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Abstract

The COMPASS experiment at CERN has studied properties of a nucleon and hadrons since
2002. One of the main goals in COMPASS is determination of gluon spin contribution, AG,
to the nucleon. COMPASS has performed several analyses and showed that the contribution
is compatible with zero.

AG can be studied by using the Photon Gluon Fusion (PGF) process where a photon inter-
acts with a gluon of the nucleon by exchanging a quark and produces a quark-antiquark pair.
Two types of methods are employed in COMPASS: an Open Charm method and a High-p.
hadron method. In the Open Charm method, an event is marked as a PGF event if charmed
hadrons are detected in the final state. On the other hand, in the High-p, method, events
are selected if hadrons with large transverse momenta are detected in the final state. In both
methods, the gluon polarisation AG/G is evaluated by comparing Monte Carlo simulations.
The former method has no physical background and weak dependence on Monte Carlo simu-
lation. On the other hand, quite lower statistics than the latter method. Data to be analysed
by the latter method has large statistics, but the large physical background and strong Monte
Carlo model dependence.

I developed a new method, namely single-inclusive hadron method, in which longitudinal
double spin asymmetries for single-inclusive hadron production are measured and AG is eval-
uated by comparing theoretically calculated asymmetries. Data was taken with 160 GeV/c or
200 GeV/c polarised muon beam impinging on polarised °LiD or NH, solid targets.

An asymmetry was calculated by a second order weighted method which allowed to min-
imise uncertainties. I calculated asymmetries for deuteron and proton and their uncertainties,
respectively. The uncertainties were evaluated, confirming that smaller systematic uncertainty
than statistical one exists. The comparisons between the observed and theoretically calculated
asymmetries indicate that AG is positive in a range of a gluon momentum fraction to the nu-
cleon z, 0.05 < z, < 0.2.
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1. Introduction

Deep inelastic scattering (DIS) of a lepton and a nucleon revealed that the nucleon is not
an elementary particle: it is made of elementary particles, namely quarks. DIS experiments in
1960’s observed the existence of scaling: the structure functions depend only on the variable
Tp;, not Q? [1]. This observation revealed presence of point-like constituents in the nucleon
and led to the parton picture [2]. This gave firm evidence of existence of the quarks, which was
anticipated in the quark model [3,4]. In quark model, the nucleon is made up of three quarks,
called valence quarks, with fractional electric charge (1/3 or 2/3 of the elementary charge) and
1 spin. According to the Quantum Chromodynamics (QCD) that is the theory of the strong
interaction of hadrons, the valence quarks are bonded by gluons, which are the gauge bosons
intermediating strong force and having spin 1, and are surrounded by sea quark pairs, which
are created by a gluon and annihilate into a gluon.

In the quark model, the nucleon spin 1/2 is the sum of the valence quarks spin, like nucleon
charge (e.g. proton charge is +2/3 + 2/3 — 1/3 = 1 since it’s made of two u quarks and one
d quark). In 1988 European Muon Collaboration (EMC) [5] performing DIS measurements
at CERN observed that the quark spin contribution AY. to the nucleon spin was about 10 %,
which is known as a “spin crisis” or a “spin puzzle” [6]. Relativistic quark model predicted that
AY contributes about 60 % and the rest comes from quark orbital angular moment. Today the
quark spin contribution is converged from a dozen vigorous experiments to be about 30 %.

In the framework of the QCD improved parton model [7,8], the spin of the nucleon can be
decomposed into

% = %AE+AG+LQ+L9 (1.1)
where AY is the contributions of the quark spins, AG is the contributions of the gluon spin,
and L, L, are the orbital angular momenta of the quarks and the gluons in the nucleon [9].
Thus, the large remaining contribution was considered to come from the gluon spin and the
angular momenta of quarks and gluons. It was expected that the gluon spin have a potentially
very large contribution (AG > 2) [10]. This suggestion sparked a vigorous and ambitiooous
program to measure Ag [8]. Since the beginning of the twenty-first century, many experi-
ments in the world have started to measure the gluon polarisation with different experimental
setups. The latest global analysis based on the data from the DIS experiments and the RHIC
experiments shows that the gluon spin contribution in the proton is nonzero [11].

Deeply Virtual Compton Scattering (DVCS) can provide an experimental tool to access the
quark total angular momentum with in a framework of the Generalised Parton Distributions
(GPDs). In order to obtain a size of the quark “orbital angular momentum”, it is needed to
subtract the value of the “quark spin contribution” measured in the polarised DIS experiments
from the quark total angular momentum.

The means of decomposition of the nucleon spin also give vigorous discussion. At the mo-
ment, several ways are proposed and are derived from two different decompositions: Jaffe-
Manohar (JM) [12] and Ji [13] decompositions. A main difference comes from “gauge” chosen
in the prescriptions. The JM decompositioin is defined in Eq. (1.1), whereas the Ji decomposi-
tion is defined as

1 1



where J, is the total angular momentum of the gluons. In Ji decomposition, the gluon spin
contribution can not be split into the spin and the orbital angular momentum part.

The gluon spin contribution AG is defined in JM decomposition, and in this thesis JM de-
composition is employed. Details about decomposition problems, which have been already
solved, are quite well summarised in Refs. [9, 14].

The COMPASS experiment [15] at CERN analysed AG using the high-p, hadron produc-
tion [16,17] and D meson production [18,19]. The method used in the analyses have large
systematic uncertainty originating from the simulation model. Thus, a new approach was
proposed that AG is evaluated by comparing an observed and a theoretical asymmetry for
single-inclusive hadron production [20,21]. The availability of the theoretical calculation was
verified by comparing the observed and the calculated unpolarised cross sections for single-
inclusive hadron production [22, 23]. This analysis is a continuation of the analyses of the
longitudinal double spin asymmetry and the unpolarised cross section for single-inclusive
hadron production [20,21,22].

In this thesis, the observable related to the gluon spin contribution to the nucleon spin
has been studied using a challenging method described in Chapt. 4. Before that, not only
theoretical basis of this analysis but also ones of the nucleon structure, and the quark model
are discussed in Chapt. 2. The COMPASS experiment setup is described in Chapt. 3. The results
are presented and discussed in Chapt. 5.



2. Theory

Deep inelastic scattering (DIS) gives vital hints for the partonic structure of the nucleon.
An incoming lepton interacts with a nucleon by a virtual photon, then only scattered lepton
is measured. The process {N — ¢’X is shown in Fig. 2.1. The lepton of four-momentum k

X
N
Figure 2.1: Deep Inelastic Scattering (DIS) process.

scatters from the nucleon target at rest at an angle § and with k’. Following kinematic variables
are defined:

a 0
@ = (k—k)'2 — 4BE sin® 5 (2.1)
P.gq L M(E—E')=Ev, (2.2)
Pk 2VE, (2.3)
(2.4)

where k, k', and P = (M, 6) are the four-momenta of the incoming lepton, the scattered
lepton, and the target nucleon, respectively. The important variables are defined as follows:

Q2 = _q2 ) (25)
2 2
—q° 1ab. @
= = 2.6
YBiT 9p.q oMy’ (2.6)
P-q v
— 47 2.
V=5 —F (2.7)

[—

xp; is well known as Bjorken variable [1]. Other variables of the scattering process are the
centre of mass energy /s, and the invariant mass of the hadronic final state W/,

Q7
s=(k+P) = + M2, (2.8)
T ;Y
2 2 1_xBj 2 2
W?=(¢q+P)=—Q*+ M~ (2.9)



Here, there is no clear definition of the DIS region. Empirically, W > 2 GeV region is called
the DIS region since there is no clear resonance state above the range.

Born cross section for inclusive inelastic scattering of the charged lepton from the nucleon
¢'N — 0’ X can be written as

d?o o’ E’
—_— = ——L W (2.10)
dQdE" ¢* EF
where L v 18 the leptonic tensor, W#" is the hadronic tensor, and « is the fine-structure con-
stant.

The first tensor, i.e. leptonic tensor, is well known from QED and defined as

L, (s, ks k) =" [u(k, s )y,ulk, s)] [a(k, s )y,ulk,s)] = L +ily),  (211)

S/

where s = (0, §) is the polarisation vector of the lepton in its rest frame. One can split the
leptonic tensor into two parts: symmetric part and asymmetric part as follows

Ly =2 (kK + kk,) — 29, (k- k' —m?), (2.12)
Lin) = 2me 05570, (2.13)

where m is the lepton mass, g, is the metric tensor, and €, 5 is the Levi-Civita symbol.
Similarly, the second tensor, i.e. hadronic tensor, contains the unknown non-perturbative
structure of the nucleon and is defined as

Wr (S, P;q) = % /d4§eiq£ (P,S|J"(0)| X) (X |J"(0)| P, S) (27)*6* (P + q — px)
(2.14)
= WHS)(P; q) +iWH N (S, Piq) (2.15)

and symmetric and asymmetric parts are

1 [TpeY P - P- E
SW(S) (P g) = — (QW_ qqg >F1 n (pu_ q2qqu> (pv_ q—2qq”) 2 (2.16)

2 P-q
1 . (MS M(S5-q)P
W A(P; q) = —ieq, (P—E(gl +9) = P—_qﬁgz> (2.17)

where F), F,, g;, and g, are the dimensionless structure functions, .S is the nucleon’s polar-
isation vector, and py is the total momentum of the final hadronic state X. Eq. (2.10) can be
expressed by other kinematic variables;

S A
dQdE’ My dzdyde

(2.18)



The differential cross section is then given by

Lo _ o'y
dedyde Q42

(LW ® — Ly W) (2.19)

The term L,(JS)W‘“’(S> corresponds to the spin-averaged part and the one LE;,X,)W’“’(A) corre-

sponds to the spin-dependent part. Since the lepton and the nucleon polarisation vectors are

involved in the latter term, spin-dependent effects can only occur if both the lepton and the

hadron are polarised.

The spin-dependent cross sections are further subdivided into the longitudinal and trans-
verse part:

o s d*Ag, d*Ac,

dzdyds ~ dedgde P rdyde dzdyde ’

where h, = £1 is the helicity for the incident lepton, o is the spin-averaged cross section, and
o and o, are the cross sections for longitudinal and transverse orientation of the target spin.
The exact forms of these cross sections are

— h,sin B cos ¢

(2.20)

Scattering plane

Figure 2.2: Kinematics of polarised deep-inelastic scattering [24].

d3c 402 [y 1 Y22
- Yo —(1-y— F 2.21
dedyds ~ Q7 [2 1+2xy< YT ) ] 220
d*Aoy 40 y v y
dxdyd|¢ =0 [( —57 2 )gl—y%] ,and (2.22)

d*Ac 4a? 22

Ledyds = OF [7\/ N s (%gl +9) (2.23)
The measurements for proton and deuteron structure function F} and Fy are shown in Fig. 2.4.
The kinematic factor 7?2 = %; = ‘”22—12‘42 goes to zero as Q? — oo. The angle between the
lepton momentum and the target spin is 0 < 3 < 7, whereas the azimuthal angle between
the scattering plane and the plane containing the lepton and the target spinsis 0 < ¢ < 2w
in Fig. 2.2. If the target is polarised longitudinally (8 = 0°), the structure function g, can be
studied. On the other hand, one can study the combination 4g, + g, when the target has the
transverse polarisation (5 = 90°). Note that o, is suppressed by the factor 7y since v = E%/




Figure 2.3: Virtual photon-nucleon scattering

It is worth to introduce the virtual photon-nucleon cross section (shown in Fig. 2.3) with
the structure functions. First of all, let’s define the virtual photon flux by the Hand conven-
tion [25]:

W2 o M2 Q2
K=———/=v——. 2.24
oM 2M 224)
The optical theorem relates the hadronic stucture tensor to the imaginary part of the forward

virtual Compton scattering amplitude [7,26,27]. The helicity amplitude can be expressed as

A(h, Hy I H') = 5T, (2.25)
where € and €* are the polarisation vectors of the virtual photons. Here i (k") and H (H’) are
the virtul photon and the nucleon helicity in the initial (final) state, respectively.

The cross sections of this process are defined as follows:

4T 1 1 A%
JZ%F = MKA(—H, —|—§; +1, —|—§) = MK [y — g1+ (K —1)go], (2.26)
ATl 1 1 AT’
Ug = MKA(-I—L —5; +1, _5) T MK [Fy 4+ 91— (K —1)go], (2.27)
AT 1 1 erey
o = At 30ty = g Ve-loite), (228)
420 1 1 A% K
L_ A0, 4220, 4= _ (—F Ay > 2.2
oy = A0 +5i0+3) AT (2.29)

where k = 1 + ‘W;TMQ =1+ 1%2 = 1 + ~2. The subscript is the total spin of the photon-
nucleon system and the superscript shows the polarisation of the photon in the initial and
the final states. The single superscript L or 7' means there is no polarisation flip between the
initial and the final states.

The total absorption cross sections of longitudinally and transversely polarised photons are

defined as

4o F.
L _ L _ _ 222
o _U%_MK[ F1+(1+7)2m , (2.30)
1 4o
UT=§<0:%F+U:%F> = MKFI' (2.31)



The ratio of these cross sections becomes

F
R=(1+~? 2:1:12?1 —1. (2.32)

Now one can define the longitudinal structure function, F; as

F, =F,(14++?) —2zF, . (2.33)

From these equations above, one can write the following relations:

F
R= L 2.34
A (2.34)
F, (1 + 72)
= = 2.35
' 20 (1+R) (2.35)

Observable double-spin asymmetries in longitudinally polarised lepton, and longitudinally
or transversely polarised target systems are defined as follows:

Ao 0'2 — 0'3
A (2,Q?) = E“ -7 (2.36)
o=+ o=
Ao oot
2\ _ L _
A (2,Q%) = —= = g S (2.37)

Here the narrow arrow (—) represents the longitudinal polarisation of photon along to mo-
mentum direction and the wide arrows (=, <, 1, |) indicates the nucleon spin direction:
= (<) is parallel (anti-parallel) to the incoming photon direction, and 1} ({}) is perpendicular
to the incoming photon direction.

The parallel and perpendicular asymmetries strongly depend on E or y so that the observed
asymmetries with different incident energies cannot be compared directly. Therefore, it is
customary to express the lepton asymmetries in terms of the virtual photon asymmetries:

o] —03 01 —0%
Aj=—2 2% 3 (2.38)
L 6T 4 6T 20T 7
3 3
ol'l o'l
A = 2 = 2 (2.39)
2 . .
ol +oT 207
2 2

These asymmetries are valid for the spin } target. The asymmetries A, and A, for a spin one
target are as follows:

A:§ ol —of :Jg—ag A:§ oy + 03 :o—g“+0—2T (2.40)
Y20 ol +o] 207 ' TP 200+ o] +oF 20T '



ol is the virtual photon-deuteron absorption cross section for a total spin projection J in
the photon direction. 0% results from the interference between transverse and longitudinal
amplitudes for J = 0,1, and 07 = (0l + 07 4+ 01)/3 is the total transverse photo-absorption
cross section.

A, and A, fulfil positivity constraints:

0<|A,]<1 and |4, <VR. (2.41)

From Eq. (2.41), A, and A, are directly related to the spin-dependent structure functions g,
and gy:

A2
A1:91 FV 927 A2:791}‘:92.
1 1
Conversely, the structure functions g, and g, are expressed in terms of A, and A, that are
measured by experiments:

(2.42)

9 = —— (A, +74,), g:—(—A —|——A>. (2.43)
B I C T E I N
The latest A, and g, for deuteron and proton are shown in Fig. 2.5.
Similarly, A and A, are also expressed:

Ay =D (A +ndy), AL =d(A,—EA). (2.44)

where D is the depolarisation factor that describes the polarisation transfer from the incident
lepton to the virtual photon, and other factors are defined as follows:

y(2—y) (1+ 52y)

D= , 2.45
1+ 2 +2(1-y—2) (1+R) (24)
1—qy— 22
dzlyf%‘lll (2.46)
1_y_724y2
n=- ; (2.47)
(1= (1+ )
E=y13 (2.48)
I '

In the real condition of the COMPASS experiment, 1) is of the order 10™*. Thus, it was found
that A, is significantly smaller than v/R [28,29]. Therefore, A, and g, are rewritten as follows:

4
~ 6 ,
g, ~ B4 = B4 . (2.50)
1+42D 2x(1+R)D
F, and R are parameterised by data measured by the other experiments, one can easily access
to the structure function g; by measuring 4; .

A, (2.49)
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COMPASS has measured A; and g, with the polarised deuteron and proton targets with
the polarised muon beam [31, 32, 33]. The recent COMPASS results of g% and g¢ are shown
in Fig. 2.6. Thanks to higher lepton energy and high statistics, g, can cover wider kinematic
range and have smaller uncertainties than others.

2.1. The QCD-improved quark parton model

The quark parton model gives us a picture which the nucleon is made up of partons, namely
quarks and gluons. The structure functions F}(z) and g,(x) are expressed in terms of the
quark distributions ¢* (x) and ¢~ (z) as follows:

- %Z ot (@) +a ()] = 5 O o) @51)
Z e —q (z)] = % g e2Aq(z). (2.52)

q(x) is the spin-averaged quark distribution, i.e. probability of finding quark ¢ with a nucleon
momentum fraction x. Agq is the spin-dependent quark distribution. The + and — in super-
script express quark spin is parallel or anti-parallel to that of the spin of the target nucleon.
Electric charge of the quark with flavour g is denoted by e,

2.2. DGLAP equation

According to QCD, partons radiate other partons: quarks and gluons radiate a gluon, which
can be absorbed by other parton. Moreover, a quark and an anti-quark can annihilate into a
gluon.

Probability to radiate a parton j with momentum zp from a parton ¢ with momentum p is
described by the splitting function, P, ( ), where i and j are a quark or a gluon (i, j = ¢, g).
In the process v*q — qg the 1ntegrat1on over the gluon phase space results in a logarithmic
Q? dependence of the cross section. This Q? dependence can be absorbed into the definition
of the parton distribution functions ¢ (z, @*) and gluon distribution function g (z, @?). This
leads to DGLAP' evolution equations [36,37,38,39]°.

The flavour singlet combination, i.e. the sum of all quark distribution functions is defined
as

(z,Q?) ZAqZ z,Q?). (2.53)

Flavour-nonsinglet combinations, AgN®

! Acronym of Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
2Until 1990s, it is called Altarelli-Parisi (AP) equations
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ng
2% @) = Y (5 —1) B0 .07, (2.5)

(e?) = Z — (2.55)

with n 7is the number of active flavours.
The DGLAP equations are given as:

d «

AgVS = AP @ Ag™S 2.56
Q21 = gpttw @80T (2:56)
d_(AS) _a, (AP, 2 AP (AT (257

dinQ? \ Ag 2n \AP,, AP, Ag

where «, is the strong coupling constant, Ag is the spin-dependent gluon distribution, and
AP, =P, ... — P, ., and the operator ® are defined as

a a

(a®b)(z) = /xl %a (g) b(y) . (2.58)

Ag™ evolves independently from gluons.

2.3. Sum rules

In the leading-order, the first moment of g, is related to the total quark helicity contribution
to the nucleon spin:

r, = /1 g, (z)dx = %Zfeg /1 dzAg(x) . (2.59)
0 q 0

Assuming that n; = 3, one can rewrite Eq. (2.59) of the proton as follows:
v % (gAu + %Ad + %m) (2.60)
= % (Au— Ad) + % (Au + Ad —2As) + % (Au + Ad + As) (2.61)

1 1 1
= 5% + 368 + g% (2.62)
where

as = Au— Ad (2.63)
ag = Au+ Ad — 2As , (2.64)
a, = Au+ Ad + As . (2.65)
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For the neutron case, I'] is obtained from the first momentum of proton using the isospin
symmetry. Thus, the I'; for the proton and the neutron are written as

MY =4+—a;+ —ag + —aq,. (2.66)

The terms a, a;, and ag are given by following equations [7]:

7 % ) = W 9 .
<P,S‘q’y 75q‘P S> 2M S Aq (2.67)
P,S|Ji |P,SY=MS,a,, i=1,2,...,8, (2.68)
Y% ne
(P,S|J2,|P,S) =2MS,a,, (2.69)

where S, is the spin vector of proton and | P, S) is proton states with momentum P, and spin
S, The flavour-singlet axial-vector current .Jg, is defined as

_ (W
J5, =y, s with ¢ = (wd) : (2.70)
Vs

Similarly, the octet of axial-vector currents .J. g , 18 defined as

. - by
S5, = Wﬂsjw with i=1,2,....8. (2.71)

The matrices A; are Gell-Mann matrices and the -y, are the gamma matrices (Dirac matrices).

In the naive quark-parton model, a, is identical to AY that expresses the total fraction of
the spin of the nucleon carried by the quark. The axial charges a5 and ag are measured with
the weak (3-decay of the neutron and the spin-1/2 hyperons (X*, X%, A, =~, and =°) in the
SU, baryon octet. Now one can define the Bjorken sum rule

n ]'
r—r= 54 (2.72)
Ellis and Jaffe [40] assumed that the strange quarks are not polarised, As = 0, leading to

a, = ag and thus

n D 1
= 36% = 139 (2.73)

which is known as Ellis-Jaffe sum rules.
The structure functions can be evolved with Q? by DGLAP equations. The sum rules can
be also rewritten with coefficient functions:

1
Fp7n 2 —_
Q) = =

[ias + %as] CN(Q?) + %aOC’S(Cf) (2.74)
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for Ellis-Jaffe sum rule, and

N 1
Q%) —T1(Q*) = £asC™(Q?) (2.75)
for Bjorken sum rule.
The singlet and non-singlet coefficient functions, CS and CN5, can be expanded into a power
series of o, /m:

2 3
CS,NS — 1 + C§7NS (%) _|_ C§7NS (%) _|_ Cg’NS <%> + e, (276)
™ ™ ™

The actual values of ¢; are shown in Tab. 2.1. Note that C"™ is identical to 1.

S,NS

Table 2.1: The values of coefficient functions, c;”°, with a different number of active

flavours [41].

o singlet non-singlet

Co €3 Co €3
3 -0.549 59 -4.447 25 -3.583 33 -20.21527
4 1.081 53 4.874 23 -3.250 00 -13.850 26
5 2.978 45 13.071 03 -2.916 67 -7.84019
6 5.279 32 20.730 34 -2.583 33 -2.18506

Calculations in Ref. [41] used the MS-scheme [42]. In general the result depends on the
renormalisation scheme.

2.4. Fragmentation

In the previous sections, we have discussed the inclusive measurement of DIS, where only
scattered muon is detected. In order to get more insight into the nucleon’s constituents, it is
very useful to consider semi-inclusive experiments where hadrons are detected in coincidence
with the scattered muon. This allows, e.g. to separate the distributions of quarks with different
flavours in the nucleon [43].

To describe such process a set of two variables, i.e. x5 j and 2, is not sufficient, an additional
one is needed. The variable usually used is an energy fraction of the virtual photon energy
carried by the hadron

E
7= (2.77)
v
Alternatively, one can use Feynman z,
p([:;IIl. QP%IIL
Pl W
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c.m. c.m.

where pi™ is the longitudinal momentum of the hadron and p7'\:. . ~ W /2 is the maximum
allowed p; in the virtual photon-nucleon centre of the mass system. The region z, < 0
selects preferably hadrons from the target fragmentation region, which originate from the
target remnant. Hadrons that originate from the struck quark are produced mostly at x, > 0,
which is called the current region.

According to QCD, the quarks are confined, and one cannot pick up each of them; free quark
does not exist. Thus the struck quark and the target remnant have to form colour neutral final
state hadrons. This process of hadronisation cannot be described by pQCD but is parametrised
in the form of fragmentation functions. This means that the hard process can be calculated
using pQCD and the soft part, namely the fragmentation, is parametrised independently.

The semi-inclusive measurement of the hadrons in the current region allows one to obtain
information about the struck quark since its flavour and direction are correlated to the identity
and the direction of the leading hadron.

The cross section for the production of a hadron A can be written in leading order QCD as

o o Y edqp(x, Q*) D (2,Q?) (2.79)
!

where D’}(z, Q?) is the fragmentation function. The fragmentation function gives the proba-
bility density that a struck quark of flavour f, probed at a scale (%, fragments into a hadron
h carrying a fraction z of the virtual photon energy. One of the most recent parametrisations
of parton-to-pion fragmentation functions (DSS14) is presented in Ref. [44].

2.5. JSV framework

In this section, the theoretical framework of this analysis is described, which is referred as
“JSV framework” [45].

One considers photoproduction of a single-inclusive hadron shown in Fig. 2.7: IN — I’h X.
The lepton [ is longitudinally polarised and the target nucleon /V is also polarised longitudi-
nally. Their directions are either parallel or antiparallel to each other.

JSV framework is based on a collinear pQCD framework in NLO. There are two contributions
to the cross section: “direct” part where the virtual photon directly interacts with the parton
b and “resolved” part where the partonic component of the virtual photon interacts with the
parton b. In an experiment, one can only measure the sum of the “direct” and “resolved” cross
section:

do = doye +do (2.80)

resolved *

The spin-averaged (unpolarised) and differential (polarised) cross sections for this process are
written as follows:

16



(a) direct process (b) resolved process

Figure 2.7: Decomposition of the single-inclusive cross section for quasi-photoproduction of
a hadron h into direct (left) and resolved (right) subprocesses, taken from Ref. [46].
In the resolved process, the photon exhibits a hadronic structure in the framework
of QCD. The internal wavy line represents the photon ~* and the solid lines do
partons {a,b,c} = {q,q, g}. The central blob describes a hard scattering cross
section ¢. The peripheral blobs describe the non-perturbative objects: parton dis-
tributions of the nucleon f, v, and photon f, .., and fragmentation functions of
the observed hadron D, ;.

do = % do, ., +do, ] (2.81)
= ; /dxadxbdcha/e (%a Mf) fb/N (xb,:uf>
| >< dogyex (57%75% P, /z,, Mr?ﬂf?ﬂ}) Doy (zes 7)) (2.82)
dAo = % do,, —do, ] (2.83)
= ; /dxadxbdchfa/é (%vﬂf) Afb/N (xmﬂf)
| >< AAG iy eox (S, @as Ty Prf Zes bips b 1) Doy (205 1) - (2.84)

subscripts ++ and +—
the helicities of the lepton and nucleon: the lepton helicity is fixed and only the nucleon
one is changed.

xa
the momentum fraction of the parton a taken from the virtual photon in the resolved
process. In the direct process, it is identical to z.,.

Ly
the momentum fraction of the parton b taken from the nucleon

dAa‘ab—)cX

the hard-scattering cross sectionof a +b — ¢ + X
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N b

(a) The hard scattering process in the centre of (b) The hard scattering process in the laboratory
mass system of the photon 7 and the parton system. Partons with large scattering angle
a. Scattered partons b and ¢ fragment into at c.m.s have large transverse momenta with
hadrons h and 4’ to be measured. respect to the virtual photon.

Figure 2.8: The hard scattering process in two systems: the centre of mass system of the
photon and the parton, and the laboratory system.

S

the lepton-nucleon centre of mass system energy
P

the momentum of the hadron A

/

py and i

the factorisation scales for the initial and final states
oy

the renormalisation scale.

Choosing the transverse momentum of hadron with respect to p, as scales guarantees that
the observed hadrons are fragmented from partons which are interacted by the virtual photon
and the parton. The scattering process in the photon-parton centre of mass system shown
in Fig. 2.8. In this system, the produced partons are emitted back-to-back. After the Lorentz
boost to the laboratory system, they can still have large transverse momenta with respect to the
virtual photon direction [47]. Collinear partons of the incident virtual photon and the incident
parton have small scattering angle at centre of mass system, resulting in small transverse
momenta in the laboratory system. Thus, the most natural scale for the theoretical calculation
is p;, which varies between 1/2 to 2 in order to investigate the scale dependence:

=My = Mgy = Hyp = Pr (2.85)

Fig. 2.9 shows the comparison of the theoretical cross sections with various order (LO, NLO,
and resummed) and the measured cross section. The sum in Egs. (2.81) and (2.83) runs over all
partonic channels.

The parton density in the lepton / can be rewritten as
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14 .
Aﬁw@muﬂ:i/-5AP%QQAQM<mf:jaMO. (2.86)

AP ,(y) is the spin-dependent Weizsicker-Williams “equivalent photon” spectrum [48]
that describes the collinear emission of a photon with low virtuality Q2 less than some upper
limit Q2. (determined by the experimental conditions) by a lepton of mass m, [45].

max

a 1— (]— B y)2 12nax(1 _ y) 1 1— Yy
AP, (y) = o { [ ) In 2 +2m2y? | —5— — e (2.87)

max

Af,/ is process dependent. For the direct photon contribution, the parton a is identified
as the photon. Thus Af, . is

Af,=01—z). (2.88)

On the other hand, for the resolved process, Af, ., is the parton density of a circularly po-
larised photon. As this is completely unknown experimentally so far, one must consider it in
the numeric calculations. According to Ref. [45], it is sufficient to only use the two extreme
cases that Af, ., = f,/, (maximal case, Af, . is identical to f,,,) and Af, , = 0 (minimal
case).

The longitudinal double spin asymmetry to be measured in experiments is defined with the
unpolarised and polarised cross sections as

dAc do,, —do,
do  do,. +do,_

ALL

(2.89)

In fixed target experiments, p, of the produced hadron is relatively small comparing the
square root of the centre of mass energy, so that the variable =, = 2p,./+/S is relatively large.
This means that the initial photon and parton have just enough energy to produce the high-
pr partons fragmenting into hadrons. Relatively little phase space is available for additional
radiation of partons. It is essential to take the large logarithms to all orders in the strong
coupling, a technique known as “threshold resummation” [49], into account. The calculation
of cross sections with resummation technique for pp — hX and pp — h,;h,X had been
carried out and observed the substantial effects [50,51].

The rapidity-dependent unpolarised cross section for the single hadron production
(N — ('h*X is written as

3 ~
pTdU / / / Sdo‘ab%cX
A s dz dZ a Loy P 1)f ( Ly B 1)D C(Z K >—
dedn a b C min e min /Z e f b/N f h/ ff dde

(2.90)

where the rapidity 7, the factorisation scales, 1 fi and p ¢ parton distributions, f, /0 and f, /N

the fragmentation function, D}, ., and the partonic hard scattering cross section, 7, ,.x. Typ-

min
n b

ically the factorisation scales are chosen to be equal, p, = iy, = pi;p = pp. T, i

and x are defined by

, L
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Tp = ——— 291
T P —mgxn ) ( )
: rpe'
gpin — T2 2.92
¢ 2 —xpe’ 292)
. -1
min — 110 (2.93)
2— Zren
WA
T = L COSUT ’ (2.94)
N
y=1-—Tei (2.95)
2
where ) =1+ 1n(z,/x,).
Other variables are also defined:
1z, -
w==-2Teh (2.96)
v 2
S=ux,x,s, (2.97)
~ 2 STre N
t=(p,—p.) o (2.98)
~ 2 5T eﬁ
i=(p,—p.) === (2.99)
and
T - I - - .
s,=s+t+u=svl—w)=5|1— xTﬁ(e" +e )| =8(1—2Zpcoshn) . (2.100)

Note that 3, £, and 4 are the Mandelstam variables and s, is square of the invariant mass of
the unobserved partonic final state.

The partonic hard scattering functions 7, ,.y can be evaluated with pQCD and be written
as an expansion in the strong coupling constant a(1,.):

~ ~(0 ~(1
Fapsex (Vyw) =35 (v, w) + a(1,)55) (v, w0) + O(a2). (2.101)

In the unpolarised case, the splitting function is given by

a [1+(1-y") Qhu(l—y) 11—y

P = — In == 2m; — 2.102
R (y> 27 Yy ! m% y2 - e glax m%yz ( )

and describes the collinear emission of a quasi-real photon with momentum fraction y off a

lepton ¢ of mass m,’. The virtuality of the radiated photon is restricted to be less than @

which is in turn constrained by the experimental setup.

max’

3The definitions of unpolarised and polarised splitting functions look similar but are not identical, see Ref. [48].
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There are two basic partonic subprocesses in LO: photon-gluon fusion (79 — ¢¢) and Comp-
ton scattering (y7q — qg). For each process, either of the final-state partons may hadronise into
the observed hadron. As the processes are partly electromagnetic and partly due to the strong
interaction, their cross sections are proportional to av,(,.). In addition to that, the photon
also exhibits a hadronic structure in the framework of QCD, which is described by the resolved
process. Unlike hadronic parton distributions, photonic densities may be decomposed into a
purely perturbatively calculable “pointlike” contribution and a nonperturbative “hadronlike”
part. While the pointlike contribution dominates at large momentum fractions ., the latter
dominates in the low- to mid-z region and may be estimated via the vector-meson-dominance
model.

At the lowest order, the possible resolved subprocesses a +b — ¢+ d, which represents the
parton a and b interacts and the parton c and d are observed in the final state, are following:

¢ —qd', e —aqd, ea—4d4d, q1—qq, 97— qq
qq — 99, 99 — 49, q9 — 99, 99— 99, 99— qq . (2.103)

Each of these is a pure QCD process and, therefore, has a cross section quadratic in a(p,.).
However, as the photon parton distributions are formally of order /e, (1 ¢), the perturbative
expansion of the direct and resolved contributions starts at the same order of «,. The hard
scattering cross section at leading order, where one has 2 — 2 kinematics, w = 1, 32%)_)6  can
be written as

~15(0) 14 (0)
5404y ex _ 5d0gpcq(V)

aboeX _ 2 aboed ) 5(] — qp) | 2.104

dvdw G od-w (2.104)

On the other hand, the one at NLO have been computed and can be cast into the form

Ad"(l) In(l — 1
5% abosex (;“SZ}CX = A(v)6(1 —w) + B(v) (%)Jr + C(v) (m>+ + F(v,w). (2.105)

Here the “+”-distribution represented with the subscript + is defined as

fi(z) = f(z) —0(1 — :L‘)/ dwf(w). (2.106)

If a function g(x) is a smooth function as * — 1, then

[ awstwgtow)] =/ duffw) - £1)]g(w). 2,107

0

The terms, B(v) (W) and C’(V)(L)+, are traced back to soft gluon emission. More-
+

1—w
over, these “+”-distributions yield large logarithmic first order corrections close to the thresh-

old and will show up in all higher order corrections. For example, in the k-th order the cross
section d&g;gc +(v,w)/dvdw contains logarithms of the form o* [W] and sublead-
ing terms with fewer logarithms. Depending on kinematics, these logarithmic terms have to
be resummed order by order.
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The numerical calculation of Eq. (2.90) is extremely hard since one has to take care of the con-
volutions. Hence, the Mellin transform is employed, which can transform the convolutions of
components into the products of corresponding Mellin- /N moments. The “+”-distributions are
also transformed into simple forms: powers of logarithms, In N. This logarithmic behaviour
converges as 1/N* or faster at large N in the moment space.

The single hadron cross section depends on two kinematic variables, p;- and 7. If one inte-
grates it over 7), it depends only on p%. This transformation makes the calculation of Mellin
moments simple since it can be factorised in terms of moments of parton distributions, frag-
mentation functions, and partonic cross sections. After resummation, the resummed cross
section can be given by inverting the Mellin expression.

On the other hand, the calculation of 7-depended cross section has to use different tech-
niques. One of the methods to do is to apply the Mellin transform only to the fragmentation
functions and resummed cross sections. By including fragmentation functions, the integrand
for the inverse Mellin transform falls off fast enough.

The actual procedures are following:

1. taking Mellin moments only of the product of fragmentation functions and the resummed
partonic cross sections,

2. performing Mellin inverse, and

3. convoluting the result with the parton distributions in = space.

The first procedure: Mellin transformation To be specific, starting from Eq. (2.90), one
considers only the last integral and take moments in 2

1 1 A~ 4.2 PPN
N_1 Trdz sdo,p,ex . .
/0 dz? (z?) / dz gy Dh/c<z7ﬂff)# = Dy ()@ (7). (2.108)

Here x is the lower bound of the z integral. The Mellin moments of fragmentation function
and the hard scattering function are defined as

1
szv/c(ﬂff):/ dzzN"1Dy, (2, prgg) (2.109)
0
! N-174 22 35
AN :2/ ass(1— %) I e 2110
&) y S 5 v dvdw ( )

The second and third procedures: Mellin inverse and convolution One can get the
cross section by taking Mellin inverse of Eq. (2.110) and convoluting with the parton distribu-
tions:

dN

1 1
= d d , N[ 2 2N p2nes T2N(5)
dprdn (%:c/o If/o xnfa/é(%aNﬁ)fb/N@mez)/C o (z?) h/ec (prs ) 0= ()

pado

(2.111)
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Egs. (2.90) and (2.111) are mathematically equivalent. However, the former is much suitable
from a computational point of view since the moments of the fragmentation functions tame
the large- N behaviour of the @?" so that the Mellin integral converges rapidly. The latter,
however, contains “+4”-distributions with any power of a logarithm, which makes carrying
out a convolution over z very difficult.

The resummed cross section in momentum space factorises into functions since in Mellin
space the phase space including the constraint of energy conservation also factorises.

~resum, N /~ Ny~ Ny~ ~ ~
wab%ch(n) = Aq“(3, :ufz')Ab *(5, ufi>AiV<87 fo)JéV(S)TT{HSRrSSN}aHCd (2.112)
The functions (A, , A, , A, and .J,;) describe soft-gluon emissions off these partons (a, b, c,
and d). H is the hard scattering part, and S is the soft function. & represents the contributions
by soft gluon emitted at wide angles and resummed by the exponentials.
Finally, one can get the resummed cross section:

p% d O.matched 1 1
— = d d , ,
dp,dn O;C/O xf/o xnfa/ﬁ(xknufz)fb/N(l'n,,ufl)
_dN —-N 77 resum N 77 resuim ~
. / 211 <372) l)i]/\g_3 (’uff) [w ‘ 72N<n> —w" 72N<77> ’ﬁrst—order]
c
prdo (2.113)
dprdn

Matching resummed cross section to the NLO one is needed to make use of the fixed-order
theoretical calculation available. This is performed by expanding the partonic cross sections to
the first nontrivial order in «, subtracting the expanded result from the resummed one, and
adding the full NLO cross section. This procedure avoids any double counting of perturbative
terms. The authors of Ref. [49] compared the resummed cross section of the single-inclusive
hadron production for deuteron target to measured data at COMPASS [23]. The input param-
eters for theoretical calculation are following:

¢ Vs=174GeV/c
« 0.2<y<0.8
max = 0.1 (GeV /¢)?

e 0.2<2<0.8

« 10 < 6 < 120 mrad (i.e. 2.38 > 1 > —0.1 in the lepton-nucleon centre of mass system)

CTEQ6MS5 [52] for the parton distribution functions for the nucleon

GRS [53] for the parton distribution functions of the photon

« DSS [54] for the fragmentation functions
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Figure 2.9: Comparison of the theoretical calculations and measured data, taken from
Ref. [49]. Shaded areas represent the systematic errors. The error bars on the
measured data are the square root of the quadratic sums of the statistic and the
systematic uncertainties. And there is the 10 % normalisation uncertainty due to
the luminosity determination.

The LO cross section is far below the data about a factor of 10. Even though NLO correction
applied, which enhances by a factor of 2, there is still a sizeable difference. The resummed
cross section agrees with the data within the (admittedly, large) systematic uncertainty.

The longitudinal double spin asymmetry is calculated using Eq. (2.89). As described above,
cross sections can be split into direct and resolved part:

dAo .. + dAco y
A _ direct resolved ) 2114
L dadirect + do ( )

resolved

One can calculate A;; with only changing polarised gluon distribution function. By inte-
grating Ag over x,, at the given scale, AG is estimated. Then comparing x* of the observed
and the calculated A, ;, one can evaluate AG. This method is called single-inclusive hadron
method and is named after the longitudinal double spin asymmetry for single-inclusive hadron
production.

2.6. Accessing to gluon polarisation

In the previous section, A;; method and its framework are discussed. In this section, AG
analyses in COMPASS are described.
2.6.1. Photon Gluon Fusion

Direct measurements of the AG are based on the selection of pQCD processes where a
gluon from a nucleon undergoes an interaction. In the lepton-nucleon scattering the interest-
ing process is the Photon Gluon Fusion (PGF). Two methods to identify an event as the PGF
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one are mostly employed: Open Charm Production and High-p;- Hadron Production. Com-
paring to both the methods, the single-inclusive hadron method is rather indirect since other
subprocesses are considered altogether.

Open Charm Production Due to the large mass of the charm quark (m, = 1.5 GeV /) its
production via the fragmentation of light quarks as well as interaction of a virtual photon with
an intrinsic charm quark in the nucleon is strongly suppressed. Therefore, it can be produced
only in the hard scattering process. The PGF is the lowest order pQCD process where the
charme quarks are produced. Thus, selection of charmed mesons in the final state suppresses
completely other contributions to the cross section.

Spin-dependent cross section asymmetry for the YN — ccX process is related to the gluon
polarisation in the following way:

S
S+ B

B ~
I

Aesperiment — (£P Py x ALY 4+ (fP,P) (2.115)
where P, is the beam polarisation, P, is the target polarisation, and f is the dilution factor
accounting for the fraction of polarisable nucleons in the target material. The 2 is another
diluting factor with S and B being the number of signal and background events in the studied
open charm sample. The background consists of those non-charm events that passed selections
used to obtain the open charm sample. The resulting asymmetry APBC is assumed to be equal
zero.

A"V is given by

* A AG A Aa‘ * =
ALY =D x ALY ~ D x (a} ) ?(@g)) with a;; = &v—g_mc (2.116)
y*g—ce

where D is the depolarisation factor defined in Eq. (2.45). The partonic cross section & is
calculated at LO [55]. Egs. (2.115) and (2.116) allow one to extract AG/G.
Similar to this LO extraction, the asymmetry via NLO extraction also can be defined as

* AG *
N,NLO
ARNNLO _ ) (agg? ang1> , (2117)
where
~LO ~NLO ~NLO
e Ao-'y*g—wé + Aav*g_mf + Aav*g_wég 2118
L = 7510 T 6NL0 [ 5NIO ’ (2.118)
y*g—cc y*g—cc y*g—ccg
. AgNO
vy q—)CC
aiE = Zxo 211)
Y q—cc
2
A 2GR (2.120)
1~ - 2 . .
Fl Zq eqq

Eq. (2.115) is still valid in the NLO-QCD approximation. The only difference is that the signal S
contains open charm mesons originating from non-PGF processes (S = S9 + S9). The proper

method to extract AG/G and A, simultaneously is discussed in Ref. [56].
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The measurement of the gluon polarisation based on tagging of the PGF events via the
charmed hadrons that contains charm quarks was for the first time implemented in the COM-
PASS experiment. Two main channels of the open charm production were considered. The first
one is the channel with D” meson in the final state identified as a K 7 pair of invariant mass in
the mass window around known mass of D. The second one is the channel with D* meson that
decays into D’ and a slow pion. D*(2010)" — D’z — (K~7*, K7+ a’, K-atnt7 )7t or
D — K~ (the subscript “s” refers to “slow”).

Virtual photon cross section asymmetries, A7V ~D"X and the gluon polarisation (AG/G) are
extracted from these open charm events. In LO, the result obtained from the data collected in
2002-2007 years with the polarised deuteron and proton target at COMPASS [19] is

AGLO

o = —0.06 4 0.21 (stat.) + 0.08 (syst.) (2.121)

at the average fraction of nucleon momentum carried by the gluon (x) ~ 0.11 and at average
scale u? ~ 13 (GeV/c)?. In the NLO analysis, the result is

AGNLO
G

at the scale y? ~ 13 (GeV/c)? and (z) ~ 0.20. Details of the extraction of AG/G at NLO
can be found in Refs. [56,57].

= —0.13 + 0.15(stat.) 4+ 0.15 (syst.) (2.122)

High-p, hadron production The method using open charm production is a clean method
since there is no intrinsic charm quark in the nucleon in the COMPASS kinematics. A weak
point, however, is quite lower statistics than the method using high-p, hadron production to
be described here.

A selection of high-p, hadron pairs will result in a sample of events produced by pertur-
bative processes, where mostly light quarks (u, d, and s) and gluons are involved. Thus in
addition to the PGF, two other processes contribute to the cross section in the LO pQCD*.
These are the Leading Process (LP, v + ¢ — ¢) and QCD-Compton (QCDC, v +q — ¢+ g)
process. As all three processes contribute to the cross section the expression for the cross
section spin asymmetry is following:

~ AG | _ ~C _ - _
AN = ATy = RPOV () =2 (3g) + ROV (a77) Af0(z,) + R (alf) AV (7))

(2.123)

where z, is the momentum fraction of parton in the QCDC process, ai; are the partonic
cross section asymmetries® for the given process i, R’ is the fraction of the process i, and
A0 = S ; et Aqp/ Y ; e}q; is the photon-nucleon asymmetry at leading order. Moreover,
Tp;, T., and T mean the average value of x5, .., and x in the sample, respectively.

There are two possibilities to estimate A, The first one is to use the parameters of un-
polarised and polarised quark distribution functions evaluated from the global analyses. The

4That is, indeed, the weakness of this method.
Salso called as analysing power.
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Figure 2.10: Ratios of the various PYTHIA subprocesses in the final high-p, sample [16].
PGF process contributes approximately 30 % The second highest contribution is
the resolved photon process gg — ¢qg.

second option is to use directly the inclusive measured asymmetry A,. The second option was

selected in the latest analyses since for the determination of PDFs assumptions on the shape

of AG and G as a function of z are needed and this could lead to a bias of extracted AG/G.
First of all, it was assumed that the inclusive measured asymmetry A ~ DA, contains

only the LP contribution. With such assumption, one can obtain A, at LO as

> e?‘Aqu
foff
Thus, the equation for A can be re-written as

AG
G

AR~ RYOF (GROF) S G ) 4 ROCPC (GO0) 4 () RIP (GIT) A, () . (2125)

Similar to Eq. (2.125), the inclusive asymmetry can be decomposed as

A (zg;) ~ AT (2 ;) (2.126)
AG

_ pPGF,incl. /APGF,incl.
=R <aLL > G (Z¢)
+ RQCDC,incl. <a8LCDC,mcL> A%O(:i’c)
+ REPne- (Gt AYO (). (2.127)
The superscript “incl.” emphasises the fact that the kinematic phase space is different from
A?h case. ‘
~LP,incl.

Eq. (2.127) can be re-written for A, (z ;) and A, (z) with the fact D = a;1"™"" and intro-
duce the equation for A, measured at T5; = 7,
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<A§€Dc,incl.> AG <AESF,incl.>
A(zp;) = A%O(QB])RLP,HK:I. + ALO(z,,) RACDC el + (%) RPCFsinc. ’
D G D
(2.128)
~QCDC,incl. ~PGF,incl.
i - a AG , a
A (zo) = AYO(zo) RMel 4 ALO(77,) RACPCoincl < L > + (Z,) RPCFindl. < LL >
D G D
(2.129)

with ., and z(; being fractions of nucleon momentum carried by the struck parton for sample
measured at Tp; = Z¢.

Now one has three equations (Egs. (2.125), (2.128), and (2.129)) and three unknown variables
(AG/G, A1°(xp,), and A}°(z)). After combining the equations and neglecting small terms
(the fractions RFSF and R9“PC are much smaller for the inclusive sample than for the high-p;
sample), the formula for A2 leads

- AG  _
A% = RPCF (ghCF) ?(xg) (2.130)

RLP B ) <a%(£DC> RQCDC, incl. S AG
+ RLPJncl.D (Al(xBj) — Ay (Zg) D R, — R™ ?(xG) (2.131)

RQCDC ) N a%%DC RQCDC,incl. AG,
+ <a%%DC> (Al(xC) _A1(f”c)< > _RPGF’md'_(xG) .

RLP,incl. D RLP,incl. G
(2.132)
Since the terms AG/G are present in Eq. (2.132) at two different x, values (denoted as z

and z(;), the extraction of AG/G requires a new definition of average z,. The final formula
for the gluon polarisation reads now

2h (%) __ Acorr.
AGG(xgg') _ ALL(m))\ Am (2.133)
RLP

Details can be found in Ref. [58]. The Z, is assumed to be equal to Z~. A possible impact of
Z being different from . is taken into account in the systematic error estimation. All the
input variables like a; ; or R are estimated using Neural Networks. In order not to introduce
a bias in AG /G extraction, one has to take into account the fact that the average z and y are
different for inclusive and high-p,. samples. In case of a proposed weighted method of AG/G
extraction this requirement is automatically fulfilled since the fractions and analysing powers
are estimated on the event-by-event basis.

Recently, a new method is developed, namely all-p; method [59,60]. This method is orig-
inated in high-p;, method and asymmetries are simultaneously extracted in order to reduce
or eliminate a few systematic sources presented in the high-p, analyses. The simultaneous
extraction of asymmetries has been already introduced in the COMPASS open-charm analy-
sis [19].
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Figure 2.11: Gluon polarisations obtained at LO accuracy, in COMPASS [17, 19], SMC [61],
and HERMES [62] as a function of z, taken from Ref. [59]. The data point with
a closed red circle is the latest result of COMPASS.
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Figure 2.12: Selected lowest-order Feynman diagrams for elementary processes with gluons
in the initial state in p—p collisions: quark-gluon Compton process with prompt
photon production (left), gluon-gluon (centre), and gluon-quark (right) scattering
for jet production [66].

The global gluon polarisation results are shown in Fig. 2.11. Gluon polarisations are either
positive or negative with large uncertainties. (x,) range is also limited around (z ) ~ 0.1.
The latest COMPASS result shows a clear positive data with smaller uncertainty, indicating
the positive gluon polarisation.

2.6.2. Proton-Proton scattering

Studies of the polarised proton-proton scattering are performed at Brookhaven National
Laboratory (U.S.A.) by experiments at the RHIC accelerator [63], STAR [64] and PHENIX [65].
Polarised proton beams collide at the centre of mass energy /s = 200 GeV, which was up-
graded to 500 GeV from 2009 and to 510 GeV from 2012. Extraction of the gluon polarisation
in the proton-proton interactions is performed using the processes shown in Fig. 2.12. The
leftmost diagram presents a prompt photon production while the two others show the jet pro-
duction processes. The main advantage of the studies performed with pp interactions is that
they provide a large number of events with gluon interactions, a disadvantage is a sizable
background. As an example, for the prompt photon channel the background comes mostly
from the decay of 7 — ~, while for the jet channels from the quark-quark interactions.

The protons are polarised at the polarised proton source. After passing the 3-step acceler-
ation, they are injected and then accelerated in the two rings of the RHIC. The proton spin
orientations inside the rings are usually vertical. However, before the interaction the spins
are rotated to the longitudinal direction. To overcome the protons depolarisation during the
acceleration dedicated superconducting magnets called Siberian Snakes [67] that are installed
on the accelerator ring. The magnetic field in the Snakes flips the protons spins leading to
compensation of the depolarisation effects. The beam polarisation of the proton beam has
been improved over the years; 45 % in 2004, and 56 % in 2009.

STAR is a detector that is optimised for the charged particles tracking and identification.
It is also well suited for the jet reconstruction. PHENIX specialises in the lepton and photon
registration and has an excellent capability to detect 7°°s in the mid-rapidity region.

For a selected final state, the observable measured in the experiment is the cross section
asymmetry for parallel (07") and antiparallel (¢ ) directions of the two proton beams polar-
isations

++ +—

Aexperiment - Il o — 0
LL

= Fh e o’ (2.135)
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where P, and P, are the beams polarisations.
The A%, cross section asymmetry for a given partonic reaction ¢ can be expressed in the
LO pQCD as

Agqy Aqgs ..
Al = q—qlq#’?ah . (2.136)
1 2

The Agq/q factors are the ratios of the spin dependent to spin-averaged parton density func-
tions. When in the process there is a gluon interaction, corresponding Aq/q equals to AG/G.
The parton density functions are obtained from the QCD fits to the results of DIS experiments.
The partonic cross section asymmetry G’ ; can be calculated for each process in pQCD.

The experimental asymmetry ASP*™ " is a sum of all A% ,, for reactions leading to a given
final hadronic state. The asymmetries in the sum should be taken with weights corresponding
to a fraction of a particular reaction in the studied sample. Disentangling the AG/G from this
sum is a complex and challenging task. Therefore, another method was elaborated. Differ-
ent scenarios of AG distribution are assumed and the corresponding expected experimental
double spin asymmetries for a production of a given final state are calculated. They are then
compared to the data.

In Fig. 2.13, selected results of the measured A;; asymmetries as a function of p, from
PHENIX and STAR are compared to various theoretical predictions. The curves correspond to
theoretical predictions obtained for different parametrisations of AG(z,), resulting in differ-
ent values of the first moment of Ag. PHENIX collaboration released the result Ag(z )| 55 =
0.06"5 1% [68] using asymmetries for productions of 7’ and 7 in the range 0.05 < = < 0.2.
STAR collaboration published the longitudinal double spin asymmetries A; ; for the jet pro-
duction, which provide evidence at the 3o level for positive gluon polarisation in the z, region
x, > 0.05 [69].

Traditionally, in COMPASS the gluon polarisation analyses are perfomed by using either the
High-p, or the Open Charm method. Both the method has large biases to extract AG, result-
ing in large uncertainties. In order to reduce biases, the method used in the RHIC experiments
is introduced to the COMPASS analysis.
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Table 3.1: A summary of COMPASS data taking

Year Target E,. . Detail

2002 SLiD 160  Longitudinal/transverse mode
2003 SLiD 160  Longitudinal/transverse mode
2004 SLiD 160  Longitudinal/transverse mode
2005 Shutdown & upgrade

2006 SLiD 160  Longitudinal mode

2007 NH, 160  Longitudinal/transverse mode
2008 Hadron physics

2009 Hadron physics

2010 NH, 160  Transverse mode

2011 NH, 200  Longitudinal mode

2012 Solid material, Liq.H, Hadron physics, DVCS test run, and SIDIS
2013 Shutdown & upgrade

2014 NH, 190  Drell-Yan

2015 NH, 190  Drell-Yan

2016 Liq.H, DVCS

2017 Liq.H, DVCS

3. COMPASS setup

COMPASS experiment has been studying the nucleon structure at CERN in Switzerland
and France. CERN approved the COMPASS experiment in 1998 and a technical run was per-
formed in 2001. Since 2002 data taking has been performed. COMPASS updated their appara-
tuses during the shutdown of the accelerators in 2005. After the shutdown of the accelerators,
COMPASS-II started with new physics programmes to explore nucleon structure in 2014 [70].

CERN SPS accelerator can deliver two kinds of beams: muon and hadron. With the hadron
beam, COMPASS has studied three issues: (1) physics of charmed hadrons (2) spectroscopy
of light quark systems and glueballs, and (3) an investigation of the hadron structure of un-
stable particles using Primakoff reactions. COMPASS has also studied issues with the muon
beam: (1) measurement of gluon polarisation, (2) measurements of structure functions for the
proton and neutron, (3) measurements of A(A) polarisation, and (4) studies of transverse spin
distribution functions [71].

The measurement of gluon polarisation is the flagship measurement in COMPASS since the
contribution of quarks’ polarisation was obtained at that time by the SMC experiment and
other experiments. It was thought that quite a large gluon polarisation via the axial anomaly
masked the quark spin contributions and explained its smallness [10]. Data were taken from
2002 to 2004 and 2006 to 2012 in COMPASS. The experimental setup can be varied for the
various proposed physics programmes. The spectrometers also are updated and improved
year by year. The summary of data taking is shown in Tab. 3.1.

There are two kinds of targets: polarised and unpolarised fixed targets. The unpolarised
solid targets, which are made of metals such as Pb, Ni, etc. and liquid hydrogen target, are
used for the hadron spectroscopy with the hadron beam.

For the muon beam program, two kinds of materials are used as the polarised target, which is
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described in Sec. 3.2 in detail. The spin direction of the polarised target is either longitudinal
or transverse. In the longitudinal spin mode, the spin direction is parallel or anti-parallel to
the beam polarisation direction. In contrast, the polarisation direction of the transverse spin
mode is perpendicular to the beam direction.

COMPASS reference system The official COMPASS reference system is defined as follows
and is shown in Fig. 3.1.

Z-axis the nominal beam direction
X-axis the direction pointing to the left side facing to the Z-axis
Y-axis the vertical direction pointing upwards

¢ the azimuthal angle (—7 < ¢ < )

0 the polar angle (—n < 0 < )

There are also special frames for detectors and wires of wire chambers.

—

y particle

Polarised Target

\
RICH

Figure 3.1: COMPASS reference system. The origin O is defined inside the polarised target.
The topviews of the COMPASS setup are shown in Fig. 3.9 and details are described
in Sec. 3.3.

3.1. Beam

The polarised muon beam is provided by CERN SPS facility, which is able to provide high-
intensity positively charged muon beam, high intensity hadron (mainly proton or pion, pos-
itive or negative) beams and lower-intensity negative muon beam. Normally, the positive
muon beam is employed for the muon program. On the other hand, the negative beam is used
for special data taking [72]. The data to be analysed in this thesis were taken with the positive
muon beam.
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A proton beam accelerated by the PS and the SPS up to 400 GeV/c (see Fig. 3.2b) impinges on
a Beryllium target with 500 mm thickness. Created pions with up to 225 GeV/c are transported
along a 600 m path, in which pions decay into muons and muon neutrinos. On the other hand,
other hadrons are absorbed by nine movable absorbers made of Beryllium. Due to the parity
violation of the pion decay, the muon is naturally polarised. The muon polarisation depends
on the ratio of the muon momentum to the pion one. As the ratio is 0.57 the polarisation is
100 %, whereas the polarisation is —~100 % with the ratio 1. Basically one can compute the beam
polarisation analytically using the pion beam momentum. As the pion beam contains other
hadron components, however, a tiny correction is required. The achieved polarisation of the
positive muon is (80 4 4) % [35, 73]. This corresponds to the ratio 0.92, in 2004 run and the
muon flux was 2 x 10® per SPS cycle due to the guidelines of radiation protection. The spot
size at the COMPASS target is 8 mm X 8 mm (0, X 0,).

(a) Aerial View of the CERN
© CERN/used under CC BY SA. (b) The CERN accelerator complex © CERN.

Figure 3.2: CERN aerial view and accelerator complex

The measurement of muon momentum is done by Beam Momentum Station (BMS). BMS
consists of six detectors and four of them (BM01-BMo04) has been used in the EMC experi-
ment and are scintillator hodoscopes with horizontal strips. Each hodoscope is made up of
64 elements with 5 mm height and 20 mm length along the beam. In the central region, the
strips are horizontally divided into several elements for the muon flux not to exceed 1 x 107 57!
at maximum. Remaining two detectors (BM05 and BM06), which are scintillating fibre ho-
doscopes, were added to deal with the high beam intensity and the multiple-hit environment.
This increases the overall beam detection efficiency.

The simulation of beam tracks has been carried out to parameterise the momentum depen-
dence of the track coordinates in these six detectors. These parameters are used to calculate
the momentum of each muon track within 1% precision. The reconstruction efficiency is ap-
proximately 93 %. The efficiency and purity of BMS are further improved by the information
of tracking detectors located in front of the target. The extrapolated track and actual BMS hits
are used to select among beam track candidates. If there are not enough hits to reconstruct
the momentum, a rescue algorithm is used.

The hadron beams are provided by moving nine absorbers out of the beam axis and loading
the configuration for the beam optics. Up to 225 GeV/c, the beamline operation is same as one
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Figure 3.3: A schematic view of CERN SPS M2 beam line [70].

-61.3
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-131.0 -123.8

-137.2

Distance from target (m)

Figure 3.4: Layout of the beam momentum station for the COMPASS muon beam [15].
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for the muon beam. By using different optics, 280 GeV/c hadron beam is available. The hadron
beam contains several types of hadron: pion, kaon, proton, etc.

For identifying each particle, CErenkov Differential with Achromatic Ring focus (CEDAR) is
employed, which make use of Cherenkov radiation. Two particles with the same momentum
and different masses radiate Cherenkov lights at different angles, making rings with different
radii. Two CEDAR detectors are installed 30 m before the COMPASS target region. They were
designed to provide fast beam particle identification at high rates for particle momenta up to
300 GeV/c [74].

quartz window diaphragm light path lense vessel

condenser corrector helium vapour-deposit mirror

(a) The basic principle of a CEDAR counter. Two particles with the same momen-
tum but with different masses (here full and dashed lines) radiate Cherenkov
photons at different angles, resulting in rings with different radii. A diaphragm
selects the rings from the required particle type [70].

lense /vapour-deposit mirror

quartz windows condenser/diaphragm

photomultipliers

pressure vessel

corrector
alignment table

thermal insulation passive voltage divider

(b) A cut through one of the CEDAR detectors.

Figure 3.5: the COMPASS CEDAR detector [70].

Negative beams are mainly composed of pions while for momenta larger than 150 GeV/c
the positive beam have a dominant proton component. In both cases, kaons and electrons
may be present at a level of a few percent, depending on the energy chosen. For example,
the positive hadron beam with 190 GeV/c momenta consists of 24 % of pion, 1.4 % of kaon, and
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74.6 % proton, whereas the negative one with 190 GeV/c momenta is composed of 96.8 % of
pion, 2.4 % of kaon, and 0.8 % of antiproton.

For the purpose of the calibration of electromagnetic calorimeters, the 40 GeV/c electron
beam can be provided. 100 GeV/c negative hadron beam contains electrons at about 10 %. A
5 mm thick lead plate, which is equivalent to 90 % of a radiation length, is moved into the beam-
line. By the lead plate, hadrons are absorbed, and electrons deposit energy about 60 GeV/c. The
electron flux is a few thousands per spill.

3.2. Target

One of unique aspects in the COMPASS experiment is the polarised target. The polarised
target system mainly consists of a dilution refrigerator and a magnet. With high magnetic
field and extremely low temperature, the spin direction of the nucleon aligns to the direction
of magnetic field. The polarisation of electron reaches almost 100 % at 1 Kand 1 T. On the other
hand, nucleon has only 0.1 % under the same condition. Thus, Dynamic Nuclear Polarisation
(DNP) [75] technique is used, which requires microwave field and the material containing free
radicals in order to obtain high polarisation of the nucleon. The density of free radicals is of
the order of 10*-107* per nucleus. The polarisation of electron is transferred to the nucleon
polarisation by the microwave field.

The COMPASS polarised target system is the largest system in the world: the target volume
is about 1000 cm®, and the diameter of the solenoid magnet is about 1 m. The side views of the
target systems are shown in Fig. 3.6.

The observed asymmetry is the physical asymmetry multiplied by the beam polarisation,
the target polarisation and a dilution factor. The dilution factor is the ratio of the number of the
polarisable nucleons in the target to the number of all nucleons in the target. The polarisation
and dilution factor of the target are essential parameters to the statistical significance of the
asymmetry. Material °LiD is used for the deuteron target, of which system is considered as
*He + °D. Thus the dilution factor becomes 50 % in naive picture and the deuteron polarisation
is 50 %.

For the proton target, NH, is employed. Its polarisation is about 90 %, however, the dilution
factor is 0.18 in naive picture. The actual dilution factors depend on the kinematics, and are
typically 0.4 for °LiD and 0.16 for NH, (see Sec. 4.4 in detail).

Dilution cryostat In order to achieve low temperature below 1K for large volume (~1 cm?)
under external heat by the beam, a *He/*He dilution refrigerator is employed. It can achieve
high cooling power and maintain temperatures between 100 m K to 300 m K when the electron
spins absorb microwave powers of 40 mW to 400 mW during the polarisation build-up [76].

The cryostat is placed in upstream side vertically, and is filled with liquid helium from the
gas/liquid phase separator in Fig. 3.6a. The cold gas from the separator cools down the outer
and inner vertical and horizontal thermal screens around the dilution refrigerator at nominal
temperatures of 80 K and 4K, respectively. The incoming *He gas is also cooled with the cold
gas from the separator. Three needle valves control “He flow to fill the ‘He evaporator with
the liquid helium and to cool the microwave cavity. Two needle valves control *He flow to
optimise the target temperature and the cooling power. The nominal operation temperatures
of the cavity and the *He evaporator are 3K and 1.5 K, respectively.
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Magnet Not only low temperature but also strong and homogeneous magnetic field is manda-
tory to achieve the high polarisation. A super conducting solenoid magnet producing 2.5T
magnetic filed along the beam direction is employed. Until 2004, the magnet used at the SMC
experiment was employed, which is referred as SMC magnet in this thesis. 10 or more correc-
tions coils are mounted to give an axial homogeneity better than 20 ppm in a volume 1500 mm
long, and 50 mm in diameter [77]. The transverse holding field of 0.42 T, which is used for the
transverse spin measurements, is produced by a superconducting dipole coil and deviates at
most by 10 % from its nominal value inside the target volume. To reduce systematic effects,
the magnetic field is reversed periodically® during measurements, which is called “field rota-
tion” or “spin reversal”. The magnet system automatically operated, making the spin reversal
in about 33 min [78].

In 2005, the target system was completely replaced with new one, which was originally
designed in the COMPASS proposal. The new solenoid magnet, which is called Oxford (OD)
magnet, has the acceptance 4180 mrad. Comparing to the SMC magnet, the acceptance is
twice or more larger due to the large bore diameter. The relative intrinsic field uniformity
was tuned to within +3 X 107 over the useful volume of the target cells (130 cm total length,
@4 cm). A fully automated control system for the handling of the cryogenics and a fast safety
system designed to trigger the heaters in case of a quench were implemented. After installing
the magnet in its final position in the COMPASS hall, new optimisations of the shim coil
currents were performed to account for the presence of the large SM1 dipole magnet yoke.
A final relative field uniformity of +4 x 107 was achieved, valid for operation at both field
orientations. A dipole coil of OD magnet generates 0.6 T field.

Further upgrades of the OD magnet was performed in 2013 for the COMPASS-II Drell-Yan
measurement. A repair of the trim coil (G2), an exchange of current leads which are used
in the LHC superconducting magnet, and an installation of a power source and its control
system which are also employed by the LHC were the most important tasks. Upgrades on the
cryogenics of the magnet system were also performed: an enlargement of a contact surface
to improve heat exchange by liquid nitrogen, an installation of the cryocooler, an exchange of
conducting wires having low thermal conductivity, etc.

Target cells There are two cells called the upstream cell and the downstream cell, whose
length is 60 cm each. There is a 10 cm gap between the cells and a microwave stopper is placed
there. The cells are polarised in opposite direction each other. The microwave cavity surrounds
the target cells.

Since 2006, the target cell was upgraded from two cells to three cells: the longer (60 cm) cell
in the centre and the two shorter (30 cm) cells in the outer. The direction of polarisation for the
central cell is always opposite to the ones for two outer cells. The field rotation, which is per-
formed every 8 hours, could largely reduce a false asymmetry originating from the variation
of the spectrometer acceptance.

Microwave system The target material is polarised via DNP, obtained by irradiating the
paramagnetic centres with microwaves at frequencies of 70.2 GHz to 70.3 GHz at 2.5T and a
temperature of about 200 mK. The microwave field is generated with two Extended Interaction
Oscillator (EIO) tubes. An additional modulation of the microwave frequency of about 5 MHz

bevery 8 hours, every half a day, or every several weeks. This depends on year-by-year.
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(a) Side view of the polarised target in the COMPASS SMC magnet having used until 2004: (1a) up-
stream target cell, (1b) downstream target cell, (2) 10 NMR coils inside target material, (3) solenoid
coil, (4) compensation coil, (5) 16 correction coils, (6) dipole coil, (7) liquid helium vessel for the mag-
net, (8) microwave cavity, (9) *He pumping port, (10) *He precooler, (11) separator, (12) evaporator,
(13) sill, and (14) mixing chamber. The two halves of the microwave cavity are separated by a thin
microwave stopper [79].

| 1000 mm |

(b) Side view of the polarised target in the COMPASS OD magnet having used since 2006: (1) upstream
target cell, (2) midstream target cell, (3) downstream target cell, (4) microwave cavity, (5) upstream
microwave stopper, (6) downstream microwave stopper, (7) target holder, (8) still or *He evaporator,
(9) *He evaporator, (10) *“He liquid/gas separator, (11) *He pumping port, (12) solenoid coil, (13) cor-
rection coils, (14) dipole coil, (15) solenoid compensation coil, and (16) magnet current leads [80].

Figure 3.6: Side views of the COMPASS polarised target system with SMC and OD magnet.
The muon beam traverses from left to right.
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helps to enhance the polarisation. A deuteron polarisation |P,| > 40 % is reached within
24 hours in a 2.5 T field with a *He flow of 80 mmol/s to 120 mmol/s in the dilution refrigerator.

NMR system The polarisation of the target is measured by NMR [81]. There are five NMR
coils in the each target cell for the two cells system and three and four coils in the upstream
and downstream cells, and the midstream cell for the three cells system. The coils are made of
the Cu—Ni tube with wall thickness of 0.1 mm to reduce extra material in the target and are
placed on the outer surface of the target cells.

Since the integral of an NMR signal, i.e. area is proportional to the target polarisation at
thermal equilibrium (TE), the enhanced polarisation by DNP P, is obtained by the measured
area:

P
P = —IE
C x

e X Apxp (3.1)
TE

where C'is the correction factor taking the different TE calibration results for the two magnetic
field directions into account, Ay, is the area at TE at known temperature around 1K with the
polarisation Py, and Apyp is the areunit at DNP. Since the TE signals of the deuteron and the
proton with about 0.05 % and 0.1 % polarisation at 1K are small, A} have large uncertainty.
Therefore, the area is evaluated as a function of the inverse of the temperature by measuring
the NMR TE signals at several temperature and fitting with a linear function.

The uncertainty of the target polarisation is summarised in Ref. [81]. The main source is the
TE calibration about 90 %. This is due to uncertainties of the temperature measurement, the
fitting with a linear function, the fitting to the background NMR signal. The other contribu-
tions are the field polarity due to the field rotation, the NMR signal shifting, the signal skew,
hardware nonlinearlity, etc.

Field rotation The maximum polarisation difference between the upstream and downstream
cells |P; ,, — P; qown| > 100 % is reached in five days. The proton polarisations | P;| > 90 %
are reached in 36 hours with continuous microwave pumping. The frequency modulation that
clearly helps in building polarisation in °LiD has only small about 2 % effect to the final polar-
isation value of deuteron.

A microwave frequency f,, which enhances the positive polarisation via DNP, is irradiated
in a upstream cell. On the other hand, a microwave frequency f_, which enhances the negative
polarisation, is irradiated in a downstream cell. Whenever field rotation is performed, the
polarisation in the upstream cell is always positive; in the downstream cell, it is negative.
Thus this could be the one of sources for the systematic uncertainty. In order to reduce possible
origins of the uncertainty, microwave reversal that swaps microwave frequencies among target
cells is performed once or twice in a data taking year.

The schematic picture of filed rotation and microwave reversal is shown in Fig. 3.7. This
clearly indicates that only field rotation is not sufficient to eliminate systematic effects since
microwave frequencies are unchanged during field rotation.

3.3. Spectrometers

An overview and topviews of the COMPASS setup are depicted in Figs. 3.8, 3.9a, and 3.9b.
The aims of setup are large angle and momentum acceptance, precise kinematic reconstruc-
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Figure 3.7: The schematic picture of filed rotation and microwave reversal. As explained
above, for the three target cell setting the polarisation direction of the midstream
cell in three cells is always opposite to the upstream and the downstream cells.
In order to achieve the parallel (anti-parallel) polarisations denoted by green (ma-
genta) arrows, the microwave f, (f_) is irradiated.

tion with particle identification and good mass reconstruction [15]. There are the large angle
spectrometers (LAS) and the small angle spectrometers (SAS), which are set in the upstream
part and the downstream part respectively.

Figure 3.8: Schematic view of the COMPASS experiment. Most spectrometers are used in both
muon and hadron programmes. Some additional detectors are installed and/or
uninstalled according to the programme. The overall length including the target
and the last trigger is over 50 m.

The aim of the LAS is certainly to have +180 mrad acceptance. “4+180 mrad” comes from
a diameter of the solenoid magnet surrounding the polarised target (see Fig. 3.6). There is a
dipole magnet, called SM1, to bend charged particles for the momentum measurement. The
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(b) The COMPASS setup with hadron beam. DC4, ECAL1, upgrade RICH, and Rich Wall are
part of apparatus that is common to both muon and hadron physics programmes since
2006.

Figure 3.9: Top views of the COMPASS setup with muon and hadron beam [15,70].

SM1 magnet is followed by a RICH detector with large transverse dimensions to match the
LAS acceptance requirement, which is used to identify charged hadrons with momenta rang-
ing from a few GeV/c to 43 GeV/c. The energy of charged hadron is measured by the Hadron
CALorimeterl (HCAL1) which is located in next to RICH. On the other hand, the energy
measurement of photons and neutral pions is done by an electromagnetic calorimeter, called
ECALL. It has a large hole in the centre to match the SAS acceptance. Hit information is
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also used as a trigger formation. Between those detectors, there are other detectors to detect
muon’s tracks.

The SAS is located in the downstream part and detects particles having small angles (30 mrad)
and large momentum (5 GeV/c or higher). There is also a dipole magnet, called SM2 which is
in the downstream side. All other spectrometers are set around SM2. The basic setup is as
same as the LAS: dipole magnet, calorimeters, and trackers.

There are many tracking detectors with different types to cover a wide kinematic range.
They are grouped by the following.

Very Small Area Trackers (VSAT) These trackers have the smallest detection area like
4cm to 12 cm while having high flux capabilities and excellent space or time resolu-
tions.

Small Area Trackers (SAT) These trackers have high space resolution and minimum ma-
terial budget. COMPASS have used GEM (Gas Electron Multiplier) stations and Mi-
cromegas (MICRO-MEsh Gaseous Structure) stations.

Large Area Trackers (LAT) These trackers have a good spatial resolution and cover the
large area. There are drift chambers (DC), MultiWire Propotional Chamber (MWPC),
and straw drift tubes in COMPASS.

3.4. VSAT

VSAT are required to have an excellent time or position resolution to identify tracks. COM-
PASS has used scintillating fibre and silicon microstrip detectors.

3.4.1. Scintillating Fibre Detectors

The purpose of scintillating fibre (SciFi) detectors in the COMPASS experiment is to provide
tracking of the incoming and scattered beam particles as well as of all other charged reaction
products in and very near the centre of the primary beam [15].

There are eight SciFi detectors in total, which are placed in upstream and downstream of
the target, more upstream of the target and more downstream of the SM2 magnet as a pair.
Each detector has several fibre layers with approximately hundred channels in each projec-
tion. In total, there are more than 2500 PMT channels for about 8000 fibres. The scintillating
light is guieded by clear fibres (0.5 m and 3 m) and detected by 16-channel multi-anode PMTs
(Hamamatsu H6568) [82]. Each station consists of at least two projections (vertically (Y) and
horizontally (X)). Three stations have an additional inclined (~ 45°) projection (U). Kurary
SCSF-78M] is choosen as fibre material for all SciFi stations [82].

R.M.S.s of spatial resolution are 130 pm, 170 pm, and 210 pm respectively. On the other hand,
observed R.M.S.s of time resolution are between 350 ps and 450 ps for the centre region of the
various planes.

3.4.2. Sillicon Microstrip Detectors

Silicon microstrip detectors are another constituent of VSAT, which are used for the detec-
tion of the incoming muon beam track. They are needed to stand for high radiation dose and
have an excellent and time resolution.
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The silicon wafer was initially designed and developed for the HERA-B experimet [15, 83].
It is made of two kinds of wafers: n-type and p-type. They are placed perpendicularly, which
allows to obtain two dimentional position information. Each wafer has about thousand read-
out strips and is cooled down by nitrogen gas with the front-end chips. Silicon station is made
up of two detectors. In a similar way to SciFi detectors, one detector is rotated by 5° around
the beam axis, which provides two-dimensional planes (U, V') [84].

The observed spatial resolutions are 8 pm for the p-side and 11 pm for the n-side respectively.
The observed time, on the other hand, is 2.5 ns in average.

3.5. SAT

SAT cover at the radial distance of 2.5 cm to 20 cm and are consisted from Micromegas and
GEM detectors.

3.5.1. Micromegas

Micromegas stands for Micro-MEsh Gaseous Structure and has similar structures with wire
chambers. There are three stations of Micromegas detectors with four planes (X, Y, U, V)
between the solenoid magnet and SM1 magnet. COMPASS is the first experiment using Mi-
cromegas detectors [15,85,86,87].

The Micromegas detector is based on a parallel plate electrode structure and a set of par-
allel microstrips for readout. There are two gaseous regions that are separated by a metallic
micromesh: the conversion gap where the ionisation occurs and the amplification gap where
an electron avalanche occurs. Ne/C,H,/CF, is used as the ionising gas, whose ratio is 80:10:10
to optimise for a good resolution. It also minimises the discharge rate to 0.03 discharges per
detector and beam spill [87].

The active area is 40 X 40 cm? with 5cm dead zone in diameter. In order to reduce the
amount of material inside detectors, the readout boards are located in 35 cm away by readout
strips.

A Micromegas station consists of two identical detectors, which are mounted on with ro-
tating by 90° each other to measure two-dimensional position. In some stations, detectors are
rotating by +45° and —45° to have U-plane and V-plane. Observed time resolution is 9.3 ns and
the efficiency is close to 97 %. Spatial resolution is 90 pum which is evaluated by calculating
residuals of position between reconstructed position using 11 Micromegas and position at the
12th Micromegas.

3.5.2. GEM

COMPASS is the first high-luminosity particle physics experiment to employ gaseous mi-
cropattern detectors with amplification in GEM foils only [15,88]. GEM consists of thin Poly-
imide foil with Cu cladding, which have numbers of tiny holes (10* holes/cm?, 70 pm). As
same amplification mechanism as Micromegas, the electric avalanche occurs and then num-
bers of electrons are created. After passing the last GEM foil, the electron cloud induces a fast
signal on the readout anode, which has two-dimensions.

The gas mixture used is Ar/CO, (70/30) since it has large drift velocity, low diffusion, non-
flammability and non-polymerising properties.
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The active area of GEM is 31 x 31 cm?, and the deactivated area is 5cm in the centre. Its
area can be activated remotely in low-intensity beam so that the detector is aligned using beam
tracks. The amount of material in one detector is 0.4 % of a radiation length in the centre and
0.7 % on the periphery to avoid spoiling the mass resolution of the spectrometer.

The spatial resolution of all GEM planes is 70 pm on average, which includes a contribution
of overlapping clusters of about 20 pm: The extraction of time information is achieved by the
analogue readout method. The three point signals are measured in time. Knowing the detector
response to a minimum ionising particle, the hit time can be termined from the ratio of the
three measured amplitudes [15]. By this method, the observed time resolution results in 12 ns.

3.6. LAT

There are three kinds of trackers as mentioned above: DC, MWPC and straw. We will
introduce DC at first.

3.6.1. Drift Chamber

Several identical Drift Chambers are installed. One is in the upstream of the SM1 magnet,
and two chambers are in the downstream of the magnet. They have 180 x 270 cm? active area
to cover the acceptance fully. DC has eight layers of wires with four different inclinations:
vertical (), horizontal (y), +20° (U) and -20° (V). The angle between U and V is with respect
to vertical direction. Each layer has 176 sensitive wires with 20 um, 177 potential wires with
2100 pm. It is enclosed by two Mylar® cathode foils with 25 pm thickness coated with 10 pm
graphite. During operation, their voltages are kept by —-1700V, 0V, and -1700V in cathode
foils, sensitive wires and potential wires respectively. The radiation length is 0.32 % in total.

Ar/C,H,/CF, (45/45/10) is employed as the gas mixture since it meets several requirements
for the Drift Chamber: good spatial resolution, linear RT relation, fast, good efficiency, and
large HV plateau. The measured gain is 2 X 10* at 1800 V, whereas full efficiency is obtained
at 1600 V. At normal operations, the mean layer efficiency is 95 % or higher. The inefficiency
comes from the pile-up at high rates.

The spatial resolution of a single wire layer is 270 pm at nominal operations. The resulting
resolutions of one DC are 110 um at X direction and 170 um for Y direction.

A large drift chamber (DC4) has been working since 2006 in LAS, which is behind the SM1
magnet. The basic design is as same as DCs already used, whereas the size is enlarged to cover
the angular acceptance in the downstream of the SM1 magnet. Temperature variations cause
the chamber frame to deform, resulting in the instability. Therefore, a water cooling system is
installed. The external dimentions are 294 x 254 x 17 cm® and the active area is 248 x 208 cm®.
As well as other DCs, DC4 has eight layers of wires with four different inclinations: two ver-
tical layers (X and X’), two horizontal layers (Y and Y”), two inclined (10° with respect to
vertical axis) layers (U and U’) and two inclined (arg —10 with respect to vertical axis) lay-
ers (V' and V). The layer configuration along the beam is UU'VV’'XX'YY’. Every layer
with same orientations is staggered by 4 mm, which is corresponding to the half of the cell
dimension. Each layer has 256 active wires of gold plated tungsten (220 pm) and 257 poten-
tial wires of beryllium (2100 pm). In addition to those wires, two nylon wires per plane are
fixed perpendicularly to those wires. Two active wires are separated by 8 mm. Each layer
is splitted by Mylar® cathode foils at a distance 4 mm from wires. This configuration makes
the drift cells of 8 x 8 mm?. During operation, active wires are grounded while Mylar® foils
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and potential wires are kept by -1700 V. The central dead zone is deactivated during normal
operation. However, it is activated only for detector alignment purposes with low-intensity
beam operation.

The gas mixture used is Ar/C,H,/CF, (45/45/10) so that it ensure fast charge collection and
preserves a good spatial resolution. Full efficiency is obtained with approximately 1750 V HV
supplement, and its gain value is close to 10*. With hadron beam intensity (5 x 10°s™), the
efficiencies of whole eight planes are in the range of 95 % to 97 %. The position resolution for a
single plane is 226 pm in the central region, which corrsponds to about one-tenth of the total
detector area.

3.6.2. Multi Wire Propotional Chamber

The tracking of particles at large radial distances to the beam in the SAS is mainly based on a
system of MWPCs. A total of 34 wire layers, corresponding to about 25 000 detector channels,
is installed and operated since the year 2001. All layers are characterised by a wire length of
about 1 m, a wire diameter of 20 mm, a wire pitch of 2 mm and an anode/cathode gap of 8 mm.

COMPASS use three types of MWPC: A, A* and B. Type-A and type-A* stations are almost
identical: the number of layers, planes, and dead zone are different. Type-B stations are com-
posed of two detectors with inclined wire layers with opposite orientations, fixed together;
only three layers, one vertical and two tilted, are read out. All wire layers are enclosed from
both sides by 10 mm thick graphite coated Mylars® cathode foils, to provide field symmetry
and to enclose the detector gas. A central dead zone of 16-22 mm diameter, depending on the
location of the chamber along the beam axis, was realised by removing the graphite coating
from the foils. The total thickness of each type are 0.2 %, 0.3 %, and 0.3 % for type-A, type-A*,
and type-B, respectively. The summary of characteristics for each type can be found in Table 8
in Ref. [15].

The gas mixture of Ar/CO,/CF, (74/6/20) is employed. CF, is quite important since it does
not give excessive dead time at high environment. The gain is between 3.5 x 10* and 4 x 10*
at 4250 V.

The observed spatial resolution of the single layer at one MWPC is 1.6 mm. The efficiencies
for all MWPCs during the 2004 data taking exceed 98 % on average.

3.6.3. Straw tube

Straw tube chamber [89] is used for particles with large scattering angle (15 to 200 mrad) in
the downstream of SM1 magnet. A straw tube consists of 40 pm thickness Kapton® loaded by
carbon and 12 pm thickness alminised Kapton®. There is an anode wire with 30 pm in the
centre. The gas is supplied through the end-plug and gas-manifold.

There are 15 detectors with 12440 tubes in total. One detector consists of two staggered
layers to resolve left-right ambiguities. One station consists of three detectors in order to
measure three-dimensional of particle trajectory, and each detector is aligned to horizontally,
vertically and rotated by 10° with respect to the vertical detector. The detectors with vertical
and inclined straws are of the same type (called type X) while the ones with horizontal straws
have a slightly different geometry (type Y). The type X detector is presented in Fig. 3.10. The
thickness of one detector is 40 mm; 0.2 % radiation length. Ar/CO,/CF, (74/6/20) is used as gas
mixture. The typical gain under 1950 V HV is 6 x 10*.
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Figure 3.10: Schematic view of a COMPASS straw detector (type X) [89].

The relative elongation of the straw tube is observed by about 3.5 x 107 for 1% humidity
change. This can result in increasing tension on the frame or bending straws. To keep the
humidity constatn, each straw station is surrounded by a N, gas, which is enclosed by 12 mm
thin aluminised Mylar® foils.

The mechanical wire position is measured to be 170 um by a triple stereo imaging X-ray
scanner [90]. This information is used in the offline analysis as the correction. and reduces
the uncertainty of the mechanical wire position to 60 pm. With this information and drift time
information, the resolution of a given straw tube can be determined. The mean value of the
resolution is 270 pm for one straw layer under normal beam condition.

3.6.4. RICH Wall

The Rich Wall detector has been working since 2006, which is located between RICH de-
tector and ECAL1. The purpose of the building it is to improve the tracking accuracy at large
angles (150 < # < 300 mrad). As a consequence, this also results in the improvement of the
reconstruction of Cherenkov ring in RICH detector since RICH Wall provides the additional
track points for large angle particle trajectories. The basic structure is as same as Muon Wall
1 (see Sec. 3.7.2); it consists of a vast number of Mini Drift Tubes (MDTs) shown in Fig. 3.11.

An MDT module is made of aluminum comb with eight cells, which is covered on the top by
stainless steel foil. Gold plated tungsten wires with 50 pm is in the centre of each cell. They
are thermally glued to plastic spacers to provide electrostatic stability. A plastic envelope
covers the aluminum comb with 1 mm thickness.

RICH Wall consists of eight planes. Two planes are grouped, making four groups in total.
Each plane in one group is staggered by 2.5 mm. There are two groups aligned vertically and
two groups aligned horizontally, which are called X-planes and Y-planes respectively. X-plane
consists of 2 x 25 long MDT modules and 2 x 12 short modules to avoid the paths of the beam
and scattered muons. Similarly, Y -plane consists of 2 x 20 long MDT modules and 2 x 6 short
modules.

The gas mixture used is Ar/CO, (70/30) and shows no ageing effect. The HV of 2050V

48



5270

o
o
S
12
= o
=1
5 D 25 =
Stainless steel cover
Gold plated tungsten wire
12 o
[ | IS
10mm \ Aluminum profile
Noryl envelope 2125 1020 2125

Figure 3.11: Cross section of a Mini Drift Tube module (left) and front view of an X -plane on
the Rich Wall detector (right). The large-size numbers correspond to the number
of MDT modules in each sector, the small numbers indicate the dimensions in
units of mm [70].

is supplied during operation. Ageing tests performed with this gas mixture have shown no
degradation effects for incident charges of up to 1 C/cm of anode wire length.

The obtained resolution of a single plane is of the order of 1.0 mm. The efficiency of the
detector is 90 % to 91 % for a single plane. The benefitical effect for RICH ring reconstruction
is shown in Fig. 3.12. In large angle region, the reconstruction is improved by 20 % on average.

3.7. Particl identification

3.7.1. RICH

Ring Imaging Cherenkov detector (RICH) is located just after SM1 magnet [91]. RICH has
the large acceptance: 250 mrad in the horizontal plane and +180 mrad in the vertical plane.
C,F,, gas is used as a radiator gas, which has low chromaticity.

Cherenkov light is reflected by UV mirros and then the light is detected by Photon Detec-
tors (PD) shown in Fig. 3.14. This photocathode detector is firstly developed by CERN RD26
collaboration, and later optimised for ALICE HMPID [92] and COMPASS RICH. The severe tol-
erances for the MWPC parameters are imposed. The required precision for an anode-cathode
gap is 50 pm and the anode wire mechanical tension is within 5 % of the nominal values.

Handling of Csl layer is also strongly imposed. Its surface should be never exposed to air
since CsI has high deliquesce and water vapour decreases the quantum efficiency. A dedicated
glove boxes and monitoring system are developed and build. The PD consists of MWPC with
Csl photocathods [93]. The Cherenkov light is converted into photoelectron by CsI photo-
cathode. Its photoelectron results in electron avalanche, which generates a signal at wires in
MWPC.

The gain during normal operation is up to 5 x 10*. The electrical stability has been improved
since 2001: it was 25 % in 2002, 75 % in 2002 and 97 % in 2003 and 2004. The achieved resolution
allows pions and kaons separation at 2.5¢0 level up to 43 GeV/c [91].

Upgrades of RICH had been done in 2005 and has been working since 2006 data taking.
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Figure 3.13: Principle and artistic view of RICH-1 [15].
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Figure 3.14: Cross section of the RICH-1 photon detector [15].

There were two major limitations: MWPC operation gain and non-negligible dead time (3.5 ps).
Details can be found in Refs. [94, 95, 96].

For the sake of minimising the cost, two different technologies were chosen. In the periph-
eral regions that cover 75 % of the photodetection surface, where the level of the uncorrelated
background is small, the MWPC/Csl photon detectors were kept. However, their front-end
electronics were replaced by a new system that was based on the 128 channel APV25 chip.
The new system provides two major improvements. First, it reduces the effective time win-
dow from 3 ps to 4400 ns and decreases the dead-time losses of the readout system to values
close to 5 %. Second, the APV25 chip performs a triple sampling of the MWPC signal, resulting
in a much improved time resolution and an increase in the signal-to-background ratio from
0.35 with the old system to 2.13 with the new one.

The central region of RICH-1, which covers 25 % of the photodetection surface, is instru-
mented with a detection system based on MultiAnode PhotoMultiplier Tubes (MAPMTs). The
MAPMTs: are coupled to individual telescopes of fused silica lenses that consist of a prismatic
field lens followed by a concentrator lens, thereby enlarging the effective active area of the
photon detectors by a factor of seven. The effective pad size that results from the MAPMT
pixel size and the lens telescope magnification is about 12mm x 12 mm. The new system de-
tects about four times more Cherenkov photons than the old one and reaches values as high
as 60 photons per ring. The MAPMT detectors are intrinsically fast and have time resolutions
better than 1ns. They are coupled to a readout system based on the MAD4 high sensitivity
amplifier/discriminators and the standard COMPASS F1 TDCs.

The resolutions for pions and kaons separation at 2.50 is up to 43 GeV/c before upgrades,
which is improved to 45 GeV/c after upgrades. No efficiency reduction is observed for particle
scattered at small angles of which images are formed in a photon detection area where the
photon flux is extremely high (up to 1 MHz/channel). The comparison of efficiencies before
and after upgrades is shown in Fig. 3.15.

3.7.2. Muon Wall

In order to identify muons, two detector systems are installed in LAS and SAS. Each of them
is made up of a hadron absorber made of iron (Muon Filter 1) or concrete (Muon Filter 2), and
tracking station. In LAS, Muon Wall 1 (MW1) is placed, and Muon Wall 2 (MW2) is placed in
SAS. They are not an identical system but have same functions.

MW!1 consists of numbers of gaseous wire detector, which is called Mini Drift Tube (MDT) [97,
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Figure 3.15: PID efficiency versus polar angle for a sample of K's from ¢-decay; ¢-decay events
are selected using the kinematic reconstruction; (a) K—, (b) K™ [96]

98]. A modified version of MDT optimised for COMPASS is used in proportional mode, which
are presented in Fig. 3.16. This makes MDT stand with high-rate background conditions.

A basic element of MDT is made of an aluminium comb with eight cells, stainless steel
foil cover on top, gold plated tungsten wires in the centre of cell and ABS plastic sleeve as
an insulator. Ar/CO, (70/30) is used since it has no ageing effects, fast drifting time (below
150 ns), non-flammable property, and cheapness. MW1 has eight layers and each four layers
is separated by 60 cm thick iron absorber. MDTs are placed horizontally and vertically so that
one can get muon tracks. The MW1 system provides a measurement of up to eight points per
track in each projection with the coordinate accuracy of 10/4/12 mm typical for the 10 mm
wire pitch.The obtained efficiency is typically 91 % and there is no large time variation in 2002,
2003 and 2004.

MW2 consists of two identical stations of layers of drift tubes. Each of the two stations

MDT
W/Au wire (50um) Al profile (0.6mm)

Inox cover (0.15mm) ABS sleeve (1.0mm)
\ /

10.0

12.3

83.4

Figure 3.16: Cross section of a MDT module for MW1; all dimensions (except for the wires)
are given in millimetres [15].
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Figure 3.17: Schematic cross sectional side view of MW2; all dimensions are given in millime-
teres. Vertically only part (255 mm) of the sations are shown [15].

of six layers grouped into double layers, each mounted on a separate steel frame. The three
double layers have vertical, horizontal and inclined (at —15° with respect to the vertical) tubes,
respectively.

The basic structure of drift tube was originally designed in D@ experiment [99]. The schematic
view of a double layer is shown in Fig. 3.18. Like Straw tube, numbers of drift tubes with tung-
sten anode wire of @50 pm in the centre made a layer of MW2. Each tube is inserted into guide
holes in the both sides of a frame and fixed with a clamp. This feature allows to replace dam-
aged or malfunctioning tubes quite easily. In total 1680 tubes are used in MW2.

Ar/CH, (75/25) is used as gas mixture since it is known for saturated and rather fast drift-
ing time, wide working plateau, and stable performance against radiation ageing. The actual
drifting time is obtained ~240 ns at +3kV HV.

The spatial resolution is determined by the intrinsic detector resolution and the track fitting
error. Thus, Y planes have worse resolution since the projection measurement is less reductant
in this region. The structure of residual on single MW2 layer has two gaussians with a same
mean: the “core” gaussian with o of 0.53 mm (0.94 mm for Y planes) which amounts to 79 % to
91 % of the entries and the “halo” gaussian with o of 2.0 mm and 4.8 mm. This spread mainly
comes from irregular spacing of the tubes. Whereas, the obtained drift velocity is between
5.8 cm/ps and 6.2 cm/ps.

The tracking efficiency for single plane averaged both over all wires and the wires length
varies from 81 % to 84 %. Taking into account of the ratio of the inner diameter of the tube to
the pitch, 83 % corresponds to 96 % drift tube efficiency.
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Figure 3.18: The layout of the tubes in a double layer of MW2 planes. Dimensions in mm. An
imaginary equilateral triangle formed by centres of three adjacent tubes and a
common tangent to their interior are shown [15].

3.7.3. Hadron Calorimeter

Hadron CALorimeter 1 (HCAL1) is located before MW 1. It consists of 480 segmented mod-
ules. Each module has 40 layers of 20 mm iron plate and 5 mm scintillator, which amounts to
4.8 nuclear interaction length. It can measure hadrons having energy in 10 GeV to 100 GeV.
Those particles are almost fully absorbed.

28 modules are horizontally placed, and 20 modules are vertically placed. Twelve modules
(8 4+ 4) in the centre are removed to pass the beam and scattered muons. The overall surface
of HCALL1 is 4.2 x 3m? and the useful serfuce is 10.8 m*.

The energy resolution depends on the qualities of scintillators, light guides, and PMTs. The
scintillator is made of polystyrene, P-terphenyl (1.5 %) and POP (1,4-Bis-[2-(5-phenyloxazolyl)-
benzene]) (0.04 %), which is molded under pressure. The emitted light is collected by a light
guide. Typically an MIP deposits energy enough to produce 4-6 photoelectrons at PMT.
PMT (FEU-84-3 PMT) has multi-sodium photocathods with 0.18-0.26 quantum efficiencies
at 460 nm.

The basic characteristics were measured at the CERN X5 beamline with various energies
(10 GeV to 100 GeV). The energy resolution were parameterised by o(E)/E = (59.4+2.9)%//(E)®
(7.6 £0.4) %. The e/ ratio, which is calculated from the positions of electron and pion ADC
spectrum is 1.2 + 0.1. The spatial resolutions are o, , = 14 & 2mm.

The monitoring system for PMT stabilities is installed and continuously checked. The light
of single LED is distributed over 480 modules by optical fibres. The relativistic stability is
controlled to 2 %. The efficiency of HCAL1 includes the efficiency of the cluster search and the
energy reconstruction. The obtained efficiency for particles with momenta above 5 GeV/c is
almost close to 100 %.

Hadron CALorimeter 2 (HCAL2) is located before Muon Filter2 that is made of concrete
blocks and absorbs hadrons. Similar to HCAL1, HCAL2 consists of modules (20 x 10 matrix).
Each module is sandwich calorimeter of 25 mm steel plate and 5 mm scintillator sheet with
36 layers. Their modules had been used in NA12 experiment [100], but readout system (light
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collection and HV bases for PMs) has been modified. The thickness is five nuclear interaction
length for pion and seven for proton. 8 x 6 modules in the central region has 40 layers instead
of 36 layers.

HCAL?2 also has a light monitoring system. A light of not single LED but a group of LEDs
fed to the PMs through fibre light guides. This system is used for amplification adjustment
and control.

The characteristics were measured in the CERN X5 test beam facilities using a matrix of
5 x 5 modules. The obtained energy resolution is o(E)/E = (66%/+/(E) ® 5)%. The uni-
formity of calorimeter response was found to be better than 2 %. The efficiency for hadrons is
close to 100 %.

3.7.4. Electromagnetic Calorimter

ECAL1 and ECAL2 are the electromagnetic calorimeters, where the photons emitted during
the interaction and decay photons are detected. Until 2004, there is only ECAL2 in SAS part. In
the upgrades, new ECAL2 calorimeter was installed in LAS part, which extends the acceptance
fro photon detection to large angles. The ECAL2 calorimeter was also upgraded with radiation-
hard Shashlik modules in its central region and with fully pipelined electronics. For both
calorimeters, the calibration procedure and the monitoring of the individual modules were
significantly improved.

ECALT1 is installed between HCAL1 and RICH WALL. It consists of 1500 lead glass modules.
A width is 3.97 m and the height is 2.86 m. There is a centre hole for the beam and scattered
muons, whose size is 1.07 x 0.61 m?.

The schematic front view of the structure of modules is presented in Fig. 3.19. There are three
parts: GAMS, Mainz and OLGA. The GAMS modules are in the innermost part and arranged
in a 44 X 24 matrix with its central 28 x 16 array left empty. Above and below this central
part, two 22 x 13 matrices of “MAAINZ” modules are installed, which contain in total 572 lead
glass modules. In order to compensate for the small difference between one MAINZ module
and four GAMS modules in size, 1.6 mm vertical gap has been left. The two outermost parts of
ECALT1 consist of two matrices of 8 x 20 large size “OLGA” modules. One OLGA module has
the size of nearly four MAINZ modules.

The Cherenkov light is detected by several types of PMT. Its analogue signals are processed
by the following electronics; signal shaper and sampling ADC (SADC). In the offline event
reconstruction, the SADC information is used to extract the amplitude and the time of a signal
relative to the trigger time. The achieve time resolution for photos with energies larger than
1GeV/c is about 1ns.

Module calibration is done once or twice per data taking using 15 GeV/c electron beam with-
out the SM1 magnetic field. The calibration is performed by comparing the sum of the charges
of the module and its neighbouring modules with incident electron energy. To determine the
HYV setting for all modules, several iteration are needed.

The controls of the light collection efficiency and the photomultiplier gains are performed
with the LASER system, which is shown in Fig. 3.20. A light from single laser feeds into each
module through optical fibres uniformly and measures signals. They are used to correct the
responses of all modules on a run-by-run basis.
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Figure 3.19: The schematic front view of ECAL1. The central area is equipped with GAMS
modules. The MAINZ modules are installed above and below the GAMS area.
The OLGA modules cover the outer left and right regions [70].
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Figure 3.20: Schematic view of the LASER monitoring system for ECAL1. The laser beam is
distributed to the ECAL1 modules using one primary (D1) and eight secondary
(D2) light diffusion spheres. For clarity, only one of the eight primary fibres dis-
patching the light to D2, only one of the secondary 1500 fibres transmitting it to
the LG modules, and only one of the eight front-end-monitoring (FEM) modules
are explicitly shown [70].

56



183 cm

244 cm

Figure 3.21: Configuration of ECAL2. The outer and intermediate regions are equipped with
GAMS and radiation-hardened GAMS modules respectively. The inner region is
equipped with Shashlik sampling modules. The transverse sizes of all three types
of modules are identical. The central hole of 2 X 2 modules can be seen as a white
spot [70].

ECAL?2 is placed before HCAL2 in SAS. It consists of 2972 (64 x 48 matrix) lead glass mod-
ules with 38 x 38 x 450 mm® dimensions, which corresnponds to 16 radiation length. They
had been used in GAMS-4000 spectrometer [101,102].

High energy gamma ray or electron develops an electromagnetic shower. The electron and
positron from a shower emit Cherenkov light on the way through the glass. Cherenkov light
is proportional to the energy deposited in each counter. PMT measures the intensity of the
light.

The basic calibration scheme is as same as ECAL2: For module calibrations, 40 GeV/c¢ elec-
tron beam is used and for time stability calibration is performed by LED. The electron beam
calibration correct the HV setting in each module and the information from the monitoring
system is used for the correction of drifts at individual modules on a spill-by-spill basis. The
energy resolution is 0 F/E = 5.5/1/(E) @ 1.5% and the spatial one for horizontal axis is
o(z) =6//(E) ®0.5mm.

After upgrades, ECAL2 consists of 3068 (64 x 48 matrix) calorimeter moduels of three differ-
ent types, all with the same transverse dimensions (3.83 x 3.83 cm?), which is shown in Fig. 3.21.
With its dimensions of 2.44 x 1.83m? ECAL2 covers angular ranges between 1.3 mrad and
39 mrad in the horizontal plane and between 1.3 mrad and 29 mrad in the vertical plane. In
both planes, the angular ranges are slightly larger than the corresponding angular ranges
of both ECAL1 and the hadron calorimeter HCAL1. Accordingly, the peripheral rows and
columns of ECAL2 are not used; for the corresponding ECAL2 angles the photons from the
target are either detected in ECAL1 or absorbed in HCAL1. ECAL2 is installed on a motorised
platform allowing movements in both horizontal and vertical directions.

The outermost part is equipped with 1332 identical modules with ECAL1. The intermediate
part is filled with 848 radiation-hardened modules (GAMS-R). The innermost part is equipped
with 888 Shashlik type modules, which has 39 cm long and are composed of 154 double layers,
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Figure 3.22: Schematic view of the trigger system. The most upstream veto is not shown [15].

each consisting for a 0.8 mm that lead plate and of a 1.55 mm thich scintillator plate.

The different ECAL2 modules have identical transverse dimensions, but different radia-
tion hardness properties. Calculations have shown that the modules located closest to the
beam would stand radiation does corresponding to several years of data taking for GAMS and
GAMS-R, and nearly 20 years for Shashlik without significant degradation of their response
at the COMPASS nominal hadron beam intensity and duty cycle.

The signals from PMTs are sent to shapers and then Mezzanine sampling ADC (MSADC)
systems, which was upgraded. The information from the MSADCs is also used to calculate the
time for each event. The time resolution for ECAL2 is 1 ns or better for energies higher than
2GeV/e.

3.8. Trigger

The trigger system has to serve several purposes: to select event candidates in a high rate
environment with a decision time below 500 ns and minimum dead time, to provide an event
time reference and generate strobes for gating some of the analogue-to-digital converters, and
to trigger the readout of detectors and front-end electronics. The trigger system is based on
fast hodoscope signals, energy deposits in calorimeters, and a veto system. Depending on the
incident beam —muons or hadrons— and on the kinematics of the reactions different elements
are combined to form the trigger signal.

The COMPASS setup for the muon beam is designed for an as large kinematic acceptance
in (Q? as possible ranging from Q? ~ 0 to the maximum allowed by kinematics. Events with
Q? > 0.5(GeV/c)* are mainly triggered by using the scattered muon information only.The
muons are measured in two horizontal scintillator hodoscopes in order to determine the pro-
jection of the muon scattering angle y in the non-bending plane, and to check its compatibility
with the target position (vertical target pointing). A veto system is added to the trigger system
to suppress events due to halo muons.

At low 2, in the quasi-real photon regime, the muon scattering angles are close to zero,
so that target pointing does not work any longer. These events are selected by measuring the
energy loss with two vertical scintillator hodoscopes using the bending of the muon track in
the spectrometer magnets. At these small angles, there are several background processes such
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as elastic scattering off target electrons, elastic and quasi-elastic radiative scattering off target
nuclei, and beam halo contributing to the scattered muon signal. The trigger system requires
energy clusters in the hadronic calorimeter, which are absent in the background processes.
Thus, the quasi-real photon trigger consists of two parts, a trigger on the energy loss by mea-
suring the deflection of the scattered muon in the two spectrometer magnets, and a calorimet-
ric trigger selecting hadron energy clusters above a threshold. The location of the components
of the trigger system in the COMPASS experiment is shown schematically in Fig. 3.22.

For deep inelastic scattering reactions, the trigger system is based mainly on hodoscope
signals that rely on the information on scattered muons alone. The trigger is fired when the
signal of two hodoscopes, which are made of slabs of fast scintillators, are in coincidence and
that the trajectory of the hit slabs points to the target. The hodoscopes in coincidence are
following.

« H4L and H5L for the Ladder Trigger (LT), which covers low values of Q? in the DIS
regime.

« H4M and H5M for the Middle Trigger (MT), which extends the kinematic coverage up
to few Q2 (GeV/c)?.

« H30 and H4O for the Outer Trigger (OT), which significantly contributes to measuring
values of Q2 up to 30 (GeV/c)?.

Those three sub-triggers constitute the purely inclusive trigger component of the trigger sys-
tem.

A second component of the trigger system is provided by hodoscope signals combined with
a calorimetric condition. This is the case for the Inner Trigger (IT), which requires the coinci-
dence of H4I with H5I and an energy deposit beyond the one expected of a single muon in one
of the two hadronic calorimeters to reduce background triggers due to elastic or quasi-elastic
scattering. This sub-trigger covers almost the same kinematic domain as the LT in the DIS
regime. The LAS Trigger (LAST), which requires also an energy deposit in the calorimeters
in addition to the coincidence between H1G and H2G hodoscopes contributes significantly in
measuring events with Q% above 30 (GeV/c)? and up 100 (GeV/c)?. The semi-inclusive trigger
component of the trigger system is made up those sub-triggers.

Finally, a standalone calorimeter signal can trigger the data acquisition when the scattered
muon escapes the hodoscope-based trigger acceptance. This is particularly interesting at very
large Q? (in the absence of the LAST). In this case, the energy deposit must be well beyond
the one expected by a single muon.

In 2010 and for the 2011 data taking with a muon beam of 200 GeV/c, the additional ho-
doscope system (LAST) was added to better cover the large values of Q?, H1G was installed
before SM1 and H2G after SM2. H40 was also updated in 2010 to shrink the inner hole about
20 cm in Saleve side.

Many triggers are fired by muons that did not interact with the target due to the sizeable
beam emittance and the halo. The beam cross section at the target is 7 mm for the Gaussian
core. The halo is included in the muon beam by 25 %, which consists for “near halo” and “far
halo”. Those events are rejected by several veto systems. The first veto (Veto 1) is installed at
-800 cm and the second veto (Veto 2) is at ~300 cm. There are the new veto hodoscopes called

"In 2006, Veto 2 was upgraded.
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Table 3.2: Trigger component [35]

Target Energy loss of Low energy deposit High energy deposit
pointing the scattered p in calorimeters in calorimeters
incMT v v
inclusive oT v
LT v
IT v v
semi-inclusive =~ MT v v v
LAST v v
calorimetric CT v

Table 3.3: Trigger rate for each trigger in 2004 run [15]

Trigger rates (/spill)
Inner (with calorimeter trigger) 14000
Ladder (with calorimeter trigger) 7000
Middle (without calorimeter trigger) 18000
Outer (without calorimeter trigger) 9500
Calorimeter (stand-alone) 22000

Veto 1’, which is part of Veto 1. With these two systems, beam particles passing through the
@4 cm holes in one of them are vetoed. These systems are fully efficient for tracks with 8 mrad.
Thus, the third system (Veto BL) with 10 cm is installed at -2000 cm. Each veto hodoscope
is segmented, which consists of smaller elements with better time resolutions for an off-axis
beam region and larger elements for an outside region. Schematic layout of COMPASS veto
system is shown in Fig. 3.23.

A drawback of the veto system is the dead time associated with it. It is calculated by the
product of the rate of the system and the duration of the time gate during which the veto
prohibits a trigger signal. The losses due to the dead time of full veto system (Veto 1 + Veto
2 + Veto BL) are 21 % at nominal beam intensity, whereas the ones of subsample veto system
(Vetol + Veto BL) are 6 %. The full veto system is only applied to the middle and the outer
triggers. The subsample veto system is applied to the ladder trigger. The ladder hodoscopes
overlap with the calorimeters so that a halo muon may traverse both HCAL2 and hodoscopes.
If the muon deposits energy enough to the threshold, no one can distinguish the real event
from the halo event: this is why the subsample veto system is required for the ladder trigger.
No veto system is applied to the inner trigger if both hodoscope signals and calorimeter signals
coincide.

The trigger rates in 2004 are shown in Tab. 3.3. The efficiencies for all hodoscope trigger
systems are above 99 % for the inner and the ladder systems, >96 % for the middle system and
>97 % for the outer system by means of using the stand alone calorimeter trigger system. The
one for the calorimeter trigger system is about 90 % at v ~ 40 GeV.

The time resolution achieved 500 ps for the inner and ladder system, 1 ns for the outer system
due to its large elements and 2 ns for the stand-alone calorimeter trigger system. The efficiency
of the veto system is estimated to be about 99 %.

For the hadron physics program, the more complicated trigger system is used. Details can
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Figure 3.23: Schematic layout of the veto system. The tracks 1 and p, are vetoed, whereas
the track 1., fulfils the inclusive trigger condition [15].

be found in Section 7 of Ref. [70].

3.9. Data acquisition

The vast number of 250 000 detector channels and the total amount of up to 580 TB data
recorded per year demanded to follow new directions in the design of the data acquisition
scheme. In order to cope with the high particle fluxes of 2 x 10® ui/spill of 4.8 s, a typical event
size of 35 kB, trigger rates of about 10 kHz for the muon beam, and a design value of 100 kHz
triggers for the hadron beam, a pipelined and nearly dead-time free readout scheme has been
adopted. An overview of the data flow is given in Fig. 3.24. The preamplifiers and discrimi-
nators are located close to the detectors. The connection of the detector channels depends on
the detector type and is described in the corresponding detector chapters. The data are con-
stantly digitised and buffered, where possible directly at the detector front-end electronics, in
custom-designed TDC or ADC modules. The synchronisation of the digitising and readout
units is performed by the TCS. Upon arrival of the trigger signal, the data are transferred via
fast links to readout-driver modules named CATCH and GeSiCA. These modules also distribute
the trigger signals to the front ends and initialise them during the system startup. The readout-
driver modules combine the data from up to 16 front-end cards and transmit these sub-events
via optical S-LINK [103] at a maximum throughput of 160 MB s™* to readout buffers. The data
arriving from each link are stored in 512 MB spill buffer cards. Data from readout modules
serving low occupancy detectors are combined by S-LINK multiplexer modules (SMUX) be-
fore transmission through the S-LINK. In 2004, the total data transmitted during the spill to
the readout buffers corresponded to 230 MBs™!.

The electronics components discussed above, apart from the S-LINK, have been developed
specially for COMPASS while the final event building system is based on high-performance
PCs and standard Gigabit Ethernet components. The event building takes place during the on-
and off-spill time, resulting in an average data rate of 70 MBs™'. These data are recorded on
tape remotely at the CERN central data recording facility located in the computer centre.

The architecture of the data acquisition system is very flexible and expandable to handle the
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Figure 3.24: The general architecture of the DAQ system. Digitised data from the detector
front ends are combined with the readout modules named CATCH and GeSiCA
close to the detectors. The storage of the data during the spill and the event build-
ing is performed locally. The data are recorded at the CERN computer centre [15].

modifications and upgrades during the lifetime of the experiment. New detectors can simply
be added by including the COMPASS standardised readout-driver modules and readout-buffer
PCs while higher rates can be processed by adding more event builders and utilising online
filter capabilities.

The data taking period containing 200 spills in maximum is called a run. A data acquisition
lasts until the target and the detectors conditions change. Its span is called period, which is
typically a week or several weeks. The period is referred to as a week number of a year with
prefix W (W24, W35, W49, etc) or serial numbering of periods (P1A, P1B, P2A, etc). The former
style was introduced from 2006, and the latter was used until 2003.

During data taking, any information like detector problems, DAQ program failures, etc is
recorded in the electronic logbook, which are used for the data quality studies.

3.10. Data reconstruction

The total amount of data during data taking is 350 TB per year (at that time in 2006) . The
required CPU power for the reconstruction of the events is estimated to 200 k SPECint2000

8Tn 2014 the number of files on CASTOR is 59 million; 83 million for the CMS experiment, and 63 million for the
ATLAS experiment. Whereas the total size of files is 14 PB; 31 PB for the ATLAS experiment, and 19 PB for
the ALICE experiment. In total there are 270 million files for a total of 90 PB of data on CASTOR. Details can
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units’, which are provided by 200 Linux Dual-CPU PCs (at that time in 2006). The event
reconstruction is performed by CORAL (COmpass Reconstruction and AnaLysis) [105], which
is a object oriented program and written in C++.

By comparing read data with Monte Carlo data, reconstructed tracks, clusters, vertices and
particle IDs are stored in mini Data Summary Trees (mDST) files. Those files are analysed by
the dedicated software called PHAST (PHysics Analysis Software Tool). PHAST can filter an
event by user-specified codes and output filtered mDST files but also ROOT files that contain
histograms, vertex information, TTree, etc. Details are well described in Section 10 in Ref. [15].

The particle identification The particle identification (PID) is performed inside CORAL
by a package called RICHONE [106], which uses the extended likelihood method [107, 108].
The expected Cherenkov emission angle ©,, for a particle of mass M is computed from the
Cherenkov equation:

]_ /p2 _|_ M2
cosO, =—=-———— (3.2)
nf np

where the particle momentum p provided by CORAL and the refractive index n of the radiator
provided by RICH data themselves

The refractive index depends on many parameters; the purity of the gas, the atmospheric
pressure, the local temperature, etc. However, it does not depend on the time, so the mea-
surement of the refractive index from the data is necessary. The estimation is performed by
(1) computing the refractive indices from data with Eq. (3.2) assuming the 7 mass, (2) fitting
to it distribution with Gaussian, and (3) obtaining the mean values of Gaussian fit. Another
method can be used that employs distributions of  for selected Cherenkov rings or for identi-
fied particles, resulting in a cleaner peak. However, the obtained refractive index suffer from
biases due to the selection of the sample. Thus, the refractive index estimated by the m mass
hypothesis is employed.

The extended likelihood function for each mass hypothesis M is written as

N
Ly = exp [—(Sy + B)] H syu(0;,¢;) +b, (3.3)
j=1
S 1(6;—Oy)°
su(0;,0;) = oy \j%eXp ) : : - ep(0;:¢;) (3.4)

J

where the variables are listed in Tab. 3.4.

L, is computed for mass hypotheses (7, K, p, e, i) and the background hypothesis. In
order to compute the £, for the background hypothesis, it is assumed that s,,(6,, ;) be
zero in Eq. (3.3).

In the first order of approximation, the maximum of all the likelihood values corresponds to
the best mass hypothesis. In order to improve the identification purity, it is required that the
ratios of £ with respect to the background hypothesis £, , and to the second highest like-
lihood £, 4 be above certain thresholds, which depend on analysis-by-analysis. The former

be found in Ref. [104].

*www . spec.org/cpu2000
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Table 3.4: Description of the variables used by extended likelihood method

Variable Description
J the j-the detected photon
N the number of detected photons
0, the polar angle for j-th photon
oy the azimuthal angle for j-th photon
O the expected Cherenkov emission angle for a particle of mass M
and momentum p
T, the single-photon resolution, calibrated on data
ep(f;, ;) the photon probability to reach the RICH photon detectors
b the background hypothesis for the origin of a single reconstructed
photon
spr(0;, ;) the signal hypothesis for the origin of a single reconstructed pho-
ton
S the expected number of signal photons, obtained by integrating
s, over 6 up to 70 mrad (the maximum Cherenkov angle allowed
by the RICH)
So the expected number of photons from the Frank-Tamm law:
Sy = Nysin® 0,
Ny the number of photons at saturation: Ny ,,/ sin? On st
B the expected number of background photons, obtained by inte-

grating b over ¢ up to 70 mrad
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ratio £/ L, ... gives the quality of the separation between a mass hypothesis and background
hypothesis. The letter ratio £/ £, , indicates the distinction between two different mass hy-
potheses.
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4. Data analysis

The longitudinal double spin asymmetry A;; to be measured in the current study is the
asymmetry in the photoproduction of the single-inclusive hadron. In the COMPASS setup the
spin direction of the initial lepton beam is fixed, the polarisation of target nucleon is changed.

A;; is defined as

1

A = ——==4 0w (4.1)
L fPP,
e
Araw = — — (42)
o=+ o=

where the dilution factor f that describes the number of polarisable nucleons in the target,
lepton beam polarisation P,, target polarisation P,, and cross section o. The narrow arrow
(—) indicates the direction of the lepton beam polarisation, and the wide arrows (= and <)
do the direction of the target polarisation.

There are two or three target cells (see Sec. 3.2), and the direction of the target polarisation
is opposite each other. For three cells configuration, the upstream and downstream cells have
the same orientation, but the midstream cell has the opposite one. In order to keep the consis-
tency between two and three cells settings, the upstream and the downstream are called “the

: : « » - =
upstream” and the midstream is called “the downstream” for three cells one. Thus o< and o=
can be written as o,, and 0, respectively:

A =Tu"% (4.3)

raw O_u + O_d
The analysis procedure is followling:

1. Data selection of the reconstucted data
2. Asymmetry calculations from selected data

3. Asymmetry merging

In the following subsections, details are described.

4.1. Data input

Data to be analysed in this analysis were taken in 2002, 2003, 2004, 2006, 2007, and 2011. The
track reconstruction (see Sec. 3.10) had been performed on the raw data, and the reconstructed
data are stored on tape media at CERN'. All periods used in this analysis are summarised
in Tab. 4.1. The periods P2G+ and P2G— are split from the period P2G since a configuration
mixed up with different microwave setups. All mDST files of the first and the second produc-
tion on W35 in 2006 was produced with bad alignment files. Still in the latest production there
are some small problems. Thus, this period is excluded from this analysis.

The selection of runs for the analysis is based on general criteria, like a minimum number
of spills per run, a maximum number of detector planes that were marked by a shift crew as
having problems, etc. Other rejection criteria are as follows:

This management system is called CERN Advanced STORage manager (CASTOR) [109].
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Table 4.1: Periods list used in this analysis for each year

Year Periods

2002 P1C, P2A, P2D, P2E, P2F, P2G+, P2G—

2003 P1A, P1B, P1C, P1D, P1E, P1F, P11, P1]

2004 W22, W23, W26, W27, W28, W29, W30, W31, W32, W37, W38, W39, W40
2006 W32, W33, W34, W36, W37, W40, W41, W42, W43, W44, W45, W46

2007 W32, W33, W34, W35, W36, W37, W38, W44, W45

2011 W25, W27, W30, W31, W32, W33, W34, W36, W38, W39, W41, W43

some mDST files are corrupted for unknown reason, they are removed from analysis:
7 runs in 2003, 1 run in 2006 and 2011, respectively. The statistical impact for this removal
is negligible (9 out of 7048 runs).

For the end of 2004 data and whole 2006 data, the incorrect factor for the magnetic
field of the SM2 magnet was used in the data reconstuction, causing incorrect particles
momenta. In order to fix it, a re-calculation algorithm is applied at the stage of the
PHAST data processing.

In 2006, some runs were taken with 2.5T or 1.8 T magnetic field of solenoid magnet:
normal operation underwent with 1 T. This larger field resulted in the decrease of effi-
ciency for Micromegas since it had still magnetic materials in the structure in 2006 run.
The number of runs to be rejected is 116 out of 1262 runs.

On the spill-by-spill basis, it is required that certain observables have stable values: if not,
a spill is marked as problematic. These observables are, for example, the number of primary
vertices, the number of tracks per event, and the number of tracks per vertex. The spills that
do not fulfil requirements are discarded.

4.2.

Data selection

4.2.1. Event selection

The analysis starts from the following event selection:

1.

2.

3.

event has a primary vertex'! which contains a beam track,
event has the incoming muon and the scattered muon,

two or more outgoing charged particles (including the scattered muon) are in the pri-
mary vertex,

the primary vertex is in target region,

the incoming muon trajectory is crossing all target cells,

. the momentum of the incoming muon is in range and momentum uncertainty is in range,

1A vertex is the place where particles collide. It is also called Interaction Point (IP).
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7. 0.1 <y < 0.9,
8. Q% < 1(GeV/c)?,

9. the maximum value of the hadron transverse momentum p; in all the hadrons in the
event exceeds 0.7 GeV/c.

In the reconstruction one or more vertices can be marked as “a primary vertex”, one has
to select “the true primary vertex” by counting the number of outgoing particles as the more
energy a particle has, the more outgoing particles are created. If the number of outgoing
particles equals with some primary vertices, the vertex that has the minimum y? is selected
as the primary. Here x? is the sum of the square of the difference between the fitted track
position and the hit position divided by the square of the hit position uncertainty and stored
in a mDST file. Vertex position distribution on Z-axis is shown in Fig. 4.1.
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Figure 4.1: Vertex position distribution along Z-axis for the two- and the three- target cells.
The peaks around 50 cm (left) and 85 cm (right) shows the Mylar window of tar-
get system. The events on filling areas (yellow highlighting) are used for further
analysis.

The incoming muon trajectory should pass through all the target cells to ensure an equal
flux on them. Also, a momentum of the incoming muon lies with a range, which depends on
the beam centre momentum. Specifically, it is 185 < P, < 215 GeV /c only for 2011 data and
140 < P, < 180 GeV/c for the other years. Beam Momentum Station (BMS) measures the
momentum of the beam on event by event. If BMS fails the measurement its momentum is
to be set as the centre values of the beam without uncertainty o, . Therefore, those events
are removed by applying 0.5 x 107" < o, < 20 x 1077 (¢/GeV)?. The beam momentum
distribution with and without leq‘ , cut is shown in Fig. 4.2.

The energy fraction y of the virtual photon to the incoming muon is larger than 0.1 as the
difficulty of handling an event in the reconstruction. Moreover, y should be smaller than 0.9
since the radiative correction affects strongly. As the photoproduction is discussed in this
analysis Q% should be smaller than 1(GeV/c)?.

Finally, the maximum value of transverse momentum p, for outgoing charged particles
with respect to the virtual photon direction in an event exceeds 0.7 GeV/c for the sake of the
reduction of event statistics to be processed in the next step.
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Figure 4.2: The beam momentum distribution. Events cut by O'|2q| Ip selection are shown by

yellow highlighted region.

4.2.2. Hadron selection

After the event selection, hadron by hadron selection starts. The following list shows the
summary of hadron selection.

1. triggered by either IT, MT, LT, CT, or iMT,

2. each outgoing particle is not confirmed as muon,
3. the hadron does not cross solenoid magnet vessel,
4. pr > 0.7GeV/c,

5. 0.2 <2<0.38,

6. 0.01 <6 < 0.12,

hadron

7. the hadron is not electron,
8. Zp, > 350 cm,

9. 24 > Nevs > 0.45 for 2002, 2003, and 2004,
2.4 > neys > —0.1 for 2006, 2007, and 2011.

Either InnerTrigger (IT), MiddleTrigger (MT), LadderTrigger (LT), CalorimeterTrigger (CT),
or inclusiveMiddleTrigger (iMT) is fired on the event'?. The y distributions for each trigger
are shown in Fig. 4.3. The almost events are triggered by IT and its peak is around 0.3. The
second most events are triggered by LT and its peak is around 0.6. As CT is introduced from
2004, there is no events triggered by it.

12This may be done at the event selection naturally. However, it was performed in the hadron selection for a
technical reason.
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Figure 4.3: Trigger by trigger y distribution for each year.

A muon track candidate requires that the total amount of radiation lengths (X /X)), which
is stored on the mDST file, should be larger than 15. When a hadron track crosses in the
solenoid magnet surrounding the target cells, there are possibilities to interact with materials
or deposit energy. The inner radius of the solenoid magnet at the end depends on magnet type:
at Z = 118.4 cm with the SMC magnet, the radius should be smaller than 14 cm. For the OD
magnet, the radius should be smaller than 35cm at Z = 130.5 cm.

In the JSV framework, the lower limit of the transverse momentum of the hadron is 1.0 GeV/c?.
To investigate systematics effects and compare asymmetries with previous ones [16,18,19,23],
the selection p > 0.7 GeV /c is employed.

The energy fraction of hadron to virtual photon z is 0.2 < z < 0.8. By the lower limit, the
target fragmentation region is removed. On the other hand, with the higher limit, the contri-
bution from diffractive scattering can be suppressed where a lepton and a nucleon interacts
inelastically and creates hadrons in the final state.

A selection for a hadron angle with respect to a virtual photon in the laboratory frame
(see Fig. 2.8b) is done by 0.01 < 6,,4,0n < 0.12 to guarantee a common rapidity for the
deuteron and the proton target. This 6,,4,,, range corresponds to the one for the rapidity at
the muon-nucleon centre of mass system as 2.4 > 7y > —0.1. Here 1) and 705 are defined
as follows:

0
n = —Intan (%), (4.4)
1. 2E
%mzﬂ—imﬂﬁ, (4.5)
N

where the incident muon energy £, and the nucleon mass M.
The particle identification is done by using the likelihood £ for mass hypotheses. The esti-
mation of likelihood is done at the stage of the data reconstruction using “RICHONE” package
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Figure 4.4: Relative momentum resolution as a function of track momentum, taken
from Ref. [70]. The uncertainties of momentum determined by SM1 fringe field
are quite larger than ones determined by SM1 or SM2.

(see Sec. 3.10). In order to reject electrons, it is required that the ratio £,/ £ should be smaller
than 1.8.

The final detector hit position on the Z-axis should be larger than 350 cm since the mo-
mentum of the hadron detected Z,,;, < 350 cm is determined by the fringe field of the SM1,
resulting in a larger momentum uncertainty (shown in Fig. 4.4). In the past COMPASS analy-
ses, Z, cut was required in order to reject hadrons having large momentum uncertainty. In
this analysis, such hadrons are already rejected by the other selection criteria.

In Ref. [45], it was shown that the sensitivity of AG lost if the asymmetries were calculated
with hadrons having larger 6, ,4,,, domain (0.01 < 6,,4,, < 0.18) comparing to the ones
having smaller 6, , 4., domain (0.01 < 6,,4,,, < 0.07). Until 2004, the SMC magnet that have
smaller acceptance than the OD magnet used from 2006 was used (see Sec. 3.2). Therefore,
Nems > 0.45 is applied only for 2002, 2003, and 2004 data not for the other years in order to
study the sensitivity of AG with respect to 7¢yg. For the upper limit, 7¢yg < 2.4 is applied
that corresponds to 6,,4,,, > 0.01 The summary table of event and hadron statistics on each
selection are shown in Tabs. 4.2 and 4.3.
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Table 4.2: Statistics of event selection

(a) the number of events: 2002 (b) the number of events: 2003
Cut Events x10®  Ratio % Cut Events x10®  Ratio %
All events 850.4 100.0 All events 1446.0 100.0
Has BPV 723.4 85.1 Has BPV 1327.6 91.8
Has p and p/ 476.5 56.0 Has p and p/ 837.9 57.9
Has 2 or more particles 318.2 37.4 Has 2 or more particles 556.6 38.5
Vertex is in target region 219.1 25.8 Vertex is in target region 3814 26.4
Crossed all target cells 203.6 23.9 Crossed all target cells 362.0 25.0
Beam momentum cut 203.4 23.9 Beam momentum cut 361.2 25.0
0.1<y<0.9 198.8 23.4 0.1<y<0.9 350.4 24.2
Q% < 1GeV? 186.8 22.0 Q% < 1GeV? 322.9 22.3
max(pp) > 0.7 26.9 3.2 max(pg) > 0.7 45.4 3.1
(c) the number of events: 2004 (d) the number of events: 2006
Cut Events x10%  Ratio % Cut Events x10%  Ratio %
All events 2804.1 100.0 All events 2367.6 100.0
Has BPV 2577.3 91.9 Has BPV 2199.7 92.9
Has p and p/ 1368.5 48.8 Has p and p/ 1218.4 51.5
Has 2 or more particles 911.4 325 Has 2 or more particles 711.2 30.0
Vertex is in target region 635.7 22.7 Vertex is in target region 478.1 20.2
Crossed all target cells 608.3 21.7 Crossed all target cells 469.7 19.8
Beam momentum cut 606.9 21.6 Beam momentum cut 467.8 19.8
0.1<y<0.9 587.3 20.9 0.1<y<0.9 4473 18.9
Q2 < 1GeV? 532.1 19.0 Q2% < 1GeV? 407.1 17.2
max(pp) > 0.7 79.3 2.8 max(pp) > 0.7 67.5 2.8
(e) the number of events: 2007 (f) the number of events: 2011
Cut Events x 106 Ratio % Cut Events x 108  Ratio %
All events 5644.0 100.0 All events 10100.3 100.0
Has BPV 5525.0 97.9 Has BPV 6343.4 62.8
Has p and p/ 1913.6 33.9 Has p and p/ 1478.2 14.6
Has 2 or more particles 1193.8 21.2 Has 2 or more particles 815.4 8.1
Vertex is in target region 983.6 17.4 Vertex is in target region 615.8 6.1
Crossed all target cells 972.6 17.2 Crossed all target cells 611.7 6.1
Beam momentum cut 911.8 16.2 Beam momentum cut 604.1 6.0
0.1<y<0.9 815.1 14.4 0.1<y<0.9 564.8 5.6
Q2 < 1GeV? 735.7 13.0 Q2% < 1GeV? 500.8 5.0
max(pp) > 0.7 135.8 2.4 max(pp) > 0.7 92.9 0.9
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(a) hadron selection: 2002

Table 4.3: Statistics of hadron selection

(b) hadron selection: 2003

Cut Tracks x10% Ratio % Cut Tracks x10%  Ratio %
All tracks 80.4 100.0 All tracks 148.2 100.0
triggered 79.6 99.1 triggered 146.9 99.1
don’t cross solenoid 76.0 94.5 don’t cross solenoid 140.0 94.4
not muon 75.5 94.0 not muon 139.1 93.9
pr > 0.7 25.8 32.0 pr > 0.7 45.7 30.8
0.2<2<0.8 17.6 21.9 0.2<2<0.8 31.6 21.3
0.01 <6<0.12 17.4 21.7 0.0l <6<0.12 313 21.1
not electron 16.4 20.4 not electron 31.0 20.9
Ziast < 350 16.4 20.4 Zyy < 350 31.0 20.9
0.45 < neys < 2.4 13.6 16.9 0.45 < ey < 2.4 25.4 17.1

(c) hadron selection: 2004 (d) hadron selection: 2006

Cut Tracks x10% Ratio % Cut Tracks x10% Ratio %
All tracks 243.7 100.0 All tracks 267.2 100.0
triggered 2433 99.8 triggered 266.0 99.5
don’t cross solenoid 231.5 95.0 don’t cross solenoid 265.3 99.3
not muon 230.3 94.5 not muon 264.4 99.0
pr > 0.7 79.6 32.7 pr > 0.7 73.4 27.5
0.2<2<0.8 55.3 22.7 02<2<0.8 37.1 13.9
0.01 <6<0.12 54.5 22.4 0.01 <6<0.12 35.5 13.3
not electron 53.4 21.9 not electron 34.6 13.0
Ziast < 350 53.4 21.9 Zy < 350 34.6 13.0
0.45 < ey < 2.4 43.0 17.7 —0.1 < ey < 2.4 34.6 12.9

(e) hadron selection: 2007 (f) hadron selection: 2011

Cut Tracks x10% Ratio % Cut Tracks x10% Ratio %
All tracks 576.3 100.0 All tracks 454.7 100.0
triggered 575.5 99.9 triggered 454.2 99.9
don’t cross solenoid 573.8 99.6 don’t cross solenoid 453.1 99.7
not muon 572.2 99.3 not muon 451.7 99.4
pr > 0.7 155.7 27.0 pr > 0.7 108.6 23.9
0.2<2<0.8 76.4 13.3 0.2<2<0.8 42.0 9.2
0.01 <0 <0.12 68.7 11.9 0.01 <0 <0.12 40.6 8.9
not electron 66.1 11.5 not electron 40.0 8.8
Ziast < 350 66.1 115 Zy < 350 40.0 8.8
—0.1 < oy < 2.4 65.9 114 —0.1 < foyg < 2.4 39.5 8.7

73



4.3. Method for asymmetry calculation

Now one has data for asymmetry calculations. In the simplest method, A, ; is calculated
by replacing o with the number of hadrons in Eq. (4.1). However, in this case its statistical
uncertainty is larger than other methods described in the following section.

Several methods had been developed in the COMPASS collaboration to minimise the sta-
tistical uncertainties: the first order standard method (see Sec. 4.3.1), the first order weighted
method (see Sec. 4.3.2), the second order standard method (see Sec. 4.3.3), and the second
order weighted method (see Sec. 4.3.4). The second order weighted method gives minimum
statistical uncertainties and is employed for all asymmetry calculations.

In the following subsections, they are described in detail. Note that in this section for the
simplicity, the subscript LL in A, ; is dropped off; A means A; ; unless otherwise noted.

4.3.1. The first order method

The number of events measured in the upstream and downstream cells are

N, =®a,n,0,(1—wP, ,A), (4.6)
Ny = ®agngo, (1 —wP, 4A) (4.7)

where ® is a flux of an incoming beam, a,, (a,) is acceptance for the upstream (downstream)
cell, n, (n,) is the number of the target nucleons, P, , (P, ;) is an absolute value of the polari-
sation of the upstream (downstream) cell, ,0, is the unpolarised cross section, and w = f x P,
is the weight.

Then a counting rate asymmetry is

_N,—N, r—1+4wA(rP, ,+P )
~ N,+N, r+14+wA(rP, ,— P, ,)

(4.8)

where r = a,n, /ayn,. In general r # 1 and A provides a measurement of A that is biased
by a term (r — 1)/(r + 1), which is called the apparatus asymmetry.

In order to eliminate this bias the orientations of the spins in the two target cells are reverted
by rotating the magnetic field. Note that before the field rotation, the polarisations of the beam
and the target are anti-parallel, whereas they are parallel after the rotation.

N, = ®a,mn,0,(1—wP, ,A), (4.9)

Nd/ — (I)/CLd/TLdO'O (1 - ’l,UPt7 d/A) ; (4.10)
N/—N/ _T/_l +/LUA7’/P u’+P /

A Nu=Ny _ = ) (r' P, L) (4.11)

_Nu/+Nd/ - r/+1_wA<T/Pt,u/_Pt,d/)

Thus the spin configuration of IV, is same as IV, resulting in the sign change in Eq. (4.11).
Adding Egs. (4.8) and (4.11), one can have the following equation with assumptions (see
App. A.1):

A+ A dr P, + P g+ P+ Py
= w

2 (1 +T‘)2 4

A, (4.12)
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Thus the first order method for asymmetry extraction is defined by

1 1 A+ A
A = 4.13
B l-a2Pw 2 (4.13)
SA, = - ! (4.14)
s 2Pt<w>V1_CV2 (Nu+Nd) (Nu’+Nd’) ’ ‘
P, +P ,+PFP ,+PF »
Pt — t,u t,d 4 t,’LL t,d , (4‘15)
a = M . (4.16)
a, +ngya,

The correction factor 1 — a2, which is due to n,a, # n,a,, is quadratic in . Thus if a ~ 0,
one does not need to know it accurately. Typically we have |r — 1| < 0.1 and o? < 0.0025,
one can even approximate 1 — o? ~ 1.

One can write 04, as

1
SA, = |
Pw)y/(1—a?)(1— B2 (N + N') (4.17)

where N = N,+N,,N'=N,, + N, ,and § = (N —N’)(N + N’), which is the asymmetry
in the amount of data before and after field rotation. The loss in statistics is equivalent to a
factor (1 — a?)(1 — 3?) in terms of number of events.

When the double ratio r is different between before and after the rotation, the apparatus
asymmetry does not cancel perfectly in A + A’ and a false asymmetry appears which biases
the measurement:

1 1 1—r 1—7/
A, = — . 4.18
! 1—0422th<1—|—7" 1+r’) (4.18)

4.3.2. The first order weighted method

The standard method is not optimal from a statistical point of view. It gives the same weight
to all events independently of the value of w, whereas it is clear that when w is very small the
event carries hardly any information on the physical asymmetry.

Let’s consider small bins according to the value of w. Here w means a general weight and
an actual value is specified by a calculation. w, represents the weight at i-th kinematic bin

such as y. By using the i-th asymmetry A; = —% one can calculate a weighted mean
ofall A;:
A = Zz (52;2 . Zz Azwzz Z u,t w; Z Ndz 7 (4 19)
b (51;1,)2 lezzNz Z U, Z+Z NdszQ
where 1/(0A,)° = w2N,. As >, N, ;w; is identical to the sum of w for all ¢ bins in the

upstream cell, it can be replaced with Z w:
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p—— :
w Zu w? + Zd w2’ (4 20)
(04,) = 21— = ! = ! (4.21)

1

where >° w?® = (w?) N,, is used.

Comparing uncertainty ratio, the weighted method gives a smaller uncertainty:

Wy w? (w?) (N, + N,

5A (w)? o2
— v =7 1w 4.22
(5) =t =1 2
where 02 is the variance of the weight w. The larger 0,2/ (w?), the larger gain in statistical
uncertainty with weighted method.
One can derive the first order weighted method from Eq. (4.13) in the same way described
in Sec. 4.3.1:

1 w — w , W — , W
Ay = 2, 2y + 2y Ly , (4.23)
2P(1—a?) | X w2+ 3w Y wi+)  w
1
Po= 1 (Pu+Pa+Pow+Pa) (424)
1 1 1
6A,, = + : 4.25
: 2Ptm\/2uw2+2dw2 SRR ST 29

4.3.3. The second order method

The second order method of the asymmetry extraction is introduced in this section. This
method was introduced by the SMC experiment [110] then adapted to the COMPASS experi-
ment.

Let’s start the expression of the number of events in a given target cell:

N =a®no(1+ P,P,fA) (4.26)
For each cell,
N, =a,®n,0.(1+ PP, ,f,A) = a,(1+6,A), (4.27)
Ny =a,®n,001+ PP, ,fiA) = ay(1+8,4), (4.28)
Nu’ = CLU/@/ TLu/UO<1 + Pth7 u’fu’A) = Oéu(l + BU/A> N (429)

The number of events /N can be considered as a function of = B> Q?, vertex position 7, time
t, etc. Integrating N over all variables except z 5, one obtains
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N(zg,) = / N (x5, Q2 7, t,)dQ2dpdt -- (4.31)

and one assumes that A does NOT depend on all integration variables. One can combine all
integration variables in d7 = dQ?dvdt ---. This leads to

N, () = ( / @nuaudf) (a,) (14 (8,) A) (4.32)

with the average acceptance

[ a,®n,o,dz
= — 4.
and the average
f o, f,dx
= 4.34
Now the double ratio of the number of events, §, is defined as follow:
N,N,
E u 4'
) NN, (4.35)
_ (@) (o) [Pn,0,08 [ Proydi (14 BIHA+END
<au/> <a’d> f (Dnulo-u’d'ff q)ndo-ddf (1 + <Bu/> A) (1 + <Bd> A)

[ ®n,0,dZ can approximately be written as [ ®dZ, - [ n,o0,dZ, with dZ, = dvdt and
dZ, = “all other integration variables” since ® depends only on the integration variables v
and t whereas n,0,, depends only weakly on v if the target is homogeneously filled and does
not depend on the time ¢ if the target does not move between field rotation. Thus,

f@nuaudffcblnu/ad/df . fq)djfl . fnuO'udef@/dfl . fnd/O'd/d.i:2 —1 (4 37)

[®n,0,d7 [ ®n,o,d7 [ @dZ, - [n,0,dT, [ @dF, - [ngo,dT, '
since n and o does not change before and after field rotation.

Assuming that the beam position does not change between the filed rotation, the double

ratio of ia“>§? ;; becomes unity. Eq. (4.36) can be rewritten in the second order equation of
ad/ a
AP,

aA?+bA+c=0 (4.38)

with

3This is the origin for the name of this method.
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a=06(By) (Ba) — (Bu) (Bar) »

b=06((Bu) + (Ba)) — ((Bu) + (Bar))

c=0—-1

Thus

—b 4+ vb?2 —4ac

A= 2a a#O.
c

—5 a=0

The sign in Eq. (4.42) depends on the sign of P, , .
(B) can be calculated as follows

~

B = [ adz N

The uncertainty of asymmetry is given by

B faﬁdf N is large zzj\il B,L

(4.39)
(4.40)
(4.41)

(4.42)

(4.43)

(4.44)

where N,,, = N, + N, + N,, + Ny, assuming N, ,/4 = N, ~ N, ~ N, ~ N, and

(8) = (Bu) = (Bar) = = (Bur) = — (Ba)-

4.3.4. The second order weighted method

u

Similarly to the first order weighted method, one can optimise the second order method.
In this approach, the values of f, P,, and P, are calculated on the event-by-event basis and
then they are used as weight. To introduce the weight into the second order method, a few

modifications of the formalism are necessary. Here one can define p as follows

p= [w@N @ ~ 3,
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where

(4.46)

~

5 - [ a@w(@)B@)dz  Nislge 32, wi;
v [a(@w@)di SVw,

ol = /wz(f)N(a_ﬁ)df ~ Z w? . (4.47)

Assuming that there is no acceptance difference before and after field rotations, the follow-
ing equation is derived:

5 Puba _ D W Twg _ (1 (B0, A0+ {Br), A) (4.4
PaPwr Wy 2wy (L4 (By) A1+ (B,), A) '
Solving for A, one can have equations:
aA?+bA+c=0 (4.49)
with
a =0 By, Ba), = Bu), Bad,, » (4.50)
b=0((Bu), +Ba),) = ((Bu), + (Bar),) (4.51)
c=0—1. (4.52)
Thus
—b + Vb? — dac 040
A= 2a , (4.53)
—g a=0
which is same as Eq. (4.42). The statistical uncertainty is
0A \?
0a = (%%)
(w1
= Wi N (4.54)

with assumptions that are used to derive the uncertainty for the second order non-weighted
method Eq. (4.44). The exact expression for the uncertainty is explained in App. A.2.
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Here the reason that the weighted method is better that the standard method is explained.
The statistical uncertainty on the second order weighted method is reduced to w = f3:

1 1
2= — 4.55
TN 439
Thus the ratio of uncertainties is
2
D _ AN _ O _ ) =05, % (4.56)
= - R D )

(%) and an uncertainty for £3, 04, are always positive, so the uncertainty for the weighted
method is smaller than the non-weighted method.

The statistically optimal weight would be w = 3 = fP, P,. However the condition for no
false asymmetry is in general not fulfilled even if spectrometers are perfectly stable in time
0a/0t = 0. P, is often different between the spin reversals. Thus the weight w = fP, is
preferable.

Comparison of the uncertainties with Toy Monte Carlo The ratios of statistical un-
certainties on four methods are tested by toy Monte Carlo simulation. Parameters used are
summarised in Tab. 4.4. The distribution of parameters is the Gaussian function. The uncer-
tainties are calculated with Egs. (4.17), (4.25), (4.44), and (4.54). The ratios of uncertainties to
the one of the first order method converge and summarised in Tab. 4.5. Therefore, the second
order method gives the minimum statistical uncertainty.

Table 4.4: The parameters for Monte Carlo simulation of the uncertainties

Parameter Value
N,,N,,N,,N, 100000
(Py) 0.9
(P,) 0.9
o) 0.2
Op,>0p, 0.045
o 0.004

Table 4.5: The ratios of uncertainties to the one of the first order method

Ratio Value
01w/ 015 0.9986
Ooy /04 1.0000
Oow/T1s 0.9973
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4.4. Dilution factor

The naive dilution factor is defined as

__ the number of polarisable nucleons

4.57
the number of all nucleons (4.57)
For example, the ammonia (NH,) target has three protons that can be polarised and a nitrogen.
Thus, the dilution factor for the ammonia is 3/(3 + 14) = 0.18. For °LiD the dilution factor is
4/8 = 0.5 [111]™".

The dilution factor for a nucleus type 7, which is either deuteron or proton, is also defined
as

n,;0;

a EAnAUA

f, (4.59)

where n, is the number of nuclei of type ¢ in the target and o, is the muon-nucleus with type
i scattering cross section. The sum runs over all the nuclei A.
Eq. (4.58) can be rewritten as

fi= (4.59)

ZAnA (%)

The ratio o 4 /0, is proportional to the one of the unpolarised structure functions F3'/F%. These
values are measured by the NMC and EMC experiments, and parameterised [112].
Furthermore, the effective dilution factor f ; is defined with correction factors:

feri =C X p X f;. (4.60)

The factor C' (~1.9 for deuteron and ~1.1 for proton) takes into account the facts that there
are isotopes of the target materials. In addition to that, in the deuteron case C' includes the
D state correction [113]. The factor p represents the unpolarised radiative corrections, which
are calculated by the TERAD program [114].

A calculation of the effective dilution factor depends on the energy fraction y, a target cell
position™®, and x ;. Dilution factors for the deuteron and proton target at the upstream cell
with y = 0.5 are illustrated in Fig. 4.5 as a function of z ;. The mean values are 0.41 and 0.18
for deuteron and proton, respectively. The relative uncertainty of the dilution factor in the
COMPASS kinematics is estimated to be ~2 %. The main contributions to this uncertainty are
the cross section ratios and the target mass measurement [115].

YThe °LiD is well described as a three-body a+p +n system, and the unpaired nucleons p and n are aligned with
the nuclear spin 86.6 % of the time. Thus there are four polarisable nucleons (two protons and two neutrons)
out of eight nucleons in °LiD.

5Weights of the target and other materials differ between cells. This difference is corrected by the factor C.
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(a) The®LiD polarised target for hadron trigger. (b) The NH, polarised target for hadron trigger.

Figure 4.5: Dilution factors for °LiD and NH; as a function of z ;. Uncertainties are denoted
by hashed areas.

4.5. Data grouping

Runs in a period are gathered into a group, in which at least one field rotation occurs. There
are two possible data grouping shown in Fig. 4.6. In the consecutive grouping, there are runs
with before the field rotation and ones with after the rotation. The detectors are not perfectly
stable, even within the period. This allows asymmetries to reduce any systematic biases and
is used for the final asymmetry. Whereas, in the global grouping, all the runs in the period
are gathered. The global grouping has the advantage of utilisation of larger statistics thus
requirement of the 2nd order method that N is large can be safely assumed to be fulfilled.
The global grouping is used for the consistency check of the asymmetries calculated by the
consecutive grouping and the systematic studies.

) <= m) <= e0 000 GR <= =) = R

=) am) oooothim;

(a) Consecutive grouping

= = mpm  eeccce  mhbgm = < - =
- =)  ececeee «-P/y@

(b) Global grouping

Figure 4.6: Schematic pictures of the consecutive and the global grouping. A pair of red and
blue arrows, which express the direction of the target polarisation, represents one
run. The green circle indicates the group. In case of the unbalanced number of
runs for the consecutive grouping, the last run is include in the previous group.
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4.6. Asymmetry calculation

A, is calculated as a function of p;, 7¢\g, and hadron charge, i.e. positive or negative (2
bins). The binning for p is [0.7,0.75,0.8,0.9,1.0,1.25, 1.5, 2.0, 2.5, 4.0] (9 bins). The one for
News 18 [—0.1,0.45,0.9, 2.4] (3 bins). This 7y range corresponds to 0.12 < 6, ;... < 0.70.

The asymmetry is calculated for each group in the period with the second order weighted
method. Next, the group-by-group asymmetries are combined by taking the weighted mean
in the period:

§ QBroup A group

group € period

E uBroupP

group € period

Aperiod —

(4.61)

Here the weight w is the inverse of the root of the statistical uncertainty. The period-by-
period ones are also combined by taking the weighted mean with respect to the microwave
configuration. The asymmetries with the positive and negative microwave configuration are
denoted as A, and A_, respectively.

§ : TOU Tou - .
wi pAi p E wg_loupAg_Ioup
Ayear . period € year Avear — period € year (4 62)
+ ’ - . :
group group
E wy E w=
period € year period € year

The microwave configurations for all the periods are shown in Tab. 4.6.

Table 4.6: Microwave configurations for all the periods

Year Microwave+ Microwave—

2002 P2D, P2E, P2F, P2G+ P1C, P2A, P2G—

2003 P1A, P1B, P1C, P1D, P11 P1E, P1F, P1]

2004 W22, W23, W37, W38 W26, W27, W28, W29, W30, W31, W32, W39, W40
2006 W32, W33, W34, W35, W36, W37 W40, W41, W42, W43, W44, W45, W46

2007 W35, W36, W37, W38 W32, W33, W34, W44, W45

2011 W25, W27, W30, W31, W32, W33, W34 W36, W38, W39, W41, W43

The year-by-year asymmetry is calculated by taking the arithmetic mean of A, and A_ in
order to eliminate a systematic uncertainty due to the microwave reversal.

1 ear

The target-by-target asymmetry is also calculated in the same way to year-by-year one.

§ w}faf A}fdf E wzear A}iear

Atargct _ year € target Atarget _ year € target
+ - 9 —

od = -
Z wﬁerlo( Z U)IierlOd

year € target year € target

(4.64)
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1 .
Atarget 5 ( At:ugct + At_arget) ) (4.65)

The statistical uncertainties are calculated as follows. In the case of the weighted mean,

1

2 _
o = Z T - (4.66)
o
On the other hand, in the case of the arithmetic mean,
o1, o 2
02 =—(o%+02) . (4.67)

4

Asymmetries integrated over 7.5 and hadron charge are calculated by taking the weighted
mean.

The beam momentum in 2011 was 200 GeV/c, whereas the ones in the other years were
160 GeV/c. It was observed that the distriubtions of kinematic variables, e.g. B Q2 P, etc.
had no significant differences among the years (see App. B). Thus, the merging 2007 and 2011
data includes any bias as same as the merging for the deuteron target.
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5. Results and discussion

In Chapt. 4, a calculation flow from reconstructed data to A, ; is shown. In this section,
associated systematic uncertainties are discussed.

5.1. Systematic studies

The following sources of systematic uncertainty are considered:

« uncertainties of the beam polarisation, the target polarisation, and the dilution factor,

reproducible false asymmetry,

misconfiguration false asymmetry,

+ Top-Bottom and Left-Right asymmetry, and

random false asymmetry via time stability studies (, namely pulls).

5.1.1. Multiplicative uncertainties

Uncertainties in the multiplicative factorsin A, ; are regarded as “Multiplicative uncertain-
ties”. These values vary according to year, i.e. the experimental setup, and are summarised
in Tab. 5.1.

Table 5.1: Summary of the multiplicative systematic uncertainties. These are relative uncer-
tainties, and the units are given by percentage

2002 2003 2004 2006 2007 2011

Beam polarisation (%) 5 5 5 5 5 5
Target polarisation (%) 5 5 5 5 2 3.5
Dilution factor ( %) 2 2 2 3 1 1

The uncertainties of them are caused by the following sources:

The beam polarisation
As described in Sec. 3.1, the beam polarisation depends on the ratio of the muon mo-
mentum to the pion momentum. Thus it can be computed analytically. However, as the
beam contains hadrons (pions and kaons) which are also polarised and decay into muon
and muon neutrino, the beam polarisation is evaluated by comparing to Monte Carlo
simulation. This gives the 4 % uncertainty [73]. In the actual analyses, a conservative
value of 5 % is practically taken.

The target polarisation
As described in Sec. 3.2, the main source to the polarisation uncertainty is the fitting
uncertainty to the areaunit at TE with the inverse of the temperature [81]. The others are
the field polarity due to the field rotation, the NMR signal shifting, etc. The uncertainty
in total vary in year, and is about 2 % to 5 %.
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The dilution factor
As discussed in Sec. 4.4, the dilution factor is calculated by the total cross section and
the factor that takes the contamination in the target material into account. Thus the
uncertainty on the dilution factor comes from the contamination in the target material
and the uncertainties on the total cross sections. Similarly to the uncertainty of the
target polarisation, the value fluctuates year-by-year.

The multiplicative uncertainty for the year-by-year asymmetry is evaluated by the following
equation:

wr [ (APN\? (AP /df)? ,
aiiim.zA’Lz\/ (F2) + (5] + () —am o 61
t

In the case of the target-by-target asymmetry, the uncertainty is calculated as

year ¢/ Yyear AYear
E WY CYT AT

target yearetarget
O-multi. - Z wyer ) (52)
yearctarget
year 1
W= 3 - (5.3)
(Uyear)

5.1.2. Reproducible false asymmetry

As described in Sec. 3.2, the microwave reversal takes place once or twice during the data
taking in year to suppress a correlation between the direction of the solenoid field and the
acceptance. As mentioned in Sec. 4.6, this systematic effect is subtracted by taking the arith-
metic mean of the asymmetries with the positive microwave configuration and the ones with
the negative configuration.

The actual value subtracted from A, ;, denoted as A, is written as

2 2 1

ol —o
Ap=—"F—- (A, - A 5.4

R 0_3_ _|_ o_% 2 ( + —) ) ( )
and is shown in Fig. C.1. By this procedure, A;; has no systematic effect coming from the

field rotation and the microwave reversal.

5.1.3. Fake configuration asymmetry

The runs are grouped according to the spectrometer conditions (see Sec. 4.5). To investigate
the behaviour of the spectrometer in time, e.g. a continuous decrease of the efficiency of some
detectors, the fake configuration asymmetry is calculated, which is shown in Fig. 5.1. There
are two kinds of asymmetries according to the polarisation directions: fake configuration +
and fake configuration —, which are combined at the end. The sign of polarisation after the
field rotation should be flipped to compute correctly as both spin states are same.

The fake configuration false asymmetries are shown in Fig. C.2 and are compatible with zero
within the statistical uncertainties. At the second largest p, bin for proton target, asymmetry
deviates from zero about 2.7¢. This is taken into account as pull (see Sec. 5.1.5).
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Figure 5.1: Fake configuration grouping. Arrows indicate the direction of the target polarisa-
tion. By picking up same polarisation state, fake asymmetries are calculated. The
group having single polarisation state is excluded.

5.1.4. Top-Bottom and Left-Right asymmetry

The COMPASS spectrometer does not have a symmetric structure with respect to particles
detected. Basically, there is no false asymmetry if symmetric structure of the spectrometer
is used. False asymmetries, namely Top-Bottom asymmetry and Left-Right asymmetry, are
evaluated in this section.

Top asymmetry is calculated only using hadrons that are detected in upper region, i.e. ¥ >
0' in the COMPASS reference system. This Y range corresponds to 0 < ¢ < w. In a similar
way, Bottom asymmetry is calculated using the hadrons having Y < 0, ie. —1t < ¢ < 0.
Top-Bottom asymmetry is the difference of Top and Bottom asymmetries: AA;p = Ap,, —
ABottom'

Left (Right) asymmetry'’ is calculated with hadrons detected in the left (right) region, ie.
X > 0 (X < 0) in the COMPASS reference system. X > 0 (X < 0) corresponds to —r/2 <
¢ < m/2(—m < ¢ < —x/2 or ©/2 < ¢ < w). The Left-Right asymmetry is defined as
AALg = Apesi — Agight-

The Top-Bottom asymmetries are shown in Fig. C.3 and Left-Right asymmetries are shown
in Fig. C.4. Both of them are found to be equal within statistical uncertainties. Therefore,
systematic uncertainties associated with the geometrical asymmetry in the COMPASS spec-
trometer can be regarded as 0.

5.1.5. The estimation of the systematic uncertainty via a pulls method

The distribution of asymmetries in some periods centred by the weighted mean and nor-
malised by the statistical uncertainty, called pulls distribution, must follow a normal distribu-
tion:

ALL i <ALL>
’ w (5.5)
VOALL ) — (84, )

where (A, ;) is the weighted mean of A, ; of the i-th group, 64, , is the statistical un-
certainty of Ay ;,and 6 (A, ) isthe uncertainty of (A) . A broadening of the distribution
would appear in case of instabilities of the spectrometers.] The upper limit for the system-
atic uncertainty is estimated with the pulls distribution in a practical approach having used in
other COMPASS analyses, which is called pulls method.

Ar, =

(2

16 Axes in Euclidean space are denoted by the small capitals in practice. Here the large capital letters are used in
order to avoid confusions with the Bjorken variable z 5, the energy fraction of a virtual photon to an incident
beam y, and the energy fraction of a hadron to the virtual photon z.

7Left-Right asymmetry is customarily called Jura-Saléve asymmetry since the left (right) side of the spectrometer
faces to Jura (Saléve) mountains.
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Figure 5.2: The pulls distribution for hadron charge integrated asymmetries for the deuteron
at a single bin. The Gaussian function fitted is drawn in red.

. . . . . 2 _ 2 2 2 .
The variance of the pulls distribution can be written as oy, = 05, + 05, Where og,, is

expected to be equal to 1. Here o, ,, can be written as o, ,,; = max{1l,0,,.} + do,, where
max{1,o,,} denotes choosing a maximum value among o, and 1, o,, is the width of a
Gaussian function fitting the pulls distribution by means of the likelihood method, and do 4,
is its uncertainty. This gives 02, = (max{1,04,} + do A,)> — 1, meaning the upper limit of
a ratio between the systematic uncertainty and the statistical one.

The pulls distributions of hadron charge integrated asymmetry for the deuteron at
[0.9,2.4] € 7 bin and [0.70,0.75] € p; bin is shown in Fig. 5.2. The histogram binning
is optimised by the method [116], which is described in App. A.3. The number of bins is
denoted as nbins on the figure. The pulls distribution is fitted with the Gaussian function by
means of the likelihood method. The mean and sigma values of the Gaussian function with
corresponding uncertainties, and the upper limit of the ratio o, /0y, are shown on the
figure. Therefore, in this kinematic bin, the systematic uncertainty is evaluated as about 45 %
of the statistical uncertainty of the asymmetry.

All the ratio o /0, are shown in Tabs. C.1 and C.2.

5.1.6. Summary of systematic study

As previous subsections, systematic studies have been performed. The total systematic un-
certainty is defined as follows:

Usyst. = \/(O-Inulti.)2 + (Uadd.>2 (56)
where
dP,\> [dP\°> [df\?
Omu :A b) +< t> + <_> 9 5.7
It. LL\/( Pb Pt f ( )
2
Guan, =\ (max{L,ox,} +604,)° — 1 X 0 (538)
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Systematic uncertainties at higher p,. bins where false asymmetries are slightly observed
appear in the pulls distributions. Thus, no further contribution to the systematics is considered.
The values of A;; with uncertainties for the deuteron and proton targets in each p; and n
bins are summarised in Tabs. C.3 and C.4. The sizes of the systematic uncertainties are always
smaller than the statistical ones.

5.2. Results

The numbers of hadrons used for the calculation are 116 million for deuteron target and 105
million for proton target, respectively. Kinematics’ distributions used for asymmetry calcula-
tions are shown in App. B. The asymmetries for year-by-year, deuteron, and proton are shown
in Figs. C.5, C.6a, and C.6b and are summarised in Tabs. C.3 and C.4. In the plots, error bars at
data points contain only statistical uncertainties. The systematic uncertainties are represented
by the bands at the bottom.

Comparison with theoretical calculations The asymmetries are then compared with cal-
culated ones based on the JSV framework described in Chapt. 2. Input parameters for the
calculation are listed as follows [46,117]:

Fragmentation function D"
DSS14 [44]

unpolarised photon-parton distributions [
GRS [53] with the parametrisation that reproduces photoproduction well

unpolarised PDFs
CTEQ65 [118]

For the polarised PDFs, following different sets are used:
« the latest set of DSSV [11] (denoted as DSSV14'® in plots)
« GRSV with the standard value of AG [119] denoted by GRSV,

« GRSV with the minimal value of AG [119] denoted by GRSV

min

« GRSV with the maximal value of AG [119] denoted by GRSV

max

In addtion to the data used in the original DSSV [120] analysis, the RHIC results [68,121],
inclusive- and semi-inclusive DIS results from COMPASS [32,43] were added in the DSSV14
analysis. The smaller uncertainties of new RHIC results allow to put tighter constraints on
Ag(z,).

Since in the GRSV analysis, inclusive and semi-inclusive DIS results (SLAC, EMC, SMC, and
HERMES) were employed, this is admittedely, the out-of-date. In the calculation of Ref. [45],
GRSV sets were used. Ag(z,) of GRSV and DSSV14 at ;i* = 3 (GeV/c¢)* is shown in Fig. 5.3.

GRSV with the maximal value of AG means Ag(z, u*) = +g(x,, p*) at p* = 0.4 (GeV/¢)*;
On the contrary, GRSV with a minimal value of AG means Ag(z,, u*) = —g(z,, i) at the
same 1°. Thus integrating them over z, from 0 to 1 result in AG/G' = +1and AG/G = —1,

8Some papers refer as DSSV++.
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Figure 5.3: tAg(x,, u*> = 3) of GRSV and DSSV14.

respectively.

GRSV with a standard value of AG (denoted by GRSV,y) means Ag(zx,, 41°) is a standard
parametrisation of the polarised PDF in GRSV set, which gives AG = 0.24 at u? = 0.4 (GeV /c)?
integrated over 0 < z, < 1. When the QCD scale is y* = p7 = 3(GeV/c)* and integrat-
ing Ag over 0.05 < z, < 0.2, AGgrsy =~ —0.6, AGpggyyy =~ 0.1, AGgrsy = 0.2, and
AGgey ==0.7.

max

DSS14 is a set of updated parton-to-pion fragmentation functions. The set takes account of
the latest COMPASS results of pion multiplicity analysis. Comparison of DSS07 and DSS14 FF
sets for u, d, ¢, and g at u?> = 5(GeV/c)? is shown in Fig. 5.4 [117]. As described in Sec. 2.5,
z is the ration of the hadron energy to the virtual photon one. The differences among two FF
sets are within 90 % C.L. bands of DSS14 for almost regions. As confirming that asymmetries,
shown in Fig. 5.5, for hadron and pion production using DSS07 are almost same, it is safe to
compare our data with calculated asymmetries with DSS14.

Comparisons between the measured asymmetries and the theoretically calculated ones are
shown in Figs. 5.6 and 5.7. The asymmetries are split into sub-asymmetries by hadron charge
and the rapidity. As increasing the rapidity, the descriminating power, which is the degree of
the separation between asymmetries with different scenario, become large. This effect clearly
appears in the negative hadron asymmetries.

In the lowest rapidity bin, the deuteron results for the positive and negative hadrons tend
to follow the DSSV14 scenario. Whereas the proton ones for the positive hadron indicate the
quite high AG scenario and the ones for the negative hadron follow the GRSV, scenario.
However the discriminating power for both targets are small and the uncertainties are larger
than the discriminating power, it is hard to determine the best scenario from this rapidity bin.

In the middle rapidity bin, the discriminating power is more improved comparing to the
lowest bin. The deuteron and proton data points for negative hadron lie on the DSSV14 sce-
nario, whereas the deuteron data for the positive hadron clearly follow the GRSV, . scenario.
The proton ones for the positive hadron are in favour of GRSV

max*
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Figure 5.4: Comparison of DSS07 and DSS14 FF sets for u, d, c, and g at p?® =
5(GeV/c)? [117]. 90 % C.L. bands of DSS14 is shown.

In the highest rapidity bin, larger discriminating power (1o or more for the statistical un-
certainty, say) is observed except for the proton data for the positive hadron. All data tend to
follow the GRSV, or DSSV14 scenario.

The results are in favour of the most recent polarised PDF and FF sets: a positive AG in
0.05 < z, < 0.2. However, they must be taken with care since the theoretical calculations
are limited to the NLO accuracy WITHOUT the threshold resummation, which is required to
explain the unpolarised cross section data obtained as discussed in Sec. 2.5. Thus, it is quite
premature to draw any conclusion on AG before implementing the threshold resummation.
At least, however, it can be said that AG is positive and sizeable in the measured range of x g
since most of the data tend to follow GRSV, or DSSV14 scenario where both of them have

max

positive gluon polarisation at the measured range.
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6. Conclusion

The study of gluon polarisation has provided vital hints for the spin structure of the nucleon.
When it was found that the contribution of quarks to the nucleon spin is only one-third, it
was thought that gluon may give sizeable contribution. Many experiments in the world had
measured the gluon polarisation; they had found that it could be almost zero, negative, or
positive since uncertainties were large. Recent RHIC data have shown that it is non-zero, or
even slightly positive rather than negative at some z ; regime [68,69].

The COMPASS experiment, one of the experiments to measure gluon polarisation, is per-
formed at CERN. Its purposes are the studies of hadron physics and nucleon structure. It
is a fixed target experiments with lepton or hadron beams supplied from Super Proton Syn-
chrotron (SPS). Using highly polarised targets, it can study the nucleon spin structures. COM-
PASS begun data taking in 2011 and terminated its phase-I program in 2012. Since 2014 phase-
II programme has been performed in which GPD and Drell-Yan measurements have been car-
ried out.

I joined the COMPASS collaboration in 2010 and had activities such as the target preparations,
DAQ shifts, etc. since that.

The data taken in COMPASS were collected in 2002, 2003, 2004, 2006, 2007, and 2011. Differ-
ent polarised materials were used: °LiD as deuteron target was used in 2002, 2003, 2004, and
2006, whereas NH, 2007 and 2011 as proton target. Polarised muon beam with momentum of
160 GeV/c or 200 GeV/c (only in 2011) has been employed.

The longitudinal double spin asymmetries A;; for deuteron and proton targets are cal-
culated by the second order method that brings a minimal uncertainty comparing to other
methods. Systematic uncertainties study shows that there is no significant systematics and
the size of them is always smaller than statistical uncertainties. The deuteron data show al-
most no asymmetry within statistical and systematic uncertainties except a high-p, bin. The
proton data also show no deviation from zero and a tendency to go to negative direction as
increasing p,. They are subdivided based on the charge and the rapidity of hadrons produced:
positive or negative and three rapidity bins. Though dividing kinematic regimes, asymmetries
are still compatible with zero (< 1.50).

Finally, measured asymmetries are compared with calculated ones based on JSV framework,
which have four different parametrisations with respect to a AG scenario. The calculation
shows that in COMPASS kinematics regime Photon Gluon Fusion process largely dominates.
Most of the asymmetries tend to follow DSSV14 scenario and some of them follow GRSV, ...
This tendency indicates that AG is positive and sizeable in COMPASS kinematics regime.
However, the technique threshold resummation, which reproduces the unpolarised cross sec-
tion for single hadron photoproduction within theoretical uncertainties, is NOT included yet
so that one could not firmly insist the size of AG. Once this technique implemented in calcu-
lation, one can discuss it quantitatively in the COMPASS kinematic range.
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7. Future prospects

Resummation Recently, the authors of Ref. [122] have presented the theoretical calculation
of the polarised cross section for the photo production v/N — h.X with threshold resummation
at next-to-leading logarithm (NLL) level at the COMPASS kinematics. However, at the moment
they only address the “direct” part of the cross section, where the virtual photon “directly”
interacts with the parton coming from the nucleon.

The authors found that the polarised cross section receives much smaller enhancements by
resummation than the unpolarised one. Thus the COMPASS results and their calculations for
the longitudinal double spin asymmetries are in marginal agreement for the deuteron case and
are incompatible for the proton case, shown in Fig. 7.1. Nonetheless, as the resolved contri-
bution for the polarised cross section is not implemented, one can draw a definite conclusion
only when the resummation for the resolved component has been carried out.

The calculation of the cross section for the process H, H, — h,h,X at high invariant mass
of the produced hadron pair at next-to-next-to leading logarithmic (NNLL) level improved the
agreement to data [123]. Thus the extension of resummation to NNLL level may be necessary
to improve the theoretical calculations.
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A. Derivations

A.1. The derivation of the first order method

The derivation of A + A’ is presented (see Sec. 4.3.1). Their definitions are shown below:

r—1)+wA(rP, + P,)

( T

A = = — Al
(r+1)+wA(rP,—P;) T, (A1)
, —(r"=1)+wA(r'P, + P,) Ty (A2)

(r' +1)—wA(r'P, —P,) T, '

One obtains

A+A/:E+E:T1'T4+T2'T3 (A3)

T2 T4 Tz ’ T3 . '

Before starting the calculation, one assume r = r’; no acceptance change before and after
the field rotation.
Let’s start each term derivation! The denominator:

T, T, = |(r+1) + wA(rP, — Pd)] [(7’ +1)— wA(rP, — pd,)}

(L+1)° + (L4 )wA|r(P, = P,) = (P, Py)| = w?A%(rP, — P))(rP,, — Py)
(A4)

The first part of the numerator:

T, T,= |(r—1) + wAGrP, + Pd)] [(r 1) — wA(rP,, — pd,)}

=(r—-1)r+1)—wAlr—-1)rP, —Py)+wA(r+1)(rP,+ P,)
—w?A*(rP,+ P,)(rP, — Py)

= (1 = 1) + WAL+ 7) 1P, + 7Py + TP, + Py — (2P — 1Py — 1P,y + Py)
—w?A%*(rP,+ P))(rP, — Py). (A.5)

The second part of the numerator:

T, Ty = |(1+7)+wArP, — pd)] [—@n 1)+ wA(rP, + Pd,)]
=—(r?—1)+wA [T‘QPU/ +rP, +rP,+ P, — (r*P,—rP;—rP,+ P,)
+w?A%(rP, — P,))(rP, + P,). (A.6)

Merging them, one obtains:
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T, T, + T, Ty =wA [T2Pu + 7P, +rP,+ P, —1?P, + 1P, + 1P, — P,
+12P, + 1Py + 1P, + Py — 2P, + P, + P, — Pd}
A2 [—(rPu — P)(rP, + P+ (rP, — P))(rP, + Pd,)]
= 2wA(P,+ P, + P, + P,) +rw*A*(P,P,— P,P,) . (A7)

A + A’ can be rewritten as

-1
A+A = {(1 +7r)° + (1 +rwA|r(P,—P,)— (P, — Pd,)] —w?A?(rP, — P,))(rP, — Pd)}
X [QwA(Pu Y P, 4+ P, + Py)+ruw?AX(P, P, — Pu,Pd)] . (A.8)

Assuming following relations,

wA(P,P,— P,P,) < P,+P,+ P, + P, (A.9)
wA|r(P,—P,)—(P,—Py)| <1+, (A.10)
w?A2(rP, — P))(rP,, — Py) < (141)>. (A.11)
one obtains
A+A 4 P+ P+ Py+Py A12)
2 (1+7)° 4

A.2. The derivation of uncertainty in the second order
weighted method

The statistical uncertainty of asymmetry with the second order weighted method is drived
in this section. The uncertainty of an asymmetry o, is denoted by

A \°
o4 = <%U5> (A.13)

where A is an asymmetry and 9 is defined in Eq. (4.36).
If the number of hadrons equal in all cells, this can be reduced to

(w)? 1
(wp)y? N
since <ﬁ> = </6u> = <5d/> = <5u/> = <5d>-

However in real condition, these assumption are not correct. One has to drive the uncer-
tainty from Eq. (A.13).

ol = (A.14)
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4 is a function of p,,, py, p,/» and p,/, where p, is the sum of w; , event by event in a cell x:
N

Nfl} xT
Z w; , and its uncertainty is defined as Z wi , - From propagation of uncertainty, the
i i

uncertainty of J is

65 2 86 2 85 2 66 2
=5, ) .t g, ) o ; 2 A15
" <3Pu> % ((’%) % <3pu/> Tt <8pd/) Tra (A1)

0 is defined in Eq. (4.36), Eq. (A.15) becomes

(A.16)
From Eq. (4.52), one has aa—?:
0
%(aA2+bA+c) =0, (A.17)
da 0A 0b 0A  Oc
2_ —_— —_— —_— —_— =
A o5t 2Ma s + Ass s+ o =0, (A.18)
Differentiating Eq. (4.52) by ¢, the following equations are derived:
da 0
55 = 55 08, (B, — (B, (Ba),,) = (Bu), (B, - (A.19)
ob 0
5= 55 [0 (B, + (B2),) = (B, + (80, )| = Bud, + (B0, . (Aa20)
oc 0
%_%(5—1)_1. (A.21)
where
N.’I)
Z wi, T /Bi, x
By =—F5— (A.22)
Z wi, T
at the cell x.
Putting them into Eq. (A.16), one has
oA  —1 9
BB A, 60) 1] e
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Therefore, o is written as

2
0a =

G

{5 Aai e [4248u), B, + A (), +482,) +1]

2 2
2 PPy [ —1 9 PPy [ —1 5
pupu Py Py Pq Py

[

} |

(A.24)

Comparing an uncertainty with assumptions Eq. (4.54), this has more complicated form.

A.3. Optimised histogram bin

Binwidth for the pull distribution is optimised by the method described in Ref. [116]. Though
this is developed for a time histogram, it can be also applied to a “normal” histogram to estimate
a probability distribution. The procedure is following:

1.

divide the data range into N bins of width A, and then counts the number of events k;,

in the ¢-th bin.

calculate the mean and variance of the number of events as:

k=

=

1 1 &
P k, and V:N;k—k

. compute the value C'(A) = kv

A

. iterate above calculation changing A, and find A’ that minimise C.
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B. Kinematic distribution

Distributions of variables are presented in this section:
Fig. B.1 the number of events for each period in each year
Fig. B.2 the number of hadrons for each period in each year
Fig. B.3 (% in each year and target
Fig. B.4 z; in each year and target
Fig. B.5 y in each year and target
Fig. B.6 W in each year and target
Fig. B.7 Multiplicity in each year and target
Fig. B.8 2z in each year and target
Fig. B.9 p, in each year and target
Fig. B.10 6,,,,,, in each year and target

Fig. B.11 7, in each year and target

Fig. B.12 Q?-p, distributions in each year and target
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Figure B.1: The number of events period by period in each year. The period W35 in 2006 is
removed from analysis, of which statistics is much smaller than other periods.
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Figure B.3: Q? distributions in each year and target.
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Figure B.4: xp; distributions in each year and target.
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Figure B.6: W distributions in each year.
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Figure B.7: Multiplicity distributions in each year.

109



X
om

x
hist_zs_Y02 F hist_zs_Y03
Entries 13609905 C Entries 25381563
Mean 0.402 0.35— Mean 0.4132
Std Dev 0.1466 C Std Dev. 0.1511
03
0.25—
0.2
0.15—
0.1—
0.05—
% 1
z
(a) 2002 (b) 2003
x10° x10°
F hist_zs_Y04 E hist_zs_Y06
C Entries 43012730 Entries 34602945
Mean 0.4093 . Mean 0.3998
StdDev  0.1497 0.6— StdDev 01521
— 05
- 04—
— 03
01— 0
5 0
z
(c) 2004 (d) 2006
x10° x10°
hist_zs_Y07 — hist_zs_Y11
|- Entries 65910484 - Entries 39518874
1.2— Mean 0.39 L Mean 0.3726
= Std Dev 0.1469 Std Dev. 0.142
1=
0.8—
0.6—
04—
0.2—
%
(e) 2007 (f) 2011
x10° x10°
L hzd E hzp
— Entries 116607143 22 Entries 105429358
Mean 0.4065 c Mean 0.3835
Std Dev. 0.1505 2 | Std Dev 0.1453
F 1.8
F 16—
C L4
1= 12—
08 1—
= 0.8
06—
C 0.4
0.2 02—
5 0

(g) Deuteron

o

(h) Proton

Figure B.8: z distributions in each year and target.
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Figure B.9: p, distributions in each year and target.
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Figure B.11: 7 distributions in each year and target. 6,4, > 0.07 corresponds to 7qy;s <

0.4. Hadrons scattering with such angle are removed.
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C. Tables and plots for asymmetries

C.1. Tables

Table C.1: The ratios of the systematic uncertainty to the statistical one for A¢,

(a) the positive hadron (b) the negative hadron
Tloms pr (GQV/C) O—syst,/astat. Ncwms Pr (GeV/C> szst./gstat.
[—0.1,0.45] [0.7,0.75] 0.513 [-0.1,0.45] [0.7,0.75] 0.517
[—0.1,0.45]  [0.75,0.80] 0.363 [~0.1,0.45] [0.75,0.80] 0.554
[—0.1,0.45] [0.8,0.9] 0.490 [—0.1,0.45] [0.8,0.9] 0.452
[—0.1,0.45]  [0.9,1.0] 0.491 [—0.1,0.45]  [0.9,1.0] 0.485
[~0.1,0.45] [1.0,1.25] 0.746 [~0.1,0.45] [1.0,1.25] 0.518
[~0.1,0.45] [1.25,1.5] 0.490 [—0.1,0.45] [1.25,1.5] 0.495
[~0.1,0.45] [1.5,2.0] 0.495 [~0.1,0.45] [1.5,2.0] 0.460
[—0.1,0.45] [2.0,2.5] 0.582 [—0.1,0.45] [2.0,2.5] 0.439
[—0.1,0.45] [2.5,4.0] 0.664 [—0.1,0.45]  [2.5,4.0] 0.510
[0.45,0.90]  [0.7,0.75] 0.404 [0.45,0.90]  [0.7,0.75] 0.313
[0.45,0.90]  [0.75,0.80) 0.408 [0.45,0.90]  [0.75,0.80] 0.311
[0.45,0.90]  [0.8,0.9] 0.331 [0.45,0.90]  [0.8,0.9] 0.312
[0.45,0.90]  [0.9,1.0] 0.425 [0.45,0.90]  [0.9,1.0] 0.311
[0.45,0.90]  [1.0,1.25] 0.568 [0.45,0.90]  [1.0,1.25] 0.446
[0.45,0.90]  [1.25,1.5] 0.323 [0.45,0.90]  [1.25,1.5] 0.383
[0.45,0.90]  [1.5,2.0] 0.359 [0.45,0.90]  [1.5,2.0] 0.415
[0.45,0.90]  [2.0,2.5] 0.383 [0.45,0.90]  [2.0,2.5] 0.615
[0.45,0.90]  [2.5,4.0] 0.412 [0.45,0.90]  [2.5,4.0] 0.435
[0.9,2.4] [0.7,0.75] 0.460 [0.9,2.4] [0.7,0.75] 0.311
[0.9,2.4] [0.75,0.80] 0.349 [0.9,2.4] [0.75,0.80] 0.314
[0.9,2.4] [0.8,0.9] 0.314 [0.9,2.4] [0.8,0.9] 0.358
[0.9,2.4] [0.9,1.0] 0.313 [0.9,2.4] [0.9,1.0] 0.521
[0.9,2.4] [1.0,1.25] 0.332 [0.9,2.4] [1.0,1.25] 0.512
[0.9,2.4] [1.25,1.5] 0.311 [0.9,2.4] [1.25,1.5] 0.360
[0.9,2.4] [1.5,2.0] 0.449 [0.9,2.4] [1.5,2.0] 0.311
[0.9,2.4] [2.0,2.5] 0.318 [0.9,2.4] [2.0,2.5] 0.349
[0.9,2.4] [2.5,4.0] 0.338 [0.9,2.4] [2.5,4.0] 0.401
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Table C.2: The ratios of the systematic uncertainty to the statistical one for A% ,

(a) the positive hadron

Tcms pr (GGV/C) O-syst./o'sta‘t.
[-0.1,0.45] [0.7,0.75] 0.402
[—0.1,0.45] [0.75,0.80] 0.605
[—0.1,0.45] [0.8,0.9] 0.414
[—0.1,0.45] [0.9,1.0] 0.395
[-0.1,0.45] [1.0,1.25] 0.418
[-0.1,0.45] [1.25,1.5] 0.610
[-0.1,0.45] [1.5,2.0] 0.385
[-0.1,0.45] [2.0,2.5] 0.402
[~0.1,0.45] [2.5,4.0] 0.425
[0.45,0.90]  [0.7,0.75] 0.422
[0.45,0.90] [0.75,0.80] 0.412
[0.45,0.90] [0.8,0.9] 0.429
[0.45,0.90] [0.9,1.0] 0.466
[0.45,0.90]  [1.0,1.25] 0.520
[0.45,0.90] [1.25,1.5] 0.468
[0.45,0.90] [1.5,2.0] 0.390
[0.45,0.90]  [2.0,2.5] 0.415
[0.45,0.90] [2.5,4.0] 0.450
[0.9,2.4] [0.7,0.75] 0.421
[0.9,2.4] [0.75,0.80] 0.788
[0.9,2.4] [0.8,0.9] 0.804
[0.9,2.4] [0.9,1.0] 0.893
[0.9,2.4] [1.0,1.25] 0.672
[0.9,2.4] [1.25,1.5] 0.472
[0.9,2.4] [1.5,2.0] 0.472
[0.9,2.4] [2.0,2.5] 0.420
[0.9,2.4] [2.5,4.0] 0.630

(b) the negative hadron

Nems Pr (GGV/C) Usyst./astat.
[-0.1,0.45] [0.7,0.75] 0.402
[-0.1,0.45] [0.75,0.80] 0.494
[—0.1,0.45] [0.8,0.9] 0.525
[—0.1,0.45] [0.9,1.0] 0.838
[-0.1,0.45] [1.0,1.25] 0.401
[-0.1,0.45] [1.25,1.5] 0.430
[-0.1,0.45] [1.5,2.0] 0.430
[-0.1,0.45] [2.0,2.5] 0.996
[—0.1,0.45] [2.5,4.0] 0.579
[0.45,0.90]  [0.7,0.75] 0.741
[0.45,0.90]  [0.75,0.80] 0.446
[0.45,0.90]  [0.8,0.9] 0.420
[0.45,0.90] [0.9,1.0] 0.451
[0.45,0.90]  [1.0,1.25] 0.586
[0.45,0.90] [1.25,1.5) 0.694
[0.45,0.90] [1.5,2.0] 0.440
[0.45,0.90]  [2.0,2.5] 0.450
[0.45,0.90] [2.5,4.0] 0.410
[0.9,2.4] [0.7,0.75] 0.413
[0.9,2.4] [0.75,0.80] 0.391
[0.9,2.4] [0.8,0.9] 0.509
[0.9,2.4] [0.9,1.0] 0.507
[0.9,2.4] [1.0,1.25] 0.401
[0.9,2.4] [1.25,1.5] 0.450
[0.9,2.4] [1.5,2.0] 0.616
[0.9,2.4] [2.0,2.5] 0.555
[0.9,2.4] [2.5,4.0] 0.741
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Table C.3: Values of AdL L

(a) the positive hadron

Nems pr(GeV/e)  (pr) oy AL APE AT
(—0.1,0.45] [0.7,0.75] 0.725 0.002 6.718E-3 1.073E-2 5.530E-3
[—0.1,0.45] [0.75,0.80] 0.775 0.002 2.246E-3 1.108E-2 4.023E-3
(—0.1,0.45] [0.8,0.9] 0.8438 0.001 3.063E-3 8.375E-3 4.109E-3
[—0.1,0.45] [0.9,1.0] 0.948 0.002 2.399E-2 9.433E-3 4.982E-3
[—0.1,0.45]  [1.0,1.25] 1.108 0.001 9.545E-4 7.721E-3 5.761E-3
(—0.1,0.45] [1.25,1.5] 1.356 0.002 7.672E-3 1.196E-2 5.896E-3
[—0.1,0.45]  [1.5,2.0] 1.678 0.003 -1.877E-2 1.598E-2 8.039E-3
(—0.1,0.45] [2.0,2.5] 2.180 0.006 5.572E-2 3.930E-2 2.326E-2
[—0.1,0.45] [2.5,4.0] 2.794 0.014 1.318E-1 8.668E-2 5.847E-2
(0.45,0.90]  [0.7,0.75] 0.724 0.001 2.814E-3 3.190E-3 1.305E-3
[0.45,0.90]  [0.75,0.80] 0.774 0.001 2.872E-3 3.465E-3 1.439E-3
[0.45,0.90]  [0.8,0.9] 0.847 0.000 1.292E-3 2.791E-3 9.352E-4
[0.45,0.90]  [0.9,1.0] 0.947 0.001 -4.653E-3 3.361E-3 1.466E-3
[0.45,0.90]  [1.0,1.25] 1.103 0.001 2.831E-3 3.019E-3 1.728E-3
(0.45,0.90]  [1.25,1.5] 1.353 0.001 5.455E-3 5.238E-3 1.748E-3
[0.45,0.90]  [1.5,2.0] 1.666 0.001 -3.112E-3 7.864E-3 2.825E-3
(0.45,0.90]  [2.0,2.5] 2.170 0.004 1.630E-3 2.271E-2 8.708E-3
[0.45,0.90] [2.5,4.0] 2.759 0.009 1.409E-2 5.918E-2 2.447E-2
[0.9,2.4] [0.7,0.75] 0.724 0.000 3.975E-4 2.331E-3 1.073E-3
[0.9,2.4] [0.75,0.80] 0.774 0.000 3.321E-3 2.628E-3 9.403E-4
[0.9,2.4] [0.8,0.9] 0.846 0.000 3.148E-3 2.226E-3 7.320E-4
[0.9,2.4] [0.9,1.0] 0.946 0.001 2.917E-3 2.890E-3 9.307E-4
[0.9,2.4] [1.0,1.25] 1.096 0.001 2.990E-3 2.891E-3 1.001E-3
[0.9,2.4] [1.25,1.5] 1.347 0.001 2.033E-2 5.922E-3 2.375E-3
[0.9,2.4] [1.5,2.0] 1.651 0.002 1.538E-3 1.045E-2 4.695E-3
[0.9,2.4] [2.0,2.5] 2.157 0.006 -4.803E-2 3.825E-2 1.285E-2
[0.9,2.4] [2.5,4.0] 2.716 0.019 1.947E-2 1.217E-1 4.122E-2
(b) the negative hadron
Neus pr(GeV/e)  (pr) oy Arr APE ATT
(-0.1,0.45] [0.7,0.75] 0.725 0.002 5.290E-3 1.156E-2 5.984E-3
(—0.1,0.45] [0.75,0.80] 0.775 0.002 -1.054E-2 1.189E-2 6.633E-3
[—0.1,0.45]  [0.8,0.9] 0.848 0.001 6.415E-3 8.997E-3 4.099E-3
(—0.1,0.45] [0.9,1.0] 0.948 0.002 7.644E-3 1.017E-2 4.963E-3
[—0.1,0.45]  [1.0,1.25] 1.108 0.001 3.436E-3 8.328E-3 4.321E-3
(—0.1,0.45] [1.25,1.5] 1.356 0.002 1.659E-2 1.293E-2 6.522E-3
[-0.1,0.45] [1.5,2.0] 1.677 0.003 1.858E-2 1.725E-2 8.070E-3
(—0.1,0.45]  [2.0,2.5] 2.180 0.007 -3.403E-2 4.276E-2 1.895E-2
[-0.1,0.45] [2.5,4.0] 2.796 0.015 7.209E-2 9.429E-2 4.841E-2
[0.45,0.90]  [0.7,0.75] 0.724 0.001 -1.395E-3 3.424E-3 1.077E-3
[0.45,0.90] [0.75,0.80] 0.774 0.001 3.108E-4 3.701E-3 1.152E-3
[0.45,0.90]  [0.8,0.9] 0.847 0.001 2.005E-3 2.979E-3 9.477E-4
(0.45,0.90]  [0.9,1.0] 0.947 0.001 3.207E-3 3.613E-3 1.151E-3
[0.45,0.90]  [1.0,1.25] 1.103 0.001 4.783E-3 3.242E-3 1.509E-3
(0.45,0.90]  [1.25,1.5] 1.353 0.001 3.035E-3 5.590E-3 2.154E-3
[0.45,0.90]  [1.5,2.0] 1.666 0.001 -1.038E-2 8.354E-3 3.563E-3
[0.45,0.90]  [2.0,2.5] 2.169 0.004 3.607E-2 2.430E-2 1.512E-2
[0.45,0.90]  [2.5,4.0] 2.759 0.010 5.091E-2 6.288E-2 2.775E-2
[0.9,2.4] [0.7,0.75] 0.724 0.000 -4.735E-5 2.449E-3 7.615E-4
[0.9,2.4] [0.75,0.80] 0.774 0.000 2.568E-3 2.775E-3 8.908E-4
[0.9,2.4] [0.8,0.9] 0.846 0.000 -4.196E-3 2.372E-3 9.146E-4
[0.9,2.4] [0.9,1.0] 0.945 0.001 2.946E-3 3.106E-3 1.628E-3
[0.9,2.4] [1.0,1.25] 1.096 0.001 -2.381E-4 3.116E-3 1.594E-3
[0.9,2.4] [1.25,1.5] 1.347 0.001 1.255E-2 6.340E-3 2.457E-3
[0.9,2.4] [1.5,2.0] 1.652 0.002 -1.656E-2 1.111E-2 3.647E-3
[0.9,2.4] [2.0,2.5] 2.156 0.006 -4.897E-2 4.029E-2 1.458E-2
[0.9,2.4] [2.5,4.0] 2.722 0.020 -1.545E-1 1.289E-1 5.199E-2
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Table C.4: Values of A‘z I

(a) the positive hadron

1eMs pr(GeV/e)  (pr) Tipr) Arr AT AT
(—0.1,0.45] [0.7,0.75] 0.725 0.001 6.088E-3 6.925E-3 2.808E-3
[—0.1,0.45]  [0.75,0.80] 0.775 0.001 -3.013E-3 7.198E-3 4.358E-3
(—0.1,0.45] [0.8,0.9] 0.8438 0.001 -1.614E-3 5.504E-3 2.279E-3
[-0.1,0.45]  [0.9,1.0] 0.948 0.001 -1.171E-4 6.266E-3 2.476E-3
[—0.1,0.45]  [1.0,1.25] 1.108 0.001 4.027E—4 5.138E-3 2.147E-3
(—0.1,0.45] [1.25,1.5] 1.356 0.001 -1.445E-3 7.924E-3 4.832E-3
[—0.1,0.45]  [1.5,2.0] 1.678 0.001 8.127E-3 1.046E-2 4.058E-3
(—0.1,0.45] [2.0,2.5] 2.180 0.003 2.591E-2 2.564E-2 1.043E-2
[-0.1,0.45]  [2.5,4.0] 2.798 0.006 1.034E-2 5.485E-2 2.333E-2
(0.45,0.90]  [0.7,0.75] 0.724 0.001 8.994E-4 5.423E-3 2.290E-3
[0.45,0.90]  [0.75,0.80] 0.774 0.001 4.627E-3 5.847E-3 2.420E-3
[0.45,0.90]  [0.8,0.9] 0.847 0.001 1.511E-2 4.671E-3 2.176E-3
[0.45,0.90]  [0.9,1.0] 0.947 0.001 2.494E-3 5.561E-3 2.593E-3
[0.45,0.90]  [1.0,1.25] 1.104 0.001 1.245E-2 4.864E-3 2.620E-3
(0.45,0.90]  [1.25,1.5] 1.354 0.001 1.184E-2 8.152E-3 3.867E-3
[0.45,0.90]  [1.5,2.0] 1.670 0.001 -1.805E-3 1.174E-2 4.581E-3
(0.45,0.90]  [2.0,2.5] 2.174 0.004 -3.888E-3 3.188E-2 1.324E-2
[0.45,0.90]  [2.5,4.0] 2.793 0.008 7.887E-2 7.236E-2 3.289E-2
[0.9,2.4] [0.7,0.75] 0.724 0.000 7.561E-3 3.782E-3 1.655E-3
[0.9,2.4] [0.75,0.80] 0.774 0.001 1.190E-2 4.238E-3 3.409E-3
[0.9,2.4] [0.8,0.9] 0.846 0.000 7.006E-3 3.555E-3 2.887E-3
[0.9,2.4] [0.9,1.0] 0.946 0.001 5.491E-3 4.532E-3 4.058E-3
[0.9,2.4] [1.0,1.25] 1.098 0.001 1.267E-2 4.383E-3 3.041E-3
[0.9,2.4] [1.25,1.5] 1.349 0.001 1.394E-2 8.514E-3 4.100E-3
[0.9,2.4] [1.5,2.0] 1.657 0.002 3.730E-2 1.413E-2 6.990E-3
[0.9,2.4] [2.0,2.5] 2.164 0.005 1.118E-1 4.573E-2 2.025E-2
[0.9,2.4] [2.5,4.0] 2.746 0.014 1.111E-1 1.273E-1 8.046E-2
(b) the negative hadron
NeMs pr(GeV/e)  (pr) Tipr) Arrp APE AL
(-0.1,0.45] [0.7,0.75] 0.725 0.001 4.424E-3 7.443E-3 2.999E-3
[—0.1,0.45]  [0.75,0.80] 0.775 0.001 9.688E-3 7.724E-3 3.858E-3
[—0.1,0.45]  [0.8,0.9] 0.848 0.001 2.911E-3 5.904E-3 3.102E-3
(—0.1,0.45] [0.9,1.0] 0.948 0.001 5.892E-3 6.725E-3 5.649E-3
[—0.1,0.45]  [1.0,1.25] 1.108 0.001 2.478E-3 5.521E-3 2.216E-3
(—0.1,0.45] [1.25,1.5] 1.357 0.001 4.521E-3 8.520E-3 3.671E-3
[-0.1,0.45]  [1.5,2.0] 1.678 0.001 1.702E-3 1.128E-2 4.849E-3
(—0.1,0.45]  [2.0,2.5] 2.179 0.003 2.063E-2 2.774E-2 2.765E-2
[-0.1,0.45]  [2.5,4.0] 2.798 0.007 -3.379E-2 5.888E-2 3.415E-2
[0.45,0.90]  [0.7,0.75] 0.724 0.001 1.562E-3 5.820E-3 4.312E-3
[0.45,0.90]  [0.75,0.80] 0.774 0.001 2.300E-3 6.247E-3 2.787E-3
[0.45,0.90]  [0.8,0.9] 0.847 0.001 1.069E-3 4.981E-3 2.095E-3
(0.45,0.90]  [0.9,1.0] 0.947 0.001 -1.570E-3 5.966E-3 2.695E-3
[0.45,0.90]  [1.0,1.25] 1.104 0.001 6.095E-4 5.234E-3 3.066E-3
(0.45,0.90]  [1.25,1.5] 1.354 0.001 -1.215E-2 8.739E-3 6.100E-3
[0.45,0.90]  [1.5,2.0] 1.671 0.001 1.472E-2 1.247E-2 5.559E-3
[0.45,0.90]  [2.0,2.5] 2.175 0.004 -2.765E-3 3.361E-2 1.513E-2
[0.45,0.90]  [2.5,4.0] 2.792 0.009 2.702E-2 7.682E-2 3.156E-2
[0.9,2.4] [0.7,0.75] 0.724 0.000 4.256E-3 3.994E-3 1.668E-3
[0.9,2.4] [0.75,0.80] 0.774 0.001 1.089E-3 4.487E-3 1.756E-3
[0.9,2.4] [0.8,0.9] 0.846 0.000 1.367E-2 3.790E-3 2.086E-3
[0.9,2.4] [0.9,1.0] 0.946 0.001 2.450E-3 4.870E-3 2.473E-3
[0.9,2.4] [1.0,1.25] 1.098 0.001 2.627E-3 4.727E-3 1.903E-3
[0.9,2.4] [1.25,1.5] 1.349 0.001 -6.063E-3 9.144E-3 4.132E-3
[0.9,2.4] [1.5,2.0] 1.659 0.002 7.025E-3 1.505E-2 9.281E-3
[0.9,2.4] [2.0,2.5] 2.164 0.005 -5.507E-2 4.824E-2 2.699E-2
[0.9,2.4] [2.5,4.0] 2.743 0.015 -1.176E-1 1.329E-1 9.872E-2
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C.2. Plots
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Figure C.1: Ap for deuteron and proton targets. From left to right, Ay is split into #:
[—0.1,0.45], [0.45,0.9], and [0.9, 2.4].
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Figure C.2: Fake configuration asymmetries for deuteron and proton. Almost all values are
consistent with zero. Few outliers are taken into account as pull.
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Figure C.3: Top-Bottom asymmetries for the deuteron and the proton. Almost all values are
consistent with zero.
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Figure C.4: Left-Right asymmetries for the deuteron and the proton. Almost all values are
consistent with zero.
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