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Wojciech Wislicki: Internal Spin Structure of the Nucleon in Polarized Deep Inelastic
Muon-Nucleon Scattering.
We present the study of the internal spin structure of the nucleon in spindependent deep inelastic scattering of nruons on nucleons. The data were taken
by the NA47 experiment of the Spin Muon Collaboration (SMC) on the high energy muon beam at CERN. The experiment used the polarized proton and deuteron
targets.
The structure functions gf(x) and gf(x) were determined from the asymmetries
of the spin-dependent event rates in the range of 0.003 < x < 0.7 and for < Q2 > =
10 GeV2. Using the first moments of these structure functions an agreement with
the Bjorken sum rule prediction was found within one standard deviation. The first
moments of fifi(x), for both proton and deuteron, are smaller than the Ellis-Jaffe
sum rule prediction. This disagreement can be interpreted in terms of negative
polarization of the strange sea in the nucleon. The singlet part of the axial current
matrix element can be interpreted as an overall spin carried by quarks in the nucleon.
Its value is significantly smaller than the nucleon spin.
Semi-inclusive asymmetries of yields of positive and negative hadrons produced
on both targets were also measured and analysed in terms of quark-parton model,
together with inclusive asymmetries. From this analysis the quark spin distributions
were determined, separately for valence u and d quarks and for the non-strange sea
quarks'. Valence u quarks are positively polarized and their polarization increases
with x. Valence d quarks are negatively polarized and their polarization does not
exhibit any x-dependence. The non-strange sea is unpolarized in the whole measured
range of x. The first moments of the valence quark spin distributions were found
consistent with the values obtained from weak decay constants F and D and their
second moments are consistent with lattice QCD calculations.
In the QCD analysis of the world data the first moment of the gluon spin distribution was found with a large error. Also, a search for a non-perturbative anomaly
at high x was done on the world data and the result was consistent with null. An
extensive discussion of the SMC results and a comparison with results of SLAC
experiments is presented.
The new experiment of the COMPASS Collaboration, approved and being currently in preparation at CERN, was presented. The main physics issues of the muon
part of this experiment, which are the gluon polarization and a continuation of the
physics program of the SMC, were discussed.
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Wojciech Wiślicki: Struktura spinowa nukleonu w głęboko nieelastycznych, zależnych od
spinu oddziaływaniach mionów z nukleonami.
Niniejsza praca jest doświadczalnym studium wewnętrznej struktury spinowej
nukleonu. Badano ja w oddziaływaniach głęboko nieelastycznych spolaryzowanych
mionów ze spolaryzowanymi protonami i deuteronami. Dane zostały zebrane w detektorze eksperymentu NA47 Spinowej Współpracy Mionowej (SMC), ustawionym
na wysokoenergetycznej wiązce mionów w CERNie. Eksperyment ten używał spolaryzowanych tarcz protonowej i deuteronowej.
2
Z asymetrii spinowych, zmierzonych w zakresie 0.003 < x < 0.7 i dla < Q >—
10 GeV 2 , wyznaczono spinowe funkcje struktury g{(x) i Çi(x). Używając pierwszych momentów tych funkcji struktury stwierdzono zgodność danych z reguła
sum Bjorkena na poziomie jednego odchylenia standardowego. Wartości pierwszych
momentów funkcji gi(x) sa istotnie mniejsze od przewidywania reguł sum EllisaJaffego, zarówno dla protonu, jak dla deuteronu. Niezgodność ta może być interpretowana jako skutek ujemnej polaryzacji morza dziwnego w nukleonie. Część
singletowa elementu macierzowego prądu aksjalnego może być zinterpretowana jako
całkowity spin niesiony przez kwarki w nukleonie. Jego wartość, wyznaczona z
danych, jest istotnie mniejsza niż całkowty spin nukleonu.
Zmierzono także asymetrie spinowe semi-inkluzywne dla dodatnich i ujemnych
hadronów produkowanych na obu tarczach. Asymetrie te przeanalizowano, wraz z
asymetriami inkluzywnymi, w ramach modelu kwarkowo-partonowego. Wyznaczono
w ten sposób rozkłady spinowe kwarków, oddzielnie dla kwarków u i d walencyjnych
i morza. Kwarki walencyjne u sa dodatnio spolaryzowane i ich polaryzacja rośnie z
x. Kwarki walencyjne d sa ujemnie spolaryzowane, a ich polaryzacja nie wykazuje
znaczącej zależności od x. Morze kwarków niedziwnych jest niespolaryzowane w
całym mierzonym zakresie x. Pierwsze momenty rozkładów spinowych kwarków
walencyjnych sa zgodne z wartościami otrzymanymi ze stałych rozpadów słabych F
i £>, zaś ich drugie momenty sa zgodne z wynikami obliczeń w ramach chromodynamiki kwantowej (QCD) na sieciach.
Wszystkie dane światowe zostały przeanalizowane w ramach QCD. Wyznaczony
został , z dużym błędem, pierwszy moment zależnej od spinu gluonowej funkcji
struktury nukleonu. Poszukiwano, także na wszystkich dostępnych danych, efektu
anomalii przy dużych x i nie znaleziono go. Dane eksperymentu SMC przedyskutowano obszernie, wraz z danymi z eksperymentów wykonywanych w SLACu w
Stanford.
Przedstawiono także nowy eksperyment współpracy COMPASS, który został zatwierdzony do realizacji i jest obecnie przygotowywany w CERNie. Omówiono
główne tematy fizyczne czes'ci spinowej tego eksperymentu, którymi sa polaryzacja gluonów i kontynuacja programu semi-inkluzywnego, zapoczątkowanego przez
SMC.

Contents
1.

Introduction

7

2.

Polarized Deep Inelastic Lepton-Nucleon Scattering
- Theoretical Overview

10

2.1 Cross Sections and Spin Asymmetries

10

• Inclusive Scattering
• Semi-Inclusive Scattering

10
12

2.2 The Quark-Parton Model and Quantum Chromodynamics

3.

• Inclusive Processes
• Semi-Inclusive Processes

14
15

• Sum Rules

18

Description of the SMC Experment NA47 at CERN

21

3.1 The Muon Beam and Its Polarization Measurement
• Beam Characteristics
• Decay Method
• Scattering Method
3.2 The Polarized Target and the Measurement
of the Polarization of Nucleons

21
21
21
23

• The Method of Dynamic Nuclear Polarization
• Target Polarization Measurement
3.3 The Main Spectrometer and the Measurement
and Identification of Particles

4.

14

\

25
25
26
29

• Spectrometer Layout

29

• Triggers

31

Experimental Results

33

4.1 The Measurements of the Cross Section Asymmetries
• Measurement of Longitudinal Asymmetries
• Measurement of Transverse Asymmetries

33
33
34

4.2 Radiative Corrections

35

4.3 Diluton Factor

39
4

4.4 Inclusive Asymmetries

41

• Measurements on the Proton Targets
• Measurements on the Deuteron Targets

5.

41
43

4.5 Semi-Inclusive Asymmetries

48

Physics Analysis of Asymmetries

51

5.1 Spin-Dependent Structure Functions §\ (x)

51

• <??(*)
• gf(x) and <?™(a;)

6.

51
53

5.2 Moments of Structure Functions and Sum Rules

54

5.3 Quark Spin Distribution Functions

57

5.4 Moments of Quark Spin Distributions

62

5.5 Search for Anomaly at High x

64

Interpretations and Perspectives

68

6.1 Summary and Discussion

68

• Discussion of the SMC Results
• Selected Issues Related to
the Nucleon Spin Structure

68
70

6.2 COMPASS - the New Experiment
on the Muon Beam at CERN

74

• Determination of the Gluon Plarization in the Nucleon
• Determination of the Longitudinal Quark
Spin Distributions in the Nucleon
Appendix A
Correlations Between Asymmetries

75
78
83

Appendix B
Relations Between Fragmentation Functions of Quarks
Into Charged Hadrons

,

86

Appendix C
Relations Between Fragmentation Functions of Quarks
into Neutral Hadrons

87

Appendix D
Matrices of Equations for Quark Spin Distributions

88

5

Appendix E
Matrices of Equations for Quark Spin
Distributions with. Anomalous Term

90

References

92

1.

Introduction

In 1989 the European Muon Collaboration (EMC) measured inclusive spin asymmetry in deep inelastic scattering of muons on the proton target [1], From this
asymmetry the EMC determined the spin-dependent structure function of the proton cfi (x) and used it to calculate the total spin carried by quarks in the proton.
Their result was a big surprise to the particle physics community, similar to that
from about twenty years earlier, due to the determination of the total quark momentum in the nucleon, performed at SLAC in Stanford [2]. In both cases quarks,
considered as nucleon constituents, were insufficient to build a dynamic model of the
nucleon. In pioneering SLAC experiments on deep inelastic scattering of electrons
on unpolarized targets [2] it was found that if the structure function F\ is interpreted in the quark-parton model (QPM) then a half of the nucleon's momentum
is missing. That was the first experimental evidence for gluons. When analogous
analysis was done by the EMC [1] on their data on spin-dependent structure function gi, together with data from earlier SLAC-Yale Collaboration experiments [3],
the total spin carried by quarks was only 0.12 ± 0.09(stat.) ± 0.14(syst.) - much
lower than expected. Since then the term spin crisis was in use and, despite of some
oversimplifications in the early interpretation of the EMC spin effect, this field of
research became really interesting.
There are theoretical predictions by Ellis and Jaffe for the first moments of spindependent structure functions of the proton and neutron g%'n(x) [4]. These theorems
relate the first moments of gi(x), for proton and neutron, to the matrix elements
of electroweak axial currents. Part of them, the triplet and octet charges, can be
calculated from constants of weak decays of the neutron and hyperons. The singlet
charge, which is a sum of axial current matrix elements for each quark flavour, was
unknown. An additional assumption was thus unavoidable for evaluation of the
righthand side of the Ellis-Jaffe formulae. The authors assumed [4] that the octet
and singlet charges are equal. In the framework of QPM this was equivalent to
unpolarized strange sea. The EMC found a violation of the Ellis-Jaffe sum rule
for the proton [1] and proposed an interpretation of this observation in terms of
negatively polarized strange sea in the proton. This was an effect at the level of
more than two standard deviations. Although statistically not convincing it was
vastly interpreted in the spirit of the EMC proposal as due to negative polarization
of the strange quark sea. Using the value of the first moment of g\{x) the EMC
found that the total spin of quarks in the proton is small.
In order to disentangle the spin puzzle some fundamental predictions of the theory of quantum chromodynamics (QCD) as applied to spin-dependent interactions,
had to be examined first. A step along this line was an experimental test of the
Bjorken sum rule [5] which relates the difference of the first moments of g\ for the
proton and the neutron to the well known ratio of the vector to axial decay con7

stants and coefficients calculable in perturbative QCD. The measurement of the
Bjorken sum rule became the major goal for the new generation of experiments
in the decade of 90., already performed or currently underway at CERN, SLAC
and DESY. In order to measure this sum rule the experiments have to determine
structure the functions gi(x) of the proton and neutron. The first was the experiment NA47 of the Spin Muon Collaboration (SMC), performed on the muon beam
at CERN during the years 1992 to 1996. All the experiments completed thus far
[6, 7, 8, 9, 10] confirm the Bjorken sum rule within one standard deviation. There
is also an agreement for the Ellis-Jaffe sum rule violation, although the degree of
confidence here is different between experiments.
Results obtained by the SMC for the structure functions gi(x) and Bjorken and
Ellis-Jaffe sum rules are presented in chapters 5.1 and 5.2.
In view of possible negative strange sea polarization it became interesting to
measure also the polarization of the non-strange sea quarks. Such opportunity is
given by semi-inclusive cross section asymmetries. These asymmetries, if interpreted
in terms of QPM, depend not only on quark spin distributions but also on fragmentation functions of quarks into hadrons. Semi-inclusive asymmetries on protons
were measured by the EMC [1] but were not analysed. The first such analysis was
done by the SMC on their proton and deuteron data [11, 12, 13]. Sea of u and d
quarks does not exhibit any significant polarization. A consistency with zero of the
light quark sea polarization is observed for all measured a;. However, the error is
not small enough to exclude small negative polarization, as determined for strange
quarks from inclusive measurement. The same measurement allowed for determination of the valence quarks spin. Valence u quarks exhibit about +50% polarization,
increasing in x. Valence d quarks have —50% polarization but errors are rather large
and there is no visible ^-dependence. The polarization is significantly different than
zero for valence quarks of both flavours, even for small x < 0.01.
Semi-inclusive polarized measurements are in the program of HERMES experiment at DESY.
The SMC results for quark distributions and their moments are given in chapters
5.3 and 5.4.
One of the principal issues in any discussion of the nucleon spin structure is a
role played by the Adler-Bell-Jackiw axial anomaly [14, 15] which was discussed for
the first time in this context in refs. [16, 17]. The requirement of the axial current
conservation modifies quark spins by adding a term proportional to the gluon spin
structure function to its first moments. In perturbative QCD this term is naturally
interpreted as a polarized gluon distribution. Available world data were analysed
in the framework of QCD [6]. The anomalous term obtained in this analysis have
a large theoretical uncertainty. In a non-perturbative picture of the nucleon the
anomaly could be understood in a different way and does not have to be restricted
to small x region [18, 19]. The world data were also analysed in search of the non8

perturbative anomaly [21] and no evidence was found for such effect. A direct and
precise measurement of gluon polarization is certainly needed. Such measurement
is one of major tasks of the COMPASS (Common Muon and Proton Apparatus for
Structure and Spectroscopy) collaboration at CERN [22].
A search of anomaly at high x is presented in chapter 5.5. The spin physics
aspects of the experiment NA58 of the COMPASS Collaboration are discussed in
chapter 6.2.
Another important question in the nucleon spin puzzle is the contribution of
rotational degrees of freedom of quarks and gluons to the nucleon spin. At present
there are only proposals of such measurements and no results. The first proposal
[23] is based on semi-classical model of the nucleon. For a target polarized perpendicularly to the beam it predicts an enhanced emission of hadrons produced in the
plane transverse to the target spin. Simulation of such measurement was done in ref.
[24]. Another method, recently developed in ref. [25], is a deeply virtual Compton
scattering. In this process the virtual photon is absorbed by a quark with no nucleon
disassembly. The nucleon is excited and it subsequently deexcites emitting a real
photon. Off-forward quark spin distributions, depending on the orbital momentum
operator, contribute to such process.
The SMC results and selected physics issues steming from other subjects but
related to the nucleon spin structure are discussed in chapter 6.1.
This dissertation is submitted by the author in satisfaction of the habilitatio
scientific degree. The papers [6, 11, 12, 13, 26, 51], which contain the basic physics
results of the SMC, the proposal of the COMPASS project [22] and the author's
article on search for anomaly at high x [21] are emphasized in boldface in the
bibliography.

2.

Polarized Deep Inelastic Lepton-Nucleon Scattering — Theoretical Overview

2.1 Cross Sections and Spin Asymmetries
• Inclusive Scattering
Consider the process of spin-dependent deep inelastic scattering of leptons on
nucleons in the one-photon exchange approximation. In general case, the inclusive
cross section is a sum of spin-independent term a and spin-dependent term Aa
a = c - ^Atr,

(1)

where hi = ± 1 is the incoming lepton helicity. For electromagnetic interactions,
which conserve parity, spin-independent differential cross section depends on two
spin-independent structure functions F\ i F2 [26]:
d2a
dx dQ2

4was(Q2)'
Q4x

;, Q2) + (1 - y - -^f-jFaCx, Q2)

(2)

Interference between the virtual photon and the Z° is negligible for the kinamatics
of the SMC experiment. QCD predicts a dependence of structure functions F\
and i*2 and of the strong coupling constant a3 on the four-momentum transfer Q2.
Functions F± and F2 depend also on the Bjorken scaling variable x = Q2/2Mu,
where u is the virtual photon energy in the laboratory frame and M. is the proton
rest mass. In eq. (2) m/ is the lepton mass, y — vjE and 7 = \fQ?jv.
The spin-dependent cross section ACT can be decomposed into the longitudinal
part A<7|| and the transverse part A<T_L
ACT = cos $ A<7i| + sin $ cos <f)Acrx,

(3)

where 4> is the azimuthal angle between the scattering plane and a plane defined
by the beam and the target spins, and $ is the angle between those spins. Cross
sectons A<j|| and A<7j_ correspond to the parallel and transverse beam-target spin
configurations and are given by:
dxdQ2

Q4

)91
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(4)

and
6Acrj_)

4

2
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I

q
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Spin-dependent structure functions g\ and #2 depend on the same variables as F\
and F2. The cross section Aery is a difference of cross sections for the antiparallel
and parallel configurations of beam and target spins and Acr± is a difference of cross
sections for azimuthal angles <f> and <f> + n. In a high-energy fixed target experiment,
as the SMC, the factor 7 is small so that the longitudinal component (4) practicaly
does not depend on g2.
Spin-dependent cross sections are usually determined from asymmetries

and
These asymmetries are related to the virtual photon asymmetries
AX = ^

^

(8)

A2 = —

(9)

and

in the following way:
,

(10)

.

(11)

The cross sections in eqs. (8, 9) have different meanings for protons and deuterons.
In eq. (8) aa and <7& refer to the cross section for absorption of transversely polarized
virtual photon by the proton or deuteron for the antiparallel and parallel beamtarget spin configurations. For the proton cr% = cri/2 and <J£ = <T3/2 and for deuteron
<7g = !<70 and <7p = \<J2. The cry stands for the total cross section where cr^ =
<7
i/2 + 03/2 for the proton and a? = |(<70 + <j\ + cr-i) for deuteron. In eq. (9) crTL
is the interference term between longitudinal and transverse scattering amplitudes
and is also different for protons and deuterons. The <jj refers to the cross section
for the total angular momentum in the direction of incident photon equal to J.
Symbol D stands for depolarization factor, given by the formula

11

where R = ^ is the ratio of cross sections for absorption of longitudinally (CTL) and
transversely (<JT) polarized photons by nucleons. Depolarization factor D may be
interpreted as a fraction of polarization of incoming lepton transfered to the virtual
photon.
The quantities 77, £ and d depend on kinematic variables and c?, in addition,
depends on the depolarization factor D. Complete expressions for the coefficients
7], £, 7 and d are given in ref. [26].
The virtual photon asymmetries are bounded by positivity relations |Ai| < 1
and \A2\ < VR (cf. [27]).
The structure function g\ can be evaluated from the longitudinal asymmetry
(10), where the term proportional to Ai may be neglected:

and JFI is related to F2 and R as follows:

Asymmetry A2 is determined from longitudinal and transverse asymmetries:

• Semi-Inclusive Scattering
Semi-inclusive deep inelastic scattering, in which at least one hadron is measured
in the final state, is described by three additional independent hadronic variables.
These could be, e.g. hadron energy, hadron transverse momentum with respect
to virtual photon direction and hadron azimuthal angle with respect to the lepton scattering plane. In polarized experiments done so far, including the SMC,
semi-inclusive data were not enough precise statistically to enable an analysis of
interesting but subtle effects in azimuthal angles and transverse momenta. After
integration over azimuthal angles and transverse momenta the hadronic variable is
z, defined in the laboratory frame as a fraction of virtual photon energy taken by
the hadron, z = Eh/v.
In the leading order of QCD and neglecting higher twist effects the cross sections
for deep inelastic semi-inclusive scattering are similar to those for inclusive scattering
(2) and (4). Kinematic factors are the same and instead of inclusive structure functions Fi(x, Q2) and gt(x, Q2), i — 1,2, their semi-inclusive counterparts F^(x, Q2, z)
12

and g^(x, Q2, z) are used [28, 29]. There is a relation between the inclusive and the
semi-inclusive structure functions
h

n (r

2

O \T(T

2

O)

h

— /

d?T (r

2

O

?)

C\P>}

JO

where T stands for F\$ or 5fi)2 and nh is the multiplicity of hadrons h.
As for the inclusive case (8) one defines the semi-inclusive asymmetry

which depends on x, Q2 and z. The semi-inclusive cross sections cr^fp) and a\ have
the meaning analogous to the inclusive ones of eqs. (8).
Other semi-inclusive asymmetries will not be studied in this work. They are
extensively discussed in refs. [30, 31].
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2.2 The Quark-Part on Model and Quantum
Chromodynamics
• Inclusive Processes
Interpretation of the structure function g\ in terms of the QCD improved QPM
follows directly from relation (13) between Q\ and Ai, from (8) relating A\ to the spin
dependent cross sections and from eqs. (1) and (4) expressing cross sections in terms
of unpolarized and polarized structure functions. If quark orbital momentum is
neglected then, from angular momentum conservation for the photon-quark system,
it follows that photon with helicity ± 1 can be absorbed only by a quark with parallel
spin and with helicity -f^. Thus gx can be expressed by quark spin distributions

*(*,G 3 ) = 5 £<£*©(*, Qa),

(18)

where

&% = £+ &-%-%,

(19)

are

<lt(<it) i Qliol)
distributions of quarks (antiquarks) with spins parallel (antiparallel) to the nucleon spin, a is the fraction of the elementary electric charge of a
quark flavour i and n/ is the number of flavours. Together with well known [32]
expression for spin-independent structure function, Fi(x,Q2) — | X)"=i e2(li(xiQ2)->
eq. (18) leads to Ax in QPM:
:

Scale independence of the naive QPM is violated logarithmicaly in the QCD
improved QPM. For a given Q2, much larger than the QCD scale parameter A2 ~
(0.2)2 GeV2, gx depends on quark and gluon spin distributions as follows (cf. ref.
[33]):

/ *h

*

s ^

b

--. t

2nfCG(-, as(t))AG(y,

t) + Cfs ( - , a.(t)) AqNb(y, t)],
v

J**

"\T O /

w

(21)

where t = log(Q2/A.2). Indices s and Ns refer to flavour singlet and non-singlet
coefficients CqiG and parton spin distributions; AG(x,t) is gluon spin distribution
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and AS(a:,i) and AqNS(x,t)
distributions

are singlet and non-singlet combinations of quark spin

t=i

and

Dependence of parton spin distributions on Q2 is given by evolution equations of
Gribov, Lipatov, Altalelli and Parisi (GLAP) [34, 35]. For the non-singlet quark
spin distribution there is one equation
%>*),

(24)

whereas for singlet and for gluons there are two coupled equations:

ix

y

" y

y

/,*)]» (25)

—AG(x,t) = ^ - ^ f —[P^(-,a 5 (t))AS(y,t) + PGG(-,as(t))AG(y,t)].

(26)

Coefficients Cq'NS and splitting functions P,j, (i,j = q, G) depend on the renormalization scheme (cf. ref. [35]). In the MS scheme they were calculated to the first
non-leading order in strong coupling constant as in refs. [36, 37, 38].
The structure function g2 describes an absorption of longitudinally polarized
photon by the nucleon. If such photon is absorbed by a quark, the quark spin flips.
This is possible only for massive quarks. Therefore g2 vanishes in QPM where quarks
are massless.
It was shown [39] that g2 can be decomposed into the Wilczek-Wandzura (WW)
term which is a linear function of g\ and the twist-3 term g2 which measures quarkgluon correlations in the nucleon
,Q*)+g2(x,Q2):
where

15

(27)

• Semi-Inclusive Processes
The semi-inclusive spin structure function g*l has simple QPM interpretation,
similar to that for gi (18):

rf(s,*,Q2) = \ ^ e2Aq(x,Q2)D?(z,Q2).

(29)

Symbol Df refers to the fragmentation function of a quark with flavour i into hadron
h. It is assumed that D\ do not depend on helicity of the fragmenting quark. This
assumption is correct for scalar hadrons which constitute a majority of final state
hadrons in the SMC experiment. Fragmentation functions could depend on quark
helicity for non-scalar hadrons and for small Q2, when correlations between quarks
are non-negligible. However, such dependence is not expected to be strong (cf.
discussion in ref. [40]). Charged hadrons in the final state are mostly spinless
particles - pions and kaons. For protons, which constitute 10% of all hadrons in
the current fragmentation region selected by the SMC, the polarization was not
measured. Using QPM for spin-independent semi-inclusive structure function

F}(z, z, Q2) = \ jr e2qi(x, Q2)D?(z, Q2)

(30)

the asymmetry (17) is given by

# | i ^ | .

+

^(V,^)].

(31)

Here Rh = ^ is an equivalent of inclusive R. In the analysis it was assumed that
Rh = R and the parametrization of refs. [41, 78] for R was used. Formulae (30) and
(31) are valid under assumption of factorization of the quark fragmentation functions
from the quark distribution functions in the current fragmentation kinematic region.
This assumption is not correct for the target fragmentation domain, as discussed
below.
The particular case of the asymmetry (17) determined from the differences of
cross sections for the positively charged hadrons and the negatively charged hadrons
was discussed in ref. [20]. These asymmetries are defined as

={at~^l~{i~a'\
(T

(32)

J

The cr^'~T are semi-inclusive cross sections for production of positive (+) or negative
(-) hadrons for antiparallel (a) and parallel (p) spin configuration, or spin-averaged
16

(T). The meaning of these cross sections for the proton and deuteron is analogous
to the inclusive cross sections in formula (8). Such asymmetries are functions of
the valence quark distributions only. For the proton and the deuteron targets these
asymmetries are given by formulae
4Auv - (3Adv
Auv + Adv
.
+_
A

with /? calculated from fragmentation functions only.
In general case the process of deep inelastic scattering with a hadron detected in
the final state cannot be described completly by distribution functions q, q, G, Ag,
Aq, AG(x,Q2) and fragmentation functions D^G(z,Q2).
Distribution functions
factorize from fragmentation functions only when energy of hadronization of a quark
into hadron is much lower than the energy transfered from the virtual photon to the
struck quark. In a fixed target experiment this is true for events with hadrons of
high z. Such hadrons are emitted to the forward hemisphere in the photon-nucleon
center of momentum frame, called current fragmentation kinematic region. There is
no such factorization for the target fragmentation region, which is in the backward
hemisphere, where hadrons originate from fragmentation of a spectator part of the
nucleon. For general description of semi-inclusive processes the fracture functions
M and AM(x,, Q2) were introduced in ref. [42]. These objects can be interpreted
as joint probabilities of finding a given parton which fragments into a given hadron.
They do not split into an re-dependent and ^-dependent factors. Complete expression
for the semi-inclusive structure function g^ in QCD is the following [43]:

,x z.

+

t,(,Q2)CG(j^)}.

(34)

The Q2 evolution of parton distributions is given by eqs. (25) and (26). Almost
identical GLAP equations describe the evolution of fragmentation functions:
^
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^

)],

(35)

(y,t)\. (36)
The evolution equation for the fracture functions was obtained in ref. [44] in the
leading order of perturbation theory and with additional assumptions for the evolution in Q2. The authors assumed that the evolution is driven by two processes. The
first one is the fragmentation of partons, present in the target in the initial state,
which do not interact with virtual photon. The second one is the fragmentation of
secondary partons emitted by the struck quark. The evolution equation reads then
as follows:

*(!-»)
(Z. O2\nh(

O2X\

*

(VT\

Indices i,j in eq. (37) run over all quarks, antiquarks and gluons and / runs over
observed hadrons. The P/j are regularized splitting functions, introduced in ref.
[45].

• Sum Rules
Moments of structure functions can be calculated in the operator product expansion. In the leading twist approximation the only gauge invariant terms in such
expansion are given by axial currents [46, 47]. For three flavours the axial currents can be expressed via SU(3)f group generators which are Gell-Mann matrices
\k (A: = 1 , . . . , 8) and the unit matrix Ao
jXk

•'•

k = 0,...,S

(38)

where if) is the quark wave function in three-dimensional flavour space: ifi = (I/JU
The first moment of gi structure function

= fldxgi{x,Q2)

(39)

Jo

can be expressed by using the matrix elements of three components of the axial
current corresponding to diagonal SU(3)f generators Ao, A3 and Ag:
=

.

^ [< ps\Al\ps >] + ^ ^ ! 1 !+(_)
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(40)

^

^

where s^ is the four-vector of spin The singlet (S) and non-singelt (NS) coefficients
Ci'NS were calculated in the framework of perturbative QCD in the MS renormalization scheme to the order of O{a\) for non-singlet and O(a^) for singlet in refs.
[47, 48]. Matrix elements of the axial current components are given by the matrix
elements of currents for each flavour
(41)

=< ps|g,-

in the following way:

>= y a 3 = -£(au - ad),
- 2a,),

>=

(42)
(43)

ps\A°\ps >—

ad
Triplet charge 03 (42) defines the axial part of neutron /?-decay and is given by
the ratio of decay constants [49]:
9A_

(45)

a3 = 9v = 1.2601 ±0.0025.
Substituting it to eq. (41) the Bjorken sum rule is obtained [5]
CNS

9A_

(46)

9v
Its predicted theoretical value at Q2 = 10 GeV 2 is [6]
r j - r ? = 0.186 ± 0.003.

(47)

From the Wigner-Eckart theorem it follows that matrix elements of axial currents
between any states from the barion octet can be expressed by linear combinations
of weak decay constants F = 0.4600 ± 0.0187 and D = 0.8001 ± 0.0083 with weights
given by Clebsch-Gordan coefficients. These values were obtained from fits to the
data on weak decays constants [49] n —> p, A —>• p, S~ —)• n and E~ —> A [50]. In
particular, for 0,3 and ag and asuming the SU(Z)f symmetry for these decays, we
have
Tp _l_ J~)

n

O Tp

T")

(A.Q}

An expression for i f n ' follows from eqs. (39), (45) and (48):
9A_

(49)

gv
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This formula was derived by Ellis and Jaffe [4]. After them it is called the Ellis-Jaffe
sum rule if, in addition, a8 = 0 is assumed. In QPM it is equivalent to unpolarized
strange sea, As = 0. Under this assumption the values of the first moments predicted
by theory at Q2 = 10 GeV2 [6, 51]1 are:
r? = 0.170 ±0.004,

r f = 0.071 ± 0.003,

r ? = - 0 . 0 1 6 ± 0.003.

(50)

The violation of this sum rule, originally observed by the EMC [1], initiated a strong
interest in the spin structure of the nucleon.
The Burkhardt-Cottingham sum rule [52] predicts that the first moment of gi
vanishes for both the proton and the neutron
T2 = / dxg2(x) = 0.
(51)
Jo
Interpreting first moments of g\ in the framework of QPM and assuming that
the light quark sea is 5{7(2)/-symmetric, i.e. AM = Ad, it follows from the Bjorken
sum rule (46) that
AM,,

— Ad,, =

9A_

9v

= 1.2601 ±0.0025.

(52)

If, in addition, it is assumed that As = 0, from eqs. (42),(43) and (48) it follows
that
Auv = 2F
(53)
Adv = F-D.

(54)

The values of the first moments of the valence quark spin distributions (53) are equal
to
Auv = 0.9200 ± 0.0374,
Adv = -0.3401 ± 0.0205.
(55)
a

There is a relation between T\ and g\ of the proton, neutron and deuteron T^ + T" = 2Ff/(l —
1.5w£»), where u>£> = 0.05 ± 0.01 is the probability of deuteron D-state.

20

3.

Description of the SMC Experiment NA47 at
CERN

3.1 The Muon Beam and its Polarization Measurement
• Beam Characterstics
The ration beam M2 at CERN is produced by decays of n and K mesons. These
mesons are produced on a berillium target by the 450 GeV proton beam from the
Super Proton Synchrotron (SPS). After momentum selection 5% of kaons and pions
decay in the 600 m pipe and the rest is absorbed. The SMC experiment used 190
GeV muon beam for all exposures from 1993 to 1996 and 100 GeV beam for a small
amount of data taken in 1992. The beam intensity was about 4 — 5 x 10r muons per
the SPS pulse. One pulse was 2.4 s long and an average time gap between pulses
was 14.4 s. Beam momentum was measured by using a dedicated beam momentum
station (BMS) spectrometer, located before the main spectrometer of the experiment. The BMS consisted of the dipole magnet, four focusing quadrupole magnets
and four scintillation hodoscopes. The accuracy of the momentum measurement
was better than 0.5%.
Such muon beam is naturally polarized due to the parity violation in weak decays.
Degree of the polarization depends on the energy ratio of the decaying meson and
the muon. Degree of muon polarization increases with the fraction of a pion or kaon
energy taken by the decay muon. The beam polarization was measured by using
two independent methods.

• Decay Method
In this method the energy spectrum of electrons from muon decay [j,+ —> e+ueull
is investigated. This spectrum can be written in terms of the Michel variable [53],
which is the ratio of the electron to muon energy in the laboratory frame, ye =
and depends parametricaly on the muon polariation P^:
1 dN

5
3

n 2

4 o

„ (I

n 2

8

3* ~

where No is the number of muons.
The decay polarimeter was situated after themain spectrometer and its schematic
view is given in fig. la. The beginning of the decay fiducial volume, which was a
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Figure 1: The SMC beam polarimeters: (a) for the decay method, (b) for the scattering method
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30 m vacuum pipe, was defined by the Shower Veto Detector (SVD), consisting of
lead foil and two scintillator hodoscopes. Particle tracks were measured by using
three proportional chambers before the bending magnet and two after the magnet.
Particle identification was done by using the lead glass electromagnetic calorimeter,
located at the end of the spectrometer.
Muon polarizaton was determined by fitting the function (56), in the subrage
of ye, to the measured Michel spectrum, corrected for the polarimeter efficiency
and acceptance. The polarization is PM = -0.803 ± 0.035 for 190 GeV [26] and
Pf, = -0.82 ± 0.06 for 100 GeV [54].

• Scattering Method
In the second method a dependence of the elastic fi — e scattering cross section on
the configuration of spins of both particles is used. This cross section was calculated
in ref. [55] using quantum electrodynamics and at first order it is equal to
(57)
where me is the electron mass, re is classical electron radius, Pe and P^ are electron
and muon polarizations, E^ and E'^ are energies of incoming and scattered muon,
Dfte — 1 — E'jEp and Y — 1/(1 + m£/2me.EM) is the kinematical limit for
Asymmetry A^e of JX — e elastic cross sections for antiparallel (fj,) and parallel
spin orient at ons is

Measured asymmetry Aexp is related to

The scattering polarimeter was also situated after the main spectrometer and
its scheme is displayed in fig. l b . The target with polarized electrons was made of
ferromagnetic alloy consisting of 49% of iron, 49% of cobalt and 2% of vanadium.
It was 2.7 mm thick. It was magnetized by a dedicated magnet giving 2.3 tesla
magnetic field. Target polarization was determined by measuring variation of the
magnetic flux by using an inductive coil surrounding the target. Using magnetomechanical properties of the target alloy the electron polarization was found to be
Pe = ±(0.0756 ± 0.0008). Two proportional chambers for particle tracking were
located between the target and the magnet. Electrons were identified in the lead
glass calorimeter (LGC) and muons were identified in the scintillation hodoscope
23

after an iron absorber. Target polarization orientation was changed after each SPS
pulse.
For 190 GeV muons the polarization was found to be P^ = -0.795 ± 0.019 [13],
in agreement with decay method.
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3.2 The Polarized Target and the Measurement of the
Polarization of Nucleons
• The Method of Dynamic Nuclear Polarization
Magnetic moment of the nucleon is too small to have nucleons polarized just
puting them in an external magnetic field of a few tesla, even at low temperatures.
Contrary to nucleons, electrons can be almost entirely polarized in such conditions
because their magnetic moment is large. The method of dynamic nuclear polarization (DNP) [56, 57] enables a transfer of spin polarization from electrons to nucleons
by using microwave pumping. The method of DNP can be used for a material containing loosely bound unpaired electrons, which have properties similar to those of
free electrons. Such materials are paramagnetics or media with paramagnetic admixtures. The SMC used EHBA-Cr(V) compound [58], which constituted about 4%
of the material mass and gave 5 x 1019 electrons/cm3. The target material was butanol (in 1993) or ammonia (in 1996) for the proton target and deuterated butanol
(in 1992, 1994 and 1995) for deuteron target. The polarizable medium has to be
amorphous because crystallization would induce inhomogenity of the paramagnetic
centers distribution. For this 1-mm droplets of the material were cooled rapidly thus
avoiding crystallization. Glassy granules obtained on this way were used to fill the
target [59].
Consider electron and proton in an external magnetic field. The system can be
illuminated by microwaves of a wavelength corresponding to the excitation energy.
In the excited state the electron spin is antiparallel to the external field and the
proton spins are parallel or antiparallel, depending on which of two possible second
order transitions was forced by microwaves. Due to the interaction with lattice the
system relaxes. The relaxation time for electron is shorter than for the proton, so
that the electron polarization vanish when proton remains polarized and electron
can be used to polarize another proton. All the protons in the vicinity of this
electron soon become polarized which gives, however, only a small net fraction of
polarized protons, because there is a few paramagnetic centers in the material.
Proton polarization can further propagate over the volume of the material due to
the proton spin-spin interactions and spin diffusion effect. All these effects require
specific properties of the solid state and therefore pure hydrogen or deuterium cannot
be used for target filling.
The mechanism of DNP is somewhat different when the energy of the first order
transition between two electron states is broadened, which can happen when dipole
interactions between paramagnetic centers cannot be neglected. To some extend
this is the case of materials used by the SMC [57].
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The method of DNP can be made more efficient by frequency modulation of
microwaves [60]. For the butanol target the modulation with an amplitude of 30
MHz and frequency of 1 kHz speeded up the polarization build-up by 20% and
increased maximum polarization by 6%. Much more spectacular was the effect
of frequency modulation on deuterated butanol, where the polarization time was
shortened by a factor of two and the polarization increased by 70%. For ammonia
target only 5% improvement of the polarization degree and no time effect was found.
The frequency modulation effect is a very interesting, additional and unexpected,
result of the SMC. It is still under study.
The microwave pumping was used by the SMC at temperatures of 0.5 — I K .
Typical build-up time for polarization was few hours. Proton polarization tends to
decay after switching off the microwave source. This process can be slowed down by
adjusting lattice temperature and the value of magnetic field. At few mK and fields
of a couple of tesla the polarization relaxation time for protons increases to about
thousand hours. Therefore, after switching the microwave source off, the system was
rapidly cooled down below 50 mK to the frozen spin mode. Such efficient cooling
was possible due to dilution refrigerator [61] (seefig.2). This criostat worked with
a mixture of 3He and 4He. Cooling with one helium isotope, either 3He or 4He,
becomes very inefficient when temperature drops. It can be improved by using a
mixture of these isotopes which separates into two phases below 0.7 K. The first,
lighter phase contains only 3He and the second is a solution of3He in4He. Decreasing
pressure induce a transition of 3He from its pure phase to the mixed phase, similar
to evaporation, associated with a strong heat absorption from environment. Even
at absolute zero the amount of 3He in 4He in the mixed phase is only 6%, which
makes the method very efficient at the lowest temperatures.
:
Magnetic field in the SMC target was produced by a large, superconducting
solenoid magnet. Its inductance was 2.5 tesla and it exhibited very good homogenity
of ~ 10~4 over a volume of ~ 2 x (0.15)2 m3. Polarizable material was encapsulated
in two separate target cells which were polarized in opposite directions (cf.fig.2).
Configuration of polarizations of target halves was altered every few hours in order
to minimize systematic errors from the spectrometer acceptance variation.

• Target Polarization Measurement
Polarization of protons and deuterons in the target was measured by using nuclear magnetic resonance (NMR) [56, 57, 59]. Magnetically polarized medium can
absorb electromagnetic waves. The polarization P of the medium is proportional to
the imaginary part of magnetic susceptibility of the material x"(u) integrated over
frequency, P ~ f£° dux"(w). Absorption spectrum of the material was measured by
using probing NMR cells, spread over the volume of the material, and a Q-meter
26
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circuit. The Q-meter measured the absorption power of the material as a function
of wave frequency. Typical ranges of frequencies used in NMR measurements were
16.35 ± 0.25 MHz for deuterons and 106.0 ± 0.3 MHz for protons. Determination of
P required a subtraction of the spectrum without NMR signal from the spectrum
with NMR. The spectrum without NMR was measured by increasing the magnetic
field and thus shifting the NMR spectrum outside of the integration interval. In
order to determine a coefficient between the integral of x" an<l P a n absorption had
to be measured at exactly known temperature and polarization. This was done in
thermal equilibrium (TE) at 1 K, where the polarization PTE, which amounts to a
fraction of percent, is known from the Curie law PTE = tznh.(hi//2kT) (where T is
temperature, k Boltzmann constant and v is the nucleon Larmor frequency ).
The NMR measurement was done every minute during data taking. Results were
averaged over all cells and over time in 30 min. periods. Typical polarizations were
for deuteron and 87% for proton with errors AP/P ~ 2.5%.
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3.3 The Main Spectrometer and the Measurement and
Identification of Particles
• Spectrometer Layout

Momentum measurement Muon identification
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Figure 3: Schematic view of the SMC main spectrometer.

The main spectrometer of the SMC (fig. 3) consisted of three principal detector
subsystems: beam detectors, detectors used for measurement of the scattered muon
and final state hadrons tracks and detectors for identification of the scattered muon.
Beam measurement was performed before the polarized target by using two beam
hodoscopes BHA i BHB and multiwire proportional chamber POB. Transverse beam
geometry was defined by veto counters VI.5, V3, V2.1 i V2. Angular resolution for
reconstructed beam tracks was 0.1 mrad, and reconstruction efficiency was 90% for
beam intensity up to 5 x 107 muons in one SPS spill.
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Measurement of the scattered rauon and produced hadrons was done by using
the forward spectrometer magnet (FSM) with bending power of 2.3 and 4.4 Tm at
beam energies of 100 i 190 GeV, respectively, and over 100 planes of proportional
and drift chambers.

Figure 4: Fraction of the energy deposited by a particle in the electroviagnetic part
of the calorimeter (E) to the sum of electromagnetic and hadronic (H) energies.
Black histogram is for negatively and white for positively charged, particles.

In the SMC experiment three types of particles had to be distingtiished from each
other in the spectrometer: ixmons, electrons and hadrons. For inclusive measurements only the scattered muon had to be measured. It was identified as a particle
giving a track in detectors after 2 m thick iron absorber: streamer tubes ST67, drift
tubes DT67 and proportional chambers P67 (fig. 3). Semi-inclusive measurement
required, in addition, a distinction between hadrons and high energy electrons coining mainly from decays of nos and also from bremsstrahltmg photon conversions.
For this purpose the H2 calorimeter was used. Its first (electromagnetic) module
30

amounted to nineteen radiation lengths for electrons, enough to contain them entirely. A hadron was defined as a particle which deposits more than 20% of its energy
in the second, hadronic part of the calorimeter. Fig. 4 shows the ratio of energy
deposited by a particle in the electromagnetic module to the sum of energies in both
electromagnetic and hadronic parts of the calorimeter. A peak at right corresponds
to electrons which are removed from the sample by a cut at the value 0.8 for this
ratio.
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1 I I | Hill

1

I M [111

X
Figure 5: Coverage of the plane of kinematic variables x and Q2 for physics triggers
Tl, T2 i T14.

• Triggers
Detectors readout was triggered by coincidence patterns of hits in scintillator
hodoscopes.
The main trigger of the experiment, Tl, was defined by coincidence of signals
from HI, H3 and H4 hodoscopes (fig. 3) and a requirement for the scatteredmuon
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to point to the target. Angular acceptance of this trigger was down to 3 mfad and
is small for the lowest angles. The small angle trigger T2 was defined by coincidence
of hits from. HI', H3' and H4' hodoscopes. It covered the range of scattering angles
from 5 to 15 mrad and selected events of lower Q2 than Tl. The SMC used also
the small-a; trigger T14, defined by SI, S2 and S4 hodoscopes situated close to the
beamline. This trigger was efficient for small x and Q2 and for angles down to 2
mrad.
Coverage of the plane of kinematic variables Q2 vs. x for all triggers is shown in
fig. 5.
In addition to the triggers Tl, T2 and T14 the SMC also took data with a very
low x (> 10~4) and Q2 (> 0.01 GeV2) trigger T15, where data acquisition was
triggered by a hadronic signal in the calorimeter H2. These data are not discussed
in this article.
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4.

Experimental Results

4.1 The Measurement of the Cross Section Asymmetries
• Measurement of Longitudinal Asymmetries
The SMC target consisted of two cells, u (upstream) and d (downstream), each 65
cm long, separated by 20 cm. The EMC target, used by the SMC in 1992 and 1993,
had somewhat smaller cells. Target material was polarized along the beam and in
opposite directions in each target half. Spin configuraton was changed periodically
every few hours. The numbers of muons interacting in u(d) cells are
Nu(d) = nM(d)$a«(d)^(l - fPBPu(d)A\\),

(60)

where A\\ is the asymmetry (6), $ is the total flux of muons illuminating the target,
PB beam polarization, / spin dilution factor, and a is spin-independent deep inelastic
scattering cross section. Symbols au^) stand for the spectrometer acceptances, nu^)
are surface densities of nucleons in the target, and Pu(d) 1S target polariation for u(d)
cell. Counting rates for reversed target spin configuration are denoted by N^,dx. The
3> and o cancel in formulae for counting rate asymmetries
A_NU-Nd

A,_K-N'd

If ratios of densities and acceptances before and after polarization reversals are equal,
i.e. nujnd = n'u/nd and aujad = o!uja'd^ then the asymmetry (6) can be calculated
from the formula
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If the condition of constant acceptance ratios is not satisfied, the asymmetry (62) is
biased by a false asymmetry Afaise
1
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r ' l \

'
(64)
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where r = nuau/ridad and r' — nua'ujndad. Using eq. (10) and neglecting any
dependence of Ai on transverse asymmetry we obtain the formula for the virtual
photon asymmetry A\
Ai = —(A|| - Afalse),

(65)

where D is the virtual photon depolarization factor (12). Possible dependence of r
on time can give a non-zero value of Afaise and thus a systematic bias of A\.
Formulae above are correct for fixed x and Q2. For evaluation of asymmetries in
bins of x and averaging over Q2 in this bin of x one has to use the minimum bias
estimator

J
1S

where to,^); = (fDPB)u(d)i
the weigth of the zth event in the upstream (u) or
downstream (d) target cell.
The method of evaluation of asymmetries from counting rates described above,
is also valid for semi-inclusive asymmetries (17) but with Nu^) being numbers of
produced hadrons. However, the step leading to formula (66) assumes that the
ratios of acceptances au/a,d and o!uja'd are close to unity. This is a good approximation for muons but not for hadrons. Therefore another method is used for hadron
asymmetries. It starts from four formulae (60) and makes use of a double ratio
Nu/Nd
v—

(67)

which is a quadratic function of the asymmetry. Solving this equaton one gets the
asymmetry without using approximation au = ad- Systematic bias of the quadratic
method is small and negligible as compared to other uncertainties.

• Measurement of Transverse Asymmetries
Transverse asymmetries A± (7) are measured in a similar way as longitudinal
ones. In this case counting rates depend on the azimuthal angle <$>
N(<f>)=-n§aa(l-fPBPrcos<f>A±).

(68)

Asymmetry Ax is determined separately for each target cell from the ratio [N(<f>) —
N(<p — n)]/[N(<f>) + N((p — TT)]. Procedure of evaluation of the transverse asymmetry
is analogous to that for the longitudinal one (66) and it leads to expression
d
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The SMC did not determine any semi-inclusive transverse asymmetries.
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4.2 Radiative Corrections
In order to obtain the one-photon exchange cross sections from experiment all
measured cross sections have to be corrected for radiative processes. Radiative
corrections are needed for both spin-idependent and spin-dependent cross sections.
Spin-independent corrections have to be applied to dilution factors. They were
calculated in the first order QED by using program TERAD [62]. For asymmetries
corrections to spin-dependent cross sections are needed and they were calculated
within the same framework with program POLRAD [63]. Radiative corrections to
asymmetries are rather small because some corrections to cross sections cancel in
formulae for asymmetries.
Consider the one-photon exchange deep inelastic scattering process, as shown in
fig. 6a. There is a lot of electromagnetic processes which cannot be separated event
by event from this process. They can be divided into four classes:
1. corrections to the lepton vertex (e.g.fig.6b),
2. corrections to the hadron vertex (the same as in fig. 6b but for the lower
vertex),
3. vacuum polarization (e.g.fig.6c),
4. deep inelastic, elastic and quasielastic processes with a radiative real photon
in the final or initial state (figs. 7a, b and c).
In figs. 6 and 7 only examples of radiative events are shown. The full list of them
is given in ref. [62]. Corrections to the hadronic current require a model of the
nucleon. In TERAD and POLRAD programs they were calculated in QPM.
Vertex corrections (fig. 6b) and vacuum polarization (fig. 6c) contribute multiplicatively to the one-photon cross section. Processes with real radiative photons in
the initial or final state (figs. 7a, b and c) contribute additively to the cross section.
Total cross sections crT, both spin-dependent and spin-averaged, can be written as
aT = vaBorn

+ <rtail,

.

(70)

where crBorn stands for the deep inelastic one-photon exchange cross section (fig. 6a),
v is a multiplicative part of radiative corrections and atatl is the additive correction.
The latter is a sum of cross sections called inelastic tails <7j%ei (fig. 7a) and coherent
tails. In coherent processes the virtual photon can be absorbed either by the whole
nucleus (cr*"w, fig. 7b) or by a nucleon from this nucleus (<7*°j;, fig. 7c) with no
hadrons produced. The first process is called elastic and the second one quasielastic. The term coherence applies in a somewhat different sense.to elastic scattering,
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Figure 6: Radiative processes with undistinguishable initial and final states, contributing multiplicatively to the total cross secton: (a) one-gamma exchange deep
inelastic scattering, (b) lepton vertex correction, (c) vacuum polarization.

Figure 7: Radiative processes with real radiative photon in initial state, contributing
additively to the total cross section, so called tails: (a) deep inelastic scattering, (b)
elastic scattering, (c) quasielastic scattering. The same real radiative photons can
be emitted by the scattered muon.
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where photon interacts coherently with the nucleus as a whole, than to quasi.elastic
scattering, where photon interacts coherently with one nucleon only. Thus
tail

—tail
•• —tail
—tail • —tail
—tail
—t

aaiinel

{T\\

+
I71)
+aael + V
V ••
The cross sections in eqs. (70, 71) depend on kinematic variables x and y.
Let Aforn be the asymmetry of one-photon exchange spin-dependent cross sections. If A-i is neglected then the radiative corrections to the asymmetry Aforn are
equal to
A\ = p(A?°™ + A[%
(72)
-

where p = va*Z™il°InPoi and the term A? = Aa^l/(2vDa^)
was calculated
using program POLRAD. Indices po; and unpoi stand for spin-dependent and spinindependent cross section. Factor v is close to unity. The p depends on Q2 and y
and it increases with x for the kinematics of the SMC experiment. For inclusive case
p varies from 1.3 for x ~ 10~3 to 1 for x ~ 0.7 and for semi-inclusive case it is about
50% smaller for small x and the same for high x. The additive part of radiative
corrections pA[c is much smaller and varies from 0.005 to 0.02 for inclusive asymmetries and from 0.003 to 0.02 for semi-inclusive asymmetries. Inclusive corrections
are different than semi-inclusive ones because different processes contribute to them.
In particular, coherent processes do not contribute to the semi-inclusive sample because at least one produced hadron with z > 0.2 was required. The cross sections
for the coherent processes, crlf£el in eq. (71), rapidly decrease with y. Therefore the
main difference between inclusive and semi-inclusive y distributions is seen at small
y, as shown in fig. 8.
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Figure 8: Distributions ofy for all events (vihite histogram) and events with hadrons
(shaded histogram).
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4.3 Dilution Factor
The dilution factor / is needed for calculation of asymmetries from data, as seen
from eq. (60). It is the ratio of the cross section on polarizable protons or deuterons
to the sum of cross sections on all nuclei in the target material. It can be expressed
in terms of densities of nuclei of atomic number A, n^, and corresponding total
spin-independent cross sections u\ as follows:

where sum runs over all chemical elements in the target. Ratios of cross sections
o"J/<rJd were determined from data on the ratios of structure functions F^ [64, 65] or
from parametrizations of these ratios [66, 67, 68]. In order to get the cross sections,
as needed in eq. (73), the procedure of evaluation of structure functions Fi from
the cross sections, as described in these papers, was reversed. Dilution factor / is
also corrected for NMR coils and material from outside of target cells which could
contribute to the event sample because of uncertainty in the vertex position. In a
naive approach dilution factor / is determined only by the chemical composition
of the target material and does not depend on the event kinematics, as shown in
fig. 9 for ammonia target. Realistic dilution factors are given by cross sections
which depend on kinematic variables and are corrected for radiative processes, as
discussed in chapter 4.2. In fig. 9 the effective dilution factors / ' = pf are shown
for inclusive and semi-inclusive processes as a function of x. The factor p accounts
for multiplicative radiative corrections, as discussed in chapter 4.2.
There are differences between the inclusive and semi-inclusive dilution factors:
• The semi-inclusive dilution factor is larger than inclusive one for small a; because of suppresion of coherent processes.
• Since a cut z > 0.2 was applied to hadrons in the semi-inclusive event the
energy available for a radiative photon in inelastic interaction is smaller than
for inclusive event. Therefore a contribution of this class of events to semiinclusive radiative corrections is smaller than to inclusive. This reduction was
estimated using Monte Carlo program GAMRAD [69]. It was found small and
was included to the systematic error for dilution factor [13].
• Semi-inclusive dilution factors for non-isoscalar target depend on the electric
charge of a hadron. This follows from difference in probabilities of fragmentation of given quark into positive and negative hadrons. Corrections to semiinclusive dilution factors were estimated by using QPM. For proton target they
amount to 1% for x ~ 10~3 and 5% for x ~ 0.7. There is no such effect for
deuteron target because fragmentation functions are invariant with respect to
isospin transformation.
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for inclusive and semi-inclusive scattering (this figure was produced by J.Pretz from
Mainz University).
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4.4 Inclusive Asymmetries
• Measurements on Proton Targets
The SMC took data on the butanol target!in 1993 [71, 26] and on ammonia
target in 1996 [6]. These data cover kinematic range of 0.0008 < x < 0.7 and
0.2 < Q2 < 90 GeV2. Cuts were applied for vertex positions to be inside target cells
and on energies and angles of beam muons to ensure the same muon flux through
both target cells. For the scattered muon its momentum was required to be greater
than 19 GeV and the scattering angle 6 > 9 and 2 mrad for Q2 > 1 and 0.2 GeV2,
respectively. For event kinematic variables cuts y < 0.9 and u > 15 GeV were
applied. The cut at small v reject events with poor kinematic resolution, whereas
the cut at high y removes events with large radiative corrections. The cut on the
momentum of outgoing muon reduces the number of muons originating from decays
of pions and kaons produced in the target to a few permille. It rejects events with
poor vertex resolution. After all selections the statistics was 6 x 106 events on
butanol and 12.5 x 106 on ammonia.
Data from the butanol and ammonia targets are consistent within statistical
errors. In fig. 10 asymmetries are shown in x and Q2 bins, together with data from
the EMC [1] and E143 [73] experiments. There is no significant Q2 dependence. It
was checked by fitting to the data the function A\ = a + 6 log Q2 and also, to account
for possible higher-twist effects, the function Ai = c + d/Q2. The parameters b and
d were consistent with zero. In fig. 11 asymmetries A\ are shown in bins of x and
averaged over Q2. In fig. l l a SMC data from 1993 and 1996 are compared and in
fig. lib the overall SMC data are compared with E143 [73] and the EMC [1]. There
is no increase of the asymmetry A\ at low x. Such tendency was observed in 1993
data alone [71] but it is not confirmed in data with higher statistics. The biggest
contribution to the systematic errors at low x comes from radiative corrections, a
time dependence of the spectrometer acceptance ratio for target halves. At high x
uncertainties of the beam and target polarizations and error on R are dominant.
The asymmetry Ai was determined from data on A|| [71] and A± [72], using eq.
(15). Results on the asymmetry A\ are shown in fig. 12 for Q2 > 1 GeV2 and
Q2 > 0.5 GeV2. For comparison also data from E143 experiment [74] are presented.
The asymmetry A\ is significantly smaller than the upper limit y/R. This allowed
to neglect a term proportional to A2 in eq. (10) without increasing systematic error
on Af,.
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x are shown. Errors are statistical only.
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with different kinematic cuts with data of the EMC [1] and El^S [73]. Error bars
represent statistical errors and shaded areas systematic errors of the SMC.

• Measurements on Deuteron Targets
Deuteron data were taken on targets filled with, deuterated butanol in 1992 [75],
1994 [76] and 1995 [51]. After applying the same cuts as for the proton data the
overall event statistics in the kinematic region of x > 0.0008 and Q2 > 0.2 GeV2 is
25.2 x 106.
Data from all years are consistent within errors. In fig. 13 the asymmetries Af
are shown in bins of x and Q2 for all SMC data and also, for comparison, data from
E143 experiment at SLAC [8], taken at lower Q2. As for the proton target there
is no visible Q2 dependence of asymmetries Af. In fig. 14 the asymmetries Af are
shown in bins of x and averaged over Q2. A comparison of SMC data from 1992,
1994 and 1995 is presented in fig. 14a. In fig. 14b asymmetries Af(x) are shown for
Q2 > 0.2 GeV2 and Q2 > 1 GeV2 for the SMC data and also for the E143 data
[8] for Q2 > 1 GeV2. For x < 0.08 Af{x) is consistent with zero. No significant
negative values of Af for low x are observed. Such tendency was seen for early data
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§2 — 0, respectively. Also are shown the results of E14S experiment [74] extrapolated
to the same Q2. Errors are statistical only.

at lower statistics [75]. Sources of systematic errors are the same as for proton data.
The asymmetry A\ was determined in the same way as A\. The result is shown
in fig. 15a. It is consistent with zero and much smaller than the positivity limit
IA2I < \jR. The same asymmetry is also shown together with SLAC measurement
of the E143 experiment [74] at a common Q2 = 5 GeV2. Data from both experiments
are consistent in the region of overlap.
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4.5 Semi-Inclusive Asymmetries
The SMC measured semi-inclusive asymmetries for positively charged and negatively charged hadrons, Af and A^, on both proton and deuteron targets [12, 13].
There was no hadron identification. The same beam cuts, taxget cuts and kinematic
cuts and the same event selection criteria as for inchisive asymmetries were applied.
In addition, there was a cut defining a hadron in the calorimeter {Eem/(Eem+Ehad) <
0.8 in order to reject electrons) and a cut on z > 0.2, selecting the current fragmentation region. Distribution of z is shown in fig. 16. It is seen that the acceptance of

Figure 16: Distribution of z — Bhad!t> for positively charged (white histogram.) and
negatively charged (black histogram) hadrons.
the spectrometer is poor below z ~ 0.07. This is due to limited solid angle accepted
by the main spectrometer magnet FSM and it eliminated hadrons with energies
below 5 GeV. Most of these hadrons come from the target fragmentation region.
The cut on z > ZQ was optimized by comparing statistical errors of semi-inclusive
asymmetries for different values of ZQ. It was found that minimal statistical errors
are for z^ ~ 0.2. For lower value of ZQ the event statistics is higher but the sample is
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strongly contaminated with hadrons from the target fragmentation region. For such
hadrons the dependence of their production cross section on the nucleon polarization is weaker than for the leading hadron from the current fragmentation kinematic
region. The leading hadrons originate from the fragmentation of the struck quark.
By increasing the value of z0 the selection of leading hadrons becomes even more
stringent but the loss of statistics prevails and the errors increase.
After applying a cut Q2 > 1 GeV2 the overall SMC statistics is 5 x 106 positively
charged and 4 x 106 negatively charged hadrons. Asymmetries Afp, Afp, A+d i A±d
are displayed in fig. 17. Major contributions to the systematic errors come from
the beam and target polarizations, time instability of aceptance ratio for two target
cells and the error of the dilution factor.
Inclusive and semi-incluive asymmetries from the same targets are correlated.
The covariance matrix and correlation coefficients are calculated and discussed in
appendix A.
An advantage of the semi-inclusive asymmetries determined from difference of
the positive and negative hadron yields (33) is that A£f does not depend on fragmentation functions whereas Af~ is only weakly sensitive to assumptions about
fragmentation functions. The factor (3 in eq. (33) was evaluated by averaging relevant fragmentation functions and is found to be about 0.5 for z > 0.2. However,
the spectrometer acceptance was different for positive and negative hadrons, and
the ratio of these acceptances does not cancel out in the asymmetries expressed in
terms of the hadron yields. This ratio was measured in dedicated runs with a beam
of oppositely charged muons and with reversed field direction in the spectrometer
magnet but it is known with a limited precision. Therefore the conclusions concerning the quark spin distributions and their integrals are based on the analysis of the
asymmetries Af and Aj~.
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5.

Physics Analysis of Asymmetries

5.1 Spin-Dependent Structure Functions g\

The structure function eft was determined by using eq. (10) from data for
Q > 1 GeV2, where the term proportional to A-i was neglected. Data for spinindependent structure function F% [77]-[83] were parametrized in x and Q2 [6]. For
R the parametrizations of ref. [41] for high x and ref. [78] for low x were used.
Functions gf(x) for 1993 data [71] and 1996 data [6] and for the complete sample
at measured values of Q2 are shown in fig. 18a. Data points evaluated for at common Q2 = 5 GeV2 are presented in fig. 19a. Data from both years are consistent
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• g((x) and g?(x)
The structure function gf(x) was determined from asymmetry Af(x) in the same
way as #1(2). The NMC parametrization [77] of F2 and SLAC parametrization of
R [41] were used. The structure function gf(x) is shown in fig. 19b. Experimental
points are extrapolated to common Q2 = 5 GeV2. The same was done for data of
E143 experiment [8], presented also in fig. 19a at the same Q2 to show consistency
between experiments. The neutron structure function g"(x) was obtained from
deuteron and proton data assuming g\ + g" = 2gf/(l — f^s), where u>£> = 0.05 is
the D-wave probability for deuteron. In fig. 19c the structure functions gi(x) from
the SMC [51], E143 [8], E142 [7], HERMES [10] and E154 [9] at common Q2 = 5
GeV2 are presented. Experiments E142, E154 and HERMES used 3He target thus
measuring directly the neutron structure function g". However, the nuclear effects
give a non-negligible correction to the spin-dependent structure functions. In the
deep inelastic region g" can be extracted from g^e using a procedure in which S, S'
and D states of the 3He wave function are included but no Fermi motion nor binding
effects are introduced:

<tf=-G?iffe-2/Mf)-

(74)

Pn

The studies of ref. [7] yield pn = (87 ± 2)% and pp = (2.7 ± 0.4)% due to the S, S'
and D states in the 3He wave function [86, 87]. Nuclear binding effects and Fermi
motion give negligible effects in the deep inelastic region.
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5.2 Moments of Structure Functions and Sum Rules
For evaluation of the first moments of structure functions gi(x) an extrapolation
of experimental values of gi(x, Q2) from mean values of Q2 in given a; to a common
value of Q2 is needed. In order to do that a QCD fit to gi(x,Q2) was performed,
in the next-to-leading order in as and in the Adler-Bardeen renormalization scheme
[84]. Using results of this fit values of g\ at a common QQ were obtained by adding
a difference between fitted g\ at Qoan& Q2 *° 9i a* measured Q2.
The integral of gf(x) over the range of x measured by the SMC and for Ql = 10
GeV2is
/ ' dx£(x,Ql) = 0.139 ±0.006 ±0.008 ±0.006,
(75)
J0.003

where the first error is statistical, the second one is systematic and the third one
is from the Q2 evolution. Contributions to the systematic error of the integral (75)
are the errors of A^, JP^ and kinematic smearing.
The integral of g\{x) over unmeasured region of x > 0.7 was estimated assuming
A\(x > 0.7) = 0.7 ± 0.3. It is equal to fl7 dxg{(x, Q2) = 0.0015 ± 0.0006.
The integral of g^{x) over unmeasured region of small x < 0.003 was estimated
by using two methods. The first assumed Regge behaviour [85] g\ = Bx~a with
a = 0. The coefficient B = 0.69 ± 0.14 was obtained from the fit to first three
points at small x. The value of $M3 dx$(x,QQ = 0.002 ± 0.002 was obtained,
where the extrapolation error of 100% was assumed. The second method used
an extrapolation of QCD fit from which S£m3 dxg%(x, Ql) = -0.011 ± 0.011 was
obtained. Major contributions to the error from the second method are due to
uncertainties in the renormalization and factorization scales. Both extrapolations
are presented infig.20. The errors from the extrapolation to small x were combined
with the error 0.006 from the Q2 evolution. The values of these errors are 0.014 and
0.006 for the QCD and Regge method, respectively. Since the data do not favour
any of these methods of. extrapolation the SMC quotes both results assuming the
bigger error 0.014.
The values of T? from the SMC data at Q2 = 10 GeV2 are:
• for Regge extrapolation for small x
Tp! = 0.142 ± 0.006 ± 0.008 ± 0.014,

(76)

• for QCD extrapolation for small x
r? = 0.130 ±0.006 ±0.008 ±0.014,

(77)

where the first error is statistical, the second is systematic and the third one is from
the extrapolation and the Q2 evolution.
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Figure 20: Structure function xgi(x) at Q2 — 10 GeV2. The data are shown with
total errors. Continuous line represents the QCD fit and dashed line represents the
extrapolated Regge function Bx~a.
The integral from gf(x) over measured region and for Q2 = 10 GeV2 is equal to
f ' dxgf(x, Ql) = 0.0407 ± 0.0059(siai.) ± 0.0035(syst.) ± 0.0030(evol.)/ (78)
J0.003

The meaning of errors and sources of systematic errors are the same as for the
proton.
The integral of gf(x) over unmeasured region of x > 0.7 was estimated assuming
Ax{x > 0.7) = 0.4 ± 0.6. It is equal to fl7dxg{(x,Ql) = 0.0006 ± 0.0009.
Contribution from the unmeasured region of small x was estimated by extrapolation of a constant fitted to first two points and the value of JQ'003 dxgf(x,Ql) =
0.0000 ± 0.0009 was obtained.
The SMC value of T( for Ql = 10 GeV2 is
= 0.0414 ± 0.0059(siat.) ± 0.003(syst.)7 ± 0.0030{evol.).

(79)

In both small-rr extrapolations the values of Ff (76, 77) are considerably smaller
than the Ellis-Jaffe prediction (50) Ff = 0.170 ± 0.004. Using eqs. (42, 43, 44) the
strange sea spin contribution is found As = —0.08 ±0.06 (Regge) or —0^12 ± 0.06
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(QCD). Similarly, the first moment rf (79) is smaller than the Ellis-Jaffe value (50)
F? = 0.071 ± 0.003 and As = -0.09 ± 0.03, in agreement with the proton data.
Combining the results for F^ (76) and for Tf (79) the experimental value of the
Bjorken sum rule is found
I* - I1? = 0.195 ± 0.029.

(80)

The error in eq. (80) represents the total error, including statistical errors and
systematic errors calculated with all correlations between systematic errors taken
into account. The value (80) is in good agreement with theoretical value (47) F^ —
F? = 0.186 ± 0.003.
The singlet axial charge ao, determined in the combined analysis by the SMC
at Q2 = 10 GeV2, is 0.34 ± 0.17 (Regge) or 0.22 ± 0.17 (QCD), where the error is
the sum of the statistical and systematic errors combined in quadrature. In QPM,
a0 is identified with the total quark spin in the nucleon. It is significantly smaller
than expected value. This observation, originally done by the EMC [1], was dubbed
the spin crisis. It is known, however, that ao is modified by axial anomaly [14, 15]
in a way dependent on the renormalization scheme. For example, in Adler-Bardeen
scheme A S is constant and the Q2 dependence of a0 is due to the gluon term:

^ p -

(81)

The SMC determined AG = 0.9 ± 0.3(esp.) ± l.(theor.) at Q2 = 10 GeV2 in QCD
analysis of all available deep inelastic scattering data [6]. As seen from these numbers, theoretical uncertainty of the result is about 100% which shows limitations of
this method and justifies an urgent need for a direct measurement of AG.
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5.3 Quark Spin Distribution Functions
Polarized semi-inclusive measurement is so far a unique tool to determine the
valence and sea quark spin distributions. Inclusive asymmetries A\ and Af and
semi-inclusive asymmetries A^f and A^~ were analysed in the framework of QPM
in refs. [12, 13]. In this analysis quark spin distributions of valence quarks and
non-strange sea quarks were determined by using formulae (18, 31).
Inclusive asymetries depend on spin-independent quark distributions, spin-dependent
quark distributions and the structure function R. Semi-inclusive asymmetries, in
addition, depend on fragmentation functions. In the SMC analysis the NMC and
SLAC parametrizations [78, 41] of R were used. At Q2 = 10 GeV2, which was the
mean Q2 of the SMC data for Q2 > 1 GeV2, R decreases from 0.15 at x = 0.005 to
0.07 for x = 0.5. The same R was assumed for all asymmetries. For spin-independent
quark distributions, parametrization of ref. [88] was used. Fragmentation functions
of u quarks into charged pions, kaons and protons were measured by the EMC [114].
Fragmentation functions of d and s quarks and all antiquarks were found from the
measured ones using additional assumptions, as discussed in appendix B.
In order to reduce the number of variables it was assumed that polarized sea is
SU(3) /-symmetric,
Aq(x) = Au(x) = Ad(x) = As(x),
(82)
and that spin distributions of sea quarks and antiquarks are equal.
Asymmetries (18, 31) constitute an overdetermined system of six equations for
three unknowns Auv(x), Adv(x) i Aq(x). These equations are correlated, as discussed in appendix A. The matrix of coefficients of this system of equations is given
in appendix D. The system of equations was solved by the least squares method
and using the full covariance matrix. The results are displayed in fig. 21. As seen
in the figure the statistical error of Aq(x) for x > 0.3 is larger than q(x), which
is the upper bound for |Ag(z)|. In this region, in order to reduce the errors for
valence quark spin distributions Auv(x) and Adv(x), Aq(x) = 0 was assumed and
the system of equations was solved for two unknowns. The values for valence quarks
are shown with open points in fig. 21. Apart from systematic errors from asymmetries the major contributions to the systematic errors are due to assumptions about
fragmentation function of s quark, which was not measured, and the uncertainty of
spin-independent quark distributions. As seen in fig. 21 the valence up quarks are
positively polarized and the polarization of valence down quarks is negative. Light
quark sea does not exhibit any non-zero polarization within errors over the whole
measured range of x. In fig. 22 the polarizations of valence quarks Aqv(x)/qv(x) are
presented. Mean polarization is about +50% for uv quarks and —50% for dv quarks.
For uv quarks it tends to increase with x\ for 0.003 < x < 0.06 (first six points) it
is equal to 0.18 ± 0.10 and for 0.06 < x < 0.7 it is equal to 0.57 ± 0.05. Lack of
any polarization of the sea is also seen in fig. 23, where Aq(x)/q(x) is shown. In
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Figure 21: Quark spin distributions xAuv(x), xAdv(x) and xAq(x). Errors on data
points are statistical and shaded areas represent systematic uncertainties. Curves
are lower and upper bounds from unpolarized quark distributions.
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Figure 22: Polarizations Aqv(x)/qv(x) for valence u and d quarks. Only statistical
errors are shown.
last two bins of x, Aq was set to zero, as mentioned above and these points are not
shown. The preceding three data points were combined into one, in order to reduce
the error.
An important test for consistency of the method and of the results is comparison
of 6[<7i(a;) — gi(x)] and Auv(x) — Adv(x). These two quantities should be equal
in QPM, provided the polarized sea is 5'?7(2)/-symmetric. The first quantity is
determined only from inclusive asymmetries and the second one can be determined
only from semi-inclusve asymmetries. A good agreement is found between both
quantities, as seen in fig. 24. Discrepancy observed for the last point has its origin
in a low value of Afp for this x. It was checked that it cannot be due to unstable
spectrometer acceptance.
The same method was used for evaluation of the polarized quark distributions
with no assumption about Sr£7(2)^-symmetry of the sea quarks. In this case Au(x)
and Ad(x) are independent variables. The results are shown in fig. 25. The same
behaviour as with assumption AM = Ad is seen for the quark spin distributions
but errors are significantly larger, especially for the valence and sea d quarks. In
particular, there is no difference between Au(x) and Ad(x) within errors.
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Figure 23: Polarization Aq(x)/q(x)
errors are shown.

for the non-strange sea quarks. Only statistical
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Figure 24: Difference between proton and neutron structure functions,
9i(x)} (°Ven points) and difference between valence u and d quark spin distributions, x[Auv(x) — Adv(x)}, determined only from semi-inclusive asymmetries with
an assumption Au(x) — Ad(x) (black points).
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Figure 25: Quark spin distributions xAuv(x), xAdv(x), obtained without assumption
about isospin symmetry of the polarized sea. Errors are statistical only.
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Table 1: Values of integrals over x from quark spin distributions with assumption
about isosymmetric sea (upper table) and without this assumption (lower table). The
first column contains contributions from unmeasured region of small x, the second
from the measured region of x and the third is the sum of first two.

Au(x) - Ad(x)
X

Auv
Adv
X

Aq
X

Auv
Adv
X

Au
Ad

0.003 - 0.7
0-1
0 - 0.003
0.04 ± 0.04
0.73 ±0.10 ±0.07
0.77 ±0.10 ±0.08
-0.05 ± 0.05 -0.47 ±0.14 ±0.08 -0.52 ±0.14 ±0.09
0 - 0.003
0.003 - 0.3
0-1
0.00 ±0.02
0.01 ± 0.04 ± 0.03
0.01 ±0.04 ±0.03
Au(x) ^ Ad(x)
||
0-1
0 - 0.003
0.003 - 0.7
0.72 ±0.11 ±0.06
0.04 ±0.04
0.76 ±0.11 ±0.07
-0.05 ± 0.05 -0.45 ± 0.30 ± 0.25 -0.50 ± 0.30 ± 0.25
0 - 0.003
0.003 - 0.3
0-1
0.00 ± 0.02
0.01 ±0.05 ±0.01
0.01 ±0.05 ±0.02
0.00 ±0.02
0.01 ±0.14 ±0.12
0.01 ±0.14 ±0.12

5.4 Moments of Quark Spin Distributions
For evaluation of moments of quark spin distributions an extrapolation to unmeasured regions is needed. Contributions from x > 0.7 are negligibly small. In the
region of x < 0.003 extrapolation is done with the analytic form of spin-dependent
quark ditributions from refs. [89, 90]. The values of integrals thus obtained are
much smaller than the integrals of unpolarized quark distributions over the same
arrange.
The values of the first moments are given in tab. 1.
Influence of the asumption on SU(3)f symmetry of the polarized sea on the result
was investigated in detail. For this only the assumption of the isospin symmetry of
the sea was made and the strange sea was assumed to be proportional to the nonstrange sea. The coefficient of proportionality was varied from 0.25 to 1.5 and only
change of the first moments of valence quarks of the order 0.01 was found. Similar
effect was for taking As(x) from ref. [89]. It was concluded that the results are
not sensistive to the strange quark sea distribution. An improvement of the method
would be eventually a measurement of asymmetries of charged and neutral kaons,
which is planned in the COMPASS experiment [22].
If the spin distributions Au(x) and Ad(x) were not assumed to be equal and
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Table 2: The values of the first and second moments of valence quark spin distributions obtained from the SMC analysis of spin asymmetries, compared with the values
from weak decay constants F and D (for the first moments) and from lattice QCD
calculations (for the second moments).
First moment
Weak decay constants F and D

SMC experiment

AuW

A4 22)}
A4

|

0.77 ±0.10 ±0.08
-0.52 ±0.14 ±0.09
Second moment

0.92 ± 0.02
-0.34 ±0.02

SMC experiment

Lattice QCD

0.155 ±0.017 ±0.010
-0.056 ±0.026 ±0.011

0.189 ± 0.008
-0.046 ± 0.003

As(x) = As(x) = ^[Au(x)+d(x)] results from the lower part of tab. 1 were obtained.
These results are consistent within errors with those with 5rE/'(2)/-symmetricsea but
errors on distributions and moments of valence d quarks and sea quarks are much
bigger.
The values of the first and second moments of Auv{x) and Adv{x), as determined
from inclusive and semi-inclusive asymmetries in deep inelastic scattering, can be
compared with first moments obtained from weak decay constants F and D (53, 54).
The second moments of these spin distributions can be compared to lattice QCD
calculations [91]. The values obtained from weak decay constants F and D strongly
depend on the assumptions of SU(3)f symmetric quark sea and of SU(Z)f symmetry
for weak decay constants of baryon octet. The results obtained from inclusive and
semi-inclusive asymmetries in polarized deep inelastic scattering are insensitive to
any SU(3)f assumption, as discussed above. However, the other assumptions were
done for this method, e.g. about fragmentation functions, which do not affect the
values obtained from F and D. Comparison of the first and second moments is
shown in tab. 2. Good agreement is found between the SMC results and values of
the first and the second moments obtained by two other, independent methods.
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5.5 Search for Anomaly at High x
Conservation of the axial current is violated by a triangle diagram called AdlerBell-Jackiw anomaly [14, 15]. As shown in refs. [16, 17] such process affects the
singlet part of the first moment of g\{x) structure function giving a contribution of
gluons to this moment, independently of Q2. This term is proportional to AG in
formula (81) for the singlet axial charge. It can be determined from QCD analysis
of #1 structure function but in practice it appeared to be difficult [6], as discussed
in chapter 5.3.
Axial anomaly does not have to be interpreted in the framework of perturbative
QCD. Another interprtation was proposed in refs. [18, 19] where anomaly is discussed in the framework of a non-perturbative picture of the nucleon. There is no
a priori argument that anomaly is a small-a; effect. For large x the nucleon can be
considered as a system of three constituent quarks. Each valence quark moves in a
colour background mean field which can be identified with anomaly and possess a
non-trivial spin structure. Such background field can affect the net polarization of
a quark.
As suggested by S.D.Bass in ref. [18] an ideal tool for search for anomaly would
be C-odd quantities, e.g. the structure function gz or semi-inclusive asymmetries for
difference of charges [20]. Quark spin distributions determined from these observables are not affected by anomaly and, by comparing them with spin distributions
obtained from C-even asymmetries, such as .Ai and A±~\ the anomaly could be determined. So far there is not much data on the C-odd asymmetries and any search
for this effect has to be restricted to fits of expressions with anomalous terms to
asymmetries with C = + 1 . If K(X) denotes the anomalous term, representing the
colour background field, then the quark helicity distributions are modified:
q(x, Q2)± -» q(x, QY

±

\K(X,

Q2).

(83)

Contributions from sea and R are negligible for large x. Assuming the anomaly (83)
the inclusive asymmetries on the proton, neutron and deuteron are

where CU^,K are numerical coefficients and / represents u or d quarks or the anomaly
K. For semi-inclusive asymmetries it has to be assumed that the anomaly fragmentation function DK factorizes from its distribution K(X), as it does for quarks.
Semi-inclusive asymmetries for a hadron of given charge are equal to
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Fragmentation functions were integrated over 0.2 < z < 1. The C*j[J are numerical coefficients and D*j are linear combinations of fragmentation functions into
positively (negatively) charged hadrons. The DK is a fragmentation function of the
anomaly into a hadron of any charge. It is not known experimentally and there is
no theoretical prediction for it. It was implicitly assumed in ref. [92] that anomaly
fragments into a hadron with the same probability as a quark, which is not justified.
It is fair to assume that the anomaly is an isoscalar, as gluons are, and therefore is
the same for positive and negative pions. It can be determined by comparing the
inclusive asymmetry on deuteron Af and semi-inclusive asymmetry on deuteron for
any positive, negative and neutral hadron A£}m 2 Fragmentation functions for neutral particles TT°, 77, w, Ks{L)i n a n < i ™ were obtained from measured fragmentation
functions [114] using similar assumptions as those for charged hadrons.
The asymmetry A]$m is equal to
— ,

(86)

where
.4 =

—£>i H D2 3
3
^ ~ 1.68Z?K.
Formula (86) can be rewritten to the form

z
(87)

(ajjQ2)

and, substituting Af = | k and comparnig eq. (88) to Af, we get
DK~0A2A.

(89)

In ref. [21] the world data on inclusive asymmetries on proton [1, 6, 8], deuteron
[51, 73] and neutron [7, 10, 9] and semi-inclusive asymmetries on proton [1, 13]
and deuteron [13] were analysed. Only the region at x > 0.15 was considered.
Possible effects of Q2 scale mixing by anomaly were neglected. No (J2~clependence
of asymmetries was assumed, consistent with results discussed in chapter 4.4. The
parametrization of ref. [88] was used for unpolarized quarks. Data from different
experiments were combined in bins of x used by the SMC. All inclusive asymmetries
are shown in fig. 26 and semi-inclusive asymmetries in fig. 27. System of seven linear
equations for Ait(z), Ad(x) and K(X) was solved by the least-squares method. Full
coefficient matrix is given in appendix E. Resulting quark and anomaly distributions
are listed in tab. 3. Values of integrals of Au(x), Ad(x) and K(X) for x > 0.15 are
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Figure 26: Inclusive asymmetries on proton (a), deuteron (b) and neutron (c). Black
points represent all data combined in SMC bins of x.

Figure 27: Semi-inclusive asymmetries for positive hadrons (left column) and negative hadrons (right column) on proton (upper row) and deuteron (lower row).
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Table 3: Values of Au, Ad and K at < x > for x > 0.15. The first error is statistical
and second is systematic.
X

<x >

0.15-0.2
0.2-0.3
0.3-0.4
0.4 - 0.7

0.17
0.24
0.34
0.48

Au(x)
1.159 ±0.092 ±0.037
0.919 ±0.067 ±0.027
0.693 ±0.076 ±0.022
0.376 ±0.045 ±0.011

Ad(x)
-0.636 ±0.084
-0.535 ±0.065
-0.185 ±0.073
-0.156 ±0.047

K(X)

±0.030
±0.024
±0.020
±0.007

0.051 ±0.058 ±0.011
0.065 ±0.045 ±0.009
-0.009 ±0.050 ±0.004
0.021 ±0.031 ±0.004

Table 4: Integrals of Au, Ad and K. The first error is statistical and the second is
systematic.
X

f dx Au(x)
J dx Ad(x)
f dx K(X)

0.15-0.7
0.396 ±0.018 ±0.005
-0.184 ±0.018 ±0.004
0.013 ±0.012 ±0.002

0.7-1
0.048 ±0.002 ±0.001
-0.024 ±0.002 ±0.001
0.002 ±0.002 ±0.0003

0.15-1
0.444 ±0.019 ±0.005
-0.208 ±0.018 ±0.004
0.015 ±0.013 ±0.002

given in tab. 4. Contributions from the unmeasured region x > 0.7 were obtained
from extrapolation of the analytic form A(l — x)Bxc, fitted to measured points. As
seen from tab. 4, the integral foil5dxK,(x) = 0.015 ± 0.013(siai.) ± 0.002(syst.) is
consistent with zero within one standard deviation.
An improvement of statistical accuracy of this result is expected from the COMPASS experiment [22], presented in chapter 6.2. For example, adding the COMPASS
data points to this analysis results in the error of the integral of K(X) equal to ±0.004.
2

Neutral hadrons were not taken into account in ref. [18].
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6.

Interpretations and Perspectives

6.1 Summary and Discussion
• Discussion of the SMC results
Experimental confirmation of the Bjorken sum rule is a fundamental result of
both CERN and SLAC experimental programs. Experimental values agree with
theoretical predictions within one standard deviation in independent experiments.
Prediction for the right hand side of the Bjorken formula is based on precisely known
weak decay constants and quantities calculable in perturbative QCD. Therefore this
sum rule is commonly considered to be a strong theorem and its experimental confirmation justifies an application of QCD to description of the nucleon spin physics.
It has to be noted, however, that the precision of theoretical prediction for the
Bjorken sum rule is still much better than the value measured by the SMC and
SLAC experiments.
Experiments on the electron beam at SLAC [7, 8, 9, 73] and DESY [10] measure
asymmetries with better precision than the SMC in the overlap region. However, the
SMC data cover considerably wider range of x. The SLAC data from all experiments
have larger systematic errors from extrapolations to their unmeasured regions of
small x which, as seen from discussion of inclusive proton data of the SMC in chapter
5.2, plays crucial role in determination of the first moments of gi(x). Moreover,
SLAC results are obtained at significantly lower average Q2 (1 — 5 GeV2) than the
average Q2 of SMC which is 10 GeV2. Applicability of perturbative QCD at low Q2
is always a matter of discussion. Therefore the results from CERN are more useful
for testing QCD as compared to those from SLAC.
The E154 Collaboration at SLAC, which performed so far the most precise statistically measurement of </", quotes for the Bjorken sum rule the value F? — F" =
0.163 ± 0.010(stat.) ± 0.016(syst.) at Q2 = 5 GeV2. Theoretical value of r? - F? at
this Q2 is 0.171 ± 0.008, so that also in this case the theoretical error is almost two
and a half times better than the total experimental error (the statistical and systematic errors combined in squares). It is therefore premature to talk about a decisive
experimental test of the Bjorken sum rule. This theorem still should be tested experimentally with higher accuracy to be really valuable for theory. It should be also
noted that both CERN and SLAC statistical errors are smaller than the systematic
ones which indicates a need for a new generation of experiments.
Violation of the Ellis-Jaffe sum rule was confirmed. The first moments of the
structure functions gi(x) are lower than original predictions. This effect is rather
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insignificant in the case of E142 experiment [7] but it is at the level of a couple of
standard deviations for other experiments. A predictive power of the Ellis-Jaffe sum
rules is theoretically weaker than the Bjorken sum rule, because the former are based
on a strong assumption ao = «s- An interesting phenomenological consequence of
the violation of the Ellis-Jaffe sum rules is that, in terms of QPM, strange quark
sea is negatively polarized.
The shapes of spin-dependent structure functions gi(x) are not surprising. Their
important feature is a difference in sign between gf(x), which is positive, and gi(x),
which is negative, except for high x. Interpreting g\ structure functions in QPM,
as a weighted sum of quark spin distributions (18), this difference in sign reflects
the same features of the quark polarizations, which are positive for u quarks and
negative for d quarks. Therefore the ratio of spin-dependent structure functions of
the neutron and the proton, gi(x)/g%(x), is negative at small x, whereas the same
ratio of spin-independent structure functions F"(x)/Fi(x) is always positive. The
proton structure function g^{x) does not exhibit any x-dependence for small x. A
tendency is seen for the neutron structure function g"(x) to depend weakly on x at
small x, in the region where gf(x) does not differ from a constant. The values of
g™(x) approach zero at lower x than gi(x). It would be very interesting to see a
behaviour of gi(x) and g™(x) for x below 10~3. Although the SMC has measured
spin asymmetries at x as low as 10~4, with a dedicated hadron trigger, but Q2 was
about 0.01 for the lowest x in that measurement. Also for the standard triggers the
requirement of Q2 > 1 GeV2 can be released and the asymmetries can be measured
down to x = 10~3. However, for such small Q2 the applicability of the perturbative
QCD breaks down and, in particular, the coefficient C^s for the Bjorken sum rule
cannot be calculated perturbatively. Therefore the SMC used only data with Q2 > 1
GeV2 for tests of sum rules. A domain of very small x at high Q2 can be eventually
measured in future projects with polarized colliding beams at HERA in Hamburg.
A difference in sign between u and d quarks follows from the SU(6) symmetry
of the proton wave function. This difference in sign is also seen in spin distributions of valence quarks AuK(x) and Adv(x) obtained from the semi-inclusive analysis. Potentially interesting effect is an observed significant increase of polarization
Auv(x)/uv(x) with x, not found for Adv{x) j dv{x). However, the data points of
Adv(x) have bigger errors than Auv(x).
A lack of any visible polarization of the light quark sea is at first sight surprising.
In view of non-zero values of g\{x) and g"(x) at small x, where unpolarized sea
dominates over unpolarized valence quarks, a non-zero polarization of sea quarks
might be expected. It appears that valence quarks are sufficient to explain the
behaviour of asymmetries at low x, although the probability to find any valence
quark there is small. Non-strange sea quarks are unpolarized for all measured x and
their integral is consistent with zero but the difference between their total spin and
the negative polarization of strange quarks is still not significant statistically.
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However, the interpretation of asymmetries in QPM, as presented so far, "is most
likely oversimplified because of ignoring gluons. This concerns equally our claims
about negative As, consistency with zero of Aq and also our interpretation of a0 as
the total spin of quarks in the nucleon. Spins of quarks are screened by anomaly
(81, 83). If anomalous term is different than zero and opposite in sign to quark
polarization it could compensate quark polarization to large extent. The value of
AG as determined by the SMC is known with a large error. The main uncertainty
came from the theory. Therefore even more precise data expected soon from E155
experiment at SLAC are unlikey to enable much more precise determination of AG
by this method [93].
A good agreement is seen between moments of spin-dependent valence quark distributions Auv(x) and Adv(x) as measured by the SMC and those determined from
weak decay constants F and D (first moments) and from lattice QCD calculations
(second moments). The SMC result has lower precision than F and D prediction
and lattice QCD prediction. This also justifies further experimentation in the field.
Contrary to inclusive results, the semi inclusive measurements still have room for
improvements in statistical accuracy, since the statistical errors are larger than the
systematic ones.

• Selected Issues Related to the Nucleon Spin Structure
It has been noted in refs. [42, 94] that the assumption underlying the Ellis-Jaffe
sum rule, do = ag, is equivalent to the Okubo-Zweig-Iizuka (OZI) rule, also known
to be violated. If a nature of the OZI and the Ellis-Jaffe rules breaking is the same
than the spin deficit could not concern nucleons only. According to these authors
it can be a universal feature of the axial current and not of a structure of a given
hadron. In the Adler-Bardeen renormalization scheme the (^-dependence of the
singlet axial current is found only in the term as(Q2)AG(Q2) (81), whereas AS is
scale-independent. This indicates that gluons can be a common source of the OZI
and the Ellis-Jaffe rules breaking. Experimental verification of such hypothesis of
universality requires a measurement of spin-dependent cross sections on hadronic
targets different than nucleons. This can be done using a nucleon as a real target
but measuring the target fragmentation kinematic region. Such process is shown in
fig. 28. The final state hadron h can be a target spectator fragment, i.e. a part of
the target H which does not interact hardly with a photon. An interacting fragment
i carries quantum numbers being the difference of those of particles h and H. The
universality hypothesis can be formulated in the form
ao{Q2) = s(Q2)a°ZI,

(90)

where s(Q2) is a universal suppresion factor. In particular, for the proton or neutron
a°ZI = a8
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Figure 28: Diagram of semi-inclusive scattering with detection of a hadron h from
target fragmentation region.
It is not known at present, whether violation of the OZI rule in deep inelastic
scattering data is consistent quantitatively with a violation of the same rule in
production of <p in pp annihilation, as observed at CERN [95] and KEK in Tsukuba
[96]. The 4> meson is almost pure | ss > state. According to OZI its production
should be suppressed by a factor of 10~5, as compared to non-strange mesons, which
is in disagreement with data. According to hypothesis of ref. [97], both observations,
the strange sea polarization and the anomalous <j) production, are related to each
other and are due to an abundant intrinsic strangeness component in the nucleon
wave function.
The s(Q2) factor in eq. (90) should not depend on the hadron type. In particular,
for i being the Pomeron, s(Q2) can be related to the topological susceptibility of
vacuum x'(0). Experimental determination of x'(0) would be important for theory
[94, 99]. This quantity was never calculated analytically in general case and will be
calculable in lattice QCD in future.
An effective hadronic target can be chosen by selecting the final-state hadron
h and is represented by an upper hadronic vertex in fig. 28. The cross section for
such process can be expressed by the fracture functions (29-37) which depend on x,
z and Q2 and do not factorize into parts depending on x or z. For hadrons h with
z —> 1 the fracture function can be approximated in Regge model [94] as follows:
z),t,Q3),
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(91)

where t is the four-momentum of i. The g\ is the spin-dependent structure function
of the Reggeon i. The a,(i) is the slope of Regge trajectory of i. The requirement
of high z for target fragments is difficult to realize experimentally because the cross
section in this kinematic domain is rather small. But an examination of the universality hypothesis (90) in the target fragmentation region remains in the scope of the
COMPASS experiment [22].
An interesting measurement of spin-dependent diffractive production of p° was
proposed in ref. [100]. In this case hadrons H and h are the same, e.g. protons, i
is a Pomeron and p° is produced in the upper hadronic vertex in fig. 28. If virtual
photon's energy is large, the cross section for this process depends on target structure
functions at small x and the main contribution to the asymmetry originates from
the polarized gluon structure function AG. There are no yet simulations of this
process for measurements in fixed target experiments. In particular, it is not known
whether the domain of high Q2 and v for such events can be measured with high
statistics.
Presently the most promising way to measure gluon polarization in the nucleon is
an open charm lepto- and photoproduction. This subject is discussed in chapter 6.2
as the main part of the COMPASS project. Another proposal is the measurement of
events with high pr jets. These ideas were presented in refs. [101] and [104]. Quarks
produced in the photon-gluon fusion process (as in fig. 29) have larger transverse
momenta than quarks from other subprocesses. By selecting this class of events
(e.g. px > 5 GeV/c) and measuring spin asymmetry of them it is possible to extract
AG/G. In the limit of the highest px which at given x and Q2 is of the orsder of
y^rQ2, the background from other processes is strongly suppreessed. The authors
derived formulas for asymmetry of these events using the variable A = Q2 jAp\.
There exist simulations of measurements of correlated jets at high p? for future
experiments [102].
In order to check the most fundamental spin sum rule for the nucleon

i = iAS + AG + L,

(92)

one has to determine also the total orbital momentum of the nucleon constituents
Lz. At present there is no experimental indication on how big Lz could be. Also
from theory point of view this question remains open. For example, in the soliton
model of the nucleon [98] its whole angular momentum is due to the orbital motion.
There are proposals to measure this quantity.
The first such proposal [23] incorporates a quasi-classical model of the nucleon as
a rotator. It is assumed that constituent quarks have intrinsic momenta distributed
isotropically in space and with Gaussian distribution of magnitudes with a mean
value about 0.4 GeV. If the nucleon is polarized perpendicularly to the virtual
photon, or to the beam direction, quark intrinsic transverse momenta acquire an
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additional transverse momentum from orbital motion. In the unpolarized proton
the intrinsic momenta of constituents are distributed isotropically in configuration
space, whereas in the polarized one they constitute an ellipsoid with its longer
axis oriented perpendicularly to the target spin and to the beam direction. The
ratio of an ellipsoid axes is a measure of an angular momentum. It is proposed to
measure azimuthal angles of hadrons produced in deep inelastic interactions. This
azimuthal angle is defined by two planes. The first plane is spanned by the photon
momentum vector and the target spin direction. The second plane is defined by
the photon momentum and the hadron momentum. Distribution of such defined
azimuthal angle is flat if there is no orbital motion of constituents. An orbital
motion gives an excess of hadrons produced in the plane transverse to the nucleon
spin. A simulation of this effect was performed in ref. [24]. However, this model
is somewhat oversimplified. The most controversial approximation is neglecting
of possible azimuthal asymmetries, predicted by QCD even for unpolarized deep
inelastic scattering, as discussed in ref. [103].
It has been proposed recently in ref. [25] to study deeply virtual Compton scattering (DVCS). In this process the virtual photon is absorbed by a quark in the
nucleon and excites it. Then the nucleon deexcites and radiates a real photon. The
whole QCD energy-momentum tensor contributes to the cross section for DVCS process and not only its forward part. Thus the cross section depends on the off-forward
distributions of quarks and gluons which are more general parton distributions than
those measured in usual deep inelastic scattering without real photon emission. The
cross section depends on four nucleon formfactors. Two of them describe the process without nucleon helicity flip and remaining two with helicity flip. In order
to reduce the number of independent variables to be determined experimentally,
the nucleon polarization in the final state should be measured, which considerably
complicates an experiment. In ref. [25] the Q2 evolution equations were given for
off-forward quark and gluon distributions. Polarizations of quarks and gluons were
obtained by extrapolating the second moments of the formfactors to the limit of
small four-momentum transfer.
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6.2 COMPASS - the New Experiment on the Muon Beam
at CERN
In the last decade, there have been seven deep inelastic scattering experiments
devoted to the nucleon spin structure: two on the muon beam at CERN (EMC
and SMC), four on the electron beam at SLAC (E142, E143, E154 and E155) and
one on the electron beam at DESY (HERMES). Although some results are still not
published, it is already known today that complete understanding of the nucleon
spin structure will not be achieved in present generation of experiments. The principal open issues are the gluon polarization and the orbital angular momentum, as
discussed in chapter 6.1. The muon part of the new experiment NA58 of the COMPASS collaboration at CERN [22] will be mainly devoted to the measurement of the
polarization of gluons. It was approved and is currently in the phase of construction
at CERN. In this chapter we present the physics program of COMPASS on longitudinally polarized targets, viz. gluon polarization, gi(x) structure functions and
polarized quark spin distributions. A part of this program is a continuation of the
SMC physics program.
Simulations were done assuming 100 GeV muon beam of intensity 2 x 108 per SPS
pulse, which is four times higher than for the SMC beam. The muon polarization of
80% was asumed. The running time of 2.5 years was shared as 2:3 between proton
and deuteron targets.
The spectrometer will be equiped with two bending magnets.
The first magnet will be situated close to the target and will be used to measure
particles at large angles, up to 180 mrad. This is useful for measurements of decay
products of charmed particles, for precise measurement of the polarized structure
functions and quark spin distributions at high x and also for hadrons from the
kinematic region of target fragmentation.
The second magnet will be the FSM, the same as used by the previous experiments on the muon beam at CERN.
:
An enhanced angular acceptance of the spectrometer requires also a serious modification of the polarized target, such that particles emerging from the interaction
vertex at the beginning of the first cell will not be absorbed in the target magnet
and shields surrounding it. A new target solenoid is needed with a diameter twice
as big as the SMC. It has to satisfy high requirements of magnetic field homogenity
~ 10~4, similar to those of the SMC target solenoid. This magnet represents one of
the major financial expenses of the Collaboration.
Contrary to the SMC, hadrons will be identified in COMPASS. This is undispensible for measurements of gluon polarization and for semi-inclusive asymmetries
used for determination of polarized quark distributions. For this purpose the ring
image Cherenkov detector (RICH) is being designed.
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• Determination of the Gluon Polarization in the Nucleon
The COMPASS experiment will measure the ratio of the first moments of polarized to unpolarized gluon structure functions, AG/G, from asymmetry of spindependent cross sections for open charm production. This method was suggested in
theoretical papers [104] and [105].
Consider a pair of heavy quarks, e.g. c and c, produced in deep inelastic scattering in the process of photon-gluon fusion, as in fig. 29. The cross section for this

Figure 29: Photon-gluon fusion process.
process is given by
2

dQ du
where

= T(E-Q2,v)a.•y*N-tccX

I

O e 2 ( l - y ) + y2

QWQ2 + v2

2TT

(93)

(94)

is the flux of virtual photons and E and v are the muon and photon energies and
y = u/E. The cross section for leptoproduction of charm o-~f*N~*ccX (Q2,v) is related
to the cross section for photoproduction of charm orfN~i'ccX [u) as follows:
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Figure 30: Cross sectons for photoproduction of charm as a function of photon
energy E-,: (a) spin-independent cross section o-fW-^coX^ ^j spin-dependent cross
section £\o~lN~*ccX. Curves correspond to three parametrizations of polarized gluon
structure function [109].
The parameter Mo = 3.9 GeV was determined from fits to experimental data on
charm production [106] and cross sections for photoproduction of charm were measured in many experiments [107].
In the COMPASS experiment the asymmetry
A/N-

_ M -ft

ex

cc l

A P = -^

' = PBPTfAc'N{y)

(96)

will be measured, where NCc are rates of events with charm production for the
parallel (ft) a n d antiparallel (t4-) beam-target spin configurations, PB is the beam
polarization, Px is the target polarization and / is dilution factor.
The muon asymmetry AC£N is related to the photon asymmetry A^N
ACC

_

f) ACC

(Q>7\

where D is depolarization factor, analogous to (12), given by formula
~i + (i-y)2'

(98)

The asymmetry A^N can be written in terms of spin-dependent and spin-independent
cross sections for charm production A0~~/N^c5X and a"iN^fc5X [108]. These cross sections are the convolutions of cross sections for elementary processes of photon-gluon
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fusion

Aa(J)=

T ' T ( r~ l o g

(99)

and

|

I ( 3 - ^ ) log i ^

(100)

with the gluon structure functions AG and G:

e2MEy

(101)

dso~(s)G(r),s)

In eq. (101) /3 — v/l — 4m2 /s is the center-of-mass velocity of charm quark of mass
m, s = (q + A;)2 is invariant mass of the photon-gluon system, q and k are photon
and gluon four-momenta and rj = s/2MEy is the fraction of the nucleon momentum
carried by gluon. Charm photoproduction cross sections for spin-independent and
spin-dependent cases are given in figs. 30a and b. Three curves for spin-dependent

b

10

Figure 31: (a) Three parametrizations of the polarized gluon structure function
r]AG(r]) [109] and unpolarized gluon structure function rjG(n) in Duke-Owens
parametrization, (b) gluon polariation AG(r})/G(r]).
cross section correspond to three parametrizations of spin-dependent gluon distribution AG of ref. [109], shown in figs. 31 together with spin-independent gluon
distribution G.
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As seen in fig. 30b, the spin-dependent cross section has a maximum for photon
energy 80 GeV, whereas the spin-independent cross section increases monotonically
with energy. The largest contribution to the photon-gluon fusion process is given by
real photons, i.e. at small Q2. The depolarization factor (98) increases with photon
energy. The beam energy of 100 GeV was chosen as optimal. The crucial issue in
setting trigger conditions in the experiment is to maximize an event rate at low Q2.
Monte Carlo simulation of the experiment was performed. For generation of
photon-gluon interactions the software package AROMA [110] was used and deep
inelastic scattering and quark hadronization was simulated by using standard LUND
generators [70].
About 60% of charm quarks fragment into D° mesons and 20% into D+. On
average 1.2 D° meson is found in one event with open charm. The principal decay
channel of D° is I? 0 —» K~ + ir+, with 4% rate. The overall probability of detection
of such decay, which were calculated taking into account the fragmentation function
of charm quark into D°, the branching ratio for this decay channel, the geometric
acceptance of the spectrometer and the reconstruction efficiency, is 1.4%. The probability of an accidental spurious event is 0.023 ± 0.016%. For all running time of 2.5
years it gives an error for asymmetry SA^N = 0.076. Further reduction of the background is possible by identification of D*+ which decay into D° and TT+ in strong
interactions. This can be done by calculating invariant mass of the K~ir+ir+ system.
Finally, the error of the asymmetry SA^N = 0.051 was obtained. It propagates to
the error on the gluon polarization S^r- — 0.11. In fig. 33 the muon and photon
asymmetries for open charm production are shown for three gluon parametrizations
ofrefs. [109].

• Determination of the Longitudinal Quark Spin
Distributions in the Nucleon
The COMPASS Collaboration plans to extent the program of the semi-inclusive
measurements on longitudinally polarized targets, realized earlier by the SMC [12,
13]. From an experience gained by the SMC the following conclusins for the future
experiment are drawn:
1. A significant increase of statistics is desired. The weakness of the SMC data
is an inability to conclude whether the non-strange sea carries significantly
different spin than the strange sea, determined from Ff1 . A rafinement of
the flavour analysis of the sea by releasing the assumption about the isospin
symmetry of the sea reduces further the statistical precision and makes the
results on the sea polarization even less conclusive, as it was discussed in
chapter 5.3. On the other hand, a separation of AM from Ad is very tempting
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Figure 32: Asymmetries for open charm production in (a) "fN and (b) fj,N interactions. Curves correspond to three parametrizations of ref. [109] for AG. Statistical
errors are shown.
in view of the NMC result [111] for the Gottfried sum rule violation. This result
is commonly interpreted in terms of flavour asymmetry of the unpolarized sea.
Enhancement of statistics will be realized in COMPASS by using a higher
beam intensity and more efficient data acquisition system, as compared to the
SMC.
;
2. It is important to improve the spectrometer acceptance for large x. This domain is interesting because the physical model of the nucleon can be simplified
for high x. Some theoretical concepts for non-perturbative effects [18, 19] and
for a power-law behaviour of Au(x) and Ad(x) [112] can be checked. Also,
increasing statistics in this region considerably improves the precision of moments of valence quarks.
3. It is worthwhile to improve the spectrometer acceptance for small z, i.e. in the
target fragmentation domain. This is an interesting kinematic region where
the factorization ansatz is broken. It is proposed [42] to examine a universality hypothesis for spin suppresion effect and to find a common and more
fundamental explanation for violation of the Ellis-Jaffe and the OZI rules.
An improvement of the spectrometer acceptance at high x and small z will
be ensured by a new, wide-angle magnet situated close to the target. About
a half of all recorded hadrons will have z < 0.2. This region was cut off in
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the SMC because the interest of this experiment was focused in the 'current
fragmentatio n process and because an acceptance for small z was poor.
4. An exceptional advantage of the mnon experiment is an accessibility of small-a;
domain. The region of x as low as 10~4 will be measured by using a dedicated
hadron trigger, as the SMC did3.
5. Hadron identification is very much desired. This allows for reduction of systematic errors of spin asymmetries. Moreover, measurement of kaons could
enable a measurement of As (a;), although an accuracy may still be poor. The
RICH counter enables an identification of pions and kaons with momenta
higher than 5 GeV.
The inclusive and semi-inclusive asymmetries for pions and kaons on the proton
target are presented in fig. 33. The errors correspond to one year of data taking. This
amounts to 30 millions events and 53 millions identified hadrons. Similar statistics
is expected on the deuteron target. Spin-dependent structure functions cfi(x) and
g((x) were determined from inclusive asymmetries and quark spin distributions were
determined from inclusive and semi-inclusive asymmetries. The results are shown
in fig. 34. The method was the same as the one used by the SMC.
Statistical errors for the first moments of quark spin distributions are:
8 / dxAuv(x) = 0.05
Jo
8 f dxAdv(x) = 0.07
Jo

5 f dxAq(x) = 0.02
Jo

8 I dxAs{x) = 0.11.

(102)

JO

Accuracies foreseen for 2.5 years of data taking in COMPASS are two times smaller
than those from, five years of the SMC.
3

Results from these data, have not yet been published.
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Figure 33: Asymmmetries
(e) K~ i (f) K°.

on proton target (a) inklusive, (b) TT+, (c) n~, (d) K+,
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Appendix A
Correlations Between Asymmetries
In order to determine the quark spin distributions from asymmetries (chapter
5.3) the correlations between asymmetries have to be taken into account {113]. Denote by iVM the total number of inclusive events in which the number N+^ of
positive(negative) hadrons is observed. The multiplicities of hadrons are n+(~) =
) /JVM. In order to find covariances of N+ and N~
cov(N+, N~) =< N+N~ > - < N+ >< N~ >

(103)

we calculate:

<N+N~> = <£>+)(£ nj)>

= <
>< n+n > + < N
+
= < N» >< n n~ > + < N
— < I V > < n+ ><< n~ >

+
- 1 ) >< n >< n ;>
n+ >< n~ > -

(104)

and

< //+(- ) > = < P > < ,
Substituting eqs. (104) and (105) to eq. (103) we get
cov(N+,N-)

(105)

=< JV" > cov(n+,n-) + a2(N») < n+ >< n~ >,

(106)

where ^(N^) is the variance of the number of events. Probability of interaction of
an incoming muon in the target is small. For example, in the data from 1993 the
total number of events was 107 whereas the total muon flux through the target was
1013. Thus it is reasonable to assume that N^.is distributed according to the Poisson
law. From this follows that cr2(A?''i) = N** and, substituting this to eq. (106), we get
cov{N+,N-) =< N» >< n+n~ > .

(107)

The same line of argumentation leads to the formula for covariances between
numbers of events and numbers of hadrons:
) =< N» >< n+<-> > .

(108)

From eqs. (106, 107) we build 12 x 12 covariance matrix for all numbers
iV+ and iV~ for two target cells and two target spin configurations. Then, it can be
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.

transformed to 3 x 3 covariance matrix of asymmetries A\, Af and A1 , by using
the matrices of derivatives, calculated from a simplified formula for asymmetries
(109)

)

where N{j (i,j = 1,2) are the numbers of events for the i-th cell and j-th. spin
configuration.
Doing this calculation we arrive to
< n+n >

cov (At,A, ) =

<

< n+H > < JV-H-) > '
(u0)

^ -

After dividing the covariances by the standard deviations we obtain the final formulae for correlations between asymmetries
/ A+ A-\

<n+n~

corr(Aj,Ax) =

22

corr{AuAt{-])

>

n+
+ >< n
n~2

f "+H > •

=

(111)

Correlation coefficients in bins of x for both targets are shown in fig. Al.
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Appendix B
Relations Between Fragmentation Functions of
Quarks Into Charged Hadrons
In order to obtain quark spin distributions from semi-inclusive asymmetries the
fragmentation functions of quarks into hadrons have to be known. Consider only
quarks and antiquarks u, d and s and only positive and negative pions, kaons and
protons. In total we have 36 fragmentation functions. A fragmentation function
is called favoured if the fragmenting quark is the valence quark of the final state
hadron. Otherwise it is called unfavoured. Starting from six known fragmentation
functions of u quarks into charged hadrons, determined by the EMC [114], the other
fragmentation functions are obtained by using the following assumptions:
1. Fragmentation functions are invariant under charge conjugation of the quark
and the hadron, e.g. D£ = D\ ,
2. Fragmentation functions are invariant under isospin transformation of the
quark and the hadron, e.g. D* = Dd ,
3. Favoured fragmentation functions of strange and non-strange quarks are equal,

e.g. Df = if",
4. Favoured fragmentation functions of non-strange quarks into strange hadrons
are equal, e.g. D*+ = D*f~,
5. Unfavoured fragmentation functions of strange and non-strange quarks into
non-strange hadrons are equal, e.g. D£ = Z?J ,
6. Unfavoured fragmentation functions of strange and non-strange quarks into
strange hadrons are equal, e.g. D% = D^+.
Assumptions 3-6 are well justified in the LUND string fragmentation model [70].
The complete list of fragmentation functions used in the SMC analysis [12, 13]
is the following:

D2 = Dl = Df = Dt = D? = D? = D? = Df = Df
D4 =

DK-=DK-=DK^

+
DK-=DK+=DK =Df=DK*.

=

De = Dl = Dpd = Dt = Dl = Dl = Dps=Dps
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= Dl

(112)

Appendix C
Relations Between Fragmentation Functions of
Quarks Into Neutral Hadrons
In the analysis of axial anomaly at high x in ref. [21] the fragmentation functions
of quarks into neutral hadrons were used. Using assumptions similar to those of
App. B they can be related [115] to known fragmentation functions as follows:

=Dff =Df
Df = ^D, + D2)
Df = Df=D2
D1 = D* = ^(Di + D3)

DKS

=

DKS

=

DKS

=

Dl =
Dl

= Dns = Dns = D? = DZ = D* = D* = D« = D6.

The fragmentation functions £>i,..,6 are defined by eqs. (112).
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(113)

Appendix D
Matrices of Equations for Quark Spin
Distributions
Define, for each quark flavour, sums of fragmentation functions over hadrons of
given charge, e.g. L>+ = D? + D«* + D?u, Dz = Df + D^~ + L>§, etc.
In order to determine the quark spin distributions from the asymmetries (chapt. 5.3),
we solve the linear equation:
A = MQ,
(114)
where A = (Al,Afp,Aip,Af,Afd,A^d)
matrix and its elements are:
mn
m 12
m13
m21

m3i

and Q = (Auv,Adv,Aq).

The M is a 3 x 6

=
= 1/Bi,
- 12/Bi,
= 4I>+/B 3 ,

=

= 5/B4,
m 4 3 = 24/B4,
m51 =

m63 =

[ 8 ( O :+ ^ ) + 2 ( D J + J D J + I ? 7 + 2 ? J ) ] / B 6 ,

where:

B2
B3

=
=
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(115)

B5
B6

=
=

(uv
(uv

dv)(4Dt
dv)(4D;

4D+ + D+
d)(4D~
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+ + Dj),

Appendix E
Matrices of Equations for Quark Spin
Distributions with Anomalous Term
Define, for each quark flavour, sums of fragmentation functions over hadrons of
given charge, e.g. £»+ = Lff + D*+ + D*, £ r = Df + D^~ + £>f, etc.
In order to determine the quark spin distributions from the asymmetries (chapt. 5.5),
we solve the linear equation:
A = MQ,
(117)
where A = (A?, Afp, Aip, A(, Afd, A^d, A^) and Q = (A«,Arf,/c). The M is a 3 x 7
matrix and its elements are:
mn

= 4/Bi,

m 1 3 = 6/Blt
m 21 = 8 D + / 5 2 ,
m 22 = 2£»+/B 2 ,
m23 =
16DK/B2,
m31 =
SD~/B3,
m 32 = 2Dd
™-33 =

m23,

m4i

= 5/B4,

m42

= m4i,

m 43 =
m51 =
=
=
m61 =

12/B4
2(4Z>+
m51,
24DK/B5,
2(4£>; +

"262. =

men,

m63

=

12/BQ,

rn7l
m 72

= 1/B 7 ,
= 4/B7,

m 73

= 6/S7,

where:
Bi

-

Au + d,
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(118)

B2
B2
B4

—
u
= 8uD~
= 5(u + d),

B7

= u + 4d.
(119)
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