vertex
reconstructed” and "at least one outgoing hadron trackrgtcocted” cuts, was taken. In



6.3. EVENT SELECTION 79

fact the stored events makes about 1% of the initial raw sanvghich allows to spent
less time and computing power on further analysis.

6.3.2 Selection of the Primary Vertex and Muons

Primary Vertex Selection: During the vertex reconstruction by CORAL the events with
more than one beam track associated can be reconstructesiidhcan events few primary
vertices corresponding to existing beam tracks can be stearted as well. The selection

of Best Primary Vertex (BPV) is performed in PHAST byent.iBestPrimaryVertex()
function. Named function identifies the BPV from all the pairp vertex candidates on
the basis of their reduceg? and the number of associated outgoing tracks. Usually the
primary vertex with the maximum number of outgoing trackd amallesty? is the BPV.

Beam Muon Cuts: The beam muon is defined by the beam track belonging to the
best primary vertex. A cut on maximum momentumiyf,,, < 200 GeV is applied for
the beam particles.

During the reconstruction process, the summed probalfilitythat each hit associ-
ated to the track indeed belongs to it is calculated by peréar global fit. The reduced
x? is then obtained by:

X?ot Xt20t

Npor  Nhits —5 62)

where Np o r is the number of degrees of freedom corresponding to trapkaleo
number of data points (number of hitg;;,) minus the number of fitting parameters which
are the five: two coordinates (y; z is pre-determined by the first hit on the track), two
direction cosines%, Zl—i’) and the momentum of the track particle.

Events withy?2,, of the beam muon larger than 10 are discarded in order ta icgses
with a poorly reconstructed beam track.

In addition, a special cut was applied to ensure an identieam flux in both cells
(see Sec. 6.3.4).

The beam muons momentum distribution for the final data samghown in Fig. 6.2.

2 _
Xred =

Scattered Muon Cuts: The outgoing tracks of the primary vertex which corresponds
to the scattered muongare identified as such by CORAL during the event reconstyacti
process. This is done mainly by using the information froigger hodoscopes system.
In the miniDST files such.’ track candidates has a special mark (flag) which can be
identified by PHAST thats why we will call this events furttwer asflagged

Since the trigger hodoscope system do not cover the whotaratic region of the
large angle spectrometer, some of the muons scatteredjatdagles are not recognized
by system as such. In order to identify thesdracks, all the outgoing tracks of the pri-
mary vertex in each event are checked for the number of hikeifirst Muon Wall (MW1)
detector planes. Let us remind that MW1 consist of two pldM&s01 and MAO2) sep-
arated by60cm hadron absorber (see Sec. 5.13.1). Any outgoing partiola the best
primary vertex which causes more than four hits in MAO1 anderban six in MAO2 is
considered as scattered muon candidate.
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Figure 6.2: Momentum distribution of the reconstructedomang muons for the final
sample of events.

Firstly in order to achieve clean identification both typesoéttered muon track can-
didates (identified by CORALflagged andrecoveredones) are checked for two criteria:

e requirement on the quality of the track: the redugéaf the track must be smaller
than 10 (2, < 10);

¢ the amount of material traversed by particle must be lafggar 80 radiation lengths
(nX/X, > 30).

The tracks which did not pass the test are discarded. Thamyifame scattered muon
candidate survivedlaggedor recovered it will be accepted as a real one and event will
enter the following steps of the analysis. Otherwise evelhbe discarded:

¢ If more than oneecoveredmuon is found in an event,
e If a flaggedy’ and arecovered.’ are found in the same event,

¢ If more than one flagged' is found in an event.

6.3.3 Cuts on the Variablegy and W

Events with the values of the kinematic variaibelow 0.1 and larger than 0.9 are
discarded from the analysis. The regipr: 0.1 corresponds to the events from the elastic
region and also includes events with halo and backgroundtipteuscattering.. etc.)
muons identified by trigger system as scattered muons. Evétity > 0.9 are excluded
due to the fact that trigger system can only reliably idgné¥ents up to approximately
y =0.9.
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Events from the resonance region are excluded by a cut omtaeant mass of the
final hadronic staté? > 5 GeV. This reduction also enhances the rejection of elastic
events corrected mostly hy< 0.1 cut.

6.3.4 Target Cuts

The COMPASS target (Sec. 5.5) consist of #¢o:m long cylindrical with a radiug >

1.5 cm cells, separated by0 cm. In order to ensure that interaction occur between the
beam particle and target nucleons, inside the target vqltineespecial cut on primary
vertices is needed. In addition one must take into the addbanin transverse mode the
dipole field shifts the target cells onandy axes, so the cylinders are not centered at
zero as during the longitudinal mode, operated by soleneld.fin order to fulfill these
requirements all primary vertices with a radial distamce- 1.3 cm from adjusted for
transverse mode central axis are discarded (see Fig. 6.3).

z = 50cn

200 b b bl i basaa biaa laeas s e be i les i Levsa boves b i
-2 <15 4 05 0 0.5 1 1.5 2 2 145 1 05 0 0.5 1 1.5 2
x (em) X fem)

Figure 6.3: Target cut. Left: Distribution of primary vemis with—50cm < 2z <
—45cm. The contour of the target cylinder is evident. Right: Sanstrithution with
the overlayed contour of the cylinder (blue circle), and cedle indicating radial cut
r>1.3cm

At the same time cut op-coordinate of the primary vertices,,) have been applied
corresponding to the projection of the target cellszeaxis: -100 cm< z,,, < -40 cm
(vertex is in upstream cell) or -30 cmz,,, < 30 cm (vertex is in downstream cell). Both
radial andz cut on the primary vertex coordinate are performed by usimegRHAST
routinePaAlgo::InTarget.

A further cut was applied to ensure an identical beam flux ih barget cells, and thus
nearly identical luminosity. Only those events were acegpivhere the projection of the
incoming muon beam track ory plane atz = —100 cm (beginning of the target) and
z = 30 cm (end of the target) lies within the radial distance detesdiby aforementioned
cut ofr < 1.3 cm. This cut was applied by PHAST routif@aAlgo::CrossCellst

The distribution of the z-coordinates of the primary veztidor the final sample is
shown in Fig. 6.4. The difference in geometrical acceptdocevo cells & 70 mrad for
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upstream and- 170 mrad for downstream cell) causes increase in the numberenitev
with z,,.. The two target cells are clearly separated in this plot. &fents outside the
target cell volume are produced in helium bath or in periplsias an example, the peak
at z= 500 mm corresponds to the aluminium window, part of the magnesiraction.
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Figure 6.4: Distribution of the primary vertex z-coordi@dor the final sample.

6.3.5 Hadron ldentification

All the outgoing particles originating from the best primarertex which are neither
flagged nor recovered muons are considered as hadrons. Yimenatries need to be
evaluated for positive and negative hadrons separatelyderdo give access to flavor
dependence of corresponding parton distribution funstemd fragmentation functions.
The flavor of the outgoing quark knocked out by the photon i Baction play essential
role in the determination of produced hadron type and chdfge example, the produc-
tion of an* (ud) or 7~ (wd) contains a differing contributions from the transvetsand
d quark distributions, and thus the investigation of the aghnal effects on produced pos-
itive or negative hadrons will allow to draw some conclusi@bout the distribution of
initial quarks with corresponding flavor inside the nucleonl the fragmentation process
by itself. For this reason the information about the charfgkamlrons is extracted from
miniDST files and two, positive and negative hadron samplesi@ated in the analysis.

In order to reject tracks reconstructed in the fringe fiel&bf1 which have a poorer
momentum resolution, only the particles with the at leastlohafter the first spectrome-
ter magnet were used in the analysis. This requirementfiiddlby applying the cut on
the last measured coordinate of the track of outgoing hagun > 350 cm).

In addition particles identified as hadrons must satisfyfetllewing criteria:



6.3. EVENT SELECTION 83

1. Track quality cut: the reduceg? of the hadron track must be smaller than 10
(X?ed < 10)

2. the amount of material traversed by hadron in the speetenhad to be smaller
than 10 radiation lengthsX /X, < 10;

3. Hadron tracks are discarded if they have associatedectuist both calorimeters.

4. if the particle produced the signal in only one hadron madeter (the first or the
second), the energy deposited by hadron in the associatsteclof HCAL1 or
HCALZ2 has to exceed some minimal value, specified for eaatrioa¢ter in each
data-taking year. The cuts on minimum energy depositioriuster are the fol-
lowing: for HCAL1 EHCALL ~ 5(2002,2003) 4(2004) GeV and for HCAL2
EHOALZ = 8(2002,2003) 5(2004) GeV. The correlation between the energy mea-
sured in HCAL and that measured by the spectrometer is showigi 6.5.

5. the hadron track is still accepted if it did not producensigin none of the two
calorimeters.

The first requirement is a general request on the track gualite second requirement
reduces the muon contamination in hadron sample, whilehilegtdand the fourth reduces
muons and electrons contamination as well.
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Figure 6.5: Correlation between the energy measured in HG#ft) and HCAL?Z (right)

and the energy measured by the spectrometer for the 2004 ldats indicate applied
cuts.

6.3.6 Kinematic Cuts on All Hadrons: z and P,

The following two kinematic cuts have been applied for tHénatirons sample.

e Cut on the fraction of the photon energy transferred to tlirdrato be larger than
0.2,z > 0.2. The cutis applied in order to avoid the impurities at lowaiues ofz,
such as the secondary interaction of the hadrons. In a fagfrdater values afare
of more interest in physics analysis because in this case¢ pnoisably the hadron
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is produced directly from the stuck quark fragmentation g carry useful infor-
mation about the spin structure of the nucleon and fragnientprocess. But since
the COMPASS kinematics are concentrated mainly at loysegion stronger cut
will bring to a sufficient loss in statistics (the requirerhen> 0.2 by itself reduces
the all hadrons sample remaining after previous cut3thy 40%).

e Cut on the transverse momentum of the hadron with respebitwoittual photon
direction to be larger than 0., > 1. This cut ensures a good resolution in the
measured azimuthal angle.

6.3.7 Extra Cut on All Hadrons (y-peak)

The hadron sample obtained after applying all the aforeimeed cuts, have been scru-
tinized by monitoring the distributions of the differentrpmeters and variables. During
this process an unidentified peak has been noticed iny tthistribution of the positive
hadrons, located in the region of highn the lastz bin (0.8 < z < 1) figure 6.6. Fol-
lowing checks revealed the similar behavior: in thdistribution of the firstz bin, in
the distribution of the energy of positive hadrons at higéind in the distribution of the
momentum of the scattered muon.

The first hint giving an idea that hadron-muon misidentifmatook place, was the
fact that none of these peaks does not appear in negativerhsample.

z>0.8 z>0.8

3000
2000~

2000 1500

1000

1000
5001~

Figure 6.6: y-distribution of hadrons withx in the range of (8 < z < 1), both for
positive (left) and negative (right) hadrons.

It was checked that scattered muons related toytpeak events are the particles
that have passed through the amount of material more thamatiion lengths. The
distribution of z andy coordinates of corresponding muon tracks have not shown any
evidence of holes in the muon wall (figure 6.7(left)) so theorestructed tracks indeed
correspond to positive muons and moreover it was checkedhese tracks come from
the primary vertex of the event. So if they are not the "trugdtsering muons they should
be the muons coming from decaysmbr K produced in the primary vertex.
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Figure 6.7:x; vs. y, distribution of scattered muons for positive hadrons witk 0.8 and
y > 0.8 (left). x; vs. y, distribution of hadrons witkh > 0.8 andy > 0.8 (right).

The analysis done for the positive hadrons corresponditigetpeak have shown one
peculiarity, i.e. the distribution of the lastandy coordinatess; andy, correspondingly)
of the reconstructed hadron tracks is concentrated at asrmagll area (a square with
sides less than 50 cm), while the lagtcoordinate was not focused anywhere. As it
was checked the; : y,; distribution (figure 6.7(right)) indicates the hole of thadnon
absorber. The muon track which pass through that region toroes the large amount
of material which brings ta X, < 10, and thus track will be identified as a hadron by our
selection rules (see Sec. 6.3.5). So lets summarize:

e the scattered muon is identified as a positive hadron, bedag®es through the
hole and does not cross large amount of the material and thtehes to the hadron
selection criteriae Xy < 10;

e a positive muon being the decay product from the primaryexeit reconstructed
and wrongly considered as scattered muon.

The reconstruction of these events is wrong and in orderjéxtréhem the follow-
ing cuts have been optimized by analyzing the distributibextrapolated after the iron
absorber coordinates of the trackandy, for different interval inz;:

1. /(z. — 45 cm)? + y2 < 10 cm for z; < 2000 cm;

2. |ye| <25 cmand|z. — 45 cm| < 25 cm for z; > 4000 cm;

3. v/(ze — 35 cm)?2 4+ y2 < 15 cm and {y.| < 3 cm and|z, — 55 cm| < 13 cm) for
2000 cm < 7z < 4000 cm,;

4. |y.| < 25 cm and|z, — 45 cm| < 25 cm for 4000 cm < 7 < 5000 cm

After rejecting these events thyeand = distribution looks like (figure 6.8), where the
peak has vanished and no good events are rejected. The lessrif due to this cut is
negligible as it is less than 1% in overall statistics.
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Figure 6.8:y distribution for hadrons witl).8 < z < 1 in case of the rejection of the

events based an. andy, (as described before).

6.3.8 Final Statistics forunidentified hadrons

In Table 6.2 the final statistics for positive and negativérbas after all aforementioned
cuts are presented for all the periods in 2002,2003 and 268y

\"ZJ

Year | Period | Positive hadrons Negative hadrons
2002 | P2B/P2C 704840 594138
2002 P2H 472244 399692
2003| P1G/P1H 2429420 2029588
2004 | W33/W34 2093759 1739317
2004 | W35/W36 2716216 2258956
| Sum | 84-10° |  70-10° |

Table 6.2: Final statistics for the years 2002,2003 and 2004ll positive and negative

hadrons.

6.3.9 Kinematical distributions

In this section the distributions of some kinematical Vvalea are shown. All the plots
included in Fig. 6.9 are produced using the final 2004 chahgeblon sample after all the
cuts listed in previous sections.
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Figure 6.9: All the plots correspond to the final charged badrample from the COM-
PASS 2002-2004 transverse data. Upper platédistribution (left) andz distribution
(right), Middle Upper plotsy distribution (left) and4” distribution (right), Middle Lower
plots: ~ distribution (left) andP,r-distribution (right) Lower plots: Scatter-plot ¢f* vs
x (left) and Scatter-plot af vsy (right).
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6.3.10 Identification of Hadrons as Pions and Kaons

The transverse spin asymmetries have been evaluated fi@echiaadrons and for iden-
tified charged pions and kaons. Since the RICH (Sec. 5.1ajndtion for transverse
mode has been available only for 2003 to 2004 years, onlydhatt has been used in
the analysis of identified hadron asymmetries. After theliregl additional data-quality
checks (see below) the event selection procedure have peéadin the same chronol-
ogy and with the same cuts as in the casaroflentifiedhadrons. Only after this the cuts
used for the identification of pions and kaons have beenegbftiee below).

Data quality checks
For the selection afinidentifiechadron event sample the RICH information was not used,
thus in this case data was not scrutinized for RICH detectadnilgies. In the contrary the
identification of pions and kaons is performed using the Ridibirmation, and thus some
specific studies on the stability in time of this detectorr@quired.

For the RICH detector time performance reasons data froth&léix transverse pe-
riods have been run-by-run and then spill-by-spill anadlylag exploring the stability of
following quantities:

e the calculated likelihood distributions farand K;
e the number of identifiedt and K;

The number of "bad” runs rejected by some of these critenanfeach period are
presented in the table 6.3.

period | number of bad runs corresponding number of spillspercentage in spills (%
P1G 16 905 4.5

P1H 15 1302 7

W33 4 288 2

w34 7 335 2.6

W35 2 111 0.5

W36 2 45 0.3

Table 6.3: The number of runs (and the corresponding numisilds) rejected by the
stability checks, for the six periods of transverse dakaata

The remaining after the first selection good runs have beeoked spill-by-spill by
the same stability monitoring. The percentage of spillssifeed as bad after this proce-
dure and rejected from the analysis is shown in table 6.4.

RICH identification of pions and kaons
The hadron identification in event reconstruction proceggeiformed by the RICHONE
package (see Sec. 5.16.2) which converts the event-infamfaom RICH photon detec-
tors pads and calculates the probabilities (likelihoodltgossible particle hypotheses.
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period | bad spills found in the good runs (%)
P1G 1.05

P1H 0.97

W33 0.96

w34 1.16

W35 0.98

W36 0.96

Table 6.4: The percentage of spills classified as "bad” ajetied from the analysis for
the six periods of transversity data.

At this first step, hadrons are identified with a particularssmaypothesis if the corre-
sponding likelihood is the maximum one. This informationhen included in the track
parameters and used in further analysis. At the event smidetvel in order to improve
the identification some cuts on hadron momentum and on Hi&ell distributions have
been applied.

Cut on momentum
As an upper limit for the particle momenta the vah{eGeV /c has been chosen, which
corresponds to 1dbseparation between K and As a lower limit the cut little above
Cherenkov threshold corresponding to the particle have lagglied in order to avoid
particles with no Cherenkov photons emitted. The congsapplied are the following:

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

The Cerenkov threshold,, . have been calculated for for a particular particle mass
using the expression:

Mmgr/K
Dity e = nz/— - (6.3)

wheren is the corresponding refractive index stored in the miniD&Teach run.

Cut on likelihood distributions
The hadron identification using the RICH detector is based bkelihood method. The
detailed examination of the data has shown that some spetsabnyz=ee and 7 e

dmagz

quantities can improve the identification. The first qugngitpose the separatlon of the
background hypothesis. For example if the valueggiw is near one, it means that
the likelihoods of the identified particle and the backgmbane nearly the same and the
distinction between particle and background hypothesisiso straightforward.

The second quantity shows the separation between the esdiparticle and another
type of particle which hypothesis has the second maximuetiikod. In other words that
shows how much close are these two mass hypothesis. Agaln@amund one means
that two likelihoods are nearly equal and the distinctionasclear.
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The following likelihood cuts for ther/ K identification have been finally adopted in
addition to the mentioned above requirements on partictanemta.

Particle is identified as pion if:

LHx .
[ ] m > 103,

o o >1.002.
2nda,

max

Particle is identified as kaon if:

LHy .
® > 1.04;

o s >1.003.
2nda,

max

6.3.11 Final Statistics for Identified Pions and Kaons

In Table 6.5 the final statistics for positive and negativengiand kaons after all afore-
mentioned cuts are presented for all the periods in 2003 @a4d Zears.

| Year | Period | Positive pions Negative piong Positive kaong Negative kaong

2003| P1G/P1H 1707142 1485228 309563 203485
2004 | W33/W34 1536076 1328755 272068 176838
2004 | W35/W36 2024054 1752848 359420 234662
‘ Sum‘ ‘ 5267272 ‘ 4566831 ‘ 941051 ‘ 614985 ‘

Table 6.5: Final statistics for the years 2003 and 2004 igraditive and negative pions
and kaons

6.4 Binning

The asymmetries have been evaluated as a functioms ofand P, kinematical vari-
ables. Binning for each variable has been done by dividimgesponding range into the
bins and integrating over the other two variables. Bins Haeen chosen so that they
contain a comparable statistics. Finally asymmetries wetected in %-bins, 82z-bins
and 9P, r-bins:
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Chapter 7

Extraction of Transverse Spin
Asymmetries at COMPASS

In this chapter we describe the procedure applied in COMPAB®xtraction of the
transverse-spin asymmetries from experimental data.

Firstly we introduce the relations between the experinibntaeasured raw) asym-
metries and real physics asymmetries defined in Sec. 2.2reléeant azimuthal angles
and scaling factors are described in corresponding sextion

After this we review two analysis methods used in COMPASSttier extraction of
transverse spin asymmetries and present the results ettaging each method. Asym-
metries were evaluated as a functions: pf and P, kinematic variables founidentified
charged hadrons, andentifiedcharged pions and kaons. In subsequent sections the cor-
responding systematic checks, cross-checks and othermped studies are presented.

7.1 Asymmetry Calculation

The real physics asymmetries are evaluated from experathemrixtracted ones using
some special scaling factors. In this section we define theegponding relations be-
tween the extracted and real asymmetries and describegpeatese correction factors.
All these relations and quantities are general for both ané-two-dimensional analysis
procedures and do not need to be changed according to thedneth

7.1.1 Calculation of the raw asymmetries

As it was shown in the Sec. 2.2 the transverse spin dependenofthe SIDIS cross-
section can be represented by Eq. (2.32):

5
do(¢n, ¢s,...) (1+\ST\ZDW(@“%)A%@“%)W(¢h,¢s)

i=1

8
+ Pz\ST\ZDM(%’d)S)AlLUiT(d)mS)wi(éﬁh, ds) + ...).

1=6

92



7.1. ASYMMETRY CALCULATION 93

whereSr is the target transverse polarizatian¢;, ¢s) are the eight azimuthal modu-
lations, Dvi(¢n-¢s) are the factored out depolarization factors, aff\****) are the az-
imuthal asymmetries defined as the ratios of correspondimgtare functions to unpo-
larized one:

wz(¢ L7¢ )
AgiT(dm,%) = FBT e

FUU,T
whereB = L or B = U corresponds to beam polarization dependent Double SpimAsy

metry (DSA) or independent Single Spin Asymmetry (SSA) trifihe respective eight
modulations presented in Eqgs. (2.25-2.31) are the follgwimes:

wi(dn, ps) = sin(¢n — ds),
wa(n, ps) = sin(Pn + ¢s),
w3(dn, ¢s) = sin(3¢n — ¢s),
wa(¢n, s) = sin(¢s),

ws(¢n, ¢s) = sin(2¢, — ¢s),
we(Pn, s) = cos(pn — ¢s),
wr(¢n, s) = cos(ps),

ws(dn, Ps) = cos(2dn — bs)

These transverse spin modulations lead to respectiveioguate asymmetries of the
form:

dO'ﬂ B dgu wi(¢n,¢5)

dO’ﬂ —i—da” - “HUT, raw
dgﬂ — dO’U w;(Pn,bs)

dO’ﬂ—FdUu — 4LT, raw

i=1,.,5 (7.1)
i=6,..,8 (7.2)
wheref ({}) defines up (down) target polarization.

The number-of-event asymmetries extracted from the daaa asnplitudes of corre-
sponding azimuthal modulations (raw asymmetries) are ¢inem by Eqs. (2.48 — 2.48):

AgiT(fz:%s) = DWilnos)(y) f|Sp|ALm?s) (i =1, 5),
A%ﬂ({)};ﬁf) _ DU}(¢h7¢s( VfP|Sr| ALY wiénés) , (i=6,8),
whereP, is the beam polarization andis the target polarization dilution factor.

One can see that aforementioned eight modulations are loasgrt five combina-
tions of azimuthal hadrony{,) and spin §s) angles which are:



7.1. ASYMMETRY CALCULATION 94

Py = dn — s (7.3)
Py = o+ ¢s (7.4)
Q3 = 30n — ¢s (7.5)
Q= 95 (7.6)
Q5 = 2¢p — ¢s (7.7)

Two of these combinations, are presented only withmodulations, while the other
three have botkinandcosterms. Therefore, we can define the following fivedepen-
dent modulations:

o, AwL(@n85) gin o) + A:f;@(um,qbs) cos(<1>1)
(I)g AW? (¢h,bs sin (I)Q

Wl( ): ) ( )
Wa(®y) = ) sin(®,) (7.8)
Wy (D3) = AW3Pr5) i (Bg)
Wi(Ps) = ) sin(®,)
W5 (®s5) = sin(®5) +

d, Awa(n:9s) gin Dy) + Aw7w¢h 05) COS(@4)
5

raw
Aws(@n8s) gin ( A:)fw(z)h $5) COS(<I>5)

raw

The azimuthal angleg;, and¢s on which the®; angles and corresponding; (®,)
modulations are based, were defined for each event accdadthg procedure described
in next section.

7.1.2 Calculation of the Azimuthal Anglesg;,, and ¢g

In the previous section five combinations @f and ¢s azimuthal angles on which the
transverse spin dependent modulations are based haveibeehHQgs. (7.4 — 7.7). In
order to calculate this combinations firstly one need to iabifae azimuthal angles of
produced hadron momentum;() and nucleon-spin vector in the initial statgs§ from
the data. The coordinate system in which azimuthal angkesalculated is presented in
the Fig. 2.1. Ther-axis is defined from the difference of the momentum vectbizeam
and scattered muadn— I/, the z-axis is defined by the virtual photon momentygirand
they-axis orthogonal to these two completes the definition oftlmme of reference. The
azimuthal angles are calculate aroundxis like it is shown on the plot.

With I, ¢, p, being the momenta of the incident muon, virtual photon artgaing
hadron and with5 being the nucleon spin one can calculate azimuthand$s angles
in the following way:

_ PhXq 5
cos ¢, = T k (7.9)
S x q -~
coS = — -k 7.10
bs Fxd (7.10)



7.1. ASYMMETRY CALCULATION 95

Figure 7.1: Definition of azimuthal angles for semi-incuesdeep inelastic scattering.
P,r and Sy are the transverse components of hadron momeftuend the target polar-
ization with respect to the photon momentum.

where thék is the unit-vector defined as:
['x q
1'% q

The ¢, and¢g can then be easily derived by calculating tlhecos. The proper sign
of the azimuthal angles can be defined according to:

/k?:

(7.11)

sign(én) = sign(k - i) (7.12)
sign(¢s) = szgn(/lgg) (7.13)

The ®; angles from Egs. (7.4 — 7.7) may by definition be obtained ftbese two
angles. The distributions of thg, and ¢s in COMPASS are shown in Fig. 7.2. The
distribution of the azimuthal angle of the produced hadok$ almost uniform while
the ¢ shows deep hole in the region near /2.

The non-uniformity of the acceptance dn is caused by the fraction of muons that
have been scattered in horizontal plane at small anglegtaght. The magnet field bend
such muons to the left and they pass through the beam holewtitiving a signal in
detectors, and thus such an events most probably are lost.
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Figure 7.3: Scatter plot af;, vs. ¢ distributions from COMPASS 2002-2004 transverse
data.

7.1.3 From the Raw Asymmetry to the Physics Asymmetry

The raw asymmetries extracted from the data as amplitudesrodsponding azimuthal
modulations are related with the real physics asymmetrresigh the expressions Eqs. (2.48
—2.48):

A#ﬁiﬁ“ _ Dwi(¢h7¢s)(y)f‘SﬂAl{]Jg?h@s) : (Z =1, 5)7
AYOROD = Duenos) () F RSy | AF (i = 6,8),

The scaling factors are: the target polarization dilutactdr f, the target polarization
Sr, the beam polarizatio®; and the depolarization factdy(®»*s)(y). The f, Sy and
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P, are described in the next sections, while below the full $etamsverse momentum
dependent asymmetries with the corresponding depolemetctors is presented.

. Ai%‘ﬁhws_ﬂ) asymmetry (Collins): The Collins single-spin asymmetry is ex-
tracted from the raw asymmetry through the expression

ASiH(¢;L+¢s—7T)

sin(¢p+Ps—m) UT,raw
Ayr = Dsnlntos)(y) - f - [Sp| (7.14)

where Ds™(¢n+9¢s) (y) is the depolarization factor calculated as
i 2(1 —y)
DSn@ntos) () — : 7.15

The Collins angle®: = ¢, + ¢5 — 7) is defined according to the notation applied
in our published papers Refs. [5],[6].

° Ai}%wh_%) asymmetry: This single-spin asymmetry is extracted from the raw
asymmetry through the expression

in( ) A?]ir%(3¢h—¢s)
Asm 3o —ds _ . raw ‘ 716
ur DsinB36n+65) (y) - f - | S| ( )

whereDsn(3¢r+95) (1) is the depolarization factor calculated with the same fdamu
as for Collins effect:

. - 2(1—y)
Dsm(3¢h+¢s)(y) — DSIH(¢h+¢S) (y) =~ 7/ (717)
1+ (1-y)?

° Ai}‘;("”‘_%) asymmetry (Sivers): The Sivers single-spin asymmetry is extracted
from the raw asymmetry through the expression

ASin(¢h—¢>s)

sin(¢pp—os) UT,raw
AUT - Dsin(¢h—¢s)(y) f - |ST|’ (7.18)

where the depolarization factdp®*(®»=¢s)(y)= 1, In the measurement of Sivers
asymmetry the photon couples to an unpolarized quark inns\teasely polarized
nucleon. Here the kinematical factor is{ y + y*/2) which is identical to one of
unpolarized scattering. Thugs™¢»=?s)(y) becomes

(-9

Dsin(¢}L—¢S)(y> =1 (e —

1. (7.19)

° Ai‘ﬁ“’h_%) asymmetry (A.r): The ALT double-spin asymmetry (see Sec. 3) is
extracted from the raw asymmetry through the expression

ACOS(¢h—¢>S)

Acos(%—(j:g) _ LT, raw 7.20
LT DCOS(¢}L—¢S)(y) : f : |ST| : Pbeam’ ( )
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where Ds(#»—#s) (y) is the depolarization factor calculated as

DCOS(¢;L—¢S)(y) — 13_((21—__:2))2 (721)

° Ai%‘z’S) asymmetry: This single-spin asymmetry is extracted from the raw asym-
metry through the expression

ASin(¢>s)

Asin(¢s) _ . UT,raw 7.92
N R 722

where D"(¢s) (y) is the depolarization factor calculated as

pen(y) = 2V,

(7.23)

° A%%%h“%) asymmetry: This single-spin asymmetry is extracted from the raw
asymmetry through the expression

i3 — ) A?]ir%(2¢h—¢s)
Asm 20 —¢s _ . raw 7.24
ur Dsin(2én=0s) (y) - f - |Sp|’ ( )

whereDsi"(2¢r=9s) (1) is the depolarization factor calculated with the same fdamu
as for AS%(?s):
Dsin(2¢h—¢g)<y) _ 2(2 B y) V 1 — y
1+ (1—y)?

(7.25)

o Aﬁ(“) asymmetry: This double-spin asymmetry is extracted from the raw asym-
metry through the expression

eos(@s)

Jeos(9s) _ LTraw 7.26
LT DCOS(d}S)(y) ! f ’ ‘ST‘ ’ Pbeam7 ( )

whereD<(#s) (y) is the depolarization factor calculated as

v1—-y
Des@s)(yy = 9. IV "I 7.27

and Py, is the beam polarization.

° Ai‘ﬁ(z‘z’h_‘%) asymmetry: This double-spin asymmetry is extracted from the raw
asymmetry through the expression

( ) Azo;(2¢h—¢s)
A 20n—¢s) _ T 7.28
LT DCOS(2¢h—¢S) (y) : f : |ST| ' Pbeam’ ( )

whereDes2¢.—%s) (y) is the depolarization factor calculated with the same fdamu
as for A5(?s):
VI-—y
DeosCon—os)(yy — 9. Y . 7.29
The depolarization factor®™(#»?s)(y) are calculated from the kinematics of each
event using the corresponding formula.
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7.1.4 Target polarization Sy

The direct measurement of the target polarization is nosipesin transverse running
mode. Thus the polarization values are obtained througlnteepolation of the target

polarization curve over the whole beam-time with both ragninodes (longitudinal and

transverse). The uncertainties in the target polarizasaf 5%. In Table 7.1 we present
the polarization values for both cells defined for differseits of runs of 2002-2004 trans-
verse data.

Period Runs Upstream cell Downstream cel
P2B | 21178-21207 -49.79 54.58
P2B | 21333-21393 -47.79 47.40
P2B | 21407-21495 -47.09 46.33
P2C | 21670-21765 52.50 -44.09
P2C | 21777-21878 50.36 -43.06
P2H.1| 23490-23575 -49.83 52.11
P2H.2 | 23664-23839 47.45 -41.41
P1G | 30772-31038 -49.70 +52.78
P1H | 31192-31247 +49.39 -42.60
P1H | 31277-31524 +51.31 -44.63
W33 | 38991-39168 +50.70 -43.52
W34 | 39283-39290 -44.80 +45.97
W34 | 39325-39430 -38.60 +40.35
W34 | 39480-39545 -46.14 +47.41
W35 | 39548-39780C -46.44 +47.44
W36 | 39850-39987 +49.89 -42.76

Table 7.1: Target transverse polarization values in 2002042lata taking sub-periods.
The numbers in second row indicates the unique IDs givendb aa.

7.1.5 Target Dilution Factor f

The target dilution factoy (the fraction of polarisable material inside the target)tfee
pure®Li is equal to0.5, since’Li can be considered to a good approximation as a spin-0
“He nucleus and a deuteron so that one-half of all nucleorip@larisable. Anyway due

to the presence of non-polarizable materials in the targks the actual value of is
smaller. In the analysis the constant dilution fagtes (.38 was assumed. The error on
the dilution factor, which takes into account the uncettaon the target composition, is

of the order of 6%.

7.1.6 Beam PolarizationP,

The beam polarization is defined for each event byRhalgo::GetBeamPolPHAST
routine. It provides the average muon beam polarizationguas input parameters the
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momentum of the beam muon track and the year of data takir@2(ZD03 or 2004).

7.2 One-Dimensional Analysig1D)

This section is dedicated to tlb@e-dimensionainalysis procedure that makes use of so-
called "Ratio Product” (RPM) or "Double Ratio” (DR) method@he method combines
the information from both target-cells, collected in twdogeeriods with opposite cell-
spin configuration during the one transverse data takingpgent allows to reduce to

a minimum possible systematic effects originating fromdifeerence in acceptances of
two cells.

Actually method is the same as the one applied for alreadyighda Collins and
Sivers asymmetries Ref. [6]. Anyway the results of the nentdatained Collins and Sivers
effects are slightly different from the ones that have badsliphed. The reason is that in
the recent analysis the event selection procedure havedbesged by applying the new
"y-peak” cut (see Sec. 6.3.7).

All the eight asymmetries have been evaluated separatedgdh kinematical bin, for
each "transverse” data taking period, for positive and tiegéunidentified” hadrons
as well as for positive and negative hadrons identified asspamd kaons. Results have
been checked for the systematic instabilities and "crégessked” with COMPASS-Bonn

group.

7.2.1 Ratio Product Method (RPM)

According to Eq. (2.32) and Eq. (7.8) for each subperiod afrngasurement and each
target cell, we can describe the counting rate dependende bn

Noa(®5) = E g, (5)0 (1 £ Wi(®;)) (7.30)

u

where +(-) indicates up (down) target polarization and tijé)upstream and downstream
target cells, is the unpolarized cross-sectioﬁf/d is the flux andnff/d the target den-
sity for the given cell ¢/d) and polarization+£). Finally, af/d@j) is the®; dependent
acceptance for the corresponding cell and polarizatide.sta

For the evaluation of the raw asymmetries the so-callecbFRatbduct (RPM) or Dou-
ble Ratio (DR) method have been used. We used for one measatrg@eriod (i.e. two
subperiods with opposite spin direction) the informatidrboth target cells 4, d) and
both sub-periods simultaneously by constructing the egtm

+H(PINT(D.
R(®;) = a ((D”)Nci(q)”), (7.31)
Ny (®5)Ng (®;)
with the corresponding error propagation:
1 1 1 1
or(®;) = + + + — : (7.32)
A(®;) \/ Ni@®,) T N@y) T N@®) TN @)

By substituting Eq. (7.30) in double ratio quantities Eq3{# we obtain:
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_ Finfal(®)o(1+W;(®))) - Ffnfaf (®;)o(1+ W;(®;))

B ) = (@) (L= W, (D)) - Fynyas (@)o (L= W@ o)
Which can be rewritten like:
_ (14 W5(®;))(1 + W;(P;))
B(®;) = Cr - Co T30, @, ) (1 W, (@) (7.34)
where
Ff.Fi
Cp = e Fj‘ (7.35)
c = ag () - aj (D) (7.36)

ay (P5) - ag (P))

According to the "target cuts” applied during the event skt (see Sec. 6.3.4) the
beam flux is constant in both cells, so thig is equal to one. Making the Taylor expansion
of equation Eq. (7.34) at the first order we obtain:

R(q)]) ~ Ca . (1 + 4Wj(®j)) (737)

At next step we accept the reasonable assumption on the aatcceptances of
the upstream and downstream celfs(®;)/a; (®;) to be equal to corresponding ratio
a, (®;)/a}(®;) after the spin reversal in eadh bin:

ay(®;) _ a,(P;)
ag (@) ag(®;)

In this case the acceptance differences in two cells cantedathat(, ; is equal to
one. Therefore finally we obtain:

(7.38)

The double ratio quantities are calculated in 16 bins over(thr, 7) range of®,.
The amplitudes of the corresponding 1id;(®,;) modulations can be extracted then by
performing a fit with appropriate functions:

R(®;) = par(0)(1 + 4par(1) sin(P;)). (7.40)

if W,(®;) contains only ain(®;) term, and

R(®;) = par(0)(1 + 4[par(1) sin(P;) + par(2) cos(®,)]). (7.41)

if W;(®,) contains bothsin(®;) andcos(®;) terms. Thepar(0) in both of the cases
correspond to the constant factor from Eq. (7.39) and it khbe equal to one if the
acceptance assumption Eq. (7.38) is indeed valid (see S&c¢.while thepar(1) and

par(2) give theraw asymmetrieas an amplitudes of then andcos terms respectively,
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like it was defined in Eq. (7.8). Fit have been performed withminimization method
using the MINUIT package embedded into ROOT.

The main advantages of the RPM method is that: it combinésatlata from the two
target cells, it has "soft” requirements on the acceptatetalgy, it is independent of the
relative luminosity in cells and in addition in RPM at firsder (for small values of the
involved asymmetries) all spin-independent effect, e@hrCasymmetry, are factored out.
Anyway the method has some systematic deviations due taottngniform acceptance in
¢s in COMPASS (see Sec. 7.1.2). This issue will be discussearatgly in Sec. 7.5.

7.2.2 Evaluation of the Asymmetries and Results

The target transverse spin dependent asymmetries wengagxlas a functions aof, =
and P, kinematical variables separately for positive and negatnidentifiedhadrons
and positive and negatiRICH-identifiedpions and kaons. Famidentifiechadron asym-
metries the whole COMPASS "transverse” 2002-2004 datgptahave been used, while
for the RICH-identifiedpion and kaon asymmetries only the COMPASS 2003-2004 data
which have passed the RICH-stability criteria describe8ec. 6.3.10 could be used (in
2002 data RICH information required far/ K identification was not yet available). The
extraction was done with the RPM method using the inforrmatiom both target cells
collected in two sub-periods of one data-taking cycle.

Now let us review and summarize the asymmetry evaluationgahare aspects pre-
sented in above sections and define the sequence of stepsedhence of operations
is the same founidentifiedand RICH-identifiedhadrons, thus we will explain it only in
the example ofinidentifiedhadrons. After the event selection for one data-takingogeri
(cycle of two sub-periods with opposite cell-spin configima separated by polarization
reversal) is finished and sample is separated in positiveagdtive hadron sub-samples,
from each of them 26 event-sets corresponding el#ns, 8z-bins and 9P, +-bins are
selected. Binning for each variable has been done by diyidorresponding kinematic
range into the bins and integrating over the other two vé&gsbBins have been cho-
sen so that they contain a comparable statistics (see Sgc.Ad.this point we have 52
(2(£charge) x26(x, z, P,r)) samples with which two different operations are performed

e First operation: Each of obtained 52 f-charge) x 26(z, z, P,7)) samples is then
divided into two sub-samples each including events frony ame of two sub-
periods with different cell-spin configuratioft{ and{/{}). Obtained data sets are
then again sub-divided into two samples with events onlynftépstreamor Down-
streamcell. Constructed four sub-samples contain events oniy fooe cell with
one polarization stateup 1, down 1}, up | anddown 1. Now in each of this
sub-samples the "raw” asymmetry correction-factors (wWélalbel thema) corre-
sponding to each of eight asymmetries are calculated dueptrent:

Qlinss) _ pritenos) () o) grun (7.42)

n,event n,event

for the (UT) asymmetries, and

Qi) = DU () £ Sy P (7.43)

n,event n,event
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for the (LT) asymmetries. Here indicates the particular sample (specified by
charge of the hadrons, kinematical bin, target cell andrpalaion state), the target
polarization values;“" are given run-by-run, beam polarizati®}i*“"* is defined
event-by-event as well as depolarization factﬁ)r,%éj’;;i”(y), while the dilution
factor f is constant. After this, the average value for each of eigtiiofrs is evalu-

ated in each of four samples separately:

Nevents wi((bh‘ws)

n,event

<a:i(¢ha¢s)> _ evem&}events , (Z = 1, . 8), (744)

where theN,,...;.s is the number of the events inrth sample. At the next step the
mean of these four average values for each of eight factaedgslated:

wiops) \ T wionsg)\ B wiopsg) \ WY wi(on.o) \ VT
wi(ohb3) At bin + (Ot bin + Ot bin + ( O% pin
<ai,bin >: 4 ?

where (i=1,..,8)u andd are the upstream and downstream target cell labels respec-
tively, 1 and{} indicates cell polarization- denotes hadron charge, aba indi-
cates the kinematical bin. This procedure is performed Hfdha 52 sub-samples
and obtained 416 ¢(£charge) x 26(x, z, Pyr) X 8(asymmetries)) correction fac-

tors correspond to same number of raw asymmetry values whiche calculated

in 26 kinematical bins for positive and negative hadrons.

e Second operation: Each of obtained 824 charge) x 26(x, z, P,r)) samples is
divided into 16 equal bins over the-{r, ) range of each of fiv@; angles. Af-
ter that events from each bin are filled into two sub-sampbesesponding to two
sub-periods with different cell-spin configuratiofl( and{}{}) which are then sub-
divided into two samples with events only froopstreamor Downstreamcell.
Constructed four sub-samples contain events only from elevith one polariza-
tion state:up 1, down 1}, up | anddown 1. At this point using the rlumbe+r of the

. o T (PNT (D
events in each of the.se four su_b-samples, _the douple rMMBs %_)
can be constructed in eadh bin. Performing the fit with appropriate functions
(Eq. (7.40) or Eq. (7.41)) we obtain the raw asymmetry valugh ws error for
the corresponding charged hadron sample and kinematicalTlhiis procedure is
then evaluated for fivé; angles with each of constructed 52 samples in order to
evaluate all eight transverse asymmetries for positiveragative hadrons in each
kinematical bin.

At next stage the evaluated 416 raw asymmetry values andeirers are divided by
the corresponding mean correction factors calculatedceh &aematical bin of positive
and negative hadrons in order to obtain the real physics m&fries.

The described procedure is then performed for all datartpperiods separately since
the data from different periods can not be merged in one aizabecause of somehow
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different acceptance, experimental conditions and catestatistics. While the two sub-
periods of one period usually are produced with comparahbtesscs and within approx-
imately same conditions. Anyway after the asymmetries eatuated for different peri-
ods, the final results can be combined with an appropriatghtielg. For the simplicity
we will label periods like: 1 for P2B-P2C, 2 for P2H1-P2H2 08 P1G-P1H, 4 for W33-
W34, 5 for W35-W36. In each period eight transverse spin asgtries are evaluated
separately for positive and negativeidentifiedhadrons, pions and kaons in each kine-
matical bin overr,z and P, (9+8+9=26 bins), this makes in total ®fx 26 x 8 = 416
asymmetry values (marked by index) in each period for each type of particle. The
weighted mean over all the periods is evaluated for eachi®f/tues using the formula:

> AL

Ap = LA (7.45)
1
]gl 0A77L

whereA] is the weighted mean asymmetry valikds the number of period and;”
corresponds to an specific asymmetry value extracted frerwtiole data ok-th period.

The statistical error of weighted mean asymmetsy,» must be calculated from the
statistical errors of separate asymmetries~ in the following way:

(7.46)

The above expressions are written tmidentifiedhadron asymmetries, while for the
RICH-identifiedasymmetries summation should start not from the first bumftiwe third
period, since in first two periods RICH information was not geailable in COMPASS.
The weighted mean asymmetries and respective statistrcasdnave been calculated for
eachzx, z and P, bin of positive and negativeinidentifiedhadrons, identified pions and
kaons.

In the figures 7.4 - 7.11 the extracted eight transverse mamedependent asym-
metries for positive and negative unidentified hadronsngiand kaons are plotted as a
function of z, z and P,r. All results presented in this section have been evaluaged b
using the above described one-dimensional analysis puoeed

The red circles indicates the results for positive hadr{msns and kaons) whereas
blue triangles shows the results for negative hadronsnépamd kaons). The error bars
shown in all the plots are statistical only. In all the pldie blue triangles are slightly
shifted horizontally with the respect to the measured value

The general observation from this plots is that all the tvarnse spin asymmetries
extracted using the one-dimensional analysis method, £&@MPASS data with trans-
versely polarized deuteron target are small, which in adantbe explained by the partial
cancelation of, andd -quarks contributions into the deuteron asymmetry as itshasvn
on example ofd ;- asymmetry in Sec. 3.1.

The results of experimentally measurdg, asymmetry have been found to be in
agrement with the predictions presented in Sec. 3 and Rjf(§&e Sec. 8 and Figures 8.1
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- 8.2). Other asymmetries obtained with TMD DFs from quaidudrk model are also in
agreement with extracted ones Ref. [102].
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) (Collins) asymmetry with COMPASS data. One-dimensional fit
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Figure 7.4: Extracted!; ;"%

row), pions (middle row) and kaons (bottom row) as a functibn, z and P,

) (Collins) asymmetry for unidentified hadrons (top
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Asn30n=05) asymmetry with COMPASS data. One-dimensional fit.
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A?}r}(‘z’h_%) (Sivers) asymmetry with COMPASS data. One-dimensional fit.
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Figure 7.6: Extractedi? "~ %9) (Sivers) asymmetry for unidentified hadrons (top row),
pions (middle row) and kaons (bottom row) as a function,of and P,
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AR @n=s) gsymmetry with COMPASS data. One-dimensional fit.
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Figure 7.7: ExtractedﬁlCL";("b’”‘z’S) asymmetry for unidentified hadrons (top row), pions

(middle row) and kaons (bottom row) as a functioncot and P,
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A?’}r}(‘Z’S) asymmetry with COMPASS data. One-dimensional fit.
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Figure 7.8: Extractedli}‘}(%) asymmetry for unidentified hadrons (top row), pions (mid-
dle row) and kaons (bottom row) as a functionot and P,
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in(2d;, — . . . .
A?}r}( h=9s) asymmetry with COMPASS data. One-dimensional fit.
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Figure 7.9: Extractedi;»**"~?) asymmetry for unidentified hadrons (top row), pions
(middle row) and kaons (bottom row) as a functioncot and P,
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AS%(%5) asymmetry with COMPASS data. One-dimensional fit.
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Figure 7.10: ExtracteACLO;(¢S) asymmetry for unidentified hadrons (top row), pions (mid-
dle row) and kaons (bottom row) as a functionot and P,
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ASR(20n=05) asymmetry with COMPASS data. One-dimensional fit.
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Figure 7.11: Extracted$%:”*~?%) asymmetry for unidentified hadrons (top row), pions
(middle row) and kaons (bottom row) as a functioncot and P,
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7.3 Cross-check Between the Independent AnalyséED)

According to the general COMPASS collaboration policy aegult obtained from the
COMPASS data before being released must be first cross-etidutween two inde-
pendent analyses. In order to fulfill this requirement theependent analysis has been
performed by COMPASS group in Bonn (Germany). Then restitained in Bonn have
been cross-checked with ours (results obtained in two gratplabeled correspondingly
"Torino” and "Bonn”). As an example figures 7.12 - 7.14 show tioss check between
Torino and Bonn analysis foctCLO;(‘z’”_‘z’s ) asymmetry for the weighted mean of 2002—2004
data forunidentifiedhadrons and weighted mean of 2003—2004 data for pions amkao
Plots demonstrate the excellent agreement between theesutis, which is of the same
level for all the other measured asymmetries as well. Inrotestimate the level of
agreement between two analysis the "pulls” distributioesercalculated with the given
formula:

m m
ATO B ABn

oAz,

(7.47)

where A7 is the asymmetry value extracted by Torino group &g is the same
value extracted by Bonn group, the difference of these twaobmrs is divided by the
statistical error calculated by Torino (or by Bonn). Thisaqtity is calculated for each
asymmetry from all periods (five fannidentifiedhadrons, three for pions and kaons)
and evaluated for positive and negatiweidentifiedhadrons (pions and kaons) in each
kinematical bin inx,z and P,7. Obtained values are filled in histogram giving a "pull”
distribution, which is then fitted by the gaussian functidhis way the repetition of cross-
check plots can be avoided and the clear estimation of treeaggnt can be done. The
figures 7.15 - 7.16 shows the gauss-fitted "pulls” distrisi for all eight asymmetries
for unidentifiechadrons and combined pions and kaons. The number of ergiegsial to
260 forunidentifiedhadron asymmetries which corresponds to 5 (number of ditag
periods) x 2 (positive and negative hadrong) 26 (total number of kinematical bins
(9 z, 8 z and 9 P,7)), and 312 forRICH-identifiedpion and kaon asymmetries, which
is 3 (number of data-taking periods) 2 (positive and negative particles) 2 (pions
and kaons)x 26 (total number of kinematical bins (8 8 »z and 9 P,7)). For all the
asymmetries the RMS values given by gauss-fits are approedynaf 0.0004, which is
an indication of excellent agreement between two anal\&ikh a small difference can
be explained by the fact that though two groups used the saqueeace of cuts and same
analysis method, the programming codes and the procedex@bfating the asymmetries
is different.

As an alternative cross-check the published by COMPAS&lsothtion Collins and
Sivers asymmetries have been compared with newly extracted. Figure 7.17 shows
the corresponding “pull” distribution. As it was expecté@ difference between the re-
sults is more sizable not only because of different evabngprocesses but also due to
the difference in number of the events accepted for the aisalyn "old” calculations the
"y-peak” cut (see Sec. 6.3.7) was not yet implemented”).
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Figure 7.12: Cross check between Torino and Bonn analysisfé(¢’L_¢S) asymmetry

for all periods(2002 - 2004), all positive hadrons vs.z and P,r(left) and all negative
hadrons vsz, z and P,r(right).
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Figure 7.13: Cross check between Torino and Bonn analysiﬁfgﬁ(¢h_¢5) asymmetry
for all periods(2003 - 2004), all positive pions vs.z and P, r(left) and all negative pions
vs. z, z and P, (right).
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Figure 7.14: Cross check between Torino and Bonn analysiﬁfgﬁ(¢h_¢5) asymmetry
for all periods(2003 - 2004), all positive kaons vs, = and P,r(left) and all negative
kaons vsz, z and P,r(right).
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Figure 7.15: Cross check between Torino and Bonn resulésradat with one-dimensional
analysis forunidentifiedhadron asymmetries: “pulls” distribution foi‘Si”(d’h*‘z’S)(top
left), AZ{%=?5)(top right), Ajn3%n=0s)(ond |eft), A%@n=9s)(and right), A9 (3rd
left), Asm@% ¢s) (3 right), ACOS (69) (bottom left), A5% (2on—05) (bottom right).
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Figure 7.16: Cross check between Torino and Bonn resulésret with one-dimensional
analysis for pion and kaon asymmetries: “pulls” distribatfor A;5"“* %) top left),

Asin(cbh

) (top right), Ay (21 left), AR (2n right), Agp (37 left),
Agin2on=0s)(3rd right), A‘”S @3) (hottom left), A5 (2on—05) (bottom right).
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Figure 7.17: "pulls” distribution for newly extracted Ciolé and Sivers asymmetry with
the published ones
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7.4 Systematic Studie$l1D)

In this section we present several tests performed in oodeveal the possible systematic
deviations and estimate their size. The performed studess a

e Check on compatibility of the results obtained in differdata-taking periods.

e So-called’par(0)-test” verifies the assumption on the ratio of the acceptances of the
upstream and downstream target cells to be constant in thxpetods processed
before and after the polarization reversal.

e So-called’R’-test” is a more stringent test checking the stability of the aceg
ratios.

e Testing the quality of the fits by looking at thé distribution.

e Studying the systematic effects originating from the noifarmity of the accep-
tance on the azimuthal angles. This issue will be discussed separately in Sec. 7.5

The systematic checks have been performedidatentifiechadron asymmetries from
COMPASS 2002-2004 data as well as for pion and kaon asynmesdtom COMPASS
2003-2004 data.

7.4.1 Compatibility of the Results from Different Periods

The first systematic test is the check on compatibility of tbgults from different peri-
ods. The agreement between the results obtained from ehtfetata-taking periods is
an important requirement which ensures that spectrometsrstable during the whole
data-taking and the data analysis chain from data produtticasymmetry evaluation
was identical for all periods.

For each asymmetry valueA", calculated for positive or negative particle in some
particular kinematical bin ovet,z or P,r, using data of-th period, the followingP™
guantities are constructed:

Al — < A™ >

pm—

2

(7.48)
where< A™ > is the weighted mean ol" values over all periods. The variances
o%m ando? ,,... are used in the denominator in order to take into accountdhrelation
betweend”” and< A™ >. The " values evaluated for positive and negatividentified
hadrons, from five data-taking periods in 2002-2004 aredfite¢he histograms separately
for z, z and P, asymmetries, and in one common histogram for all three blasa The
same was done far™ values for positive and negative combined pion and kaon a4
tries from threeR1C H-periods in 2003-20004. The histograms were fitted by gauossi
and as it was expected they follow the standard normal digidn demonstrating that
the differences between the results from different perioas only a statistical origin.
Figures 7.18 and 7.19 shows the resulting plots on compigtibest for unidentified
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hadron asymmetries and for pion and kaons asymmetriesuriidentifiedhadrons total
number of entries in: histogram is720 which corresponds to eight asymmetries evalu-
ated separately from data of five periods for positive andtiegy hadrons in nine bins

-8 x5 x 2x9="720. Similarly in P, histogram number of entries 720, while in case

of z histogram number of entries @0 since the number of bins is not nine but eight
and correspondingly x 5 x 2 x 8 = 640. Total number of events in combinect: and

Py, histogram isr20 + 640 + 720 = 2080.

For pions and kaons total number of entries ihistogram is 864 which corresponds
to eight asymmetries evaluated separately from data o€ theziods for positive and
negative pions and kaons in ninebins -8 x 3 x 2 x 2 x 9 = 864. Similarly in P,r
histogram it's the sameg&64, and inz histogram it's768. In the combined:,z and P,r
number of entries thus will b&4 + 768 + 864 = 2496.
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Figure 7.18: Compatibility of the results from differentripels: “pulls” distribution to
see the compatibility of results from different periodstwit(top left), z (top right), P,
(bottom left) and combined, z, P, (bottom right).
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Figure 7.19: Compatibility of the results from differentrjpels: “pulls” distribution to
see the compatibility of results from different periodstwit(top left), z (top right), P,
(bottom left) and combined, z, P, (bottom right)..

7.4.2 par(0) Calculation

Both fitting functions (7.40, 7.41) used in one-dimensicaralysis contain free param-
eterpar(0). As it was shown in Sec. 7.2.1 this parameter is required toldse to one
in case if assumption on acceptance ratios Eg. (7.38) iecorihepar(0) values have
been extracted from the fit for all fivié’;(®,) modulations (Eq. (7.8)), for positive and
negativeunidentifiedhadrons, pions and kaons, from all available data (five gerar
three periods respectively) in all z and P, kinematical bins. Obtained values have
been filled in histograms which then have been fitted by ganossi

The number of entries irpar(0)” histogram forunidentifiechadrons is 1300( modulations) x
2(£) x b(periods) x 26(9 — z,8 — z and 9 — Py bins)), while for the pion kaon his-
togram the number of entries is 1560odulations) x 2(+) x 2(7/K) x 3(periods) X
26(9 —z,8 — z and 9 — Pyr bins)).

The "par(0)” histograms forunidentifiedhadrons and pions and kaons are presented
in left and right plot of figure 7.20 respectively, in both bktcases the distribution has a
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narrow peak at one, proving the validity of the acceptansaragtion.
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Figure 7.20: The distribution of thgar(0) values forunidentifiedhadrons (left) and
pions kaons (right) for all the fivé/;(®;) modulations from all data-taking periods (five
in 2002-2004 founidentifiedhadrons, three in 2003-2004 for pions and kaons).

7.4.3 Stability of Acceptance RatiosR’-test”

The assumption on acceptance ratios Eq. (7.38) implies tbestancy in eack; bin.
In the meanwhile more stringent test ®n dependence of the ratio of acceptancés-(
test”) was performed.
In this test the number of evenmjf/ , used to construct the ratio product quantities
(see eq: 7.31):
+ +
Ny (@;)N; (2;)

are rearranged to create a ratio

_ NE(®)N; (@)
Ny (®;) NS (®;)
Assuming the absolute value of the target polarization taheesame in each cell

before and after reversal, at the first order it is:

R()) (7.49)

az (P))
4 ()

E-Fyoag(®))-
F-Ff a;(®)-a

u

R(®;) (7.50)

here the same notation as in Sec. 7.2.1 are used. Using the@tssn on ratio of
acceptances Eq. (7.38):
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we obtain,
Fr-Fr (ab(®;)\°
"(P.) ~ u d_, urJ 7.51
i) Fp - Ff (a;@j)) (7:5)
_ _ 2
- Fp o Fy o \ag(9)) '

The requirement o’ (®;) to be constant i; will serve as a stronger assumption
than the required reasonable assumption (see Eq. (7.3Bi3.will imply for each cell
the ratio of the acceptances before and after the polasizagiversal to be constantdry,
ensuring that the spectrometer was stable during the rgrpenod. TheR'(®;) ratios
were evaluated in 16 bins ovér; and then fitted with the constant. This was performed
for all five ®; angles, for positive and negativaidentifiednadrons, pions and kaons in
each kinematical bin of, z and P, 7, separately for each data-taking period.

Figures 7.21, 7.22 and 7.23 show an example ofithe- test for (3¢, — ¢s) an-
gle vs. z for positiveunidentifiedhadrons, pions and kaons respectively, for the period
W35/W36. The lines are the results of the fit, showing corgstaifhe quality of these
R’ — test constant fits as well as quality of the double ratio fits whichleate the asym-
metry values have been tested by looking athéistribution (see next section).
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Figure 7.21: Distribution of thé’-Values for(3¢, — ¢5) modulation vsx for the period
W35/W36 for positiveunidentifiechadrons.
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Figure 7.22: Distribution of the?'-Values for (3¢, — ¢5) angle vs. = for the period
W35/W36 for positive pions.
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Figure 7.23: Distribution of the?’-Values for (3¢, — ¢s) angle vs. x for the period
W35/W36 for positive kaons.
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7.4.4 Quality of the Fit

The quality of the fits have been checked by constructing tseeilolition of \? values
from each fit. They should follow the theoretiog distribution with the corresponding
number of degree of freedomd().

The left plot in figure 7.24 shows the distribution of tyé values of the constant
fits on R'(®;) quantities evaluated for positive and negativedentifiedhadrons, in all
kinematical bins from all data taking periods &, — ¢5) angle. For comparison the-
oretical? distribution for 15 degrees of freedom (we haved@ 6ins and one parameter
fit, ndf = 15) is also plotted. The right plot present distribution of tftevalues of two
parameter fit on double rati(®;) quantities evaluated for positive and negatinéden-
tified hadrons, in all kinematical bins from all data taking pesiddr (3¢, — ¢5) angle
and theoretical? distribution for 14 degrees of freedomdf = 16 —2 = 14). The figure
7.24 include same distributions evaluated RI7C' H — identi fied pions and kaons. One
can see good agreement between expected and obsgrdestributions.

At this point all the performed tests did not reveal any emmbeof systematic effects
present in the analysis. So the conclusion to be drawn issgsiematic errors due to
acceptance and efficiency effects are considerably sntaierstatistical ones.

The asymmetry scale uncertainty due to the uncertaintiesiget polarizationsy
(see Sec. 7.1.4) and dilution factpi(see Sec. 7.1.5), which a5 and6% respectively.
Combined in quadrature, these errors give a global asymrsesite uncertainty of 8%.
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Figure 7.24: Right ploty? distribution of the constant fit oR’(®) values for(3¢;, — ¢s)
angle compared to the normalized distribution forndf = 15 for all hadrons. Left
plot: x? distribution of the two parameter fit oR(®) values (DR) for(3¢, — ¢5) angle
compared to the normalizeg distribution forndf = 14 for all hadrons. In both plots
theoreticaly? distribution is normalized by the number of entries in thetdgram.
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50 Entries 312 50 Entries 312
all mrand K all mand K

Mean 14.98 Mean 14.73
40 - R’(3¢h—¢s)—const.fit L R(3¢h—¢s)—mod.fit

RMS  5.864 40 RMS 5478
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Figure 7.25: Right ploty? distribution of the constant fit oR’(®) values for(3¢;, — ¢s)
angle compared to the normalizgd distribution forndf = 15 for all pions and kaons.
Left plot: x? distribution of the two parameter fit oR(®) values (DR) for(3¢;, — ¢s)
angle compared to the normalizgd distribution forndf = 14 for all pions and kaons.
In both plots theoretical? distribution is normalized by the number of entries in the
histogram.

7.5 Acceptance Effects in One-Dimensional Analysis

The COMPASS results on Collins and Sivers asymmetries ghadi in Refs. [5],[6], as
well as results on all eight target transverse spin depdradgmmetries presented in this
thesis in Sec. 7.2.2 (figures 7.4 - 7.11) have been obtainessing the described so far
one-dimensional ratio product method.

In this method only the acceptance dependence on targetargkt polarization and
®; was taken into account. The expression for number of evegrgrikence o, was
defined by Eq. (7.30):

+
Nu/d

(P)) = Fo ey gis(®5)a (1 £ W5(@;))

Whereaf/d@j) is ®; dependent acceptance in upstream or downstream cell, wpthor
"down” target polarization. Using the double ratio quaestEq. (7.31) as an estimator
for the asymmetry evaluation and making assumption on tbepance ratios Eq. (7.38)
we end up with canceled out acceptances.

The week point of this method is that the possible acceptdapendencies on kine-
matic variables and azimuthal angles are not taken intoustcoln Ref. [103] it was
demonstrated that the asymmetries extracted using oneadional ratio product method
will have systematic deviations due to the strong non-unifty of acceptance on spin
azimuthal angles (see¢s distribution presented in the figure 7.2). For the simplidit
was assumed that acceptance is independent of the targeagt polarization and,

y, z and P, kinematical variables. Only the dependence of the acceptan azimuthal
anglesy;, and¢gs was considered. Additional assumptions on beam flux, tgrgletiza-
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tion and dilution factor to be constant and independentrgitiecell were also applied. In
this case the expression for the number of event dependenki@ematic variables and
azimuthal angles for each target polarization is given by:

N:I:(xu Y, z, PhT7 (bh? (bS) X A(¢h7 Qbs)O':t(.T, Y, z, PhT7 (bh? (bs)? (753)

whereoL(x,y, z, Py, ¢, ¢5) IS @ target transverse spin dependent cross-section, which
can be represented as:

orx1 £ J[agsin(¢p — ¢g) + azsin(oy + ¢dg) (7.54)
+ aszsin(3¢, — ¢g) + a4 sin(gg)
+ assin(2¢, — ¢g) + ag cos(¢dn — @s)
+ aycos(pg) + agcos(2¢, — @s)],

where the amplitudes;, : = 1,8 depend onz, y, z and P,r. The eight modulations
present in cross-section are based on five combination wfudlzal angles:

® = ¢y — ¢pg = Pg — Sivers angle (7.55)
by = ¢ + ¢p5 = P — Collins angle (7.56)
O3 = 3dn — ¢s (7.57)
Oy = os (7.58)
O5 = 20, — @5 (7.59)

In order to extract the amplitudes i = 1, 8 as a function of variable = x, y, z, P,
in COMPASS one-dimensional analysis we need first to coaistne double ratio quan-
tities in which the acceptance effects are canceling out:

. N+(an)j)N+(an)j)

R@@Q_NJ%%MH%%) (7.60)

where N (v, ®;) are obtained from Eq. (7.53) by integrating over all phasesprari-
ables except and®,. To perform this integration one has to change the azimwta
ables

(On, ¢s) — (dn, P;) (7.61)

and then integrate over,. For example, for x-dependence one obtains the integral

Ni(z, @) OC/ d¢h/ddedPhTA<¢h7¢si(¢ha(I)j>>o'ﬂ:<xayazyphTyﬁbha(bsi(Qbhaq)j))a
- (7.62)
wherej = 1,..,5and
( ) = on— P, (7.63)
( ) = —én+ Py, (7.64)
Gs3(On, P3) = 3¢n — D3, (7.65)
( ) = Dy (7.66)
( ) = 2¢n— P5. (7.67)
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Important remark is that, acceptance function enteringgn(i.62) as integrand, in
general, cannot be factorized, since integral of produdtvof function is not equal to
product of integrals of these two functions.

7.5.1 Constant Acceptance

Considering the case when the acceptance is independéetaditmuthal angles (¢, ¢s) =
Ag = const, from the counting rate expression (7.62) one will obtain:

Ny(z,®;) OCAO/ d¢h/ddedPhTUj:(x7y7Za Pur, on, ¢si(on, ©5)), (7.68)

For example, the counting rate dependence:feariable andb, = ®4 (Sivers angle)
will contain only the amplitudes; andag

Ny(z, ®g) ox 1+ [ay(x)sin(Pg) + ag(x) cos(Pg)] (7.69)

since all other modulations presented in the cross-setioh after integration ovep,,
will give zero and thus will not contribute.

Then the usual COMPASS ratio product method can be appliéhirvdn assumption
thata, andag are small the double ratio quantities will give:

R(xz,®g) = 1+ 4[a;(z) sin(Pg) + ag(z) cos(Pg)]. (7.70)

and acceptances will be canceled out. Now amplitudés) andag(z) can be extracted
by fitting the R(z, ®5) with the appropriate function (see Sec. 7.2.1). This was#se

of constant acceptance i#y. Now lets discuss the COMPASS situation with the non-
uniform ¢ distribution. For this purpose some model of the COMPASSacceptance

IS needed.

7.5.2 Model of Non-uniform COMPASS Acceptance

The distributions of the azimuthal angles and¢s in COMPASS have been presented
in Sec. 7.1.2. The acceptance dependenceg,oran be considered as week and can be
neglected in the first approximation, while the dependence is much stronger and must
be taken into account. Thus it(¢;, ¢5) we will keep only¢s dependence:

A(on, ¢s) = Alds). (7.71)

In order to simulate acceptance functighi¢s) we used its Fourier decomposition
which can be presented like:

A(ps) = co (1 +2 Z [c,, cos(ndg) + sp sin(n¢s)]> : (7.72)
n=1
The sum limit was set at five and the obtained expression wes assan analyzer of
harmonics. Theys distribution of all events (from both cells with both targeilariza-
tions) entering in particular bin of (0.05 < = < 0.1) was fitted by this function with free
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parameters{ " and s{ " giving the amplitudes of correspondirgs and sin harmonics.
The ¢ distribution with the plotted fitting function is presentedigure 7.26 and the fit
parameters are given in Tab. 7.2.

it it
0.025935 0.208876
0.173028 0.007965
-0.001848 -0.061086

-0.042701 0.002011
0.000329 0.000378

g s wWN P

Table 7.2: Fitted parameters for acceptance dependenge on

As one can see in this table at least two of relevant fit pararsetre large enough:
" ~ 5" ~ 0.2, each corresponding to 40% modulations (factor 2 in frothefsum in

Eq. (7.72) doubles all amplitudes).
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Figure 7.26:p¢ distributionin0.05 < = < 0.1 bin at COMPASS. The solid line represents
the fitting function.

7.5.3 The Systematic Deviations in Asymmetries

Using number of events expression (Eq. (7.62)) and Foueeoshposition of acceptance
A(¢s), one can calculate the double ratio quantities for all fiveangles. Since the
dependence on kinematic variables is not essential fodtbesission for the certainty we
will consider extraction of asymmetries as a function oAs the first case to be discussed
we choose the simplest one which is theangle.

o &y = ¢g
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For &, calculations are the most simple because it doesn’t inclydd he counting
rate expression will be presented like:

Ni(z, ®y) x /7r dpp A(Py)os(z, P, y), (7.73)

—Tr

whereo. (z, ¢5, ®4) is defined by Eq. (7.54) with; integrated ovey, z and P,7. Since
A(®,) does not depend opy, acceptance term will factor out. After the integration over
¢y, all the modulations presented in the cross-section wilisfraaxcept two which depend
on®dy,:

N:t(llj', @4) 0.8 A((I)4)(1 + [a4 sin(CI)4) + ay COS((I)4)]). (774)

Using the double ratio quantitie®(z, ®,) the acceptances will cancel out and for
small asymmetrieg, anda; one can obtain:

R(x,®,) = 14 4[agsin(Py) + a7 cos(Py)]. (7.75)

So in this case usual one-dimensional ratio product metheodlid and result is not
changed by non-uniform acceptancebp.

o &, = ¢, — ¢pg = Pg — Sivers angle

Here the situation is different and the definition of Sivengla includesy;,. The
number of events dependence omand 5 can be represented according to Eq. (7.62)
like:

Ni(z,®g) o< / donA(dn, on — Ps)os(x, dn, o — Ps), (7.76)

whereo. (x, ¢p, on, — Pg) is defined by Eq. (7.54) with corresponding change of vagisbl
s — ¢on — Ps!

or(z, Op,pp — Pg) x 1 £ [agsin(Pg) + agsin(2¢, — Pg) (7.77)
+ agsin(2¢, + Pg) + agsin(¢y, — Pg)
+ assin(¢p + Pg) + ag cos(Pg)
+ arcos(¢y — Pg) + ag cos(gy, + Pg)],

here the amplitudes now depend only on. Inserting this expression and the Fourier
decomposition of acceptance into Eq. (7.76) we have:

Ni(z, ®g) o /7r dop, (1 +2 :Z [c,, cos(ngn, — n®g) + s, sin(negy, — nCDS)]> X

n=1

Xgﬂ:(x7¢h7¢h - (I)S>7
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After integrating tha.h.sover ¢, we obtain:

N:t(l’, (I)s) x 1+ [a481 + ayc1 + (CL1 + CLQCQ) Sin((I)s) (778)
+ (ag + azsz) cos(Pg) + (ass; + agey) cos(2Pg)
+ (asc1 — agsy) sin(2®g) + azca sin(3Pg) + azsy cos(3Pg)].

The comparison of this equation with Eq. (7.69) (writtentfoe constant acceptance)
clearly reveals that non-uniformity of the acceptance aadmon-physicak®s and3®g
modulations and target transverse spin dependent but Hzimidependent asymmetry,
moreover it changes the amplitudesedl-physicalsin(®g) andcos(®s) modulations.

For small asymmetrieg;, : = 1,8 the double ratio quantities Eqg. (7.60) can be
represented as:

R(z,®s) = 1+ 4[ass1 + azci + (a1 + agco) sin(Pyg) (7.79)
+ (ag + azsz) cos(Pg) + (ass; + agey) cos(2Pg)
+ (asc; — agsy) sin(2®g) + agee sin(3®Pg) + azse cos(3Pyg)].

Keeping only the terms which includes large modulationscokatance function s
andc,, we obtain:

R(z,®5) ~ 1+4[0.2a4+ [(a1 + 0.2a5) sin(Pg) + ag cos(Ps) (7.80)
+ 0.2a5cos(2Pg) — 0.2agsin(2Pg) + 0.2a3 sin(3Pg)].

According to one-dimensional method in order to extractaimplitudes ofbs mod-
ulations ¢; andag) this expression must be fitted by a function given by Eq.X¥.4

R(®;) = par(0)(1 + 4[par(1) sin(P;) + par(2) cos(®,)]).

In this case the extracted amplitudesafi(®s) modulation (the Sivers asymmetry)
will be sifted from its original value:; by 20% of amplitude of real (physics) Collins
asymmetry ¢.). Thepar(0) will also be shifted form its expected value 1 by alm&&to
of amplitude ofsin(¢g) modulation ¢4). In addition theas, as andas amplitudes can
be extracted from the data by adding to the fitting function 1) thenon-physical
cos(2Pg), sin(2dg) andsin(3Pg) modulations.

o &, = ¢, + ¢ps = P — Collins angle

Using the same procedure fdf angle the double ratio quantities will be represented
as:

R(JI, (bc)

1+ 4[ass1 + arer + (a1co + agss + az) sin(P¢) (7.81)
(@152 + agca) cos(Pe) + (asss + ascs) cos(2Pc)

(ascs + agss) sin(2P¢) + ageq sin(3P¢) + agzsy cos(3P¢)]

1+ 4[0.2a4 + (0.2a1 + ag) sin(P¢) + 0.2a6 cos(P¢)].

Q& + +
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Again we see that extracted amplitudef( ) modulation (the Collins asymmetry)
will be shifted from its original valued;) by 20% of amplitude of Sivers asymmetiy .
In addition thecos(®¢) non-physicaimodulation and).8a, constant term appear in the
expression.

o &3 =3¢, — ¢s

In this case only th@.8a4 non-physicatonstant term appear in the expression.

R(z,®3) = 1+ 4[ags) + arcy + agsin(Py)] (7.82)
1+ 4[0.2a4 + ag sin(Py)].

o &5 =2¢, — ¢s

Here also the same as o case only thé.8a, non-physicatonstant term appear in
the double ratio expression.

R(x,®5) = 14 4[aygs; + azcy + azsin(Ps) + ag cos(P3)] (7.83)
1+ 4[0.2a4 + a5 sin(P3) + ag cos(P3)].

7.6 Concluding Remarks on One-Dimensional Method

As it was demonstrated in Sec. 7.5 the disadvantage of thaliomensional analysis
method is that it gives distorted results in case of nonarmfazimuthal acceptance in
¢s. Using the realistic model of non-uniform COMPASS distribution (see Sec. 7.5.2)
it was shown that in such a case amplitudes of different attisdumodulations extracted
with one-dimensional method are mixed and even non-phlysicalulations arise in
double ratio expressions. Thus the results obtained wididimensional ratio product
method have to be corrected for azimuthal acceptance gffect

In case of small asymmetriesthe distortions are not changing results essentially and
thus may be accounted in the systematic errors. This islgctha case of COMPASS re-
sults, due to the fact that all the measured asymmetriesvaakt additional’acceptance-
induced” terms entering in double ratio expressions with small (.2 — 0.3) scaling
factor can be even neglected within statistical accurasyopposed to this in the case of
large asymmetries the deviations may change the resulahlly, and one-dimensional
method will not be valid without necessary acceptance coaes.

Anyway there exist another, more elegant way to avoid sucbnaptications. The
so-called two-dimensional analysis method does not saffatl from the azimuthal ac-
ceptance effects, since in this case asymmetries are éxdlinetwo-dimensionaldy,, ¢s)
bins without performing an integration over the azimuthmalas and acceptances are can-
celed out in each bin. The two-dimensional analysis metmabrasults obtained using
this technic are presented in next section.
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7.7 Two-Dimensional Analysig2D)

The two-dimensional analysis method allows to extractaldight target transverse spin
dependent asymmetries (see Sec. 2.2) simultaneously.dlticadthis method is not af-
fected by the systematic effects caused by non-unifornfith®@ COMPASS acceptance
on ¢ described in Sec. 7.5. Two-dimensional fit also providesitfi@mation about
the correlation between different asymmetries extracseal parameters of the fit. In this
section the description of the two-dimensional analysiepdure and the results on asym-
metries evaluated using this method in each kinematicabhin - and P, (see Sec. 6.4)
for positive and negativanidentifiedhadrons, and for positive and negative pions and
kaons are presented.

7.7.1 Ratio Product Method (RPM) in Two-Dimensional Analyss

In the two-dimensional analysis we applied the same Ratdiit Method (RPM) method
which was used in one-dimensional analysis (see Sec. Wizhipnly difference that now
the double ratio quantities instead of being calculatedit 1bins have been evaluated in
8 x 8 equal-size bins in two-dimensional,(,¢s) space. This allows simultaneous extrac-
tion of all eight asymmetries and also avoid the integratieer azimuthal angles which
as it was demonstrated in the section Sec. 7.5 cause sonpmatoe effects.

The counting rate dependence gnand¢g analogously to the one-dimensional case
can be represented as:

8
N a(bns bs) = Fonis g (0, 6s)o {1 £ Y A wy(gn, d5)}  (7.84)
i=1
where +(—) indicate up (down) target polarization(d) the upstream and down-
stream target cells. Tthjd is the flux andn:ut/d is the target density for the given cell
(u/d) and polarization£). Theo is the unpolarized cross-section atggid(gbh, ¢s) isthe
azimuthal angles dependent acceptance for the corresmpaoell and polarization state.
And finally Ail9n95) gre theraw asymmetries extracted as amplitudes of the correspond-
ing modulationsv; (¢, ¢s).
The double ratio quantities in eachy,(¢s) bin are calculated similarly to one-dimensional
analysis procedure (see Sec. 7.2.1) as:

NJ(Qﬁh, ¢S)N2—(¢h7 (bS)

R = 7.85
(91 6s) Ny (¢n: ¢5)Ng (dn, ds)’ (7.85)
and the respective error propagation is:
or(dn, ds) = ! + ! + ! + L (7.86)
T A N (@n,bs) - N (00, 05) Ny (0n:6s) Ny (0n.0s)

The ratios are calculated & 8 equal bins over the range @f,, ¢s). The reasonable
assumption on acceptances Eq. (7.38) is applied in two+tsioral case as well and can
be represented as:
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ay (P, bs) _ ay (Pn, ¢s)
ag (Pn ¢s)  ag(on, ds)

Similarly to the Egs. (7.33—7.39) under the assumption ddlbrass of asymmetries
making the Taylor expansion of double ratios one can obtain:

(7.87)

8
R(¢n, ¢s) = const - (1+4- Y AP0 w, (g, bs)). (7.88)
=1
The corresponding nine-parameter fitting function usedtmaet simultaneously all
eightA}f’,;ﬁ”“%) values is the following one:

R(¢n, ¢s) = par(0)[1 + 4[par(1)sin(¢p + s — ) + par(2)sin(3¢n — ¢s) +
par(3)sin(¢n — ¢s) + par(4)cos(én — ¢s) + par(5)sin(ds) +
par(6)sin(2¢y, — ¢s) + par(7) cos(¢ps) + par(8)cos(2¢, — ¢s)]]- (7.89)

where the parametegsir(1) to par(8) give the "raw asymmetries”, whilgar(0) repre-
sents the constant term in Eq. (7.88) and is expected te beonfirming the validity of
the acceptance assumption Eq. (7.87). So, summarizingameanclude that the two-
dimensional analysis method take all the advantages ofrtealonensional one, namely:

e method combines information from both target cells fromhlsib-periods of one
data-taking period;

e itimplies only a "soft” assumptions on acceptances;

e at first order (for small values of the involved asymmetrigéspin-independent
effects, e.g. Cahn asymmetry, are factored out

in addition to these:

e two-dimensional method is free from systematic deviatioagsed by the non-
uniform acceptance ing (see, Sec. 7.5);

e and finally it allows to reveal the possible correlationsh®n asymmetries (see,
Sec. 7.7.4).

Anyway method has some requirements on minimal statistitesiag in the analysis.
The reason is that in case of kinematical bins with low gdiags(usually last bins) it
may happen that no events will fall in some of the 64,{5) bins. In such a cases the
x2-minimization fails and fit does not converge. Due to this dpémal for COMPASS
statistics binning was chosen to 8ex 8 and not more. In a fact even with this binning
the data from both periods in 2002 which contain much lessteveompared to other
periods in 2003 and 2004 (see Table 6.2) have been excluded-idimensional analysis
because of problems during the fit. Another aspect to be stsclifor two dimensional
method is the "binning effect”, described in the next sattio
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7.7.2 Binning effect

The "Binning effect” is an important issue related to theragtion of the asymmetries
which have to be mentioned especially for the case of twoedsional asymmetry eval-
uation procedure. In general, using the histogram-fitt@aphic for the extraction of the
amplitudes of the modulations one has to take into accoanthie obtained values differ
from the real ones by the factor related to the bin-width.

As the first example Let us consider the one-dimensional oasxtraction of the
amplitudes: andb of a modulation:

(@) =14 acos(p) + bsin(y) (7.90)

Lets consider thex-bin histogram filled withV events (V — oc) according to this
distribution. The mean value ¢f(y) in a bin(¢;, ¢;+1) is given by:

F@irss = A% / " f@)de. (7.91)

7

where the bin widtlhAy = 27 /n. In case of infinite statistics this value is equal to the
number of the events entering ifth bin (V;) and during the standard histogram-fitting
procedure it will be taken by the fitter as an input in the ceat¢he bin, while the "true”
height of the function in the center of the bin is given by

floi +Ap/2) =14 acos(p; + Ap/2) + bsin(p; + Ap/2). (7.92)

These two valuesf(¢));.+1 and f(y; + Ap/2) are not equal, and the difference be-
tween them depends on the number of bins. Thus, since thetadgd extracted from the
fit are evaluated usingf(¢));.+1 values in the center of the bing,(+ Ay/2), they will
differ from actual amplitudes which correspond(ta + Ayp/2; f(v; + Ap/2)) points.
Simple calculations reveal the following relation betwestracted amplitudes arrdal
ones:

2 A

Qfit = CLA— sin 7@ (793)
¥
2 A

bfit = bA—gp sin 7@

In Table 7.7.2 we present the numerical values of the ragbsden extractedi(;, by;:)
and actual 4, b) amplitudes calculated for the different number of the hins

n 2 4 8 16
agi/a = by /b | 0.6366| 0.9003| 0.9745| 0.9936

Table 7.3: Dependence of the ratio of extracted and actuplituges on the number of
the bins in one-dimensional analysis
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As we see from this table in case of COMPASS one-dimensiorayais withn = 16
the bias is very smatlt 0.6% and thus can be neglected.

In two-dimensional analysis method the situation is défér In this case we deal
with the following general function:

3

Flonos) =1+ > (asin(ken — s) + b cos(kpn — ¢s)).
k=—1

(7.94)

Using the same logic one can obtain the following relatiamstiie ratios between ex-
tracted and actual amplitudes:

2 kA 2 . A
Ak, fit = Qg N sin 2S0h Aps sin ;OS (7.95)
2 . k[&@h 2 . Z&@S
b it = b . 7.96
k, fit kl{:A(ph sin > Aos sin 5 ( )

The relevant values for the biases are listed in Table 7.7.2.
In order to have reasonable statistics in angular bins w8 u8inning in (¢5; ¢s) space.
As it can be seen from the above table in this case extractptitades will have a sizable
bias, comparing with the actual ones. For example, the replitude of thesin (3¢, — o)
modulation differs from the extracted one by more tRafi. Which means that these
deviations cannot be neglected and asymmetries extragtésldadimensional analysis
method must be corrected using the corresponding relaiqné7.96) and Eq. (7.96).

L 2.2 | 4.4 | 88 | 16-16
ar ru)a = by /b | 0.81057] 0.87735| 0.94964| 0.99180
(o pi1/a = b, pi2/b | 0.57316| 0.81057| 0.87735| 0.97959
as.pi0/a = by, 1t /b | 0.2702.| 0.70604] 0.76421] 0.95944

Table 7.4: Dependence of the ratio of extracted and actupliumes on number of the
bins in two-dimensional analysis

7.7.3 Evaluation of the Asymmetries and Results

Similarly to the one-dimensional analysis the target tvanse spin dependent asymme-
tries were evaluated as a functionsaz9fz and P, kinematical variables separately for
positive and negativenidentifiedhadrons, and for positive and negatRECH-identified
pions and kaons.

The event selection, binning overz and P,r, evaluation of the correction factors
and subsequent correction of tteav asymmetries as well as calculation of the weighted
mean asymmetries are absolutely identical in one- and imeukional analyses and are
described in Sec. 6.3, Sec. 6.4, Sec. 7.1 and Sec. 7.2.2.



7.7. TWO-DIMENSIONAL ANALYSIS (2D) 139

The difference in theaw asymmetries evaluation procedures is that instead of 16 bin
over®; the double ratio quantities are now filleddnx 8 = 64 bins of two-dimensional
(on, ¢s) histogram which is then fitted by two-dimensional functigg. (7.89). With
this fit the values of all eight asymmetries are calculatetuftaneously as opposed to
one-dimensional case where the fitting was done separaiedath of fivel;(®;) mod-
ulations. Analogously to one-dimensional fitting procedtire two-dimensional fit was
performed also using MINUIT withy?-minimization.

Similarly to one-dimensional case the asymmetriesR&6CH-identifiedpions and
kaons have been evaluated from COMPASS "transverse” 2003-8ata which have
passed the RICH-stability criteria described in Sec. 6.3Since the data from both two
periods in 2002 (P2B-P2C and P2H1-P2H2) was rejected dueettotv statistics and
following from this problems with the fit convergence in twongnsional analysis (see
Sec. 7.7.1) thainidentifiedhadron asymmetries with this method have been evaluated
only using the 2003-2004 COMPASS data.

In the figures 7.27 - 7.34 the extracted with two-dimensioneihod eight transverse
momentum dependent asymmetries for positive and negatikentified hadrons, and
for positive and negativRICH-identifiedpions and kaons are presented as a function of
x, z and Py,r.

The red circles indicates the results for positive hadr{pisns and kaons) while the
blue triangles correspond to negative hadrons, (pions and¥). The error bars shown
in all the plots are statistical only. In all the plots the dluwiangles are slightly shifted
horizontally with the respect to the measured value.

The same preliminary conclusion as one made on results fnreadonensional method
about the smallness of the asymmetries measured with therdaudarget and agreement
with theory predictions can be drawn here.
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UT +os) (Collins) asymmetry with COMPASS data. Two-dimensional fit
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Figure 7.27: Extractedi,2™”* %) (Collins) asymmetry for unidentified hadrons (top
row), pions (middle row) and kaons (bottom row) as a functibn, z and P,
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A;n30n=05) asymmetry with COMPASS data. Two-dimensional fit.
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Figure 7.28: Extracted"**"~*) asymmetry for unidentified hadrons (top row), pions

(middle row) and kaons (bottom row) as a functioncot and P,
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A?}r}(d”’_%) (Sivers) asymmetry with COMPASS data

142

. Two-dimensional fit.
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Figure 7.29: Extracted;\*" ~*%) (Sivers) asymmetry for unidentified hadrons (top row),

pions (middle row) and kaons (bottom row) as a function,of and P,
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ASR0n=s) agsymmetry with COMPASS data. Two-dimensional fit.
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Figure 7.30: ExtractedlCLO;(¢’L_¢S) asymmetry for unidentified hadrons (top row), pions

(middle row) and kaons (bottom row) as a functioncot and P,
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A?}r}(‘”) asymmetry with COMPASS data. Two-dimensional fit.
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Figure 7.31: Extracteﬂ?}l}(‘z’” asymmetry for unidentified hadrons (top row), pions (mid-

dle row) and kaons (bottom row) as a functionot and P,
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in(2d, — . . . .
A?}r}( h=9s) asymmetry with COMPASS data. Two-dimensional fit.
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Figure 7.32: Extracted"**"~**) asymmetry for unidentified hadrons (top row), pions

(middle row) and kaons (bottom row) as a functioncot and P,
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AS%(@3) asymmetry with COMPASS data. Two-dimensional fit.
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Figure 7.33: ExtracteACLO;(¢S) asymmetry for unidentified hadrons (top row), pions (mid-
dle row) and kaons (bottom row) as a functionot and P,
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AR 20n=0s) gsymmetry with COMPASS data. Two-dimensional fit.
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Figure 7.34: Extracted$%:”*"~?) asymmetry for unidentified hadrons (top row), pions

(middle row) and kaons (bottom row) as a functioncot and P,
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7.7.4 Correlation Coefficients

One of the advantages of the two-dimensional analysis rde¢itbat it gives access to the
correlations between the extracted asymmetries. Penfigrthe fit with two-dimensional
function MINUIT calculates the, x n covariance matrixi; ; (i = 1,..,n; ) = 1,..,n),
with n being the number of parameters in fitting function which im case is nine. The
correlationsp between any two pairs of parameters are then calculatedghrthe ex-
pression:

covariancey; j

(7.97)

\/variancey; ;) - variancey; ;)

For nine parameters in total we have 36 pairs of parametetshars 36 correlation
coefficients to be calculated for positive and negatimedentifiedhadrons and positive
and negative pions and kaons, in each kinematical bin eyerand P, and for each
data-taking period. In most of the cases correlation coeffis are negligible~ 0),
only for seven pairs of parameters correlations larger thamave been revealed, though
even they remains in a maximum smaller than 0.4, which isreigaiication of negligi-
ble correlations. Performed Monte-Carlo studies have shinat such@4 > p > 0.1)
correlations can be caused by ti@n-uniformityof acceptance ips in COMPASS. Dur-
ing the evaluation of the two-dimensional fit by MINUIT, thewvariances (correlations)
between each pairs of parameters are automatically takemdacount in the calculation
of the fit parameters and their errors. Since in one-dimeasifit the asymmetries are
evaluate separately no information about correlationséen them is available and thus
covariances are not taken into account. Anyway since theledions are found to be
small they can be neglected in one-dimensional analysis.

As an example we present in figures 7.35, 7.36 and 7.37 thelaton coefficients
with absolute values larger than 0.1 for unidentified haglypions and kaons respectively
1, All three plots correspond to second data-taking pericd2Diod (W35-W36), for other
periods situation is very similar. In all the plots the topvris for positive hadrons, the
bottom row is for the negative hadrons, and correlationfamefts are shown (from left
to right) for z, z and P,r. The notation of symbols in the plots are the following:

¢ Red solid square indicates the correlation betwégﬁ“(d’”‘Z’S) andA?}r}(d”’_‘z’S)

Green upper solid triangle indicates the correlation betwfls};m(‘z’“%) andA?}r}(‘z’S)

Blue lower solid triangle indicates the correlation betwﬂ\é}l}(%’”%) andA?}’}(z‘z’”_‘z’S)

Yellow hollow circle indicates the correlation betwea ** ) and A7)

Violet hollow square indicates the correlation betwe&h ** ) and A3n{**»~)

Blue upper hollow triangle indicates the correlation besmd!>>*" ) and A¢5*)

e Green hollow diamond indicates the correlation betwegH* ~s) and A5 >?~¢s)

IFor complete set of correlation coefficients see Appenddc(8.2.1 — 9.2.3)
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Correlation Coefficients

Figure 7.35:Unidentifiedhadron - sample: Correlation between parameters, where the
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Figure 7.36: Pion - sample: Correlation between parametdrsre the correlation is in

the range above: 0.1 in any one of the, z and P, bin.
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Figure 7.37: Kaon - sample: Correlation between parametdrsre the correlation is in
the range above- 0.1 in any one of the, z and P, bin.

7.8 Cross-check Between the Independent Analys€2D)

Similarly to one-dimensional case, all the results obthinsing two-dimensional anal-
ysis method have been cross-checked with the results ebtamdependently (using the
same method) by COMPASS group in Bonn. As an estimate of fiferelnce between
two results we use the same quantity as one used in one-donahsase (see Sec. 7.3,
Eq. (7.47)) which is:
g}o B gn
gAg,

whereA”. indicates asymmetry value obtained by Torino group afigl is the same
value extracted by Bonn group, their difference is dividgthe statistical error calculated
by Torino (or by Bonn).

The cross-check have been performed for all eight asymeseseparately famiden-
tified hadrons an®ICH-identifiedoions and kaons. The “pulls” distributions (see Sec. 7.3)
between two analysis are shown in figure 7.38uoidentifiechadrons and in figure 7.39
for pions and kaons. "Pulls” are constructed separately farand P, variables and for
overall difference between two analyses. The mean difterdetween the two analyses
is given by the average RMS of performed gauss-fits which sagmately of 0.0004
which indicates the perfect agreement.

The number of entries farnidentifiedhadron histograms are:
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432 —for x and P, histogramsg (asymmetriesk 2 (+ hadrons)x 9 (x or P,r bins)
x 3 (data-taking periods) 432);

384 — for z histogram § (asymmetriesx 2 (+ hadrons)x 8 (z bins) x 3 (data-taking
periods)= 384);

and correspondingly248 entries in overalk : z : Py, histogram ¢32 + 384 + 432 =
1248).

The number of entries fdRICH-identifiedpion-kaon histograms are:

864 — for z and P, histogramsg (asymmetriesk 2 (+ hadrons)x 2 (r/K) x 9 (z
or P,r bins) x 3 (data-taking periods} 864);

768 — for z histogram § (asymmetriesk 2 (+ hadrons)x 2 (7/K) x 8 (z bins) x 3
(data-taking periods¥ 768);

and as a summad96 entries in overall: : z : P,y histogram §64 + 768 + 864 =
2496).
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Figure 7.38: Cross check between Bonn and Torino analysisiidentifiechadron asym-
metries with two-dimensional fit: “pulls” distribution far (top left), z (top right) andP,,
(bottom left) variables, and for all variables (bottom tigh
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Entries 864 Entries 768
all mand K Mean 6.174e-07 all Tand K Mean 5.2300-06
800 [ X RMS 0.0004044 800 [ z RMS 0.0007719
Constant 696 + 36.4 Constant 541.3+26.8
Mean 1.121e-05 + 1.119e-05 Mean -1.347e-06 + 1.362e-05
600 - 600 —
Sigma  0.0003453 + 0.0000118 Sigma  0.0003803 + 0.0000117
400 b 400
200 - 200 -
0 ! | . ! 0 ! | !
-0.005 0 0.005 -0.005 0 0.005
(ATo- AB”)/GAm (ATO- ABn)/OATo
Entries 864 2500 Entries 2496
all mand K Mean -3.3950.06 all tand K Mean -2573¢-06
800 [ P RMS 0.0004616 X. 7 P RMS 0.0005601
hT Constant 72415 414 2000 ™ % Tt Constant 1932+ 57.3
600 L Mean 1.025e-05 + 1.053e-05 Mean 7.284e-06 + 6.851e-06
Sigma 0.0003313 + 0.0000124 1500 |- Sigma  0.0003541+ 0.0000068
400 N
1000
200 - 500
! - | . ! 0 ! | !
-0.005 0 0.005 -0.005 0 0.005
(ATo- AB”)/GAm (ATO- ABn)/OATo

Figure 7.39: Cross check between Torino and Bonn analysggdo and kaon asymme-
tries with two-dimensional fit: “pulls” distribution for. (top left), z (top right) andP,
(bottom left) variables, and for all variables (bottom tigh

7.9 Systematic Studie$2D)

Results obtained using the two-dimensional analysis haea Iscrutinized for the sys-
tematic deviations using the same tests as ones used inmmeesional analysis. These
are namely periods compatibility tespar(0)-test”, "R’-test” and fit quality test. None
of these checks revealed any systematic deviations, whimhrsthat possible systematic
errors of measurement are much smaller than statistical ¢tere in order to reduce the
amount of similar plots we present only the results for pEsicompatibility test.

Another study have been performed in order to check the aggeebetween the re-
sults obtained with two methods. Special Monte-Carlo tdstficated to this subject are
presented in Sec. 7.9.3. Performed studies demonstrateththdifference between the
two methods can be explained by the statistical fluctuagoesent in low-statistical bins.
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7.9.1 Compatibility of the Results from Different Periods

The test have been performed similarly to its analogue inddmensional analysis (see
Sec. 7.4.1). The compatibility of the results obtained ffedent periods have been tested
by constructing theé’™ estimator presented in Eq. (7.48):

Al'— < A™
pmo i Z =4~

(2

012471 — 0% pm>

where A" indicates the result obtained froivth period and< A™ > is the weighted
mean ofA" values over all periods while the},. ando? ... are respective variances.
The P values were evaluated for positive and negatinglentifiechadrons, from three
data-taking periods in 2003-2004 and filled in the histograeparately for, z and P,
asymmetries, and one common histogram for all three vasabAnalogous procedure
was done forP” values for positive and negative combined pion and kaon asstnies
from three RIC H-periods in 2003-2004. The gauss-fits of the histogramsatee
expected standard normal distributions demonstratingttteadifferences between the
results from different periods has purely a statisticajiori

Results of the period compatibility tests are presentedjurdis 7.40 and 7.41 respec-
tively for unidentifiedhadron and combined pion and kaon asymmetries.

The number of entries farnidentifiedhadron histograms are:

432 —for x and P, histogramsg (asymmetriesk 2 (+ hadrons)x 9 (x or P,r bins)
x 3 (data-taking periods) 432);

384 — for z histogram § (asymmetriesx 2 (+ hadrons)x 8 (z bins) x 3 (data-taking
periods)= 384);

and correspondingly248 entries in overalk : z : P,r histogram 432 + 384 + 432 =
1248).

The number of entries fdRICH-identifiedpion-kaon histograms are:

864 — for z and P, histograms& (asymmetriesk 2 (+ hadrons)x 2 (r/K) x 9 (z
or P,r bins) x 3 (data-taking periods} 864);

768 — for z histogram § (asymmetriesk 2 (+ hadrons)x 2 (7/K) x 8 (z bins) x 3
(data-taking periods¥ 768);

and as a summad96 entries in overall: : z : P,y histogram §64 + 768 + 864 =
2496).
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Figure 7.40: Compatibility of the results from differentripels: “pulls” distributions to
see the compatibility of the results from different periodth = (top left), z (top right),
P, (bottom left) and combined, z, P, (bottom right).
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Figure 7.41: Compatibility of the results from differentripels: “pulls” distribution to
see the compatibility of the results from different periodth = (top left), z (top right),
P, (bottom left) and combined, z, P, (bottom right).
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7.9.2 Comparison between the Asymmetries Extracted with Oz and
Two- Dimensional Analyses

We have presented asymmetries extracted with two differethods, one- and two- di-
mensional analyses. As it was shown in Sec. 7.5 the first rddftiv) may give slightly
distorted results for measured in COMPASS8allasymmetries due to the not accounted
in method¢g-acceptance effects, while the second method may fail te gorrect re-
sult in low statistical bins. Now it becomes necessary to gam the results from two
analyses in order to check if possible differences havesstatl or systematic origin.

Figures 7.42 show the cross-check between the results ers&igymmetry from one-
and two-dimensional methods for positive hadrons (left) aegative hadrons (right) vs.
x, z and P, — top, medium and bottom plots respectively. Similarly fegii7.43 and
7.44 show the cross-check between the results on Sivergastyynfrom two methods for
pions and kaons. In all the cross-check plots the red squaresspond to results obtained
using one-dimensional and blue triangles using two-dinoeas analysis methods.

Figures 7.45 (nidentifiedhadrons), 7.46 (pions) and 7.47 (kaons) show the “pulls”
distribution, evaluated similarly to the cross-checksiasn Torino and Bonn results (see
Sec. 7.3 and Sec. 7.8) with the given formula:

Alp — Asp
gAY,
where theA7}, and A7}, indicate the results from one- and two- dimensional methods
respectively and 4 is the corresponding statistical error calculated in oimeedsional
analysis.

Looking to the cross-check plots in figures 7.42 - 7.44 onesanthat in general
points corresponding to both methods follow the same trentlase very close to each
other despite some rare cases in which points differ by ni@e tnes. Mostly all such
a cases correspond to the low-statistical bins, as an exanig last bin inc for positive
hadrons and the last bin infor negative hadrons (fig.7.42), the last binfp- for positive
pions (fig.7.43), almost all the last bins for positive andatese kaons (fig.7.44).

Also in "pulls” we see that average RMS is ©f0.40 — 0.50 which indicates that in
average results differs by 40 — 50% of statistical error. In order to understand the origin
of the differences between the results from two analysisgeeial Monte-Carlo studies
have been performed, which are described in next section.

(7.98)
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Figure 7.42: Cross check between 1D and 2D analysiglﬁgwh_%) asymmetry for the
periods in 2003 - 2004, all positive hadrons ¥sz and P, (left) and all negative hadrons
vs. z, z and P, (right).
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Figure 7.43: Cross check between 1D and 2D analysiglﬁgwh_%) asymmetry for the
periods in 2003 - 2004, all positive pions vs.z and P,r(left) and all negative pions vs.

z, z and P,r(right).
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Figure 7.44: Cross check between 1D and 2D analysiglﬁgwh_%) asymmetry for the
periods in 2003 - 2004, all positive kaons vs.z and P,r(left) and all negative kaons vs.
x, z and P, (right).
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Figure 7.45: Cross check between one-dimensional anaysiswo-dimensional anal-
ysis for unidentifiedhadron asymmetries with two-dimensional fit: “pulls” dibtrtion
for z(top left), z(top right) andP,,(bottom left) variables, and for all variables (bottom
right).
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Figure 7.46: Cross check between one-dimensional anaysiswo-dimensional anal-
ysis for pion asymmetries with two-dimensional fit: “pulldistribution forz(top left),
z(top right) andP,,(bottom left) variables, and for all variables (bottom tigh
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Figure 7.47: Cross check between one-dimensional anaysiswo-dimensional anal-
ysis for kaon asymmetries with two-dimensional fit: “puldistribution forx(top left),
z(top right) andP,,(bottom left) variables, and for all variables (bottom tigh
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7.9.3 Monte-Carlo studies on One- and Two- Dimensional Angkes

As it was shown in the previous section results from two asialgnay differ by more than
oneo, and usually these are the cases of low statistical binstlyrfos negative particles
and specially for kaons (since the kaon sample contains hesststatistics compared to
pion or unidentifiedhadron samples see Table 6.5). From one side we know that one-
dimensional analysis is caused by the systematic effeastauwhenon-uniformityof
acceptance oveps (see Sec. 7.5), from the other we know that in case of inseffici
statistics two-dimensional fit may fail. The second aspexs ehecked by having a look
to the distribution of they? values of the fits. No evidence of failed fits for 2003-2004
data have been detected, while 2002 data did not pass thisnesder to check the first
aspect and understand the difference between the restdiseth using one-dimensional
and two-dimensional methods, some Monte-Carlo studies been performed.

We simulated 155 independent samples in two dimensi@nalis) space according
to eight target transverse spin modulations Eq. (7.99) vathes of the amplitudes; (i =
1,..8) set to be of~ 0.001 — 0.01 which represents themall transverse asymmetries
measured in COMPASS with deuteron target.

F(gbh, gbs) =1+ ST[Alsin(éh -+ Qﬁs) -+ Agsin(?)(bh — Qﬁs) -+
Assin(on — ¢s) + Agcos(dn — ¢g) + Assin(pg) +
Agsin(2¢n, — ¢s) + Az cos(pg) + Agcos(2¢, — dg)]. (7.99)

Each sample has four sub-samples corresponding to po&itive: +1) and negative
(St = —1) target polarization and Up (Down)-stream target cell. I8odub-samples are:

1. (UpstreamSr > 0)
2. (UpstreamSy < 0)
3. (Downstream$; > 0)
4. (DownstreamSr < 0).

In order to simulate difference of the acceptances in twgetarells we generatexd%
less events in samplésand2 compared to sampl&sand4. Sub-samples imitating same
cell but different polarization sign has approximately sastatistics, which corresponds
two the COMPASS case where approximately equal statistesalected in two sub-
periods of one data-taking period. Number of the events @h sample varies between
~ 4 -10% and~ 4 - 10° which imitates the COMPASS statistics in different kineiveait
bins for +/- pions and different data taking periods. Therallestatistics of the simulated
events is close to COMPASS statistics for pions collectettansverse runs in 2003-
2004 years. After the simulation we extracted the Collind 8ivers amplitudes using
one-dimensional (1&coins(Psivers) bINS) and two-dimensional 8 ¢,,,¢s bins) ratio
product methods and constructed the "pulls” distributifomslifference between them. In
the figures 7.48 difference between Collins and Sivers asstni@s from one- and two-
dimensional methods for "all” pion data (left) and simuthi@ata (right) is presented.
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Figure 7.48: The “pulls” distributions describing the diftnce between results for the
Collins and Sivers asymmetries obtained from 1D and 2D nutlor real (all pions)
data (left) and for Monte-Carlo simulated data (right).
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Figure 7.49: The “pull” distribution describing the difearce between results for the
Collins and Sivers asymmetries obtained from 1D with 10& @nd 2D with 106100
bins methods for Monte-Carlo simulated datg (07 events in each of the generated 100
samples).

One can see that the difference between two methods is pliesease of both real and
simulated data and plots and RMS values look quite similar.

In the performed simulations thg, and ¢s was generated uniformly according to
Eq. (7.99), and thus acceptance dependences@resent in the data was not taken into
account in the generator. Anyway the difference betweerrdhelts of two analysis is
very similar forreal andsimulateddata. This means that the systematic deviations caused
by non-uniformeg-acceptance does not play an essential role and are muclesthah
the statistical error, while the main reason of the diffeeshetween two methods are the
statistical fluctuations in both analysis caused by the lamliner of events in some kine-
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matic bins. In this case deviation between the two methodaldhvanish with increase
of the statistics. In the plot 7.49 we present "pulls” distition of difference between
Collins and Sivers asymmetries extracted using one- and dimoensional fit methods
for the case of very high statistics4(- 107 events in each of the generated 100 sam-
ples) and high number of the bins (100 bins in one-dimensiama 100< 100 in case of
two-dimensional fit). As it was expected the difference is ttase is very small.

So the conclusion is that both methods give the correcttsesuthin statistical accu-
racy. Anyway one should mention that in the case of highsttesi the two-dimensional
method is more preferable since it is free from distortioespnt in one dimensional case
and caused by non-uniformity of the azimuthal acceptan€OMPASS.

7.10 Concluding Remarks on Two-Dimensional Method

The two-dimensional method allows to extract all the eighgét transverse spin depen-
dent asymmetries simultaneously and gives access to atiorecoefficients between the
parameters of the fit (For complete set of correlation cdefiis see Appendix (Sec. 9.2.1
—9.2.3)). Method is free from distortions due to the norfanmity of COMPASS accep-
tance overps present in one-dimensional analysis (see Sec. 7.5). Tiyedisddvantage

of the method is that it fails to give correct results in cakw statistical bins when no
events fall in some ofg;,,¢5) bins. Due to this reason the data from both periods in 2002
have been excluded from two-dimensional analysis.



Chapter 8

Conclusions

The main goal of this thesis was the extraction of targetsirarse spin dependent az-
imuthal asymmetries from COMPASS experimental data anid imerpretation within
the QCD approach of polarized SIDIS.

There are in total of eight target transverse polarizatiepethdent asymmetries al-
lowed in semi-inclusive deep inelastic scattering of pakd leptons on a transversely
polarized nucleons. Within the QCD parton model they can fesgnted in a form of
convolutions of twist-two Transverse Momentum Depend&MID) parton Distribution
Functions (DF) and Fragmentation Functions (FF). Using ftamework the measure-
ment of all possible azimuthal effects present in SIDIS, threde are not onliransverse
spin dependent but alsmpolarizedandlongitudinalpolarization dependent phenomena,
will allow us to access the parameters of TMD DFs and FFs frepeemental data.

As an example we made a phenomenological calculations gettaansverse spin
dependentd; and target longitudinal spin dependetit; double-spin effects showing
that their measurement will give us access to the TMD DQfsand g, respectively.
The predictions for, y,z and P, dependence of these asymmetries for different types
of hadrons production in proton, deuteron and neutron (forlyJLab) targets have been
done for COMPASS, HERMES and JLab experiments (see Sec. 3and

The A, asymmetry is one of the full set of eight transverse spin asgtries which
we have extracted from COMPASS experimental data collent2d02-2004 years with a
transversely polarized target. A part of Collins and Siwdfiscts which have been already
measured by HERMES and COMPASS collaborations the rentasiinew asymme-
tries (includingA,r) have been extracted for the first time by COMPASS collatbamat
Asymmetries were evaluated as a functionsepf: and P, kinematical variables for
positive and negativanidentifiedhadrons and for positive and negatRECH-identified
pions and kaons productions.

Analysis was done using two different — one-dimensional @mvatdimensional ex-
traction methods. The results obtained from two analysighaus are in agreement and
point to the same physical result within the statisticabaacy. According to COMPASS
general policy all the asymmetries have been cross-chewitethe independent analysis
done by COMPASS-Bonn group. Results obtained in two grougreiound to be in a
perfect agreement. Performed systematic checks demtatsttat systematic errors as
well as correlations between different asymmetries arégibltg.

166
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All measured in COMPASS with deuteron target transverse agymmetries appear
to be small. The smallness of azimuthal effects for deutéaoget is interpreted by the
partial cancelation of u- and d- quarks contributions ihoasymmetry like it was demon-
strated on an example df; - (see Sec. 3.1).

In figures 8.2 and 8.1 we compare the curves plotting the zbx-dependence of
the ACLO;(‘Z’”_%) asymmetry in the COMPASS kinematical region, with our ekpental
measurements. The blue line corresponds to the asymmdaylatad for the proton
target and the red dashed line is for the deuteron targeeritrpntal observations do not
contradict the predictions, and the theoretical curvevigkin experimental error bands.
Results for other asymmetries obtained with TMD DFs fromriwdiquark model are
also in agreement with extracted asymmetries Ref. [102].

positive hadrons COMPASS
02k 2002-2004 data

proton

cos(9, )

""" deuteron
< L

-0.2—

Figure 8.1:4%%“*~%*) asymmetry, positive hadrons vs.

negative hadrons COMPASS
02 2002-2004 data

proton

cos(9,-,)

LT

------ deuteron
< L

0.2 Q/J/

Figure 8.2:4°%“*~ %) asymmetry, positive hadrons vs.

Although the measured asymmetries are small this in no waygtafthe significance
of the obtained result. As it was shown in recent global asialpy Anselmino et. al.
Ref. [16] the d-quark DFs cannot be well defined without usH@MVIPASS data.

Soon new results on transverse-asymmetries are expeotedGOMPASS (2007 -
proton), HERMES (proton, deuteron) and JLab (proton, deatand neutron). Together
with COMPASS deuteron results these measurements wiltatigperform more general
global analysis comprising all TMD DFs.
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Appendix

9.1 Numerical Values of the Asymmetries

168



9.1. NUMERICAL VALUES OF THE ASYMMETRIES

169

Preliminaryd;/ "~ #)asymmetry, vs x, z and;pfrom

COMPASS 2002-2004 data

Positive hadrons Negative hadrons

N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| -0.007406 | 0.010228 1 0.006338| -0.008943 | 0.010288
2 0.010526| -0.018839 | 0.007348 2 0.010502| -0.003363 | 0.007744
3 0.016375| -0.001258 | 0.006535 3 0.016350| -0.025057 | 0.007036
4 0.025522| 0.006757 | 0.005979 4 0.025482| -0.006161 | 0.006527
5 0.039677| 0.000001 | 0.006798 5 0.039630| -0.006964 | 0.007550
6 0.062522| 0.006032 | 0.008508 6 0.062428| -0.009756 | 0.009631
7 0.100434| -0.017211 | 0.011325 7 0.100160| -0.018994 | 0.013150
8 0.160878| -0.025140 | 0.016833 8 0.160560| 0.005574 | 0.020189
9 0.285412| 0.010362 | 0.027829 9 0.284620| -0.043600 | 0.035426
Positive hadrons Negative hadrons

N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813] -0.009123 | 0.005707 1 0.223673| -0.009670 | 0.006023
2 0.273849| -0.006805 | 0.006538 2 0.273677| -0.015617 | 0.007017
3 0.323834| -0.012114 | 0.007569 3 0.323703| -0.015559 | 0.008170
4 0.373882| 0.007337 | 0.008642 4 0.373771| 0.005244 | 0.009540
5 0.445566/| -0.005399 | 0.007493 5 0.445216| -0.020142 | 0.008438
6 0.565748| 0.013966 | 0.008287 6 0.565371| -0.000036 | 0.009549
7 0.716789| 0.005016 | 0.011944 7 0.717162| -0.031286 | 0.013513
8 0.874184| -0.003190 | 0.015912 8 0.874513| 0.021087 | 0.017551
Positive hadrons Negative hadrons

N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506| 0.001300 | 0.008287 1 0.154439| 0.002910 | 0.009021
2 0.251820| -0.006094 | 0.006924 2 0.251855| -0.008257 | 0.007476
3 0.349692| -0.010842 | 0.006685 3 0.349610| -0.016495 | 0.007238
4 0.448378| -0.001370 | 0.007118 4 0.448348| -0.007071 | 0.007755
5 0.547677| 0.002451 | 0.008052 5 0.547549| -0.006754 | 0.008786
6 0.668573| -0.005029 | 0.007924 6 0.668253| -0.018438 | 0.008772
7 0.817555| 0.008896 | 0.010474 7 0.817350] -0.012181 | 0.011707
8 1.045961| -0.010031 | 0.010960 8 1.045210| -0.017367 | 0.012138
9 1.566275| -0.001776 | 0.022356 9 1.564970| -0.053123 | 0.024632




170

9.1. NUMERICAL VALUES OF THE ASYMMETRIES
Preliminaryd;/ " *#)asymmetry, vs x, z and;pfrom
COMPASS 2002-2004 data
Positive hadrons Negative hadrons
N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| -0.028478 | 0.017481 1 0.006338| 0.016734 | 0.017954
2 0.010526/| -0.003410 | 0.009306 2 0.010502| 0.012709 | 0.009881
3 0.016375| -0.000188 | 0.007394 3 0.016350| 0.018786 | 0.008000
4 0.025522| 0.004245 | 0.006462 4 0.025482| 0.001087 | 0.007064
5 0.039677| 0.006025 | 0.007295 5 0.039630| -0.001879 | 0.008110
6 0.062522| 0.002478 | 0.009135 6 0.062428| 0.010711 | 0.010400
7 0.100434| 0.001703 | 0.012182 7 0.100160| 0.006039 | 0.014209
8 0.160878| 0.009375 | 0.018280 8 0.160560| -0.014379 | 0.022099
9 0.285412| 0.001623 | 0.030862 9 0.284620| 0.025804 | 0.038983
Positive hadrons Negative hadrons
N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813]| -0.001694 | 0.006650 1 0.223673| 0.010599 | 0.007082
2 0.273849| -0.010244 | 0.007532 2 0.273677| 0.015863 | 0.008145
3 0.323834| 0.006609 | 0.008653 3 0.323703| 0.010213 | 0.009435
4 0.373882| 0.002673 | 0.009828 4 0.373771| -0.001003 | 0.010972
5 0.445566| 0.005992 | 0.008476 5 0.445216| -0.007150 | 0.009670
6 0.565748| 0.003475 | 0.009339 6 0.565371| 0.002035 | 0.010897
7 0.716789| -0.004993 | 0.013349 7 0.717162| 0.013701 | 0.015366
8 0.874184| 0.019663 | 0.017647 8 0.874513| 0.018914 | 0.019718
Positive hadrons Negative hadrons
N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506| 0.002928 | 0.009318 1 0.154439| 0.003424 | 0.010262
2 0.251820| 0.006078 | 0.007784 2 0.251855| -0.000451 | 0.008499
3 0.349692| -0.002201 | 0.007561 3 0.349610| -0.001005 | 0.008285
4 0.448378| -0.007886 | 0.008084| 4 0.448348| 0.003653 | 0.008914
5 0.547677| -0.008085 | 0.009215 5 0.547549| 0.002773 | 0.010156
6 0.668573| -0.001409 | 0.009138 6 0.668253| 0.017725 | 0.010251
7 0.817555| 0.018919 | 0.012253 7 0.817350| 0.036073 | 0.013856
8 1.045961| 0.016751 | 0.013138 8 1.045210| 0.017284 | 0.014750
9 1.566275| -0.038102 | 0.028824 9 1.564970| 0.064040 | 0.032189
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9.1. NUMERICAL VALUES OF THE ASYMMETRIES
Preliminary4:*#"~#)asymmetry, vs x, z and;pfrom
COMPASS 2002-2004 data
Positive hadrons Negative hadrons
N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| -0.021234 | 0.017438 1 0.006338| 0.031248 | 0.017914
2 0.010526| 0.011279 | 0.009293 2 0.010502| 0.014132 | 0.009863
3 0.016375| -0.002592 | 0.007382 3 0.016350| -0.000132 | 0.007985
4 0.025522| 0.004603 | 0.006446 4 0.025482| -0.002370 | 0.007041
5 0.039677| -0.003732 | 0.007284 5 0.039630| -0.004469 | 0.008071
6 0.062522| 0.003021 | 0.009131 6 0.062428| -0.009611 | 0.010333
7 0.100434/| -0.000836 | 0.012075 7 0.100160| 0.010247 | 0.014028
8 0.160878| -0.012905 | 0.018097 8 0.160560| 0.006693 | 0.021617
9 0.285412| -0.012497 | 0.030465 9 0.284620| -0.024671 | 0.038035
Positive hadrons Negative hadrons
N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813] -0.003137 | 0.006642 1 0.223673| 0.002127 | 0.007057
2 0.273849| -0.008710 | 0.007519 2 0.273677| 0.003919 | 0.008131
3 0.323834| 0.003748 | 0.008634 3 0.323703| 0.001876 | 0.009412
4 0.373882| 0.009172 | 0.009804| 4 0.373771| 0.001506 | 0.010945
5 0.445566| 0.010726 | 0.008456 5 0.445216| -0.003058 | 0.009628
6 0.565748| 0.004575 | 0.009304 6 0.565371| -0.007034 | 0.010843
7 0.716789| -0.034273 | 0.013289 7 0.717162| 0.022607 | 0.015283
8 0.874184| 0.026254 | 0.017575 8 0.874513| 0.004165 | 0.019632
Positive hadrons Negative hadrons
N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506/| -0.008666 | 0.009316 1 0.154439| 0.002978 | 0.010236
2 0.251820| 0.005291 | 0.007772 2 0.251855| 0.008356 | 0.008467
3 0.349692| -0.007320 | 0.007531 3 0.349610| 0.006154 | 0.008239
4 0.448378| 0.009269 | 0.008056 4 0.448348| -0.001304 | 0.008878
5 0.547677| 0.009886 | 0.009185 5 0.547549| -0.013260 | 0.010130
6 0.668573| 0.003450 | 0.009123 6 0.668253| -0.000602 | 0.010229
7 0.817555| -0.009567 | 0.012234 7 0.817350| 0.018087 | 0.013843
8 1.045961| -0.001018 | 0.013147 8 1.045210| 0.005776 | 0.014721
9 1.566275| -0.040067 | 0.028845 9 1.564970| -0.044883 | 0.032126
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PreliminaryAi}“T(*’S)asymmetry, VS X, Z and;pfrom

COMPASS 2002-2004 data

Positive hadrons Negative hadrons

N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| 0.001205 | 0.008053 1 0.006338| -0.011446 | 0.008210
2 0.010526| 0.002151 | 0.004814 2 0.010502| -0.007225 | 0.005082
3 0.016375| -0.003425 | 0.004044 3 0.016350| -0.006225 | 0.004368
4 0.025522| 0.007967 | 0.003734| 4 0.025482| 0.005437 | 0.004093
5 0.039677| 0.000322 | 0.004263 5 0.039630| -0.007274 | 0.004739
6 0.062522| -0.010437 | 0.005267 6 0.062428| 0.004243 | 0.006041
7 0.100434| 0.023772 | 0.006615 7 0.100160| 0.005689 | 0.007696
8 0.160878| 0.001827 | 0.009257 8 0.160560| 0.013029 | 0.011233
9 0.285412| -0.026290 | 0.015052 9 0.284620| -0.034938 | 0.019170
Positive hadrons Negative hadrons

N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813]| -0.002029 | 0.003594 1 0.223673| -0.003177 | 0.003830
2 0.273849| 0.004333 | 0.004116 2 0.273677| 0.009049 | 0.004469
3 0.323834| 0.006444 | 0.004746 3 0.323703| -0.007134 | 0.005142
4 0.373882| 0.010786 | 0.005433 4 0.373771| -0.007562 | 0.005998
5 0.445566/| -0.007793 | 0.004653 5 0.445216| 0.001460 | 0.005331
6 0.565748| 0.001845 | 0.005165 6 0.565371| -0.000644 | 0.006007
7 0.716789| 0.005329 | 0.007444 7 0.717162| -0.013510 | 0.008469
8 0.874184| -0.001486 | 0.009917 8 0.874513| -0.012312 | 0.011026
Positive hadrons Negative hadrons

N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506| 0.003392 | 0.005228 1 0.154439| -0.004591 | 0.005703
2 0.251820| 0.000816 | 0.004339 2 0.251855| 0.005899 | 0.004735
3 0.349692| 0.004315 | 0.004187 3 0.349610| -0.005798 | 0.004557
4 0.448378| 0.006570 | 0.004443 4 0.448348| 0.000269 | 0.004900
5 0.547677| -0.004045 | 0.005010 5 0.547549| 0.001257 | 0.005546
6 0.668573| 0.002280 | 0.004949 6 0.668253| -0.008169 | 0.005523
7 0.817555/| -0.000821 | 0.006577 7 0.817350| -0.003576 | 0.007438
8 1.045961| -0.009766 | 0.006931 8 1.045210| -0.005144 | 0.007755
9 1.566275| 0.011923 | 0.014812 9 1.564970| 0.010837 | 0.016449
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9.1. NUMERICAL VALUES OF THE ASYMMETRIES
Preliminary4: >~ #)asymmetry, vs X, z and;pfrom
COMPASS 2002-2004 data
Positive hadrons Negative hadrons
N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| 0.007525 | 0.007520 1 0.006338| -0.002065 | 0.007698
2 0.010526| 0.002175 | 0.004373 2 0.010502| -0.002254 | 0.004634
3 0.016375| 0.001477 | 0.003577 3 0.016350| 0.006697 | 0.003865
4 0.025522| 0.005913 | 0.003174| 4 0.025482| -0.004288 | 0.003460
5 0.039677| -0.003380 | 0.003594 5 0.039630| 0.000483 | 0.003982
6 0.062522| 0.002937 | 0.004493 6 0.062428| -0.000327 | 0.005086
7 0.100434| -0.007034 | 0.005942 7 0.100160| 0.007271 | 0.006892
8 0.160878| -0.001335 | 0.008863 8 0.160560| 0.003694 | 0.010598
9 0.285412| -0.005847 | 0.014821 9 0.284620| -0.005106 | 0.018614
Positive hadrons Negative hadrons
N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813| 0.001330 | 0.003198 1 0.223673| 0.003485 | 0.003395
2 0.273849| 0.000085 | 0.003636 2 0.273677| -0.005118 | 0.003924
3 0.323834| -0.000099 | 0.004185 3 0.323703| -0.003063 | 0.004547
4 0.373882| -0.012853 | 0.004759 4 0.373771| -0.000533 | 0.005293
5 0.445566| 0.005348 | 0.004109 5 0.445216| 0.003166 | 0.004664
6 0.565748| 0.009707 | 0.004530 6 0.565371| 0.009503 | 0.005261
7 0.716789| 0.014028 | 0.006498 7 0.717162| -0.010345 | 0.007414
8 0.874184| -0.003078 | 0.008576 8 0.874513| 0.001513 | 0.009555
Positive hadrons Negative hadrons
N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506/| -0.001569 | 0.004532 1 0.154439| -0.000488 | 0.004963
2 0.251820| -0.001343 | 0.003779 2 0.251855| -0.002337 | 0.004107
3 0.349692| 0.004904 | 0.003660 3 0.349610| -0.001646 | 0.003994
4 0.448378| -0.006932 | 0.003911 4 0.448348| -0.000926 | 0.004300
5 0.547677| 0.000938 | 0.004454 5 0.547549| 0.004247 | 0.004894
6 0.668573| 0.003191 | 0.004410 6 0.668253| 0.006076 | 0.004933
7 0.817555| 0.006711 | 0.005900 7 0.817350] -0.007592 | 0.006641
8 1.045961| 0.016854 | 0.006294 8 1.045210| 0.006655 | 0.007020
9 1.566275| 0.007556 | 0.013541 9 1.564970| 0.007393 | 0.015019
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9.1. NUMERICAL VALUES OF THE ASYMMETRIES
PreliminaryA‘f;(“"’”’*’S)asymmetry, VS X, z andqfrom
COMPASS 2002-2004 data
Positive hadrons Negative hadrons
N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| 0.011287 | 0.016539 1 0.006338| 0.021700 | 0.016679
2 0.010526| 0.015086 | 0.016425 2 0.010502| 0.052199 | 0.017139
3 0.016375| 0.026839 | 0.019772 3 0.016350| 0.029665 | 0.021086
4 0.025522| 0.006671 | 0.024169 4 0.025482| -0.006047 | 0.026003
5 0.039677| 0.051399 | 0.031157 5 0.039630| 0.002944 | 0.034162
6 0.062522| 0.074437 | 0.037706 6 0.062428| 0.014001 | 0.042428
7 0.100434| -0.007604 | 0.048171 7 0.100160| 0.009948 | 0.056391
8 0.160878| 0.127177 | 0.068363 8 0.160560| 0.015479 | 0.083581
9 0.285412| -0.091356 | 0.094309 9 0.284620| -0.034605 | 0.122522
Positive hadrons Negative hadrons
N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813| 0.022905 | 0.016709 1 0.223673| 0.032228 | 0.017425
2 0.273849| 0.056677 | 0.020156 2 0.273677| 0.029903 | 0.021275
3 0.323834| 0.008795 | 0.024251 3 0.323703| -0.010544 | 0.025546
4 0.373882| -0.015792 | 0.028550 4 0.373771| 0.033831 | 0.030507
5 0.445566| 0.032447 | 0.025471 5 0.445216| 0.013520 | 0.027570
6 0.565748| 0.032428 | 0.029409 6 0.565371| 0.021746 | 0.031718
7 0.716789| 0.047485 | 0.044468 7 0.717162| 0.010144 | 0.046446
8 0.874184| -0.037239 | 0.062967 8 0.874513| -0.008253 | 0.062840
Positive hadrons Negative hadrons
N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506| 0.018739 | 0.029173 1 0.154439| 0.016459 | 0.030688
2 0.251820| 0.025834 | 0.023957 2 0.251855| 0.011259 | 0.025070
3 0.349692| 0.054649 | 0.022600 3 0.349610| 0.006969 | 0.023694
4 0.448378| 0.001168 | 0.023463 4 0.448348| 0.032006 | 0.024659
5 0.547677| 0.026319 | 0.025854 5 0.547549| 0.037651 | 0.027015
6 0.668573| 0.077578 | 0.024431 6 0.668253| 0.025958 | 0.025876
7 0.817555| -0.011809 | 0.030748 7 0.817350| 0.025423 | 0.032827
8 1.045961| -0.023142 | 0.029717 8 1.045210| 0.009536 | 0.031529
9 1.566275| -0.039312 | 0.051119 9 1.564970| 0.017665 | 0.055302
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9.1. NUMERICAL VALUES OF THE ASYMMETRIES
Preliminaryd;*s)asymmetry, vs x, z andpfrom
COMPASS 2002-2004 data
Positive hadrons Negative hadrons
N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| -0.007566 | 0.019045 1 0.006338| 0.006404 | 0.019208
2 0.010526/| -0.008992 | 0.017152 2 0.010502| -0.004771 | 0.017909
3 0.016375| 0.021560 | 0.019775 3 0.016350| -0.015132 | 0.021160
4 0.025522| 0.003123 | 0.023412 4 0.025482| 0.017415 | 0.025349
5 0.039677| -0.011592 | 0.029508 5 0.039630| 0.027087 | 0.032812
6 0.062522| 0.036543 | 0.035745 6 0.062428| 0.079288 | 0.041079
7 0.100434| 0.066251 | 0.047493 7 0.100160| 0.116239 | 0.056410
8 0.160878| -0.022743 | 0.070316 8 0.160560| 0.081331 | 0.086720
9 0.285412| 0.002619 | 0.097732 9 0.284620| 0.243327 | 0.126986
Positive hadrons Negative hadrons
N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813| 0.008229 | 0.016964 1 0.223673| 0.008328 | 0.017860
2 0.273849| 0.007318 | 0.020434 2 0.273677| 0.016210 | 0.021773
3 0.323834| -0.014267 | 0.024462 3 0.323703| 0.034701 | 0.025994
4 0.373882| -0.043652 | 0.028789 4 0.373771| 0.024977 | 0.030933
5 0.445566| 0.016827 | 0.025486 5 0.445216| -0.004998 | 0.028075
6 0.565748| 0.016163 | 0.029316 6 0.565371| 0.027647 | 0.032235
7 0.716789| 0.071475 | 0.044052 7 0.717162| 0.046923 | 0.046892
8 0.874184| 0.100567 | 0.061717 8 0.874513| 0.039084 | 0.062813
Positive hadrons Negative hadrons
N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506/| -0.009852 | 0.028842 1 0.154439| 0.069617 | 0.030678
2 0.251820| -0.010521 | 0.023841 2 0.251855| 0.018324 | 0.025314
3 0.349692| 0.015347 | 0.022588 3 0.349610| -0.002861 | 0.023986
4 0.448378| 0.005474 | 0.023567 4 0.448348| 0.018643 | 0.025092
5 0.547677| 0.020156 | 0.026073 5 0.547549| -0.009262 | 0.027649
6 0.668573| 0.035975 | 0.024871 6 0.668253| 0.039047 | 0.026553
7 0.817555| -0.006459 | 0.031540 7 0.817350| -0.004077 | 0.033966
8 1.045961| 0.018493 | 0.030691 8 1.045210| 0.022061 | 0.033086
9 1.566275| -0.080586 | 0.054858 9 1.564970| 0.000662 | 0.059494
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9.1. NUMERICAL VALUES OF THE ASYMMETRIES
PreIiminaryA‘f;w’”“S)asymmetry, VS X, z andgpfrom
COMPASS 2002-2004 data
Positive hadrons Negative hadrons
N bin | <x> Asymmetry| stat. error| | N bin | <x> Asymmetry| stat. error
1 0.006375| -0.016082 | 0.019985 1 0.006338| 0.003895 | 0.020154
2 0.010526| 0.018072 | 0.018011 2 0.010502| -0.012760 | 0.018814
3 0.016375| -0.006125 | 0.021043 3 0.016350| -0.025649 | 0.022470
4 0.025522| 0.022666 | 0.025179 4 0.025482| -0.022432 | 0.027153
5 0.039677| 0.010228 | 0.032115 5 0.039630| 0.015568 | 0.035417
6 0.062522| -0.018460 | 0.038915 6 0.062428| -0.095548 | 0.044005
7 0.100434| 0.028208 | 0.049974 7 0.100160| -0.031445 | 0.058987
8 0.160878| -0.049302 | 0.071589 8 0.160560| 0.093417 | 0.087791
9 0.285412| -0.067310 | 0.099071 9 0.284620| -0.067232 | 0.128555
Positive hadrons Negative hadrons
N bin | <z> Asymmetry| stat. error| | N bin | <z> Asymmetry| stat. error
1 0.223813] -0.021592 | 0.018120 1 0.223673| -0.013044 | 0.018957
2 0.273849| 0.037489 | 0.021769 2 0.273677| -0.035830 | 0.023053
3 0.323834| -0.004163 | 0.026099 3 0.323703| 0.012122 | 0.027656
4 0.373882| 0.029039 | 0.030667 4 0.373771| -0.015127 | 0.032971
5 0.445566/| -0.020425 | 0.027315 5 0.445216| -0.001739 | 0.029811
6 0.565748| 0.053909 | 0.031343 6 0.565371| -0.041392 | 0.034282
7 0.716789| -0.006113 | 0.047085 7 0.717162| -0.008967 | 0.050178
8 0.874184| -0.089256 | 0.066125 8 0.874513| -0.025526 | 0.067328
Positive hadrons Negative hadrons
N bin | <pr > Asymmetry| stat. error N bin | <pr > Asymmetry| stat. error
1 0.154506/| -0.018011 | 0.031190 1 0.154439| -0.018100 | 0.033058
2 0.251820| -0.013071 | 0.025677 2 0.251855| -0.023989 | 0.027034
3 0.349692| -0.003919 | 0.024227 3 0.349610| -0.041059 | 0.025560
4 0.448378| 0.005701 | 0.025179 4 0.448348| -0.017851 | 0.026613
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9.2 Correlation Coefficients

9.2.1 Correlation Coefficients forUnidentified Hadron Asymmetries
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Figure 9.1: Correlation between parameters, where theletion is in the range above
+ 0.1 in any one of the, z and P, bin.
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Figure 9.10: Correlation betwe “}("53) and rest of the parameters (two plots on top).
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andPhT.



9.2. CORRELATION COEFFICIENTS

(¥ oy O
[ 4 cos, - .
B ] A cosq, sin29:0)
g = | o cosnoosme) o cosg, c0s(29-0)
< |
T
05" comPAsS alit
1 1 |
102 101 R
| m cose,sine+e) O cosa, g,
g [ A cobsntee) A 0059, in29:9)
e o5V cosesn@e)
35 L cos,, cos(9-0) o cosq, c0s(26-0)
<
o Rmsadpia N ——
051" COMPASS alit
1 1 L
102 101 R
;w I W cos2e:q). sing+a) O costza-a). g,

- | 4 cos2q:q) sin@e-0) -
& osfv costeqg) shiga) A %) INEYR)
8 = Lo cseyaongy o cosEee) o,

< |

o — o nmad kA eE
05" CoMPASS alit
1 1 |
102 101 R
9w I W cos2eq). sing+a) e —

- | A cos2q:q) sin@e-0) e
§ 05V c0s(29:9) sin@-q) A ©05(29-9). sin2g-9)
8 K | o wstyalwsey o ©sER)cse

<

of—nmeEefi4 8
051" COMPASS alit

1 1 L

102 101 R

Figure 9.11: Correlation betwe

Correlation betweer % *%"~

Z andPhT.

187

0.5

cosg, sin(p+e)
cosg, sin(39-9)
cos, sin(@-6)

cos,, cos(@-p)

[ cosa, sing,
A cose,sin(2g-9)
& ©0sq, c05(29-9)

0.5

cosq, sin(q+)
cosq, sin(39-9)
cosq, sin(@-@)

0059, 005(9-9)

O cose,sing,
A cose, sin(2p-)
o cose, cos(2e-6)

05" COMPASS alt 05" COMPASS alit
1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 0 0.5 1 15
| m cose,sin(g+e) O cosa, sing, L m cose, sin@+e) o cose, sing,
I A C"s“’s'sf"(“’»"’s) A oS0, sin29-9) - mw"s!nm"'w‘) A c0s9, sin2g-9)
05|V e sne) 05 -V oo snig-n)

<05, cos(§-9)

o cosq, c0s(29-9)

c0sq,, €05(9-9)

o cose, cos(29-9)

05" COMPASS alit 05" COMPASS alit
1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 0 0.5 1 15
F m cns(ﬁvﬁ-q;‘),s:n(w:q)s) [0 cos@e-0). sing I m cos(29-9). sin(@+q) 0O cos0-9).sing,
| 4 cos2e-9).sin3g-6) o), sin(20- A cos(2-0).sine-q) ), sin(2g-
05|y coster-g).sin-o) A ©0s(29-0).sin(2¢-9) o5 v s snee) A cos(29-9) sin29-9)

<05(29:9)). €05(0-9))

o cos(@9-6), cose,

©08(28.-6,), cOS(p-0)

o cos(2p-9), cosq

05" COMPASS alt 05" COMPASS alit
1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 0 0.5 1 15
| m cos(2e:9). sin@+g) O cos@g-e), sing, | m cos(2e-0). sin@+e) O cos299). sing,
L A cos2-9).sin3e-0) ) | A cos@e-0).sinGg:-0) )
" . (29-9), sin(2¢- " " (29-9), Sin(29-9)
05V cstpangey A CTERLSELE 05|V ey A CCRRIENY

05

€05(29:9)), €05(0-9))

COMPASS alit

o cos(@9-6), cose,

©08(28 -6,), cOS(9-9)

COMPASS alit

o cos(29-9), cosq

0.2

0.4

%2°;(¢5) a

0.6

nd rest

0.8 1

0.5

P,

P

of the parameters (two plots on top).

%) and rest of the parameters ( two plots in bottom)ws.



9.2. CORRELATION COEFFICIENTS

05

par [0]

0.5

par [0]

o

| m a0l sine+e) o ariol, sing,
L A paolsinG3g-9) A par0l. sin2g-9)
| v parolsintg-0) o parlo).cosg,

L o par0l, cos(e-9) & par], cos2g-p)

I o o
o
L Oogao
COMPASS alit"
[ 1 1 1
102 10! 1
I m POl sin@+e) O parol, sing,
b A a0l sin@g-q) A parol sin2e-9)
I v par0] sin@-0) ¢ par(0], cosq,

L O par0l. cos@-0) dn Parl0], cos29-9)

L [u] b

- o o

[ Bogo

|- COMPASS alit

[ 1 1 1
102 10t 1

188

I m a0l sing+e) O paiol sing I m parol sing+e) O ol sing,
L A POl sinGe:a) A Parlol sin2g-9) | 4 parol sin3g-9) A pardl. sin2g-0)
0.5 v pariolsin@-9) ¢  parl0], cosg, 05 v Pparolsin@-q) ¢ parl0]. cosq,
L par(o], cos(9-9) G paro], cos(29-0) L par(0], cos(9-¢) dp  parf0], cos(29-q)
B EEE B & & = #3583 3 3% & 4
Poog g o OOggpo g O o
o o
05 COMPASS alft 5" COMPASS alit
L 1 1 1 L 1 1 1
0.2 0.4 0.6 0.8 0 0.5 1 15
I m a0l sing+e) O parol sing I m pardl sin@+e) O Paol sing
L A POl sinGe:a) A Parlol sin2g-9) | 4 parolsin@g-9) A parol. sin2g-0)
05| v palolsin@-0) ¢ parl0]. cosq 05 v palolsin@-¢) ¢ parl0], cosq,
L parfo], cos(9-9) g Paro], cos(2g-¢) L paifo], cos(9-9) da parlo], cos(2-9)
les i s B B Y ) b s¢8asme o 4 Y
FRwR ¥ W = L) ¢PEERY S 5 £ ||
Mo0ono g o o I Opoopo o O o
05 COMPASS alit 051" COMPASS alit
L 1 1 1 L 1 1 1
0.2 0.4 0.6 0.8 0 0.5 1 15

Figure 9.12: Correlation between par(0) and rest of thematers vsz, z and P, 7.
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9.2.3 Correlation Coefficients for Kaon Asymmetries
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Figure 9.13: Correlation between parameters, where threlation is in the range above
+ 0.1 in any one of the, z and P, bin.
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