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Chapter 1

Introduction
The atomic nucleus is built of protons and neutrons, spin | particles that are collectively
called nucleons. In 1968 an experiment [1] was performed at the Stanford Linear Accelerator (SLAC), in which electrons of 20 GeV energy were observed to scatter off pointlike
objects within nucleons. These constituents were called partons and were subsequently
shown to have the quantum numbers of quarks, which were proposed by Gell-Mann and
Zweig [2] to explain the hadron spectrum.
In the naive Quark Parton Model (QPM) a nucleon contains three spin | valence
quarks. The proton is formed by two u (up) quarks, each with electric charge | , and
one d (down) quark with charge — A. The neutron is an isospin mirror image of the
proton: it has two d quarks and one u quark. The valence quarks in either nucleon arc
surrounded by a sea of virtual quark-antiquark pairs. Besides the flavors u and d, the
sea also contains s (strange) quarks with charge — i. The heavy quarks c (charm), 6
(bottom) and t (top) do not play a role in the present discussion.
Quarks possess besides flavor, spin and charge another quantum number called color.
This can take three different values (red, green, blue). Antiquarks have the corresponding
anticolors (cyan, magenta, yellow). The nucleon and all other hadrons, bound systems
of quarks and antiquarks, are colorless (white).
In principle a complete dynamic description of the internal structure of the nuclcon
could be provided by Quantum Chromodynamics (QCD). According to this very successful field theory the quarks are bound by gluons, the gauge bosons of the strong
interaction. The quark colors are the charges associated with this interaction. As gluons
carry color themselves, they can interact with other gluons. As a result the strong coupling constant turns out to grow as the distance between quarks increases. Free quarks
have not been observed at large interquark distances: quarks are confined. When a quark
is knocked out of a nucleon by means of deep-inelastic scattering at high energy, part of
that energy is converted into quark-antiquark pairs, and a jet of hadrons is formed. At
small intcrquark distances the strong coupling constant is small and the: quarks appear
to be almost free. This phenomenon is called asymptotic freedom. It allows the use of
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perturbation theory within QCD at small distances, i.e. at high resolution.
The cross section for deep-inelastic scattering displays a phenomenon called scaling,
when the scattering centers are truly pointlike and free. If, on the other hand, binding
effects are revealed by increasing the resolution of the scattering probe, the cross section
displays scaling violations, i.e. a non-trivial dependence on the resolution. Scaling violations arc observed as predicted by perturbative QCD (pQCD). What, appears to be a
quark at a particular resolution, turns out to oe a collection of quarks, antiquarks and
gluons at a higher resolution. Gluons are radiated by quarks (and antiquarks), occasionally splitting intu quark-antiquark pairs, thus generating the sea. Although pQCD
describes these processes in detail, the momentum distributions of quarks, antiquarks and
gluons cannot be calculated from first principles. Instead, pQCD describes the change
of the apparent distributions when the nucleon is probed at a different resolution. The
naive QPM is a zero-order approximation to pQCD. Its predictions do not depend on
the resolution, i.e. the naive QPM exhibits scaling.
In a simpleminded model of the nucicon ground state two valence quarks have opposite
spins, and the spin of the nucleon is carried by the spin of the third quark. The sea is
unpolarized, and any net spin of gluons is canceled by orbital angular momentum of
(anti)quarks and gluons. Such a model is already quite successful in explaining the
anomalous nucleon magnetic moments.
It disagreed, however, with the proton spin results of the European Muon Collaboration (EMC) at CERN, reported in 1988. The EMC data were consistent with those
of the first experiments [3, 4] on the proton spin structure, carried out at SLAC in 197G
and 1983. The results of the first experiments were less precise and covered a smaller
kinematic range. The combined EMC-SLAC result was far from the prediction of the
simple model in which only the quark spins make up the nucicon spin. At that time the
EMC-SLAC result indicated that within the experimental errors the contribution from
the quark spins to the nucleon spin was even consistent with zero. Later it was realized
that such a dramatic departure from the simple quark model can be well accommodated
in the theory of pQCD, by accounting in addition to the quark spins also for the spin of
gluons and the orbital angular momenta:
I = IAS + AG' + (L7.)

(1.1)

Here AS, AG and (L7) are the contributions from the quark spins, the gluon spins,
and orbital angular momenta of (anti)quarks and gluons, respectively. The EMC-SLAC
result may thus be explained by a more complicated model of the nucleon.
In hundreds of articles since 19SS many theorists have tried to defend their favorite
models. On the other hand, experimentally there was only the EMC-SLAC result,
and a broader experimental basis was called for. Therefore new experiments were soon
proposed, to check the earlier results and further increase the measurement accuracy.
Moreover, similar measurements on 3He and deuteron targets would provide data on the
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Figure 1.1: The one boson exchange diagram for deep-inelastic muon-nucleon scattering.

neutron and allow for a test of isospin symmetry at the quark level: the spin structure
of the neutron is expected to be identical to that of the proton, under interchange of the
u and d quarks.
This thesis presents a study on the internal spin structure of the nucleon, within the
framework of the Spin Muon Collaboration (SMC) experiment at CERN. The SMC was
formed in 19S8, to measure the internal spin structure of the nucleon, using proton and
dcutcron targets, over a unique kinematic range.

1.1 Deep-inelastic scattering
The partonic structure of the nucleon can be studied in dccp-inclastic scattering (DIS) of
high energy leptons by target nucleons. In the case of the EMC and SMC experiments a
beam of positively charged muons (/i+) is directed onto a target fixed in the laboratory.
The higher the energy of the incoming muon, the smaller the substructure of the nucleon
it can probe.
To study the internal spin structure of the nuclcon, both the beam muons and the
target nuclcons are spin-polarized. The SMC muon beam is longitudinally polarized,
whereas the target is either longitudinally or transversely polarized, with respect to the
beam direction. The probability for a beam muon to scatter off a particular nuclcon is
given by the spin-dependent cross section a. The scattering is pictured in fig. 1.1. The
four-momenta of the incoming muon, scattered muon, and exchanged virtual boson are
k = (E,k), k' =• (E',k'), and q = (f,<f), respectively. The four-momenta of the initial
nucleon and the final state hadronic system are p = (M, 0 ) and W = p + </, respectively.
Since the squared invariant mass q2 < 0, it is convenient to define a quantity Q2 = —q2.
The virtual boson can be assigned an effective wavelength A = l/y/Q7. The higher Q2,
the smaller the structure that is robed i.e. the hi her the resolution.

14
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It is convenient to define a dimensionless Lorentz-invariant kinematical variable .r =
—<l2/{2pq) = Q2/(2Mi'), known as the Björken scaling variable. In DIS the invariant
mass W of the final state hadronic system is much greater than the nucleon mass, i.e.
M2 « W2 = p2 + 2pq + q2 ~ M2 + IMu - Q2. This means that 0 < a; < 1. Finally,
another useful Lorentz-invariant kinematical variable is y = pq/(pk) = v/E, the fraction
of the energy that is transferred from the incoming muon to the nucleon. Obviously one
ha.- 0 < i/ < 1.
In our description only a single virtual boson is exchanged in the scattering interaction. We apply corrections for higher order quantum electroweak interactions. In the
conditions of the SMC experiment the contribution from parity violating Z° exchange can
be neglected. The cross section thus involves only parity conserving photon exchange.
The DIS cross section can be split into a spin-independent term CT and two terms
that are dependent on the angle ij> between the spin polarizations of the muon and the
nuclcon:
a = ä + i cos ^ Aery + 5sin i> Aoj.

(1.2)

The cross section can be written as the contraction of a leptonic and a hadronic tensor [6].
The former is exactly calculable in Quantum Electrodynamics (QEP), the latter contains
the relevant information on the internal structure of the nucleon, parametrized in terms
of structure functions that are to be determined by experiment. In differential form the
cross section can be written as a function of the kinematical variables x and Q2. The
spin-independent part is expressed in terms of two structure functions, F\ and F2, which
contain information on the spin-averaged internal structure of the nucleon:

where Q is the finestructure constant, •y2 — AM2x2/Q2 = Q 2 /f 2 , and the muon mass has
been neglected. Furthermore, the units have been chosen such that c = 1 and li — 1.
The cross section displays scaling when F\ and Fj only depend on x. In pQCD
this phenomenon is expected to set in gradually, when for any given x both Q2 -4 co
and v -> co. For finite Q2 values pQCD predicts that the structure functions depend
logarithmically on Q 2 . Such scaling violations have been confirmed with high accuracy [7,
8].
The first spin-dependent quantity Aery is the difference between the cross sections for
scattering with parallel (0 = 0) and antiparallel (0 = ?r) spin polarizations, respectively.
The corresponding differential cross section can be expressed in two structure functions,
<]i and g2, which contain information on the internal spin structure of the nuclcon:

~ ! = n ^ [ 0 - b - *»V)*(*.Qa) - kra*M
In the case of scaling also g\ and g2 are only dependent on x.

1.1. Deep-inelastic scattering
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The second spin-dependent quantity Aaj. corresponds to the case of perpendicular
spin directions (i/> = TT/2). The corresponding differential cross section has a non-trivial
dependence on the azimuthal angle tj> between the scattering plane and the plane defined
by the spin directions:
(1.5)
In the SMC experiment 7 is small, since cither x is small or Ql is large. Therefore,
Aff|| is dominated by the g\ term. When Au|| is measured, g^ can be extracted directly
and any uncertainty clue to the </2 term can be included in the systematic error on gt.
In Aai the two structure functions contribute with similar weights. Once g\ has been
determined, a measurement on Acri leads to g2. This thesis, however, is only concerned
with the measurement of (/1, and therefore Aa± is not relevant in the following.
1.1.1

Cross-section asymmetries

To determine the nuclcon spin structure function </i we would like to measure the crosssection difference Aa|| directly. In practice that is very difficult. It is far easier to measure
th2 spin asymmetry A\\ defined as follows:

4-£

<•*>

Ignoring for the moment higher order QED corrections, this asymmetry is related to the
virtual-photon absorption asymmetries At and A2 by:
|l

(1.7)

with
. _ of/2 - gJ/2
/ l l = —77. ;

gi-7 2 ff2

=r- =

. _
,

Ai = —f

2<7TL
;

ffi+ff2
y~ = 1

,,M

=

(i-O)

The symbol crj denotes the cross section for the absorption of a transversely polarized
virtual photon by a nuclcon when the total angular momentum along the virtual photon
axis has magnitude J. The transverse-longitudinal interference term u11 is related to
the helicity spin-flip amplitude in forward Cornpton scattering of a virtual photon [9].
The depolarization factor D is the ratio of the polarizations of the virtual photon and
the inuon. This ratio is not identical to unity because in general there is a non-zero angle
between the direction of the incoming muon and that of the emitted virtual photon. This
also explains the presence of the small /1 2 contribution in A\\. The depolarization factor
depends mainly on y and also on the ratio Ii(x,Q2) = aL/ar of the longitudinal and
transverse virtual-photon absorption cross sections:
(1 + f ) [ 2 ( l

y i y V K l + /?)/(! + 7 2 ) + 2/2]

l

J
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The kincmatical factor 77 in eq. 1.7 is given by:
\-y-

V-y 2

7 = 7

(Ll0)

'

The Ai asymmetry is bound by the positivity condition I/I2I < i/R. This can be seen as
follows:
<x

{T\T)(L\L) -

1

( 1 U )

<L11)

Here |T) and \L) denote states with a transverse and longitudinal photon, respectively.
In the kinematical range of the experiment \R\ < 0.6.
Neglecting A2, which is bounded and kinematically suppressed, eq. 1.7 reduces to:
A{l = DAi

(1.12)

Since for Q 2 > 1 GeV2 g2 is expected to be small with respect to gi (see sect. 1.2), and
moreover its contribution to A\ is kinematically suppressed, we further assume:
5.=^i

(1.13)

The applicability of these assumptions for the SMC experiment has been verified through
measurements on /I2 [10].
The unpolarized structure function F\ is usually written as:

The structure functions F2 and R have been measured [7, 11, 12] both for the proton
and for the dcutcron, in the kinematic range of the SMC experiment, so a measurement
of A\ directly determines g\.
1.1.2

Towards the asymmetry measurement

To measure the proton virtual-photon absorption asymmetry A\{x, QJ) one would ideally
use a polarized hydrogen target. When the inuon beam has a polarization Pt, and
the target protons have polarization Pu the following expression gives the number of
scattering events A'n(a.', Q2) observed within a specific kinematic acceptance:

AT,, = <!>»,„ a

I a n * 1(1 + I \ ) * 1(1 + P,) + <rTT * 1(1 - /•»„) * 1(1 - /\
* K' - ^) + * u * 3(1 ~ P») * 3(

=

* 71,10(70.11 [

1-Pn

=

<l>?iiia<T0,ii [ 1 - £

]

(1.15)
where <1> is the integrated muon flux, nu is tlie number of hydrogen nuclei in the target
per unit surface perpendicular to the beam, a(x,Q 2 ) is the acceptance (i.e. detection

1.2. The spin-dependent structure function g\
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efficiency) of scattering events. an (cr-n) denotes the scattering cross section when the
muon and proton polarizations are parallel (antiparallel), <ro,n{x,Q2) = ^(eff + an)
is the spin-independent cross section, and D(x,Q2) is the depolarization factor. The
term e(x,Q2) contains the polarization effects that play a role in the number of events
observed. In principle A\ is the only unknown in these equations, all the other quantities
are measurable. In sect. 2.1 we discuss some of the problems encountered in practice,
and how the SMC has dealt with them.
For a polarized deuteron target a further complication occurs: because the deuteron
has spin 1, it can be in the spin state with l% = 0. The deutcron (vector) polarization is
defined as:
"'-"-'
(1.16)
Pt =

»+n + n

where ?!,- indicates the number of deuterons with spin projection i. The polarizationdependent term is now:
(

n + n

+" > (

g

g )

(U7)

where a^0 denotes the cross section for dcutcrons in the Iz = 0 state. For the kinematical
range covered by the SMC experiment nuclear effects in the deuteron have been calculated [13, 14] to be negligible. When it is further assumed that in the / z = 0 state the
proton and the neutron have negligible polarization, one has:
°ro - — ^

U-lo)

In that case £ in eq. 1.17 takes the same form as in eq. 1.15. This is further discussed in
sect. 1.2.2.

1.2

The spin-dependent structure function g\

The internal spin structure of the nuclcon is contained in the spin-dependent structure
functions (j\ and (ji. In the naive Quark Parton Model [15], where scaling is exact, g\
has a simple interpretation outlined below, whereas #2 = 0 [1C].
The quark probability densities depend only on the fraction of the nucleon momentum
carried by the struck quark in the context of DIS. This fraction is equivalent to the
Björken scaling variable x in the Breit frame, in which both the muon and the quark
appear to bounce off a brick wall, such that the transferred energy v = 0 and the
transferred three-momentum q = — 2f ;7 with £ being the fraction of the nuclcon threemomentum p that is carried by the struck quark. For the Björken variable x one finds
in this case:
'

2Vq

2\p\\q\

*

(iAJ)
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In the QI'M 3l and F, read [6]:

4
4

[?f]
ll

(1-20)
d]

(1-21)

where rij is the number of contributing flavors, e,- is the charge of flavor i, and qj (x) (qf {x))
is the distribution function of quarks and antiquarks of flavor i, with spin parallel (antiparallel) to the nuclcon spin. From these distributions one defines:
Aqi(x) = q1{x) - qf[x)

(1.22)

From the definition of gi in cq. 1.20 it can be understood why in eq. 1.8 Ay oc aji2 — cL 2 :
to conserve angular momentum, a virtual photon with spin +1 can only be absorbed by
a quark with spin —1/2, and such a quark has its spin parallel to the nucleon spin in the
case of crJ/2, and anlip(irallel in the case of <r^2.
In the static SU(6) = SU(2) ® SU(3) limit of the QPM the nucleon ground state
consists of three static valence quarks, forming a color singlet. The contribution of the
two flavors « and d is SU(2) (isospin) symmetric, and the three colors are distributed
according to SU(3) symmetry. Two of the quarks have opposite spins, leaving the spin
of the nucleon fully carried by the third quark. The nucleon wave function ij) can be
written as:
i=lj=llt=l

The indices run over the quark colors, and N is a normalization constant. Note that
xjiijrfjf = —u'jujdj.. The probability distributions are proportional to jt/>|2. In the SU(6)
model they are constants. For the proton they are:
«* = §,

«*=i,

rf^

= i,

é =l

(1.24)

For </i, /''i and A\ of the proton this means:
= (D2*3*(|-i) + (-|)2*3*(i-|) = |

(1.25)

F?(x) = ( | ) % 3 * ( | + i) + ( - | ) 2 * 3 * ( i + |) = l

(1.26)

A?(*) = I

(1-2?)

gftx)

To obtain g\, F\ and A\ for the neutron one interchanges all u and d quarks:
,j\{x) = ( § ) % 3 * ( i - i ) + ( - ! ) 2 * : 5 * ( § - i ) = : 0
2

2

F?{x) = ( | ) * 3 * ( i + g) + ( ~ i ) * 3 * ( § + I) = |
Al(x) = 0

(1.28)

(1.29)
(1.30)

Tlicsc values provide rough estimates of the size of structure functions and asymmetries.
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When ihe valence quarks are considered to be confined to a bag with the size of a
nucleon. they have to be described relativistically with Dirac spinors. The lower components of these spinors are non-negligible. Their spins are antiparallel to the upper
components. Furthermore there is a sizable orbital angular momentum. As a result, in
bag models [17] the quark spin contribution to the nucleon. spin is expected to be only
GO-70(X.
In QCD. quarks are interacting particles and radiate gluons, which in turn may interact or convert into quark-antiquark pairs. It is expected [18] that a quark with a large
fraction of the nucleon momentum has its spin more likely parallel than antiparallel to
the nucleon spin. When a quark carries essentially all of the momentum, it should also
carry essentially all of the spin, which implies:
.-l^j -^ 1) -> 1
x

A l{x->\)^

(1.31)

1

(1.32)

The proton asymmetry A\{x) is expected to be positive for all x. The neutron asymmetry
A"(x) is expected [18] to change sign for some x value: when at large ar the two d quarks
dominate with spin parallel to the neutron spin, it must be the u quark that dominates
elsewhere, with antiparallel spin. The integrals of the asymmetries are probably not far
off the SU(f>) expectations.
Since a quark at a given value of Q2 may be resolved into quarks, antiquaries and gluons
at a higher Q2, the structure functions show scaling violations, logarithmically dependent
on Q2. The description of g\ in pQCD follows closely that of F\ in terms of unpolarized
parton distributions [19]. At a given scale Q2, gt is related to the polarized quark and
gluon distributions by an integral equation involving quark and gluon coefficient functions
f',; and C, through [20, 21]:

<J^^) = Afjl^{

Cf(X/y,at(t))
2n,Ca{xly,at{t)) AG(iM)
C™(x/y,at(t))

+

(1-33)

A«?NS(>/,0 ]

where a s is the strong coupling constant, I = \n(Q2/A2) and A is a scale parameter.
Besides the quark distributions also the polarized gluon distribution AG'(.T, t) appears.
The quark distributions are regrouped into flavor singlet and non-singlet combinations
AYJ and Ar/Ns:
&qi{x,t)

(1.34)
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The / dependence of the polarized quark and gluon distributions follows the DokshitzerGribov-Lipatov-Altarelli-Parisi (DGLAP) equations [22]. As for the unpolarized distributions, the polarized singlet and gluon distributions arc coupled:

dl

2TT

JX

y

(-,a.(*))AE(i/, O + 2»/P w (-,a s (t))AG(y,t)| (1.36)

P,,(-, a.(/))AS(y, 0 + P M (-, a.(i))AGfo, /)
kV

J

(1.37)
J

The non-singlrt distribution evolves independently of the singlet and gluon distributions:
(y,t)

(1.38)

The quark and gluon distributions, coefficient functions, and splitting functions Pjj depend on the chosen mass factorization scale, on the rcnormalization scheme (e.g. MS),
and on the rcnormalization scale [23]. Calculations of coefficient and splitting functions up to order al can be found in refs. [20, 24]. Since not all the splitting functions arc the same for polarized and unpolarized structure functions [22], also the ratio
A{(x,Q2) = gi(x,Q2)/Fi(x,Q2) depends on Q2. For example, both Pgq and Pss are
different due to a soft gluon singularity at ,T = 0 which is only present in the unpolarized
splitting function [25]. Therefore one should in principle use the evolution equations
presented above, to obtain g\ at a value of Q2 different from the value at which g\ has
been measured. However, in regions where the structure functions arc dominated by the
valence quarks there should only be a small Q2 dependence of gi/F\ because the Pqq are
identical for polarized and unpolarized structure functions [25].
1.2.1

The small x behavior of f/i

According to the QPM g\ describes the distribution of the quark spins, as a function of
.T, the fraction of the nuclcon momentum carried by a particular quark. In QCD g\ also
depends on Q2, and is furthermore a function of the polarized gluon distribution AG,
which we ignore for the moment. We return to it in sect. 1.3 and 1.3.2. When gi(x,Ql)
is integrated over all x from 0 to 1, one obtains all of the spin carried by quarks, at
the scale QQ. TO evaluate that integral ^^(Ql), the behavior of g\ has to be known for
the entire x region. The measurements only cover a limited range, though. This means
that extrapolations for .T —> 0 and x —} 1 are necessary. The high x extrapolation is not
critical, because the corresponding fraction of the total integral is small, independently
of the assumptions made to perform that extrapolation. In the small x region that is
not the case.
From simple Reggc theory [26] it is expected that for fixed, not too large Q2 and
for v —> oo, i.e. ,r —> 0, g\{x) behaves like xa, with 0 < a < 0.5. This would mean
that <7I(.T) is not divergent, and that A\(x -> 0) —> 0. Because of isospin symmetry,
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for the difference of the structure functions //|'"(.r) = öf(-r) —fl"(.i')the simple Regge
behavior seems to be better founded than for the individual functions [26]. When the
quark distributions at small x are dominated by the sea, and when the sea does not
reflect the distributions of the valence quarks, one expects from isospin symmetry that
#r~"(-r —> 0) —>• 0. On the ot):er hand it is found f27] that the unpolarized sea is not
flavor-symmetric: f/(.r) y^ d(x). This effect may be ascribed [2S] to the Pauli exclusion
principle thr>t has to be obeyed by the quarks. The sea polarization might be similarly
affected [28].
Besides the simple Rcgge model there exist other approaches. A calculation of spindependent diffractive scattering [29] in the Donnachic-Landshoff model yields<j\(x -» 0)~
21n(l/x) — 1. Even very divergent dependences like </i(.r —> 0) ~ l/(.i'ln .r) have not
been excluded [30].
In perturbativc QCD it is expected that \gi(x, Q2)\ at high Q2 and small x rises faster
than any power of ln(l/.r) [21]. This means that any simple Regge behavior at lower
Q2 will soon be masked at higher Q2 by the pcrturbative rise. It is not known at which
value of Q2 that rise would set in. For the spin-independent structure function /'^(z, Q2)
a rise with decreasing x is already observed for Q2 as low as 1.5 GeV2 and down to
x = 0.0001 [8, 31]. Anyhow, since \g{\ < \F2/{2x{l + R))\ one can at least give an upper
bound for the small x behavior of g\ in the kinematic range of the F2 measurement [8].
At Q2 = 1 GeV2 gi(x -> 0) is thus expected not to rise faster than xa with a = -0.35.

1.2.2

The deuteron structure function gf

The deuteron is a weakly bound state of the proton and the neutron. Since the binding
energy is small, nuclear effects (medium modifications, Fermi motion, short-range correlations, overlapping nucleons) are expected to be small in general. In particular for the
kinematics of the SMC experiment they have been calculated [13, 14] to be negligible
with respect to the measurement accuracy. There is, however, some doubt [32] whether
all relativistic effects have been correctly accounted for.
The deuteron lias spin 1, with a wave function that is primarily in the S-statc (L = 0).
In that case the spins of the proton and the neutron are parallel to the spin of the
deutcron. There is a small D-state (L = 2) admixture wrj « 5% [33], in which case the
nuclcon spins are antiparallel to the deuteron spin. The following relation can then be
derived:

The factor | is the combination of several Clebsch-Gordon coefficients. One observes
that the cleulcron structure function essentially can be considered the average of the
proton and neutron functions.
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1.3

Sum rules

1'erturbative QC1) docs not predict the shape of the structure function </i(r,Q2). It
only predicts the Q2 evolution, according to eqs. 1.36-1.38. The x shape of g\ for a
given Q'1 = Ql dc]>eiuls on the input parton distributions. For the integral of <7I(.T,QO),
though, a model-independent prediction is obtained by means of the Operator Product
Kxpansiuu (Ol'E). Generally, such a prediction is called a sum rule.
In the OPK, the hadronic tensor in the polarized DIS cross section is written as an
expansion of the product of two electromagnetic currents. At leading twist, i.e. ignoring
terms proportional to 1/Q2" (n > 1), the only gauge invariant contributions are due to
the quark non-singlet and singlet axial currents [35, 3S]. The polarized gluons do not
contribute here. When furthermore only the contributions from the three lightest quarks
are considered, then the integral Y\ of g\ for the proton (neutron) is given by:
± (ps\ K \ps) + ^ (ps\ Al \Ps)} + ^Cls(Q') (ps\ Al \ps) (1.40)
where the positive (negative) sign of the first term corresponds to the proton (neutron)
case, and C^sis) ls ^ n e non-singlet (singlet) coefficient function. The proton matrix element:; (/>.s-| A't \ps) with momentum p and spin 5 can be related to the neutron matrix
elements under the assumption of isospin symmetry. The matrix elements can be expressed in axial charges and coupling constants:

^

M

= Au-Ad

i ^ i i l i l W = AM + A,/ - 2A.s

Mi!LH =ÄII+ Ad + As _ 3^2!) AGm
.S (l

=« 3

= F+D =gA

= a8

= 3F - D

(1.41)

= CM') a0 =

2.TT

The axial charges Ar; give the contribution to the nuclcon spin by the spin of quark flavor
(/. They are defined as follows:
sllAq=(ps\qwltq\ps)

(1.42)

The ai are the axial couplings corresponding to the matrix elements, QA is the ratio of
axial and vector couplings in the neutron /? decay, and F and D are coupling constants
in the flavor Sl!(3) model of liyperon decays. The scale dependence only remains in
A^((/ J ). It is caused by an anomalous gluon contribution, the axial anomaly [34]. Since
AC,'(Q'2) ~ l/ns(Q'2) the gluon contribution is not suppressed by the explicit o,(Q2) in
eq. 1.11. Though part of the Q2 range covered by SMC is above the charm threshold,
the charm production cross section remains negligible compared to the lighter flavors,
and contributions from polarized charm quarks are not expected to be visible.
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In eq. 1.11 exact SU(3) flavor symmetry is assumed to express u-j and a& in terms of
the F and D parameters obtained from the hyperon fi decay data [41]. The effects of
SU(3) flavor symmetry breaking may however not be negligible. According to ref. [42] the
QPM requires large relativistic corrections depending on the quark masses, to reproduce
the experimental values of F and D. Since the s quark has a much larger mass than
the 1/ and (I quarks, those corrections should break SU(3) flavor symmetry. Anyhow, it
is known [43] that significant SU(3) violations of up to 20 % do occur for the baryon
magnetic moments.
Finally, in the standard OPE prediction for the integral of yi terms proportional to
l/Q2n (n > 1) are ignored. They are called higher twist and target mass corrections. The
former are basically due to initial and final state interactions between the struck quark
and the remnant, of the target nuclcon. The latter correct for the neglect of the target
nuclcon mass compared to Q2. For Q2 ft 1 GeV2 these corrections are expected [96, 95, 97]
to be negligible with respect to the current experimental precision.
1.3.1

The Björken sum rule

According to cq. 1.40 and 1.41 the difference of the proton and neutron sum rules has a
simple form:
This sum rule was first derived by Björken from current algebra and isospin invariancc
of the nucleon, with C^s = 1- Kodaira then showed [35, 36] that the Björken sum rule
is a rigorous prediction of pcrturbativc QCD, and that C^s ^1 for finite Q2. The QCD
corrections have recently been computed in the MS scheme up to O(a^) [37] and the
O(a*) correction has been estimated [39]. Beyond leading order, C^g depends on the
number of flavors and on the re-normalization scheme. In the MS scheme for three flavors
it reads:
ClNS= l - a - 3 . 5 S 3 3 « 2 - 20.2153 a3 - (~ 130) a1 - . . .
(1.44)
where a = as(Q2)/~.
1.3.2

The Ellis-JafFe sum rules

According to cq. 1.40 and 1.41 the individual sum rules for proton and neutron can be
written as:

lfB) = C% [±±gA + i(3F - D)} + iGlA£(Q2)

(1.45)

All quantities on the right hand side arc known except for A£(Q 2 ) = C\{Q2)a0 —
AH + M + A.s - :\a»(Q2)/(2w)AG(Q2). In 1974, however, Ellis and Jaffa did establish a
prediction for the sum rules. By that time it was not realized that AS(Q 2 ) in principle
contains an anomalous gluon contribution. What is more, in the naive QPM there arc
no gluons and the coefficient functions equal unity. Furthermore it was expected [44]

24

Chapter 1. Introduction

thai "Iht ri an no Mrangr quarks in the nuclcon, and if there were, surely liny would
not In polarized". Indeed, even in QCD the sea is unpolarizcd when quarks arc masslcss,
because of helicity conservation at the quark-gluon vertex: when a gluon splits into a
quark and an antiquark, they have opposite spins. When it is thus assumed that As = 0
and also that SU(3) symmetry is exact, one derives that AS = 3F — D « 0.5S and a
prediction for t lie sum rules is obtained.
In QCD the coefficient functions differ from unity. The non-singlet function CNS
has already been given in eq. 1.44. The singlet function Cs has been computed up to
O(a-) [38] and the O(cv3) term has been estimated [40]:
C'l = 1 - a - 1.0959 a2 - (~ 3.7) a 3 - . . .

(1.46)

with a = a s (Q 2 )/7r. The Q2 dependence of AS(Q 2 ) can be absorbed into the axial
coefficient function C A (Q 2 ):
CA = l + | a + 1.2130a2 + ( ~ 3 . 6 ) a 3 - . . .

(1.47)

These two coefncient functions can be combined into one:
Cj!A = l - i « - 0.5495a2 - (~ 2.0)a 3 - . . .

(1.4S)

To establish a prediction in QCD for the Ellis-Jaflcsum rules, the gluon polarization AG
has to be known. Conversely, AC! can be found by comparing the experimental values
with the predictions, still assuming As = 0. The gluon contribution docs not become
negligible for Q~ —> oo, because AG(Q'2) ~ l/o s (Q 2 )i canceling the explicit as(Q2) in
eq. 1.11.

1.4

The spin puzzle

In 1988 the European Mtion Collaboration at CERN published [5] the results o[ their
measurement of the spin-dependent structure function gi(x) of the proton. The result
for the integral r','(Q2 = 10.7 GeV2) = 0.12G± 0.010 ±0.015 is three standard deviations
below the EIlis-JafTe prediction. This result was interpreted in tho QPM as an indication
that, instead of zero, the strange quark sea was significantly polarized opposite to the
proton spin: A.s = —0.19 ± 0.06. As a consequence the total quark spin contribution AS
to the nuclcon spin was found as low as 0.12 ±0.17, compatible with zero. It was soon
pointed out, however, that in QCD the interpretation of AS is modified by the polarized
gluon distribution A6' through the axial anomaly. On the other hand, the value for AG'
required to save the EHis-JafFe ansatz was about 5, which seemed rather large.
Other possible explanations for the violation of the Ellis-.Iaffc sum rule were investigated. The data showed no evidence that the Rcgge-type extrapolation gi(x -4 0) «
constant used to calculate T1/ was invalid, but the measurements went only down to
x ~ 0.01. In the measured x range no significant dependence of A\(x,Q2) on Q2 was
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observed. This could only be tested, however, whore data existed in a wide Q2 range.
At small .1' the available Q2 variation was in practice insufficient for this test. A large
effect from SU(3) flavor .symmetry breaking was dismissed, as the value of o0 is not very
sensitive to the value of ug, compared to the size of the experimental errors.
The small value of AS can be accommodated in the Skyrme model [45] of the nuclcon,
in the rhirnl limit of niassless quarks and in the lending order of the I/A',.- expansion,
with A;, being the number of colors. In this limiting case of QCD the proton spin is
mainly accounted for by the quark orbital angular momentum, and almost none of the
proton spin is carried by the quark spins. In practice, however, A'c is only 3, making a
rapid convergence of the \/Nc expansion unlikely. Other phenomenological models [46]
have been proposed to explain the smallncss of AS. It was even suggested that it was
evidence against QCD [47],
On the theoretical side there was a wide variety of explanations [46] for the EMC
proton spin result. On the experimental side only the EMC had measured gi{x) below
x = 0.1, and it was exactly these new data that were inconsistent with the simple quark
picture at that time. Moreover, the accuracy on AE was still rather poor. For these
reasons it was clear that new experiments on the proton spin were necessary. They should
be complemented by similar experiments on the neutron spin, to test isospin symmetry
at the quark level, and the fundamental Björken sum rule in particular.
At CERN the Spin Muon Collaboration was formed in 198S. At SLAC two new
experiments were proposed: E142 would measure the quark spin structure of the neutron bound in :!He, E143 would measure once more on the proton, as well as on the
dculeron. At the DESY laboratory in Hamburg the Hermes Collaboration was formed
to do measurements on all three nuclei, using an internal target setup in the HERA
electron ring.
For the SMC experiment the first goal is to measure with high accuracy the asymmetries A]{(.r,Q2) and A'}(x,Q2) of the proton and the dcuteroii, respectively. The high
energy union beam of 190 GeV ensures that the asymmetries can be measured in a wide
kineniatical range 0.003 < x < 0.7 with 1 < Q2 < 60GcV2. Exploratory measurements
on /^'(.r, Q2) and .4'2'(.T, Q2) serve to reduce the systematic error on the A\ measurements.
The next step is to derive from the asymmetries the structure functions g\{x, Q2) and
.(/','(.r. Q2), and to combine them to obtain <7"(.T, Q2) of the neutron. By evaluating their
integrals ^(Q2), rf(Q2) and T'{(Q2), the Ellis-Jaffc and Björken sum rules are tested.
Finally, the quark spin contributions to the nuclcon spin may be extracted. In the remainder of this thesis we present aspects of the realization of the SMC program, up to
the beginning of 1995.
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Experimental setup and methods
To measure the spin-dependent muon-proton and inuon-deuteron deep inelastic scattering asymmetries, the SMC experiment uses polarized proton and deutcron targets, a
polarized muon beam, and a spectrometer to determine the momentum vectors of the
incoming and scattered muons.
Before the experimental setup is described in detail, the principle behind the design
is discussed below. Following that is a section about the central feature of the setup,
the polarized target, and its operation. In a section on the muon beam arc discussed
the layout of the bcamlinc, the detectors through which the individual muon tracks are
found, the measurement of their momenta, and the suppression of unwanted background
particles. The measurement of the beam polarization is covered in a separate section,
after the SMC spectrometer l.as been treated. The spectrometer is an upgrade of the
apparatus used by the New Muon Collaboration (NMC) [7], which in turn upgraded the
spectrometer of the European Muon Collaboration (EMC) [5].

2.1 Asymmetry measurement design
We recall eq. 1.15 to find the number of scattering events N{x, Q2) that would be observed
in a given (x,Q2) bin, when a polarized muon beam impinges on a polarized proton or
deuteron target:
Nn = *ni|Off0ln(l - P,.PtDAi)
(2.1)
where the subscript II denotes hydrogen or deuterium, $ is the integrated muon flux,
»ii is the number of hydrogen nuclei in the target per unit surface perpendicular to the
beam, a is the acceptance, <TO,H is the spin-averaged cross section per hydrogen nucleus,
I), (1\) is the beam (target) polarization, D is the depolarization factor, and /li is the
asymmetry to be determined. Here and in the equations below the dependence on .T and
Q'2 is not indicated explicitly.
In reality a few complications occur. First of all, under the conditions of the SMC
experiment a pure polarized hydrogen target is not feasible. In gaseous form hydrogen
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rnii bo polarized relatively e;isily. However, a gas target can give a sufficient luminosity
only when used in a very high intensity beam. For a muon beam, with its relatively low
intensity, the target has to be dense and large. Since liquid or solid hydrogen in bulk
is not easily polarized to a high degree, a material has been chosen of which a fraction
is polarizable hydrogen: butanol (C^HjoO). This choice and the presence of additional
materials in the target are discussed in sect. 2.2.
In the number of events there are now contributions from various other elements X
(mostly C, O and the cooling medium He):

(2.2)
r

N = AH + E

Ar

x = *an<To(l-P(,A/öA1)

(2.3)

with

n = nn + 5 > x
x
0o

(2.4)

=

-(TIH <7O,H + 5Z " x °°.x)

=

n
x
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n

(2-5)
(26)
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In cq. 2.3 the dilution factor / corrects for the DIS contributions from the other
elements present in the target. For butanol, to a first approximation / « 10/74 = 0.14.
Due to the EMC effect [48] the cross section ratios <7o,x/<7o,n depend on x and C?2, and
hence the same is true for the dilution factor f(x,Q2).
A second complication arises for the measurement of the spectrometer acceptance a.
It can only be determined from an intricate, sufficiently realistic Monte Carlo simulation
of the experiment. This problem is circumvented as follows. The polarized target consist
of two cells in a row, exposed to one and the same muon flux and having opposite nuclear
spin polarizations, alternately pointing inward and outward in successive measurements
(see fig. 2.1). The two possibilities and their corresponding measurements are labeled
orientations A and 13. Two successive orientations form a configuration. Instead of one
event yield there arc now four of them:
P^fDAi)

(2.7)

N2 = i>Aa2no-0{\ - 1\P2JDAX)

(2.8)

N3 = <I> B a 3 no- 0 (l- P ( l P 3 fDA { )

(2.9)

N4 = 4>Ba.,n<ro( 1 - PMP\ fDAx)

(2.10)

Here indices 1 and 3 (2 and 4) denote the upstream (downstream) cell. The number of
nuclei ??. is equal for both cells. Since the two orientations are established at different
times (and possibly for different durations), the integrated muon fluxes <I'^ and i>g arc
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Dynamic Nuclear Polarization

Figure 2.1: Target polarization configurations. The solid arrow indicates the direction of the solenoid
field. In each target cell the hollow arrow indicates the direction of the nuclear spin polarization. With
DNP once per week one obtains alternately configurations 1 and 2. Within each configuration the spin
directions are reversed every 5 hours by rotating the magnetic field.
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Target cells
Figure 2.2: The SMC polarized target.

not equal. As tlie cells have different distances to the spectrometer downstream, they
have different acceptances. For t lie same kinematics (.?•, Q2) unions pass through different
regions of the spectrometer dependent on the target cell in which they are scattered.
These regions generally have different detection efficiencies, which can even change with
time. However, as long as the ratio of upstream over downstream acceptance does not
change, i.e. (/)/«.> = ".i/«.|, the asymmetry A\ can be found e.g. from the expression
(-Vi A'i)/( .VjA'a) which is independent not only of the acceptances, but also of the beam
fluxes.
To minimize changes in the acceptance ratio, the time between the start of orientation
A and t he end of orientation B should be as short as possible. Moreover, during this time
the spectrometer operating conditions should be kept as constant as possible. Finally,
the configuration measurements are repeated over and over, until the desired statistical
accuracy for the resulting asymmetry has been achieved.

2.2 The polarized target
The SMC polarized target device ['19] is a. complicated large apparatus that, has been
built according to the design specifications of the experiment. To polarize nuclear spins,
the actual target material is kept at liquid helium temperatures, in microwave cavities
(see lig. 2.2) which are placed in a strong, very homogeneous longitudinal magnetic field.
The cryogenic temperature is provided by a 3 IIe-''IIe dilution refrigerator, the magnetic
field by a superconducting solenoid. A microwave shielding region in the center of the
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target separates the two cells, such that they can be polarized in opposite directions.
Furthermore there is a transverse dipole magnet used in reversing the spin directions. A
Nuclear Magnetic Resonance (NMR) system is used to measure the cell polarizations.

Target material
The target material is held in two cylindric Kevlar cartridge cells, with a diameter of
50 mm. The cells have a length of 65 (60) cm each, and are separated by a 20 (30) cm
region containing microwave shielding material, where the values between parentheses
refer to the 1993 run. The axis of the cartridge coincides with that of the beam.
The target material consists of a mixture of butanol, water and a paramagnetic Cr( V)
complex [50], contributing to the mass about 90 %, 5 % and 4 % respectively. The
material is frozen into glassy beads of about 2 mm diameter. Crystallization is avoided
because it would destroy the homogeneous distribution of the paramagnetic centers and
hence the good polarizability of the material. For measurements on deuterium the target
material contains deuterium instead of normal hydrogen.
The choice of the material is a compromise concerning various important properties [51]. The material should have a high density with a dilution factor as high as
possible, i.e. a maximal content of polarizable hydrogen. Furthermore it should allow
for a high polarization with fast build-up and long relaxation time. There should be
minimal uncertainty in the polarization measurement, i.e. any significant "background"
nuclei should either be spinless, or their contribution to the polarization signal should
be measurable accurately. Finally the production of the amount needed to fill the target
cells (about 2 kg) should be feasible.
An alternative material is ammonia (NH3), which has a more favorable dilution factor.
However, besides the hydrogen atoms also the odd-odd spin-1 HN nuclei arc polarized,
each adding one proton and one neutron polarized in the same direction. The degree
of polarization of MN is hard to measure. Using the spin-j nucleus 15N instead is not
feasible because it is very expensive. In 1996 though, a new SMC proton measurement
is foreseen that does use ammonia as target material. A test in 1995 has shown that the
ll
N polarization can nowadays be measured with sufficient accuracy. The main reason
not to use ammonia in the 1993-1995 runs pertains to the dcuterated material. To obtain
paramagnetic centers, the frozen material has to be irradiated under cryogenic conditions
in an electron beam, such that free radicals arc created and kept. For NII3 this can be
carried out conveniently at liquid argon temperatures. To obtain high polarizations in
an NO.-, target, however, a temperature of liquid helium is necessary [52]. This was not
feasible in (lie accelerator facilities where the material could be irradiated.
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Dilution refrigerator
Tin1 cartridges containing the target material arc placed in the mixing chamber, the heart
of the •'He-'Mle dilution refrigerator [53], which has been designed and built especially
for the SMC target. When the target material is being polarized, i.e. when energy is
being dissipated by microwaves, the temperature in the mixing chamber is about 0.3 K
at a cooling power of 0.3 \V. When the microwaves arc switched off, the temperature
decreases to about 50 mK, which is sufficiently low to keep the polarization at the same
level for many hours. The target then is said to be in frozen spin mode.
Magnets
The superconducting solenoid [5-1] surrounding the target cells provides a highly homogeneous magnetic field of 2.5 T whose axis is aligned along the direction of the muon
beam. The field has a relative inhomogencity of less than 1 * 10~r> throughout the target
volume. This is important for polarizing the target material, as discussed below.
The transverse dipole magnet provides a vertical field of up to O.ö T. It is used for
I ' D | :';poses.

In the .'1-j :neasurenient [10] it serves to keep the target polarization

;•! .])(inlindar to the neain -ivection. For the /\i measurement it provides a transverse
holding field during the simultaneous reversal of the spin directions in both target cells.
An ad'mbatic rotation of the holding field is achieved as follows: first the magnitude of
the longitudinal solenoid field is slowly i educed to 0.5 T, next it is further reduced to zero
while at the same time the transverse dipole field is slowly increased to 0.5 T, such that
the magnitude of the total field is 0.5 T all the time. When the total field is completely
perpendicular to the beam direction, the procedure is reversed, the longitudinal field
now having the opposite direction. The field rotation takes about 15 minutes. The
0.5 T holding field is sufficiently strong to avoid that more than a few percent of the
polarization is lost during the rotation.
The Held is rotated every 5 hours of data-taking, thus reversing the spin directions in
both target cells (see (ig. 2.1), but in principle also slightly changing the magnetic acceptance of the spectrometer. When unions scattering in the upstream and downstream
target cells are »fleeted dilferently, the measured asymmetry might have a spurious contribution. To have any such contributions cancel each other, once per week the polarizations are reduced to zero and the target cells are repolarized in the same direction with
the magnetic field reversed (see fig. 2.1).

Polarizing t h e t a r g e t
The target, material is polarized by Dynamic Nuclear Polarization (DNP) [55]. Microwaves are led into the cavities, with frequencies near the electronic Zeeman resonance
of the paramagnetic ('r(V) complex (see fig. 2.3). Because of the dipole-dipole interac-
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Figure 2.3: Electronic and nuclear Zeeman levels for hydrogen. The "forbidden" transitions "a" and
•b" lead to nuclear polarization of opposite directions.

tion between the spin of the unpaired Cr(V) electron and the nuclear spin of a nearby
hydrogen atom, the microwaves induce a "forbidden" transition in which both the electron spin and that of the nucleus flip simultaneously. Next, since the electron spin lattice
relaxation time is of the order of milliseconds, the electron spin quickly returns to its
lowest energy state (transition "c" in fig. 2.3). Then the spin of another nucleus can be
flipped, and so on. Because of the dipole-dipole interaction between nuclear spins (inducing nuclear spin-spin flip-flops), the spin from a nearby nucleus can diffuse to a nucleus
far away from the polarized unpaired electron. Therefore only a low Cr(V) concentration
is needed. Since the nuclear spin relaxation time is of the order of 20 hours at 0.3 K and
2.5 T, the nuclear polarization continuously increases, until saturation is reached. For
hydrogen this occurs around S6 %, for deuterium around 50 %. These values are reached
in about S hours of DNP.
A target cell is polarized in the desired direction by selecting the microwave frequency
of the corresponding transition "a" or "b" in fig. 2.3. The microwave shielding and
absorption mat rir'. between the cells minimizes the leak-through of microwaves to the
wrong cell. By modulating the microwave frequency around the transition frequency the
buildup time is reduced and the final polarization significantly enhanced [56].
Polarization measurement
The polarization is measured by a Nuclear Magnetic Resonance (NMR) system connected
to a Q-metcr [57, 5S]. The NMR coils are normally placed inside the target cells, reducing
the target dilution factor by about 5 %. To avoid such an additional dilution and to
sample the signal more uniformly over the target, the coils were enlarged and placed
around the cells in 1994. However, the larger mean distance from the target material
turned out to make the NMR signals much weaker. Because of the deterioration of
the sigiml-to-noisc ratio and consequently, of the measurement accuracy, it was decided
to revert to the normal situation in 1995. Furthermore it was felt that a non-uniform
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measurement is actually preferred, because the signal should be sampled only where the
DIS events occur, i.e. in the neighborhood of the beam.
The NMR equipment, is calibrated by measuring the thermal equilibrium signals at
various temperatures around 1 K. where the natural polarization (about 0.25 % for
hydrogen) is known from the Curie law [59]. The error on the polarization measurement
is about 3 % for hydrogen, and about 5 % for deuterium.

2.3 The beam
The muon beam (/<+ or /(~) is a secondary beam obtained from the primary proton
beam, extracted from theCERN Super Proton Synchrotron (SPS) and impinging against
the edge of a beryllium plate faced parallel to the beam trajectory [60]. Pious (and a
few percent kaons) created in the proton-beryllium collisions arc captured and focused
into a beam by a set of quadrupole magnets. Normally positively charged pions are
selected, since they are produced much more abundantly than negatively charged pions.
Momentum selection (210 GcV/c ± 10 %) is achieved through a set of dipole magnets
and tunable massive collimators, most of the unwanted particles being separated and
dumped. The beam of selected pions is guided over a 500 m flight path through an array
of large aperture quadrupole magnets with alternating polarities. While traversing this
section, typically 10 % of the pions decay by the weak process -—>/( + i/lt. At the end
of the decay channel a beryllium absorber removes almost all remaining pions.
Because of parity violation in weak decays, and the forward Lorentz boost of the pion,
the muons emitted in the forward or backward direction are naturally polarized in the
laboratory frame. Muons emitted in the backward direction have the opposite polarization, but they are filtered out further downstream by selecting the higher momenta of
the forward muons, using a bending magnet and a second set of collimators. The muons
are guided to the experimental setup by an array of quadrupolc and dipole magnets.
In the experiment the momentum distribution has approximately a Gaussian profile
with a central value of 190 GcV/c and a FWIIM of 15 GcV/c. The chosen value and
width of the ratio of muon momentum over parent pion momentum arc a compromise
between the polarization and the intensity. The settings arc such that the polarization is
around —SO % and the intensity A * 10' /i+ per 2.5 seconds SPS spill, which is repeated
every 14.-1 seconds. Ideally the muons arc evenly spread in time throughout the spill, but
in practice high frequency components are observed in the time spectrum, which increase
the instantaneous ratx\-< and hence reduce the effective spill length to 1.4-2.2 seconds.
Muous with too large decay angles or with momenta too far from the central value
are unable to pass through the apertures of all magnets and collimators. Part of these
unions end up in the halo surrounding the principal beam. While at the polarized target
the beam has a waist with a diameter of 4 cm FWIIM, the far halo component covers
even the largest SMC detectors, i.e. an area of 4 x 4 in2. The total halo rate is 5-10 %
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of the beam intensity.
As the halo scrapes and traverses material, it is contaminated with hadrons and
electrons originating from scattering events. The contribution of these components to
the halo is greatly reduced by an iron absorber wall of 30 cm thickness just upstream
of the experimental area, with a hole for the beam to pass through. To avoid confusing
tracks from surviving halo particles, these are detected by veto counters. These detectors
consist of planes of scintillator elements, whose signals inhibit for a short period any
physics trigger of the experiment, as discussed in section 2.-1.1. Effectively 5-10 % of the
incoming beam is lost this way.
To allow determination of the kinematics of the accepted DIS events as accurately as
possible, for each beam muon involved in a physics trigger the momentum is measured in
the Beam Momentum Station (BMS). It uses one of the vertically bending dipoles along
the beamline as a spectrometer magnet. Upstream as well as downstream of the magnet
two widely separated hodoscope planes arc located, which have horizontal scintillator
strips. At each plane the vertical position of the beam track is measured, along with
the time of passage, to mark the muon. From the four vertical coordinates the bending
angle, and hence the momentum is determined, given an external calibration by the
spectrometer of the beam polarimeter, discussed at the end of this chapter. The BMS
provides a measurement of the individual muon momenta with a precision of 0.3 %.
To allow accurate reconstruction of the incoming muon tracks up to the target, detectors have been placed at various positions along the beam. They are considered as
part of the spectrometer and are described in the next section.

2.4

The spectrometer

The function of the SMC spectrometer is primarily to identify the scattered union among
the charged secondaries created in the scattering events in the pohaized target, and to
measure the momentum vectors of all particles involved. For this purpose tracking detectors have been placed upstream, downstream, as well as inside the main spectrometer
magnet. Further downstream a calorimeter allows to distinguish hadrons and electrons.
An iron wall behind the calorimeter serves to absorb all particles but the scattered muon,
which is identified downstream in the final set of tracking detectors. The basic features
of the spectrometer setup are sketched in fig. 2.5, a schematic overview is given in fig.
2,1.
Before we describe the spectrometer in some detail, it is useful to introduce the coordinate system used in the experiment. It is a righthanded Cartesian system with the A'
axis along the beam direction and the Z axis pointing upward. The origin of the system
coincides with the center of the main spectrometer magnet.
A detector plane is said to have a Y orientation when its elements (wires, strips)
measure the Y coordinate of a passing track, i.e. when its elements are oriented vertically.
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Figure '2 A: Schematic overview of the SMC spectrometer detectors. A survey of the tracking detectors
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name

size
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SY SZ SU
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7.1
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7.4
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5Y 3U 2V
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8Y SZ SU SV
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GY GZ
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15.4
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2

2.3
8.3

Table 2.1: Overview of tracking detectors.

Similarly a Z plane has horizontal elements to measure the Z coordinate. Finally a 0
plane has tilted dements, where U denotes a positive and V a negative tilt angle. Table
2.1 gives an overview of the tracking detectors.
Upstream of the target various detectors follow the incoming unions. Around A' positions -17 in and -7.5 in two sets of beam hodoscope planes are located, named 131IA
and HUB. Kach set contains two staggered planes of ncintillator strips for each of four
did'erent orientations (V, Z, U, V). The strips have a width of 4 mm, but because of
the staggering the effective pitch is 2 mm. Just downstream of BIIB a inultiwire proportional chamber (MVVPC) named POB is located, with S wire planes in 4 orientations
and 1 mm pitch. Finally, to increase the precision with which the beam track can be
measured, between 1J11A and BHB two sets of Micro Strip Clas Counters (MSGC) have
been installed, collectively named MSA 15. They are described in the following chapter.
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Next we come to the tracking detectors downstream of the target. Sin:e the beam
is hardly affected by the target material, also for the downstream detectors the rate is
high in the central region. The large detectors are intended to track particles far from
the beam axis. To avoid in this case unnecessarily high plane currents, and to avoid an
unacceptable dead time due to signals from beam muons, these detectors have been made
insensitive ("dead") in the central region. For wire chamber.-, this has been achieved by
suppressing the formation of electron avalanches, using either thick wires or an elevated
cathode voltage, such that the electric field near the wires is greatly reduced. Close to
the beam the particles are tracked by small proportional chambers similar to POB. They
have no problems handling the high rates, but must be of limited size to avoid that
wires break as a consequence of the high currents and the relatively strong electrostatic
forces. Just downstream of the target two such chambers arc located, named POC and
POD, between which two more MSGC boxes are situated, forming the detector MSCD.
Furthermore two large proportional chambers PVl and PV2 cover the larger scattering
angles.
The typical signature of a DIS event is that in addition to the scattered muon a
jet of had rons emerges from the target. For an inclusive measurement only the muon
needs to be followed, and any charged hadrons can in this case be considered as a
necessary nuisance, giving background signals in the tracking detectors. However, even
then a hadron track originating from the primary interaction vertex may be used to
locate that vertex more precisely. On the other hand this might bias the inclusive
asymmetry measurement, since only those hadrons are used for which a precise track
can be reconstructed. In semi-inclusive analyses it is expected in particular that the
leading hadrons, with sufficiently high momenta, contain probabilistic information on
the [lavor of the struck quark. Therefore also the had rons are tracked, as far as possible.
Neutral hadrons (A'0,A) can to some extent be identified by their invariant masses if
they dec.iy into charged particles.
The momenta of both the scattered muonand any charged fast hadrons an.1 determined
by tracking the particles through the Forward Spectrometer Magnet (FSM), a large airgap dipole magnet, which bends in the horizontal plane. The center of the magnet is
located 4!) m downstream the center of the target. The length of the gap is 4.3 m,
the width is 2 m, and the height is 1 m. Inside the gap large proportional chambers
(collectively named P123) have been placed to provide hits along the curved trajectories
of passing charged particles. The field strength of the magnet, depends on the beam
energy, such that the deflected beam passes through the dead central regions of the
large detectors. For the 190 GeV beam a current of 4 kA is applied to create a field
integral of-1.1 Tin along the beam axis. The field lias been precisely mapped [GI]. The
RMS deviation is less than 5 * 10"'1 T at any point in the air gap. The field stability is
monitored both by a Hall probe and an NMR device.
Only high momentum particles emitted at small angles manage to pass the FSM,
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behind which they are tracked by proportional chambers (POE, P 15) of various sizes and
by large drift chambers (W12, W45). Obviously the size of the large detectors increases
with the distance from the target.
The drift chambers have distances of several cm between the sense wires, the anode
wires connected to the read-out electronics. The drift chamber electronics not only
records the wire number of each hit, but also the drift time of the ionization electrons
relative to the time of the trigger. The resolution is a fraction of a mm. Between the sense
wires in a plane there arc potential wires, in essence cathode wires providing the main
drift field component. Cathode planes on either side of the read-out plane delimit the
drift field in the A' direction. To reduce the non-linearity in the drift time distribution,
t lie shape of the electric field of VV12 has been made less inhomogencous by having three
potential wires on either side of a sense wire, in a plane perpendicular to the sense wire
plane. The middle potential wires arc in the sense wire plane and are at a lower voltage
than the others.
Downstream of W45 the calorimeter 112 allows to distinguish, to a limited extent,
electrons from hadrons. Behind the calorimeter a 2 m thick iron wall absorbs all particles
except for the scattered muon. Both the calorimeter and the absorber have holes for the
beam to pass through. Downstream of the absorber the track of the scattered muon
is identified by the muon chambers, a complex of streamer tubes (ST67), proportional
chambers (PC7), and drift tubes (DT67).
STC7 is the only spectrometer detector whose active elements have a double, indirect
read-out. Each plane of streamer tubes is covered on either side by a plane of read-out
strips, capacitively coupled to the tubes. In one plane the strips are parallel to the tubes,
in the other they arc at an angle. Ideally each hit provides a signal on one parallel and
one inclined strip. The advantage of such a setup is threefold. First, the low-voltage
read-out electronics can hardly be damaged by the high voltage on the wires. Second,
with a single plane of wires one measures two coordinates. Third, because of the modular
design one can easily replace a tube that contains a broken wire.
An important feature of ST67 is its high voltage feedback system. Unfortunately
the streamer tubes cannot be operated in the high voltage plateau region, in which the
efliciency hardly changes as a function of voltage, temperature and pressure. At the
plateau the currents would be much too high, given the beam intensity. Conversely,
at a lower operating voltage the detector efficiency is highly sensitive to changes in the
atmospheric temperature and pressure. The streamer signal is reduced by 38 % for a 50
inbar increase in pressure, and by 25 % for a temperature drop of 4 °C. To avoid similar
IInet nations in the union track reconstruction efliciency, the feedback system adjusts the
voltage of each plane, keeping the mean of the pulse height distribution constant within
I %. The positive experiences for STC7 have led to an expansion of the feedback system
to include P123, the least redundant detector complex. Here efficiency fluctuations tend
to have the largest influence on the spectrometer acceptance.
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The trigger system

The data from the tracking detectors described above are recorded only upon a trigger
signal, indicating that an event of a selected type has just occurred, usually that a muon
has scattered in the target. A trigger occurs upon a suitable fast coincidence of hits in
various hodoscope planes downstream of the FSM. For a physic* trigger the hodoscope
hits must define a straight line deviating from the beam direction and roughly pointing
towards the target. The precision of the requirement is limited by the widths of the
various scintillator strips (typically 10 cm) and, in the horizontal plane, by the track
bending in the FSM.
In the main physics trigger (Tl) a coincidence in 5 big hodoscope planes is required.
The first 2 of these planes are located just behind the W12 drift chambers. They are
named Hl V and Hill, and have vertical and horizontal strips respectively. The next 2
planes are situated just behind the iron absorber wall, in front of the muon chambers:
H3V and H3H, also with vertical and horizontal strips. Finally one more plane with
horizontal strips, H4II, is located behind another absorber wall downstream of the muon
chambers. This 40 cm thick iron wall reduces the number of spurious hits in I Mil caused
by electron showers mainly originating from the beam scraping the hole in the preceding
absorber. All 5 hodoscope planes have holes for the beam to pass. The elements of
H3V are equipped with Timc-to-Digital Converters (TDC), such that from the time of
the trigger the time of other signals can be predicted, for example to select the correct
beam muon in the BMS. The signals from the Tl hodoscope strips arc led to the row
and column inputs of programmable matrices [62], that only generate an output signal
upon the coincidence of signals in selected rows and columns. It is in these units that
for instance the target pointing requirement is implemented.
For the small angle trigger (T2) and the small x trigger (T14) also three groups of
hodoscope planes are used. The first group is located just in front of the calorimeter, the
second just behind II3II. and the last just behind H4II. The number of scintillator strips
involved is much smaller for T2 and T14, and the coincidence logic is much simpler than
for Tl.
Besides the three physics triggers other trigger types have been implemented for alignment, calibration and tests of various parts of the spectrometer. Whereas halo unions are
usually vetoed, in the halo triggers (T7, TS, Til, T12) they arc accepted, illuminating
the large detectors evenly and thus useful in their alignment and calibration procedures
(see chapter 4.1.1). Furthermore they are used on-line and off-line to determine the
efficiencies of the large detectors and the physics trigger hodoscopes. During normal
data-taking only a small rate of halo triggers is useful. The small rate is achieved by
prcscaling, i.e. accepting only the last of every 2|V trigger signals. Similarly prescaled
a beam trigger (T5) is used to calibrate and monitor the small detectors. It requires
a coincidence of signals from two small hodoscopes placed in the beam line, IluA and
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I15B. located downstream of IIIII. An incoming muon will only generate a beam trigger
when by the end of the spectrometer it is still in the beam. In that case it must have
passed through every small detector. Next there is a 10 MHz clock trigger (T9), used to
calibrate TDCs and to determine the background in the chambers. Finally there is the
random trigger (T10), initiated by a radioactive decay in an o-source located far from
llie experiment to avoid signals correlated to the beam. This trigger samples the phase
space and momentum distribution of the beam uniformly in time over the spill.

2.4.2

The data acquisition

The signals from the detectors are processed electronically and recorded in a digital
form suitable for later analysis. Basically each element of a detector has an amplifierdiscriminator, that gives an output signal whenever the input exceeds a threshold. Depending on the detector type the output is either proportional to the input (analog), or
it merely indicates at which time, if any, the input exceeded the threshold. For most
detector types the signals arc digitized only upon a start or gate pulse generated by a
trigger. Their data end up in CAMAC Timc-to-Digital Converters (TDC), Analog-toDigital Converters (ADC), or sealers. The drift chambers arc equipped with Drift Time
Recorders (DTR), CAMAC read-out modules that continuously store the times at which
signals are received from the wires. Upon receipt of a trigger signal the contents of the
DTR modules are frozen.
For each trigger the relevant detectors are read out into Fastbus data buffers (of
various types) that can hold the data for a complete beam spill. After each read-out
the detector modules are cleared and the trigger is enabled again. The time between
the arrival and the re-enabling of the trigger adds to the dead time of the experiment.
In SMC the dead time amounts to 30 % of each spill. Per spill about 400 events are
recorded, of which typically 350 are physics triggers (200 T l , 50 T2 and 100 T14).

The on-line computers
The data acquisition is controlled from one machine in a cluster of three DEC /(VAX III
computers. When the spill has ended the event builder program reads out all the data
buffers. For each event it combines the data from all detectors, and writes the result to
Exabyte tape. A fraction of the events is made available to monitor tasks running on
the second machine in the cluster. These programs keep an eye on the raw data recorded
by each detector, comparing the observed distributions with their references. Significant
differences lead to alarm messages and possibly cause the data acquisition to be halted
immediately, an indication that faulty hardware is to be fixed.
On the third machine the check-tasks arc run. These are used to control and check
various parts of the detector hardware, like high voltages, low voltages for the readout electronics, gas flows, pressures and temperatures. Furthermore, between spills the
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Figure 2.6: Top view of the SMC muon decay polarimeter.

read-out electronics are checked by generating artificial data: test pulses are sent to
preamplifiers, and responses are collected via the normal read-out chain.

2.5 The beam polarimeter
To measure the polarization of the muon beam a separate experiment has been set up
downstream of the main experiment. In the beam polarimeter (BPM) two complementary methods have been implemented to determine the beam polarization. In the decay
method the polarization is derived from the shape of the energy spectrum of positrons
created by the in-flight decay of beam rations: /i + -¥ e + + vK + vl%. In the scattering
method the polarization is derived from the asymmetry in elastic scattering of muons by
polarized electrons.
2.5.1

The decay method

The decay setup [G3] is shown in fig. 2.6. The last dipolc magnet of the bcamlinc,
located just downstream of the main spectrometer, sweeps away most of the positron
contamination already present at that point in the niuon beam. The remaining positrons
generate electromagnetic showers in a lead foil through which the beam passes at the
entrance of the BPM. Compared to a single minimum ionizing muon these showers give
large signals in a set of two shower veto beam hodoscopes, with vertical and horizontal strips. Behind the veto a 30 m long muon decay path extends to the BPM decay
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spectrometer. Lnvetocd. unions and their decay positrons arc tracked in this region by .!
MWPCs (named PBCH), separated by vacuum pipes to reduce positron bremsstrahlung.
The decay spectrometer consists of the analyzing magnet MNP26, 3 MWPCs (named
P P C H ) tracking deflected particles over a distance of 10 m, and a lead-glass calorimeter. The downstream detectors are placed beside the muon beam region, because they
cannot, handle high rates. Positrons can be identified by comparing the particle energy
measured by the calorimeter, with the momentum determined from the deflection in the
magnet, as measured by the two MVVPC telescopes. The downstream telescope accepts
decay positrons in the range 0.25 < y < 0.75, where y is the ratio of the energies of
positron and parent muon. To determine the muon energy the BMS is read out by the
polarimeter data acquisition system as well.
The positron energy distribution is known as the Michel spectrum [66]. In the laboratory frame it is sensitive to the muon beam polarization, apparent from the following
expression [67, 68] and from fig. 2.7:
dN
-^ = A'o(| - 3i/2 + iy* - />„(! - 3,/ + §j/3))

(2.11)

A typical example of the measured spectrum is shown in fig. 2.8. The Michel distribution is distorted by the limitations of the acceptance of the spectrometer. To find
the response function of the apparatus, a Monte Carlo simulation of the experiment is
performed, in which a decay spectrum is generated for iniions with positions, directions
and momenta as measured via the polarinieter beam trigger. For the polarization a value
Plt — — 0.8 is taken, which from beam optics calculations [GO] is expected to be close to
the true polarization. Then the response function for Plt = —0.8 is found by dividing
the reconstructed by the generated spectrum, both of which arc shown in fig 2.9. It is
checked that the result docs not change when P;, is varied between —0.7 and —0.9. The
range in y in which the response function is understood (and typically flat), is used to
deduce the polarization from the measured spectrum. First the spectrum is corrected
for the acceptance effects, next a Michel curve is fit through the data points. A typical
result is shown in fig. 2.10. The polarization is found to be -0.803 ± 0.029 (stat.) ±
0.020 (syst.) [6<1] for the 1993 proton run, and -0.811 ± 0.02S (stat.) ± 0.029 (syst.) [65]
for the 19!)'] doiileron run. These values agree well with the value —0.S3 ± 0.05 obtained
from the beam optics simulation [60].
2.5.2

The scattering method

During the I!)!)•'! run the hardware implementation of the scattering method was completed. From that, time onwards the polarimcter has also recorded data with the scattering method, which provides an independent cross-check for the decay method measurement. Us systemalie error is of a different nature, while le.s.s measurement time is needed
to obtain the same statistical significance. The experimental setup is more complicated,
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as shown in fig. 2.11. In a magnetized iron target muons can scatter off polarized electrons. The BPM scattering spectrometer has two arms, to measure the momenta of both
the scattered muons and the outgoing electrons. The target consists of a 2.7 mm thick
sheet of a ferromagnetic alloy (49 % Fe, 49 % Co, 2 % V), installed in the gap of a flat
magnetic circuit. The sheet is tilted vertically with respect to the beam, typically by
±25°, and the electron polarization Pc is 7.5 % along the beam polarization axis, at a
magnetic induction of 2.2 T. The choice of sheet thickness and angle is the result of an
optimization procedure: the muon-electron interaction rate and the longitudinal electron
polarization should be maximized, whereas the secondary electron interactions should be
minimized.
The electron polarization is reversed each spill by reversing the magnetic field. Like
in the main spectrometer, this might slightly change the BPM acceptance for charged
particles, and a spurious asymmetry could arise. Therefore every two hours the tilt angle
is reversed, such that spurious asymmetries tend to cancel.
The muon-clectron asymmetry A^ is calculated in QED, as a function of y, here
denoting the fraction of the muon energy that is transferred to the electron:

Here da^ (da^) represents the differential cross section for muon-elcctron scattering
when the spins are antiparallel (parallel). The measured asymmetry can be written as

2.5. Tim lii-nm pol.iriinotor

47

••lin — •\,,,l',,ll- Hi'U> /'(1 is the only unknown.
To determine y it is sullirient to follow the niuon track. Again the incoming momentum is measured with the H.MS. The scattered union momentum is determined with
the union arm of the spectrometer. The electron track is reconstructed with the other
arm. Both outgoing tracks should have a common point, the scattering vertex. An event
is discarded if a vertex cannot he determined, or if it is found outside the magnetized
target. The remaining background from direct pair production and biemsstrahlung is
about '•) %. It has been measured with a //~ beam and a /(~c+ coincidence trigger.
The scattering method is expected to have a systematic error of 2 %, which is significantly smaller than that of the decay method. There is no dependence on a Monte Carlo
simulation to lind the beam polarization. There arc no results for the scattering method
yet, mainly because the radiative corrections to A^ still have to be calculated.
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Micro strip gas counters
A Micro Strip Gas Counter (MSGC) is a variation on the multiwire proportional counter
(MVVPC). Instead of wires it has narrow strips with a very small pitch, alternately anodes
and cathodes, obtained by etching a metal layer deposited on an insulating substrate.
The strip plane is separated from a remote cathode plane by an ionization gas layer with
an essentially homogeneous electric drift field. A charged particle passing through the
gas layer knocks out electrons, which drift towards the strip plane. In the very strong
field surrounding the nearest anode they produce an avalanche, resulting in a signal that
is detected by the read-out electronics connected to the anodes.
Since the concept of an MSGC was proposed by Oed [69], it has received much attention, for example as a possible tracker [70, 71] for experiments at the Large Hadron
Collider at CERN. After a successful test in 1992 [72], SMC decided to install a set of 8
MSGCs upstream and a similar set downstream of the target, with 50 /im resolution per
plane, all to be built by NIKHEF. The aim was to improve by a factor 2 the measurement
precision of the incoming as well as the scattered muon track, and thus of the scattering
angle and vertex position. This is important mostly in the small x region, where the
scattering angles are small. In a Monte Carlo study [73] the vertex reconstruction using
the finer granularity of the MSGCs was found to resolve the target cells adequately down
to 2.5 mrad scattering angle, the edge of the angular acceptance of the spectrometer.
The vertex resolution limit was 5 mrad at that time. Multiple scattering in the target
typically amounts to only 0.5 mrad in the worst case, i.e. when a scattered muon of the
lowest allowed energy has to traverse the whole target.
In July and August 1993 the MSGC hardware was installed. Incorporating the new
detectors in the existing read-out turned out to be quite cumbersome. In September
1993 MSGC test data were taken. Data from October on are analyzed.
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3.1 The hardware
The metal layer for the strips is aluminum of 1 fim thickness, and the 10x10 cm2 substrate
is borosilicate glass of 300 fim thickness. For mechanical stability the substrate is glued
onto a support print, which also carries the amplifier chips for the read-out. The 496
anode strips, each 7 /nn wide, arc connected to the read-out electronics. The pitch is
200 fim. The anodes arc centered between cathode strips of 90 /im width. A schematic
drawing of a section of an MSGC plane is shown in fig. 3.1.
The ionization gas used in 1993-1994 was a mixture of 60 % dimethyl ether (DME)
and 40 % CO2. It combines a high gas gain and drift velocity with a good high voltage
stability [74]. The 2.7 mm thick gas layer above the strip plane is bounded by a cathode
plane kept at -2.3 kV. The cathode strips have a typical potential of -C30 V, whereas
the anodes are at ground potential. The gas amplification is about 640, and the average
signal from a particle traversing the gas layer perpendicularly to the strip plane, is 3*10'
electrons. The noise at the input of the amplifiers connected to the anodes, is typically
10'' electrons RMS, giving a signal-to-noise ratio of 30. During a normal beam spill the
cathode strip current is as low as 70 nA per plane. Therefore the high voltage modules
must have a very sensitive trip level detection.
The MSGC planes are mounted in gas-tight boxes. Each box contains two accurately
aligned parallel planes, with orthogonal strip patterns. The boxes have been designed
to meet two objectives. First, the alignment of the planes with respect to the outside of
the box has a precision of the order of 10 /nn. Second, the amount of material making
up the boxes behind the target is minimized, such that the flight of particles emerging
from the target is minimally affected. The boxes arc fixed together in pairs, face to face,
under a relative angle of 45°, to form stations. Thus each station has a Z, Y, U and V
plane. Upstream of the target there are two such stations, at 5.7 m and 3.C m from the
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Figure 3.2: The position of the MSGC stations in the main spectrometer.

center of the target (see fig. 3.2). They form the entrance telescope, known as MSAB.
They are mounted on a single, rigid steel table, such that a global temperature-dependent
expansion of the support structure will affect both stations in the same way. Downstream
of the target there are two stations as well, at 1.9 m and 2.5 m from the center of the
target, also mounted on a steel table. These stations form the exit telescope, known as
MSCD.

3.2

The read-out amplifiers

For the amplifiers of the MSGC a novel type of chip is used, the APC [75], featuring an
equivalent of an analog pipeline, and digitally controlled analog signal processing. Figure
3.3 schematically shows the basic con -jpts of the chip. It has 64 independent parallel
read-out channels. Each channel consists of a charge sensitive preamplifier followed by a
row of 32 storage cells (buffers), in the form of switched capacitors, that can be connected
one after another to the output of the preamplifier and thus sample and store its output
voltage. The row of storage cells is called a pipeline. The sequential addressing of the
different buffers is achieved by clocking a bit through a circular shift register, in the
SMC implementation at a frequency of 12 MHz. The rise time of the output voltage is
about 200 us, well within the time range corresponding to 3 buffers (sec fig. 3.4). In the
data capture mode the switches IS (Input Select) and SR (Sample Read) are closed. The
reset switch of the preamplifier is opened and the discharge resistor RG is connected (R12
dosed). The storage cell selector is enabled and the switches for the 32 capacitor cells
(',, are closed and opened sequentially, one per clock tick. In this way an event history
of 32 * S3 ns is spanned.
After an event trigger the storag; cell selector clock is blocked, freezing the event
history for each strip. There is a typical delay of 1300 ns between an avalanche signal
caused by a passing particle and the arrival of the trigger at the electronics. This delay
is spanned by 16 buffers. For any strip that had a hit associated to the trigger, 1G buffers
back in the pipeline the recorded output voltage V\c, is low, whereas 13 buffers back it

Chapter 3. Micro strip gas counters
Reset

CAL

Figure 3.3: Schematic overview of the APC.

has risen to its maximum value K13 (see fig. 3.4).
Therefore the difference signal V13 — Via is relatively large for a strip which was hit in
time, that is, at the time the particle(s) passed that caused the trigger. The difference
is small for n strip which was hit 1 or 2 clock pulses later: in such a case V13 is still low,
the [leak being V'|2 or Vii- The difference is negligible for a strip that was hit yet later.
If a strip was hit a few clock pulses earlier, its difference signal is negative: in this case
the fall of the signal is sampled.
To show how these difference signals are obtained, we describe the pipeline processing
mode. Switch IS is opened and IS is closed, connecting each strip to an additional
amplifier, which is under reset condition, thus draining any charge accumulated on the
strip. The discharge resistor RG is disconnected and the Reset switch closed in order to
clear any injected charges from the opening of the SR and the closing of the SR switches.
The selection function of the storage cell shift register is disabled, allowing to clock a
bit into the correct position, without destroying the contents of the pipeline. The Reset
switch is opened and the capacitor switch of the selected buffer is closed and opened
again, such that the buffer charge flows back into the preamplifier.
For each of the 61 preamplifiers the resulting output voltage is saved on the associated latch capacitor Ci, by closing and opening its latch switch, while applying a reset
condition on the common output amplifier. Since the charge accumulated on the latch
capacitor cannot change once the switch is opened again, the voltage across the capacitor
remains oV'lr, — Vw, where a is the gain of the preamplifier, and Kw is the working point
of the output amplifier. With the first selected buffer saved on the latch capacitor, the
preamplifier is reset. Then the shift register if advanced and the charge of the second se-
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lccted buffer flows back into the preamplifier, and is held there for the final read-out of all
channels. Since the left side of the latch capacitor is now at a\\^ and the voltage across
the capacitor is unchanged, the right side is at QV13— (aV\c — VW) = a*(V|3 —VIÖ) + VW.
So for each pipeline the potential difference between the floating side of the latch capacitor and the working point of the read-out amplifier corresponds to the charge difference
of the two selected buffers.
In the final read-out mode the amplified charge differences are transferred serially from
the latch capacitors to the read-out amplifier by opening and closing the latch switch of
one channel after another, chip after chip.

3.3 On-line processing
At the arrival of a trigger, a specially designed CAMAC module, the APC Controller,
drives the read-out of the APCs. Each station is coupled to a Station Interface module,
via which the analog data end up in a Fastbus Sirocco module [76]. The Station Interface
supplies the control signals for the APCs. Furthermore it can put the APC outputs from
two different planes serially onto a single output line. In SMC the data of a Z plane are
thus combined with those of the Y plane in the same box, and similarly the data of a U
plane with those of the V plane.
The serialized data are sent to a Sirocco in synchronization with clock pulses supplied
by the APC Controller. Each Sirocco consists of two essentially independent submodulcs,
which besides the clock pulses share input lines on which trigger type and event number
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are provided. A Sirocco submodule consists of a Front End Buffer (FEB), a Digital
Signal Processor (DSP), and a C-ate End Buffer (CEB).
The raw data from the APCs are digitized by a 12 MHz 10-bit flash-ADC and stored
in the Front End Buffer, which lias space for 4 events. For each event the trigger type
and event number are stored into the Front End Queue (FEQ), which can handle up
to 16 everts. When the FEB is full, the data for a new event are not stored, and an
invalid-trigger label is appended to the FEQ. To avoid loss of data, the trigger o[ the
experiment is blocked until at least one buffer has been emptied by the DSP [77], a very
fast CPU which runs a user-defined program loaded through Fastbus.
If the trigger type indicates that an event is of interest, the DSP program copies the
event from the FEB to private memory, after which it examines the ADC value of each
strip. First it subtracts the pedestal of the strip, its ADC value when it does not have
a hit. Pedestals are by design above zero, such that small fluctuations to lower values
are still within the range of the ADC. The pedestals are measured between beam spills.
They depend slightly on the count rate. To account for interference from cosmic rays as
well as for electronic noise, the measurement is repeated many times. For each strip the
average read-out value is taken as its pedestal, while the corresponding RMS value is a
measure of the noise. Typical results are shown in fig. 3.5. Thore is a clear structure in
the pedestal values for each chip, running up by about 60 ADC counts from channel 0
to C3. In the noise a 64-channel pattern of peaks is seen. The two planes read out by
the Sirocco are easily distinguished by their different pedestal base levels.
Each plane has S chips mounted, capable of handling 512 channels in total. The outer
S channels on cither end of each plane do not have corresponding anode strips, so that
they can be used to monitor the common mode noise. Since they cannot record hits, any
common deviation from the recorded pedestals is assumed to be common to all channels.
Besides the pedestal also the common mode noise is subtracted from the ADC value of
a strip. The common mode noise subtraction has turned out to be very useful for the
one Sirocco that appeared to have an unstable pedestal base level.
Only if the result of the subtractions is greater than the threshold of the strip, its ADC
value is copied into the Crate End Buffer. The threshold is a function of the individual
noise of the channel.
After a complete beam spill the CEB holds all the surviving data (about 400 events
in about 2 seconds). The data are partitioned in event records, each of which contains a
word count, the event number in the spill, and a list of pairs of strip number and ADC
value. The event number is generated independently by a separate CAMAC counter,
whose input is a NIM signal for each trigger. It outputs the incremented event number
in a binary representation onto a set of ECL lines connected to the front pant1! of each
Sirocco. It has turned out to be of vital importance for debugging the read-out, that the
DSP program reads a trigger generated event number, instead of calculating the number
itself.
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Figure 3.5: Pedestals and noise for two planes read out serially by one Sirocco.

At the end of the spill the Event Builder program reads the CEBs of all Siroccos
via Fastbus, and for each event associates the MSGC data with the data from other
detectors. Here it is checked that the number of MSGC events is equal to the number of
events recorded by other detectors.

3.4

Calibration issues

Before any detector can be used in the experiment, it must be calibrated. Us responses
to various known input signals must be recorded, such that a relation between input
and output signals can be found. The relation is assumed to be correct also for signals
outside the set used in the calibration procedure. For the MSGC the calibration consists
of three parts, described below.
Pedestal measurement
Upon arrival of a trigger t' s pedestals and common mode noise arc subtracted from
the ADC values, to obtain the net signal for each strip. The threshold is the minimum
value for the result to be considered a hit. It is applied to avoid recording fake hits
caused by noisy electronics and out-of-time background hits. For this proccduie to work
satisfactorily it is necessary that the actual pedestals and the noise level do not change
between calibrations. Ideally it is only necessary to calibrate the values when conditions
have changed, for example when the cathode strip high voltage has been lowered, when
the pipeline clock frequency has been raised, or when a different set of buffers is used in
the pipeline processing mode.
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3.4. Calibration issues
In practice, however, nftrr a few hours up to a few days spikes are observed in t lie
element spectrum of each plane, the histogram showing the hit distribution over the
strips. Examples appear in fig. 3.6. The element spectrum shows spikes on top of the
beam profile, as well as a few clips marking inefficient (damaged) channels. Around
channel 110 one observes a group of broken anodes: almost all of the ionization in
that neighborhood has been captured by the nearest properly functioning strips, which
therefore appear as spikes in the spectrum. This way the efficiency of the plane does not
decrease, but the resolution does, because the effective pitch increases.
Most spikes are located at the first channel of an APC. There the pedestal is minimal,
while the preceding channel in the read-out has the highest pedestal of the previous
chip. Monitoring the analog input of the llash-ADCs with an oscilloscope shows that at
a read-out frequency of 12 MHz there is hardly enough time for the baseline to stabilize
when switching from one chip to the next. Therefore it is no surprise that the noise is
highest for the first channel of each chip.
The dis- and reappearance of spikes may then be explained by the pedestals slowly
drifting up and down. As it is unlikely that a pedestal measurement occurs exactly at its
maximum, sooner or later the actual pedestals will be higher than the recorded values.
The Sirocco then subtracts too little from the ADC values, and spikes will appear in the
channels with the highest noise compared to the threshold. The spikes would disappear
later in the cycle, but usually a new pedestal measurement is performed for all planes as
soon as spikes are observed in any of the element spectra. With respect to the spikes this
procedure may deteriorate the recorded pedestals of the "quiet" planes. Furthermore,
when the measurement is not performed immediately, the actual pedestals may already
have drifted downward.
If a pedestal measurement did occur at the maximum, one will hardly observe a
decrease in efficiency when the actual pedestals have drifted downward, because most
signals are sufficiently high. Only the ADC spectrum will have shifted to lower values,
and few signals will have come below threshold.
Threshold settings
For the determination of the thresholds it is important to know the shape of the ADC
spectrum. It is determined by the statistical nature of the primary ionization process.
For in-time tracks the spectrum is expected to be a Landau distribution, which is indeed observed at very low beam intensity (about 105 per spill), when there is hardly
any background from out-of-time hits. At normal intensity, the spectrum is completely
dominated by the background hits, as shown in figure 3.7. That these unwanted hits are
recorded is a consequence of the preamplifier's long rise- and even longer fall time, compared to the average time between two subsequent beam particles passing: the charge
difference obtained in the pipeline processing mode can be greater than the threshold
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not only for the in-time muon. but also for a few unions passing both earlier and later.
This background is typically 5 to 10 times the signal from the in-time tracks, depending
on the instantaneous beam rate, which is dependent on the amount of high frequency
components in the spill structure. The background contribution to the ADC spectrum
peaks at zero, whereas the Landau curve peaks at a positive value which increases with
the applied high voltages. The off-line track reconstruction software, which has to lind
the correct hits, turns out to be confused by the large background (see sect. :{.(>). Moreover, already the data acquisition could not handle the high data rate that goes with a
low threshold. Therefore, in comparison with the position of the Landau peak a high
threshold had to be chosen, sacrificing some efficiency. For individual noisy strips the
threshold was raised further.
To improve the signal-to-noisc ratio a small change was tried in the pipeline processing
mode: instead of using one buffer per sample point, the charge of two subsequent buffers
was led ba< '•; to the preamplifier. This way the signal is roughly doubled, whereas the
noise only increases by a factor \/2. However, effectively the time between the two sample
points increases too. As this leads to a higher multiplicity, it was decided to revert to
the standard situation.

Delay measurement
In the third part of the calibration the exact delay of the trigger signal has to be found,
such that the proper position of the first sample point can be chosen. The second sample
point is chosen relative to the first, the difference being determined by the rise time of
the output signal of the charge-sensitive amplifier. Taking a smaller difference lowers the
signal. Still this may be considered advantageous, because in that case the signal gate
is shorter and the background consequently lower.
In the procedure to find the first sample point a delay curve is taken at a beam
intensity two orders lower than normal, typically 5* 105 unions per spill. At this intensity
the average time between two unions is about A /is, and very likely only one muon passes
an MSC!C plane in the time range spanned by the pipeline, 2.G //s. Then for each trigger
there is only one duster of strips whose pipelines show a clear signal. Assuming 100 %
detection efficiency, the observed cluster multiplicity is exactly unity if the sample points
chosen are (roughly) correct, since in that case the charge difference signal is above
threshold. Otherwise the observed multiplicity is zero. The clock frequency limits the
time resolution of the pipeline to 83 ns, but the system can be finetuned by adjusting the
trigger delay. The finetuning is achieved by maximizing the average (around the peak
position) of the observed ADC spectrum, as shown in fig. 3.8.
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Figure 3.8: The MSGC trigger delay curve for finetuning the time resolution. The delay is chosen such
that the average pulse height is at its maximum.
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Figure 3.9: Average radial efficiencies for MSAB and MSCD.
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Efficiencies and aging
To determine the cITicicncy of a detector plane one considers externally reconstructed
tracks passing through the plane. Then the efficiency of the plane is defined as the
fraction of the tracks in which the plane has a hit in the close vicinity of the track. The
efficiency of a detector may depend on the instantaneous as well as on the integrated
count rate. For the MSGC in the SMC beam the efficiency is lowest in the center of the
planes, where the rate is highest. There the electric field is disturbed most, by positive
ions slowly drifting away from the anodes, and even sticking to the substrate and the
cathodes. Consequently this region suffers most from aging. The cathode strips are
progressively covered by a layer of polymers formed by the positive ions. Not only docs
this layer reduce the electric field, but also it presents a barrier for charge exchange with
other ions. This effect can be compensated by raising the high voltages, but only to a
limited extent. The reason is that the voltages are set for the whole plane, whereas the
aging predominantly occurs in the central region. This means that in the outer regions
the current drawn from the high voltage supplies increases. To protect the detectors
from sparks, the current drawn by each plane must be restricted.
A second reason not to raise the voltages too much, is the stability of the detectors.
Each time a plane draws more than its maximum current, it trips, i.e. its high voltage is
switched off automatically. Furthermore the data acquisition is halted by a corresponding
alarm. Since this condition is abnormal, recovery is not automatic. Only after an
investigation is the high voltage switched on again, and can the data acquisition be
continued. As this loss of time should be avoided, the normal currents must be as much
as possible below the trip level.
The average radial efficiencies for MSAB and MSCD arc shown in fig. 3.9. It is
observed that for all radii the MSCD planes have lower efficiencies than the MSAB
planes, and also that the MSCD efficiencies have a much stronger radial dependence. As
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Figure 3.11: Average efficiency versus run number for MSAB (left) and MSCD (right), when the efficiency loss due to aging is compensated by lowering the threshold and raising the high voltage.

the union flux is the same for both detectors, the effects must arise from the secondary
particles created in the target and in other material in the neighborhood of the beam.
Fig. .'MO shows for an MSOD plane both tlie efficiency and the threshold versus the run
number, over a period of three months. Clearly the efficiency drops when the threshold
is raised, and vice versa. Furthermore, when the threshold is kept constant, the efficiency
slowly decreases due to aging, up to 10 % in the course of one month.
To keep the ellicieney constant despite the aging, one has two options. First, the
threshold can be lowered gradually, until the noise level in the recorded data becomes
too high. Second, the high voltage can be raised gradually, until the detector trips too
often. When these measures are applied, one arrives at the situation depicted in fig. 3.11.
Aside from temperature- and pressure-dependent fluctuations, the efficiencies of MSAB
and MS CD are constant. The (final) efficiency of MSCD turns out to be higher than
that of MSAB, because a large fraction of the aged surface in MSCD is excluded from
the analysis, due to the geometrical acceptance of the trigger.

3.6

Track reconstruction issues

Implementing the MSGC in the off-line track reconstruction software (see sect. A. 1.2)
was expected to be simple, because the MSGC only need to improve the precision of
tracks already reconstructed in the other detectors, all of which are highly efficient. For
the incoming unions the tracks are found in the beam hodoscopes B11A and HI IB, and in
the proportional chamber POB. For the outgoing muons the small angle tracks arc found
in the proporlionnl chambers POC and l'OD. Any track is then extrapolated through the
relevant MSXiC stations, and in each M.SG'C plane the hit (if ;my) closes! to the track
(within a road of about 1 mm) is considered as part of the track. The track is then refit
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according to the precise hit data from the MSGC.
This scheme, however, turned out to be hampered by two phenomena. First, the
efficiencies (see sect. 3.5) turned out to be much lower than the value of 98 % obtained
in a laboratory cosmic ray setup at NIKIIEF [7S]. This means that often the passage of
a union does not cause a hit in a particular MSGC plane. However, as the background is
high (see fig. 3.G), there is a relatively high probability that an out-of-timc hit is found
near the track. When such a hit is included in the track fit, it tends to pull the: fit
away from the true track of the particle. Because the MSGC have the highest intrinsic
precision, MSGC hits have the largest weight. This means that the track can easily
be displaced so far that hits from the other detectors are no longer considered to be
part of it. When the number of hits remaining becomes too low, the track is discarded
completely. This problem was solved by requiring that the AISGC hits themselves define
a track that is sufficiently compatible with the original.
Now we turn to the second phenomenon, which interfered with the first. The detectors
that supply the original tracks turned out to be more sensitive to temperature dependent
expansion than expected. For example, shifts of several hundred //in were in the end
discovered between the recorded and the actual positions of the POC planes (sec fig.
•3.12). This meant that the original track could be so far from the real track that the
wrong area of the MSGC planes was searched for hits. Either no hit would be found,
resulting in yet a lower efficiency, or a background hit would be picked up, leading to a
distortion of the track. When it had been established that temperature effects played
such a significant role, it was realized that a temperature dependent correction on the
other detector positions was not only necessary for the MSGC, but also made possible
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by them.
Having dealt with these obstacles, one observes indeed an improvement of the track
precision by a factor 2, as shown in fig. 3.13. The final goal is to improve the vertex
precision. Work is in progress to match the precision of the vertex reconstruction algorithms lo the precision of the track definitions. In the end also the vertex precision is
expected 'u improve by a factor 2, in a large kinematic range.
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Chapter 4

Data analysis
The data recorded in the experiment, the ram data, are processed to yield values for
asymmetries and structure functions. In the first stage of the analysis, named the production, the raw data are brought into a form suitable for the second stage, the physics
analysis. In the data acquisition each event is nothing but a collection of detector data
words. For the physics analysis though, of primary interest are the momentum vectors
of the incoming and the outgoing muon, and of the other outgoing particles detected.
Historically the production is split in three parts, named Phoenix, Geometry and
Snomux, as illustrated in fig. 4.1. The main task of Phoenix is to find pieces of tracks
in groups of detector planes. Then Geometry links those pieces together, accurately
fits the resulting tracks, determines the momenta, and combines tracks to locate the
scattering vertex. Snomux is a collection of program modules that need accurate track
information to process the remaining parts of the raw data and to select events for the
physics analysis. The output of this program is called a Micro Data Summary Tape, in
short a Micro-DST. It contains only the essential characteristics of each selected event.
The fastest machine available for the production, a 40 MHz Sun SPARC-10, on average
can process 3 raw events per second. Since the data recording rate is up to 21 events per
second, one needs an equivalent of 7 such machines to keep up with the data-taking. That
amount of computing power is not continuously available. The production for 6 months
of data-taking per year is typically completed 3 months later. Furthermore, whenever
a serious problem turns up in one of the three production programs, the affected data
have to be reprocessed.
The second stage of the analysis starts from the Micro-DST. The Micro program is
a general-purpose analysis program. It is used first to study the behavior (efficiencies,
stability, resolution, correlations) of the detectors, and then to select events that are
eligible for the last step in the physics analysis, the determination of the spin-dependent
asymmetries and structure functions, using the Asym program.
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Figure <|.l: The SMC data reduction and analysis chain.
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Phoenix

Tin1 very first step in Phoenix is made in the Decoding Package, a collection of routines
that translate the binary data words of each detector to a form suitable for further
analysis: lists of wires and hodoscopc elements that have been hit, pulse heights (ADC
values) and timings (DTK and TDC values), and hit counts (sealer values). It is this
package that removes inconsistencies and irregularities in the read-out sequence and
the hardware numbering of detector elements. Also it corrects for ad-hoc modifications
to and problems in the read-out electronics. For some detectors the decoding package
also calculates the effective hit position for each cluster of hits, properly weighting each
clement, for example with its ADC value.
The next step is to distinguish background hits from the hits belonging to tracks
associated with the trigger. For this to be possible it is necessary that the relative
positions, orientations and timing offsets for all detectors are known: the detectors have
to be dli/jncd in the reconstruction software. Furthermore it has to be known how the
detectors respond to passing particles of different kinds and momenta: the detectors have
to be calibrated.

4.1.1

Alignment and calibration

To alleviate the software alignment, special alignment runs arc taken after a detector has
been moved or wlicn its operating conditions (e.g. the high voltages) have been changed.
For these special runs the beam intensity is lowered to about 10r> unions per spill (i.e.
about 2 % of the normal intensity), to suppress the background hits sufficiently, and to
allow the t rack reconstruction to be unambiguous. The central (normally) dead zones of
the large proportional chambers PV1 and P45 are made alive for these rvms, such that
the system of small detectors can be aligned relative to PV1 and P45, and by extension
to the other large detectors. Furthermore the field in the FSM is switched off, such that
the tracks are straight and intersection points can be predicted most, accurately at every
detector plane.
The software alignment is an iterative procedure, starting from position coordinates
measured in optical surveying. In the survey it is verified that none of the detector
frames is significantly tilted with respect to the coordinate axes. The A' positions of all
detector planes ;;re measured up to a few mm, which is sufficiently accurate, because
of the small inclination of all relevant tracks. For the V and Z positions of the single
elements the starting precision is about 1 mm. The survey provides absolute Y and Z
positions with respect to the FSM for a few of the largo detectors.
In the iteration procedure track predictions are constructed from hits in one or more
detectors, relative to which the others are aligned. The predictions are extrapolated to
each plane and associated with hits in that plane. The V and Z positions of the planes
are then shifted iteratively such that the average distance between the observed and the
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predicted hits is zero. The final precision of the Y and Z alignment is about 0.1 mm.
The small detectors are aligned by reconstructing tracks that remain in the beam region
all the way through the spectrometer, and causing a beam trigger in the H5 hodoscope.
For the large detectors halo tracks are used.
In the alignment of drift chambers a complication occurs. The read-out electronics of
these detectors not only determines which wire was hit, but also when it was hit with
respect to the time of the trigger. The difference is the time it took for the ionization
electrons to reach the wire and produce an avalanche. When the electron drift speed is
known as a function of the distance to the wire, the distance between the wire and the
track can be calculated from the drift time. A polynomial of up to sixth order is used to
parametrize the observed relation.
To be able to combine information from different detectors, not only their relative
positions have to be known, but also the relative arrival times of signals from the same
particle track. Ideally the relative timing remains constant and only has to be determined
once. In practice, however, changes of operating conditions (voltages, gas composition,
temperature, pressure, aging, contact resistance) cause signal shapes and speeds to vary
in time. Relative timing distributions are calibrated by centering around zero the timing
differences of hits associated to the same track. The absolute time is defined by the
trigger TDCs, relative to which the offsets for the other detectors are found. These
offsets correct for the time of flight for the muon to reach a particular detertor, for cable
delays, and for signal formation and propagation speeds.
The results of all these procedures are written to the alignment file, which serves as
the calibration for the entire production. It is also consulted in the physics analysis, e.g.
to select traclv that intersect a detector plane in a particular area.

4.1.2

Track reconstruction

When the detectors have been aligned and calibrated, Phoenix can reconstruct the events
recorded in normal data runs. For these events it is necessary to find the tracks of the
beam muon, the scattered muon, and any other detected outgoing particles.
Each track is composed of pieces that are reconstructed from effective hits (see sect.
4.1) recorded in detector systems along the experimental setup. To find a track (piece)
in a particular detector the following algorithm is used. For each of the projections (Z,
V, U, V) present in the detector, only those hits arc considered (tagged) that lie within
a given distance from a line given by an external prediction. When the detector is not
immcTsod in a magnetic field, the line is straight. The tagged hits arc said to lie on the
tagging mail. The maximum distance is the tagging road width.
The tagging road may be defined by a scries of hodoscope hits. In that case the road
width can be as large as 10 cm, the maximum width of a single hodoscope strip. The
trigger type determines what, direction the road should have: for a halo trigger it should
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be parallel to the beam axis, whereas for a physics trigger it should point towards the
target, taking into account the bending by the FSM.
In the next step every two planes per projection are tried as key planes, i.e. planes
that define the precise position and direction of the track. Each pair of tagged key plane
hits is tried: if the line connecting the hits is sufiiciently parallel to the tagging road
itself, it is used to define a track road. Then each of the other planes is searched for the
hit closest to that line, but within the track road width, typically 2 mm, depending on
the accuracy of the detector. If a sufficient number of hits are found on the track road,
they are assumed to be part of a track. The track is said to satisfy the minimum plane
requirements.
To locate the track as accurately as possible, a line fit is made by minimizing the \2
of the contributing planes:

X2= E lThk-T^)
planes \

»plane

(4.1)
/

Here Ti,it is the coordinate of the hit, whereas 7j)re,i gives the prediction from the track
fit. The typical hit accuracy of a particular plane is given by (Tp|a,lc.
Since the detector planes are not 100 % efficient, it is not demanded that every plane
has a good hit. On the other hand, an occasional hit close to the line may have nothing
to do with the track: the real signal may have gone undetected, while at the same time an
arbitrary element nearby recorded a background (fake) hit. This possibility requires great
care when the detector efficiency is relatively low and the background high, providing
fake hits away from the track, but still within the track road width (see sect. 3.6). Such
hits tend to distort the irack fit and might therefore cause the track to be rejected at
a later stage. Fortunately background hits are usually recognized from their relatively
large contribution to the minimized \ 2 of the track fit. Such hits are then discarded
and the track is refit without them, unless the number of hits has dropped below the
minimum plane requirements, in which case the track is lost (see also sect. 4.2).
The track projections found in the key plane procedure can be combined to form the
track in three dimensions. However, since a tagging road can be rather wide, it is possible
that the projections of several tracks are found on it. In that case all three-dimensional
combinations possible arc tried, and those with the lowest overall \ 2 are assumed to be
the correct ones.
Finally each of the accurately defined tracks is extrapolated to the next detector, to
define tagging roads there as narrow as possible. The values for the various road widths
and slopes have all been determined in a tuning phase of the software.
The incoming muon
In the beam hodoscopes, the proportional chamber P013, and in MSAB, tracks arc required to point towards the target. When several tracks arc found for a single event, the
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correct beam track is determined by comparing the limes of the beam hodoscope hits
with the time of the trigger. When there remains an ambiguity, the event is discarded.
The trigger timing is also used to find the correct hits in the 13MS. Some details on the
track reconstruction in MSAB are given in sect. 3.6.

The scattered muon
For the scattered nuion the track finding algorithm starts in the muon chambers behind
the absorber, i.e. in the area of the ST67/P67/DT67 detector complex. Among the
particles emerging from the target, only muons can pass the absorber wall. Downstream
of the absorber the multiplicities are much lower than upstream, but there is a sizable
background from electromagnetic showers mainly originating from particles scraping the
beam hole in the absorber. Furthermore, besides the scattered muon, if any, there may
be muons originating from decays of mesons.
To identify hits belonging to the muon tracks, all suitable combinations of hodoscope
hits are tried in defining tagging roads towards the target. If no track is found, the event
is discarded. Each track that has been found, is extrapolated upstream through the
absorber, defining a tagging road in the WM5/P45 complex, taking into account multiple
scattering in the absorber. Each track found in W45/P45 is then extrapolated to the
W12/P0E complex.
In the FSM the situation is more complicated. First an approximate analysis is made.
The horizontal (Z) projection of a muon trajectory is nearly straight, whereas the vertical
(V) projection is approximately a circle segment, neglecting the field distortion at the
edges of the magnet. The track found in W12/P0E must be tangent to that circle. To
define the circle, still another point is needed. It is found in three steps. First the
W12/P0E line is extrapolated straight to a point in the vertical plane through the center
of the FSM. Then that point is joined by a straight line to the center of the target. Finally
the intersection of that line with the vertical effective entrance plane of the magnetic field
defines the sought point. The (tunable) effective entrance can be thought of as the sharp
vertical edge of a homogeneous field that has the same integral along the beam axis as
the true field. Next the circle can be constructed and hits can be tagged on a road
around it. The road width is rather large, to account for the fact that the origin of the
track need not be at the center of the target, and that the track is only approximately a
circle segment. Then, in a refined analysis using the accurately measured field map of the
KSM, the correct hits arc found and the curved track is determined, in terms of a quintic
spline fit accurately joined to the straight W12/P0E track. When also inside the magnet
the track is defined precisely, it can be extrapolated into the PV1/PV2/P0C/MSCD
complex in front of the magnet. If the muon track is not found in this detector complex
or any of the systems downstream, the event is discarded.
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The other outgoing particles
In DIS events the target nucleon is broken up, creating one or more hadron jets. To a
great extent the track finding for the secondary particles works just like for the scattered
muon. The reconstruction now starts in the VV45/P45 complex, i.e. again as much
downstream as possible, where the tracks tend to have their maximum separation. There
are no initial tagging roads. Instead, for each pair of key planes all hits not belonging to
muon tracks are tried in defining a narrow track road roughly pointing towards the target.
Then the algorithm proceeds as described above. For a determination of the momentum
it is necessary that the track be reconstructed in the magnet. There is no demand that
it also be found in front of it, because the track may have originated downstream of the
target, from the decay of a hadron that itself originated in the target.

4.2

Geometry

The track pieces found by Phoenix are accurately linked together by Geometry, using a
quintic spline fit. Next it is checked if the combination of hodoscope strips hit by the
scattered inuon track is sufficient to have caused the trigger. Otherwise the trigger has
been faked by background hits and the event is discarded. For each outgoing track in the
surviving events the momentum is determined from the curvature in the FSM. For the
incoming imion it is found from the bending angle in the 13MS. The position of the muon
scattering vertex is derived by extrapolating the tracks of the beam and the scattered
union into the target and determining the space-time point of closest common approach,
allowing for multiple scattering and timing uncertainty. A typical vertex distribution
along the beam is shown in fig. 4.2 from which it is clear that the target cells can be
resolved well.
Finally, if an event includes other outgoing particle tracks, also their vertices with
respect to the beam track are determined. When such a particle seems to have originated
at the muoii scattering vertex (typically a hadron out of a jet), its track can be used to
locate that vertex with greater precision, especially when the muon scattering angle is
very small.

4.3

Snomux

The Snomux progn n; is the final step in the production stage. It still has the raw data
available, but also the accurate track information. It is here that the calorimeter data
can be associated to tracks, such that particles other than the scattered inuon can (to
a limited extent) be identified as hadrons or electrons. Furthermore some elementary
event selections are already made. For example, to ensure that one and the same flux is
used for both target cells, it is required that a straight extrapolation of the beam track
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Figure 4.2: Typical vertex distribution along the beam. The two target cells are bounded by the dashed
lines. Events outside the cells originate mostly from helium and from the metals used for the microwave
cavity and the microwave shielding material. The peak on the right side reflects the cavity exit window.

fully passes through both the upstream and the downstream cell (see sect. 4.5.1). For
the selected events only a minimum of information is written to the output file, to reduce
its size. For 6 months of data-taking the resulting Micro-DST takes about 6 gigabytes.

4.4 Acceptance effects
In the previous sections it has been outlined how for every event the tracks and momenta
of the incoming and outgoing particles arc reconstructed. By extrapolating the tracks
of the incoming and the scattered muon the position of the interaction vertex is found.
From their corresponding moment a the kinematical variables x and Q2 can be calculated
(see sect. 4.5). All necessary information is then present to calculate the spin-dependent
event yield asymmetry as a function of the kinematical variables. What still needs to be
verified, however, is the stability of the data on the Micro-DST, in spite of time-dependent
variations in the data-taking conditions.
As the asymmetry to be determined is very small, the number of events changes
only slightly from one polarization orientation to the other (sec sect. 2.1). Conversely,
if the spectrometer is not sufficiently stable, the true asymmetry will be obscured by
fluctuations in the effective acceptance. To monitor the effective stability, many relevant
quantities are histograinmed as a function of the run number, for example: the average
number of tracks found in WM5, the average \'2 probability of the muon spline fit, the
fraction of events with a vertex in the upstream target half, the average values of the
kincmatical variables, etc.

4.4. Acceptance effects

73

Generally such histograms arc called run summaries. Over each polarization configuration they should be ilat, up to small statistical fluctuations. A significant deviation
observed for a sequence of runs is usually due to a temporary problem in the hardware
of a particular detector. From the physics analysis viewpoint it is safest to discard such
a group of runs completely. Indeed this approach is taken when the number of runs is
small with respect to one configuration (see sect. 4.5). On the other hand, when the
group is internally consistent and extends over one or more polarization configurations,
it can be used for a separate measurement of the asymmetry. Then the result is on equal
footing with the asymmetries deduced from other configurations. This approach is taken
when there is an abrupt change in the hardware conditions of a detector, for example
because of a short circuit due to a broken wire.
Instead of being flat, a run summary histogram can have a slope, usually a gradual
decline. In this case one cannot give a group of runs a special treatment, so one has to
study if and how the asymmetry calculation is affected by the observed gradual change.
This is described in sect. 4.5.3. By keeping the operating conditions of the spectrometer
nearly constant, using detailed and subtle on-line monitoring and correction procedures,
erratic behavior in the histograms is avoided.
The acceptance of the spectrometer is a function of the efficiencies of the individual
detectors. The efficiency of a detector plane may a.o. depend on the intensity to which
it is or has been exposed (sec sect. 3.5). Then the efficiency is usually lower where the
intensity is higher. For example, the read-out electronics generally have, a dead time,
the time needed to record one signal, during which other signals are ignored. Higher
intensity then implies a larger dead time fraction. Furthermore it is the high-intensity
region where a detector suffers most from aging, the decline in efficiency in the course of
time.
As the particle intensity is high inside or close to the beam, even the efficiency of
a single detector clement (wire, strip) often is not uniform, and then cannot be given
as a single value per run. Therefore a detector plane usually has a two-dimensional
efficiency distribution. The average efficiency per plane gives a first indication on the
well-functioning of the plane. For most planes the efficiency shows a global dependence
on the radial distance from the beam axis, convoluted with inefficiencies of the individual
elements, including their read-out electronics. To find the two-dimensional efficiencies,
a special version of the Micro program is used. For each track the following algorithm is
applied per projection in a detector:
• when the track has more hits (i.e. contributing planes) than the minimum required,
it counts as an attempt for each plane, and as a success for those planes that
contributed to the track;
t when the track has exactly the minimum number of hits, it only counts as an attempt
for those planes that did nol contribute, and it docs not count as a success at all.
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The efficiency as a function of position in the plane is then given by the number of
successes divided by the numbei of attempts. For this method to work, track projections
usually must have more than the minimum number of hits. Furthermore this method
assumes that losses of hits in different planes are uncorrelated. For the ST67 detector,
for example, that assumption is not true everywhere. The efficiencies of the two readout planes surrounding a streamer tube layer are correlated through the efficiency of the
streamer tubes. A slightly modified version of the efficiency algorithm takes this into
account.
For many detectors the efficiency can be parametrized using a one-dimensional function. For example, the efficiencies of the PO chambers can be described with radial
functions like t(R) = ci — c2e~n/C3, where R is the distance to the beam axis and the
c; are constants. For the large drift chambers the efficiencies depend not only on the
distance from the beam, but also on the position in the drift cell. In this case the
parametrization c(R,d) takes the following form:
c{R,d) = 1 - (1 - c(Ä))(l - c(d))/a0
Ja

d/a<1

i(d) = a, - a2d - a3e- ' < - a5c

(4.2)
(4.3)

Here c(d) gives the efficiency in the drift cell as a function of the distance d from the
sense wire. The a; are constants. To be able to describe and fit the efficiencies with such
universal functions, it is necessary that all elements behave similarly and in accordance
with a smooth trend. However, in each plane there are usually a few bad elements,
whose efficiencies are clearly deviating from the trend. Such elements are excluded in
the litting procedure to find the overall parametrization. Instead they are put onto a list
which contains their efficiencies explicitly.

4.5 Asymmetry determination
At the second stage of the analysis for every event the tracks of the incoming and outgoing
union are available. Their point of closest common approach defines the scattering vertex,
and the momenta determine the kinematical variables x and Q2. From the run summaries
bad runs have been identified and subsequently excluded from further analysis. For
reasons of acceptance stability the remaining runs have been divided into contiguous
groups, for each of which a separate asymmetry is to be derived. The final asymmetry
is the weighted average of the separate asymmetries.
As introduced in sect. 2.1 each group from which an asymmetry is to be determined,
should cover at least one polarization configuration (see fig. 2.1). A configuration has two
contiguous subgroups, orientations, between which for both target cells the polarization
with respect to the beam is reversed (situations A and 13 in fig. 2.1). As shown in
the figure, there are two possibilities to set up a configuration.

Since in either case

t lie magnetic field is reversed between the orientations A and 13, the acceptance of the
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0 > 0.009
170 < E < 210 GeV
/ > 19 GeV/c
v > 15 GeV
y <0.9
Q2 > 1 GeV2
Table 4.1: List of event selection criteria (cuts).

spectrometer might be slightly different for the two orientations. If such a change would
affect the two target cells differently, the observed event yield asymmetry might have
a spurious component solely arising from acceptance effects, i.e. there might be a false
asymmetry. To have such effects cancel each other in the end, one alternates the two
configuration setups. In the analysis, however, it was observed that the direction of the
magnetic field did not influence the acceptance to a measurable extent.
4.5.1

Event selection

To determine the true spin-dependent event yield asymmetry for a configuration, a first
requirement is that the acceptance of the spectrometer appears to be stable. Fluctuations, however, would influence the observed asymmetry mostly where the acceptance is
low or where it varies rapidly as a function of some kinematical variable. Such regions
arc therefore excluded from the analysis: the data are subjected to cuts, as shown in
table 4.1.
The first of these arises from the requirement that events have their scattering vertex in one of the target cells. Because of the limited resolution of the spectrometer, the
observed vertex distribution along the beam axis is blurred with respect to the true distribution. Therefore, inadvertently a vertex is sometimes assigned to a wrong compartment.
Correction factors arc determined to obtain the effective (i.e. smeared) dilution factor,
by Monte Carlo simulations and fits to theoretical smearing functions. This modification
of the dilution factor accounts for the fraction of the event yield assigned to a cell, that
originated outside of it.
Applying corrections to account for the vertex smearing is justified when they have
a small effect on the asymmetry obtained. The smearing along the beam axis increases
as the muon scattering angle decreases. The minimum angle cut given in table 4.1 is
applied in the standard analysis, the new MSGC detectors not having been incorporated
yet at that stage.
In the transverse direction smearing hardly plays a role. Here the requirement is not
only that the vertex is found inside the target, but also that, in the absence of scattering,
the beam track would have passed fully through both the upstream and the downstream
cell. This ensures that the events selected in both cells have arisen from the same beam
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flux.
The measured energy E of the incoming union must he in the acceptance range
both of the BMS and of the polarimeter. The requirement on the momentum />' of
the scattered muon restricts multiple scattering effects and limits confusion from muons
originating from decays of mesons produced in the target. The cut on the transferred
energy c = E—E' is applied to constrain its relative error, which increases as v decreases.
The physics objective is to determine the spin-dependent cross section asymmetry for
the exchange of a single virtual photon. The DIS interaction, however, may have involved
multiple photons, i.e. a higher order Feynman diagram. To find the single-photon DIS
contribution to the observed full cross section, one must apply QED radiative corrections,
which are a function of x and y. The absolute uncertainty on these corrections becomes
large for high jy, where the corrections themselves increase sharply. The cut on y excludes
that region from the analysis. The radiative corrections do not account for elastic muonclectron scattering in the target. This process occurs around an apparent x = me/mp =
5.4 * 10"'. In the present analysis the lower bound of x is well above this value.
The cut on Q~ is of a different nature than the others. Its motivation stems from
the interpretation of the data using perturbative QCD, which should break down at Q2
values comparable to AQCQ ~ 0.1 GeV2. However, a precise limit is unknown. This
aspect of the physics analysis is further discussed in sect. 5.5.

4.5.2

Asymmetry calculation

At this analysis stage it is known which events participate in determining Ai(x,Q2) on
a grid of ,T and Q2 bins for each polarization configuration. In this section we describe
how tin; calculation proceeds, while suppressing in the notation the explicit dependence
on .T and Q2.
Let us first recall a few expressions from sect. 2.1. For each configuration the number
of events with a scattering vertex in the upstream target cell is denoted A'i in orientation
A and A'3 in orientation D (see fig. 2.1). Similarly the downstream cell lias event yields
N2 and /V.|. These four numbers are related as follows:
(4.4)
o (l

- 1\1\ fD/I,)

<t>B a 3 n a o ( 1 - PHP3 JDAX)

(4.5)
(4.G)
(4.7)

The quantities on the right hand side are assumed neither to depend on the position
within a target cell, nor on time. Except where indicated otherwise, we assume that, any
such dependence, can be accounted for by using effective values for these quantities. As
shown in sect. 5.1 no significant dependence on Q2 is observed. Therefore the data for
different values of Q2 can all be combined, to yield A\{x) for each bin of rr. To account
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for the variation with Q2 of the dilution factor / and the depolarization factor D, the
event yields are combined using the following approach.

The fD method
Starting from the original grid, for each x bin the Q2 bins are taken sufficiently small for
/ and D to be taken constant over each of them. Then the yields A^jt and A^.i in Q2
bin k are:
(4.8)
Ni.k = * A «2,t" ffOlfc(l - P H F 2 /fcPti40

'

(4.9)

Where not explicitly required we suppress the index k in the following. Letting r denote
the ratio al/a2 one obtains:
/l12

JV,-jVa
~ /V, + JV2

(r-l)-(rP,-Pa)PM//?/l,
(r + 1) - (r P, + P 2 )f, /£> /I.

^

J

After extracting a factor (r + 1) the denominator can be written as 1 — e with |e| <g 1.
A scries expansion for An up to first order in e then yields:

where P12 = ||Pi — Pi\. Over the many configurations in the SMC experiment the ratio
)• is found to deviate less than 10% from unity. The factor 4r/(l + r) 2 is then taken as
unity, with an uncertainty smaller than 1%. The statistical errors on An and A\ are
respectively:

l5^

If it were not for the term (r — l)/(»- + 1), the weighted average for Aj over the Q2 bins
k of orientation A would be:
-

N2Je){fD)k

For orientation B one derives a formula very similar to eq. 4.11, which defines /I34 and
r' = «3/a,|. In the expression j(/li2 — ^34) the r-dependent term is canceled assuming
r' = r. This assumption is checked in special tests to which the data are subjected. They
are described in sect. 4.5.3.
At sufficiently high statistics (A\,..., N4) and for sufficiently small Q2 bins, the summations can be taken over the single events i of the configuration, and one obtains:
A](X)

~ 2Ptl [ Pn
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In the realistic situation of the SMC data it is not immediately evident that this result
is applicable. In the following, however, we derive a generalized version of eq. 4.15 and
find that it can be applied indeed.
Maximum Likelihood analysis
The final step of the fD method is justified in the maximum likelihood analysis for the
asymmetry determination [79]. Each of the four event yields Nj can be written in the
form:
^=0,(1 + ^10
(4.16)
with (suppressing the index j from now on)
a

= 4>ana0

(4.17)

P = PUPJD

(4.18)

The quantities Q and j3 in principle can be calculated per event from a set of relevant
variables, including the vertex position, x and Q2. The values of these variables arc then
considered as the coordinates of a point V i n a multidimensional space. The probability
(likelihood) for an event to be in a volume element dV of that space is given by p(V)dV,
where p(V) is the probability density:

p{V)=jfa{V){l+p(V)Al}

(4.19)

and M is the normalization factor
(4.20)
Then the likelihood C that N events are observed in volume elements around V\,..., VJV
is given by:

c = X{P{VMVi = ^ n ° ( K ) { i + /9(v;-M1}dv,-

(4.21)

When the likelihood is maximal, its derivative with respect to A\ is zero. This condition
is more easily applied to the logarithm of the likelihood:

t

i

l

where a, = a(K) and ft = 0{Vi). Taking the derivative we note that also M depends
on A\\
i ^

=£

^

• - NS = 0

(4.23)

with

<5 = — j'a(V)P{V)dV

(4.24)
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In the case vf SMC one observes that /3,Ai <§; 1. This means that (1 + P,Ai)~i is
approximated very well by I — 0iA\. Eq. 4.23 is then easily solved for A\, yielding:

with

!vs

(4.26)
The first term on the right hand side in eq. 4.25 is an extension of eq. 4.15. Note that in
eq. 4.15 one first combines the event yields A^ and A^ to calculate Ai2 + / l i y and then
averages with /I3-1 + .'l^f obtained similarly. In eq. 4.25 we observe that polarization
variations are accounted for in the same way as / and D.
The last term in eq. 4.25 is the false asymmetry .4f corresponding to the change of
the acceptance ratio (r' ^ r) and/or average absolute polarization (P34 ^ Pi2). The false
asymmetry is zero when the integrand in eq. 4.24 has positive and negative contributions
canceling each other. This ideal situation is approximated when the target polarization
is reversed often, while the acceptances are kept constant. In the next section we show
how an upper bound can be estimated for the residual false asymmetry resulting from
changes in the acceptances.
First we take a closer look at the expression for the false asymmetry itself:

^f= _ _ _ I ^ _ _

(4.27)

where (fj2) = J2/3?/t\'. For the asymmetry A\2 we can estimate the corresponding false
asymmetry /l]2,f as follows:
{aiPi+a2P2)h

where h = PflfD. Here we have taken constant effective values for the relevant variables
making up a and (3. After extracting a factor (r + 1) the factor in braces can be written
as {1 -f (,"} with |(| <S 1. A series expansion for /Ii2,r up to first order in ( then yields:
frP. + PoU

1

„ . . , . „ „ . . . ,

Cl2

C?,

.

with
Ctt = (rPl + P2)h/{r + l)
l

2

(4.30)
2

Assuming /•' = r one similarly obtains ^34^ = C 34/(/3 )3.( — C"|4/(/J )34 * A\. Since no
more than a few percent of the polarization is lost during a field rotation (see sect. 2.2),
and since that loss is undone by continuing the polarization process afterwards, one has
Pi « — Pi and P2 « — P\, and therefore Cn « — C34. Also, the mean value of the
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distribution of {tf~)i2/(fi2)34 typically differs less than 1% from unity, and the typical
It MS deviation is a few percent. Then for realistic values 0.9 < r < 1.1, and when h is
identified with /•"„ £ ( / ö ) , / A ' , i l i s found that the distribution of Ci2/{|92)i2 + C3.,/(/32>3.i
for all x bins has a mean value typically differing less than 0.01 from zero. So we need
not worry about this contribution to the false asymmetry. However, the typical RMS
deviation is 0.3. Obviously the small mean value could only be reached by averaging
over many (~ 200) configurations.
The tenns proportional to Ai in the expressions for An,[ and A^j have the same
sign, so they do not cancel in the sum. But these terms are proportional to the squares
6',*, which are almost zero, since P, sa — Pj and ?• w 1. In fact, the distribution of
^'lVO^}'^ + ^'3i/(/^2)3i ' l a s a m c a I 1 value typically smaller than 0.01 with an RMS
deviation of 0.01. Given the current level of measurement uncertainties in the SMC
experiment we can safely neglect this contribution.
Finally, we determine per x bin the actual value x for which we have calculated A\.
Starting from cq. 4.23 and taking 5 = 0, we assume that each x bin is sufficiently small
that only linear variations in /li(.x) over the bin need to be considered:
Dtf{1i(S) +A[(x)(xi-x)} = 0

(4.31)

To obtain eq. 4.25 (with A( — 0) we must make the term proportional to /l'i(x) vanish.
This occurs when:

Sap

<«,,

By implication we also have:
^
4.5.3

(4.34)

Systematic studies

In the calculation of Ai it is assumed that per configuration the acceptance ratio r =
u\ja-> for orientation A is equal to ;•' = OS/H.J for orientation D. To put an upper bound on
the systematic error resulting from this assumption, the data are subjected to systematic
studies. Apart from temperature-dependent shifts (seefig.3.12) which are clearly present
but sufficiently small, the geometry of the experimental setup is fixed. Further time
dependence of the acceptance can only result from changes in the efficiencies of the
t racking detectors. The size of these changes is known, since for both orientations in any
configuration the efficiencies of all detector planes arc determined.
To estimate how the extracted asymmetry may liave been affected, the data for a
sample configuration are used in the following procedure, in which for each plane the
efficiencies in orientations A and B are compared.
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In principle two copies are made of the raw data. The orientations of the first (second)
copy are labeled .1' (.1") and B' (B"). They are then modified as follows:
• if the efficiency of a plane increases by iV% going from orientation A to B, a random
sample of .\n/{ of the hits in that plane is discarded in orientations .1' and B"
• if the efficiency decreases from A to B, the random sample is discarded in orientations /I" and/?'
Then the reconstruction programs arc run on the modified copies. The number of reconstructed events is lower than for the original data, but not much, since normally
changes in the efficiencies are small over one configuration, spanning only 5 to 10 hours.
When a large change is observed, the corresponding runs are either discarded or treated
separately (see section 4.4).
An estimate of any false contribution to the asymmetry that may arise from the
efficiency changes, is found as follows. Instead of the original orientations A and B one
vises A' and A" in the asymmetry calculation, and similarly B' and B". Since apart from
the efficiency changes the events are exactly the same, the physics contribution to the
found asymmetries is zero, and any deviation from that provides an estimate of the false
contribution.
It is assumed here that the effect of an efficiency drop from £ 4 5 to z is the same,
to (irst order, as that ol a. drop from £ to t — S. This is reasonable when the efficiency
is high and the drop is small, as observed in practice. Also it is assumed that efficiency
changes in different planes are uncorrelatcd. The net effects of correlations arc usually
negligible, given that the efficiency changes are small and the plane redundancy is high.
Now we can study the effect of a gradually declining efficiency (see sect. 4.4). A
good example is the radial aging observed in the W12 drift chamber. Figure 4.3 shows
the efficiency of a typical plane as a function of the distance from the beam axis, at
the beginning and at the end of a period spanning many configurations. To estimate
the effect of t lie aging, a systematic study has been carried out, in which the radial
dependence of t he efficiency drop was accounted for, i.e. most hits have been discarded
in the central region.
The results of the systematic studies show that the false asymmetry contribution
is less than 1 % (see tables ö.G and 5.7). Due to the rather short time spanned by
a configuration, efficiency changes are usually small. Furthermore, due to the large
redundancy of pinnes in most of the tracking detectors, changes for individual planes
hardly affect the overall track reconstruction efficiency.
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Figure '1.3: Systematic study on the effect of radial aging in the W12 drift chamber system. In a) one
observes the radial efficiency drop for a typical plane over a period of 650 runs spanning 62 configurations. In 6) the drop is -h'nvn w.y raction of the original efficiency. In c) the relative drop has been
parametrized and divided by the number of configurations, to yield the probability per configuration
that a hit is discarded in the systematic study.
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Radiative corrections

The spin-dependent, scattering asymmetry Aj to be determined, is the asymmetry in the
swf/e-photon exchange cross section. In the experiment, however, the full cross section
asymmetry is measured. The difference is that a DIS interaction can involve multiplephoton (higher order) radiative diagrams. Also there arc competing processes, including
clastic scattering on a nucleon (x = 1), elastic scattering on a nucleus X (x = mx/mp)
and on an electron (.T = me/mp). Due to radiative effects, contributions from these
processes may appear as if they are from DIS. For these reasons radiative corrections are
applied.
Spin-dependent corrections are applied to the measured asymmetry, spin-independent
corrections are applied to the dilution factor, which can be written as follows:

/=1/(1+

?ir^

(4 35)

-

From this notation one sees that only cross section ratios play a role. For each of the
elements present in the target cells, the cross section ratio is known from the published
/r2 ratios [7] and their parametrizations. The radiative corrections that were applied to
obtain the F? ratios from measured cross section ratios, have been undone using the same
program, TERAD [7].
The correction factors depend on Q2 and v. They are large where v is large, that is
at small x and high y. Events with y > 0.9 are discarded, since for them the uncertainty
in the radiative corrections becomes unacceptably large.
The spin-dependent radiative corrections are calculated neglecting A2 (see sect. 4.5.5)
using the program POLRAD [SO], which determines an additive correction A/1 to the
asymmetry:
£>A,=A-AA

(4.36)

Since AA is a function of Aj itself, an iterative procedure is used in which the A\ obtained
in each iteration is used as input for the next, until convergence is reached. The spindependent corrections arc less than 0.5 % throughout the x range of the experiment.
4.5.5

Systematic errors

The final part in determining the asymmetry A\ is the calculation of its error. The statistical error has been discussed in sect. 4.5.2. The main contributions to the systematic
error on A\ are treated below. A summary is given in tables 5.G and 5.7.
Target mid beam polarizations
The errors on the polarizations arc discussed in sect. 2.2 and 2.5.
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Acceptance variation
In the systematic studies only an estimation of the false asymmetry is obtained. The
largest effect observed is used to put an upper bound on the error due to variation of
the acceptance ratio. We note that we have ascertained in the experimental setup and
method, as well as in the analysis, that this error is not dominant for SMC, quite an
improvement compared to EMC.
Neglect of 4o
In 1993 SMC has done an exploratory measurement of A%, which was found to be compatible with zero over the whole x range, with a maximum deviation of about 0.2 [10].
For the dcuteron one only has the bounds from the positivity limit:

The ratio F£/F% has been determined by the NMC [82]. For R the SLAC parametrization
R1990 [11] has been used.
Depolarization factor
The error in the depolarization factor is determined by the error in R [11] and by the
kinematic smearing discussed below.
Dilution factor
The main source of uncertainty in the dilution factor / is duo to that in the cross
section ratios (RCC sect. 4.5.4). Furthermore there arc slight uncertainties in the detailed
composition and distribution of the target material, for example of the 3He-''IIe mixture
illuminated by the beam. In frozen-spin mode the 3 llc mainly floats on top of the 4IIe.
During polarization, '.urtvcvcr, the two isotopes tend to mix. A similar problem occurs
for the butanol beads: the packing factor is not necessarily uniform and thus not exactly
known. The amount of NMR coil material (mainly copper) exposed to the beam is found
by weighting the known coil geometry with the observed beam profile.
Spin-dependent radiative corrections
Uncertainty in the polarized radiative corrections is mainly due to that of the asymmetry itself, since it is needed as an input for the iterative procedure. The error in the
corrections was estimated from the effect of varying the input asymmetry according to
its other error sources.
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Kinonmtic smearing

As the spectrometer has a finite resolution, the kinematic variables x and Q2 are smeared
out. This influences the asymmetry via / and D. A Monte Carlo study has shown that
the effects arc non-negligible only in the highest few x bins, where the statistical error
dominates anyway.
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Results
The raw data recorded in the SMC experiment have been processed to yield the principal
result of the measurement: data points on At [x, Q2), where Q2, the average value of Q2, is
different for each x bin. Next the spin-dependent structure function gi{x, Q2) is obtained
from the combination of Ai(x,Q2) and published values for F2(x,Q2) and R(x,Q2). To
determine the integral Vi(Ql) = /„' gi(x, Q2,) dx a perturbative QCD (pQCD) evolution
of (/! from various Q2 to fixed Ql has to be applied for all .x bins. Furthermore, to cover
the whole x range, 5I(-T,QO) n a s ^° be extrapolated over the unmeasured regions near
x = 0 and x = 1. The values for the integrals of g\ and r/f are then compared with
the predictions from the model-dependent Ellis-JafTe sum rules and, in combination,
with the prediction of the fundamental Björken sum rule. The experimental values are
interpreted in terms of AS(Qu), the contribution of the quark spins to the nucleon spin.
The results arc shown in comparison with those of the other nucleon spin structure
experiments: EMC [5] (CERN) and ESO [3], E130 [4], E142 [S3] and E143 [SS] (SLAC).
Sources of systematic errors and discrepancies are discussed, and an interpretation of the
results is given in the QPM with pQCD corrections. An outlook is given on what still
needs to be done in the theory as well as in future experiments, in order to increase our
understanding of the nucleon spin.

5.1 The spin-dependent cross section asymmetry A\(x,Q2)
The spin-dependent virtual-photon nucleon DIS asymmetry A\(x) has been determined
from the raw data (sec sect. 1.5.2) under the assumption that within the experimental
accuracy A\(x,Q2) is independent of Q2 in the measured ,T range. This assumption is
verified by dividing the data for each .T bin into a few Q2 bins and calculating Ai(x,Q2)
in each of them. The results for /I1,' are shown in fig. 5.1. Here the lowest four x bins
include data with 0.2 < Q2 < 1 GeV2. Beyond statistical fluctuations no dependence on
Q2 is observed. In the region .r ^ 0.01 the data arc at low Q2 and cover only a narrow
range. Therefore one cannot reliably predict the asymmetry values in this .T region for
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Figure 5.1: Q- dependence of A*{(x,Q-). Every x bin is divided into a number of Q- bins, for each of
which A\(x,Q-) is calculated, to which an offset dependent on the i bin is added for clarity. Within
the indicated statistical "rörs the data do not show a dependence on Q~.

the higher Q2 values at which the sum rules are to be determined (sec sect. 5.3). On the
other hand it is at low Q'1 where the Q2 dependence is expected to be most pronounced,
.so it might have been observed even in the given narrow Q2 range. For A1} the Q2
dependence is shown in fig. 5.2. The conclusions are the same as for /If.
Before we present the results for A\ we show in fig. 5.3. the kinematic ranges covered
by the various experiments. In the CERN experiments a muon beam of up to 200 GeV
is used. Over the measured x range the central value for Q2 is typically 10 GeV2. In the
SLAG experiments an electron beam of up to 29 GeV is used. These experiments have
much higher statistics, but because of the lower beam energy both the .T range and the
Q2 range are more limited. For example, E143 data extend only down to x ~ 0.03 and
have a central Q2 value of 3 GeV2.
The values for Alf(x) are presented in table 5.1 as well as in fig. 5.4 along with
results from the other experiments. In the common x range all the experiments are
in agreement, even though they have different Q2 values for the same x bin. This
supports the assumption that in this region the dependence on Q2 is not significant. The
asymmetry is positive throughout the measured x range, and becomes large for large x,
as expected from pQCD (see sect. 1.2).
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Q2

x range
0.003-0.00C
0.006-0.010
0.010 0.020

0.005
0.008

1.3
2.1
3.7

0.020-0.030

0.014
0.025

0.030-0.0-10

0.035

8.1

0.0-10-0.000

0.049

10.8

0.060-0.100

0.077

15.5

0.100-0.150

0.122

22.1

0.150-0.200

0.172

2S.5

0.200-0.300

0.241

36.3

0.300-0.-100

0.342

46.4

0.-100-0.700

0.481

5S.0

G.O

0.053±0. 025±0.007
0.0-12±0. 024±0.005
0.0'lSiO. 022±0.005
0.050±0 .031 ±0.005
0.0C9±0.,039±0.00C
0.124±0..034±0.009
0.161±0.,035±0.012
0.275±0 .017±0.019
0.273±0 .0f)7±0.020
0.267±0 .070±0.022
0.529±0 .115±0.043
0.520±0 .156±0.049

1.34±0 (i2±0.27
0.73±0 42i0.11
0.52±0 21±0.06
0.34±0 21±0.03
0.35±0 20±0.03
0.4C±0 13±0.03
0.38±0 .08±0.03
0.40±0 .()7±0.03
0.2G±0 .0(i±0.02
0.16±0 .04±0.01
0.17±0 .04±0.01
0.0C±0.02±0.01

Table ö.l: Hesults for the virtual-photon proton asymmetry A1^ and thespin-dependont proton structure
function </','. The x and Q- values arc statistical averages per x bin defined by eq. -1.311 and -1.3-1. The
first error is statistical, the second one is systematic.
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Figure 5.3: The kinematic ranges covered by the nuclcon spin experiments.

x range

X

0.003-0.006
O.OOC-0.010
0.010-0.020
0.020-0.030

0.005
0.008
0.014

0.030-0.040
0.040-0.060
0.060-0.100

0.025
0.035
0.049
0.077

0.100-0.150
0.150-0.200
0.200-0.300
0.300-0.400

0.12
0.17
0.24
0.34

0.400-0.700

0.48

Q2
1.3
2.0
3.2
4.9
6.4
S.5
11.9
16.8
22.2
29.4
38.8
4S.7

A*
0.005±0.023±0.007
-0.049±0.021 ±0.006
-0.026±0.018±0.004
-0.011±0.025±0.005
-0.001±0.030±0.005
0.0S2±0.027±0.010
0.029±0.028±0.007
0.106±0.048±0.012
0.2S3±0.055±0.026
0.200±0.0G0±0.021
0.159±0.103±0.021
0.195±0.147±0.026

9?
±0.17
±0.14
±0.06
±0.03
±0.02
±0.04
±0.01
±0.05 ±0.02
±0.05 ±0.03
0.10 ±0.03 ±0.01

0.13
-0.80
-0.26
-0.07
0.00
0.28
0.06
0.14
0.24

±0.57
±0.35
±0.18
±0.16
±0.14
±0.09
±0.06

0.040±0.026±0.00G
0.017±0.013±0.002

Table 5.2: Results for the virtual-photon deuteron asymmetry /¥{ and the spin-dependent deuteron
structure function i/f. The J and Q- values are statistical averages per x bin defined by eq. 4.33 and
4.34. The first error is statistical, the second one is systematic.
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a?

.r range

x

0.003-0.006

0.005

O.OOG-0.010

O.OOS

0.010-0.020

0.014

0.020-0.030

0.025

0.030-0.0-10

0.035

Q2
1.3
2.0
3.2
4.9
0.4

0.0-10-0.060

0.049

S.5

0.16

O.OGO-0.100

0.077

11.9

-0.23

0.100-0.150

0.12

1G.S

-0.09

0.150-0.200

0.17

22.2

0.25

0.200-0.300

0.21

29.4

0.300-0.400

0.3-1

3S.8

-0.080±O.OGG±0.017

0.400-0.700

0.4S

4S.7

-0.024±0.034±O.OOS

-1.0
-2.4
-1.0
-0.4G
-0.34

0.06

±1.3
±0.8
±0.4
±0.39
±0.35
±0.23
±0.15
±0.12
±0.12
±0.OS

±0.1
±0.2

±0.1
±0.07
±0.06
±0.08
±0.04
±0.04
±0.05
±0.03

Table 5.3: Results for the spin-dependent neutron structure function g". The .r and Q- values are
statistical averages per x bin defined by eq. 4.33 and 4.34. The first error is statistical, the second one
is systematic.

The agreement between the proton spin experiments confirms in particular the EMC
data at small .T, which led to the "proton spin puzzle" (see sect. 1.4). Below x « 0.01
only SMC has obtained data. In this region A\(x) docs not converge towards zero,
making questionable whether the simple Rcggc description A\(x —> 0) —> 0 (sec sect.
1.2.1) is applicable here.
Before we present, the 1994 results for /I',1 we note that SMC has also measured this
asymmetry in 1992 [81] with a 100 GcV beam. The compatibility of the two measurements is shown in fig. 5.5. In the following we have combined both data sets.
The values for /I'^-T) are shown in table 5.2 and in fig. 5.6 along with results from
I'll43, the only other experiment so far, in which this asymmetry has been measured.
Over the whole x range A'* is significantly smaller than A\, the difference being due to the
neutron. In the ,r range that is common, also the dcuteron experiments are statistically
in agreement. Below x « 0.03 only SMC has data. In this region /I',1 assumes marginally
negative values.
From the proton and dcuteron asymmetries we construct the neutron asymmetry
using the following relation:
A" =

^.'

(1 + Ff/F") - A1'Ff /F"

(5.1)

The ratio /''J'/^" we obtain from NMC measurements [82]. The result for A" is shown
in fig. 5.7. in comparison with results obtained similarly from the EM3 data, and results
from the I1] 142 experiment [83], The E142 collaboration has measured the asymmetrj
lor a polarized 'lie target, which can be considered as an approximation of a polarized
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Figure 5.'t: The SMC spin-dependent virtual-photon proton asymmetry A^(i) in comparison with results
of the other proton spin experiments: SLAC experiments E80, E130 and E143, and CERN experiment
EMC. The error bars indicate statistical errors only. The shaded area at the bottom indicates the size
of the systematic error for the SMC points.
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Figure ">.G: The SMC spin-dependent virtual-photon deuteron asymmetry Af(x) in comparison with the
result of SLAC experiment EM3. The error bars indicate statistical errors only. The shaded areas at
the bottom indicate the size of the systematic error on the data points: the upper area is for the SMC
points, the lower is for the E143 points.

neutron target. The two protons in 3He are primarily in a spin singlet S-statc, such that
the spin-dependent DIS contributions from the protons approximately cancel, essentially
leaving the contribution from the neutron. The neutron thus carries almost all of the
spin of the 3IIe nucleus. To obtain the neutron asymmetry from the 3He asymmetry a
small correction has been applied, for which the EMC proton data have been used. For
the various neutron asymmetries shown, there is an overall agreement in the common x
range. The asymmetry is slightly negative throughout the measured x range, as expected
from the QPM with pQCD corrections (see sect. 1.2).

5.2

The spin-dependent structure function 5i(£,Q2)

The spin-dependent structure function <7i(x,<52) is found per x bin using the following
relation (see sect. 1.1.1):
..,-^.

AM2W2(x,Q2)

( 5 2 )

For the spin-independent structure function F2(x,Q2) we use the parametrization published by the NMC [7]. Our lowest x bin is outside the region in which the parametrization
is obtained, but the function extrapolates approximately to the high Q2 HERA data [S]
at even lower values of z. We have assigned an additional uncertainty of 10 % to the F2
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Figure 5.7: The spin-dependent virtual-photon neutron asymmetry /tj(z). For SMC and E143 it is
obtained by combining the measured proton and deuteron asymmetries. For El<12 it results from the
measured 3He asymmetry with a correction in which the EMC proton asymmetry has been used. Systematic errors on the data points are small in comparison with the statistical errors.
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x range
0.003-O.OOG
0.006-0.010
0.010-0.020
0.020-0.030
0.030-0.040
0.040-0.060
0.0C0-0.100
0.100-0.150
0.150-0.200
0.200-0.300
0.300-0.400
0.400-0.700

g\{Ql = 10 GeV2j
2.48 ±1.15 ±0.49
1.13±0.65±0.17
0.67 ± 0.31 ±0.0S
0.3S± 0.24 ±0.04
0.37 ±0.20 ±0.03
0.45 ±0.13 ±0.03
0.36 ±0.08 ±0.03
0.3S± 0.06 ±0.03
0.25 ±0.06 ±0.02
0.16±0.04±0.01
0.18±0.04±0.01
0.0S± 0.02 ±0.01

J

0?«2 1 = io <3cV )
0.2 ±1.0 ±0.3
-1.3 ±0.5 ±0.2
-0.35 ±0.24 ±0.07

-o.os ±0.19 ±0.04
0.00 ±0.16 ±0.03
0.28 ±0.09 ±0.03
0.06 ±0.06 ±0.01
0.13 ±0.05 ±0.01
0.23 ±0.05 ±0.02
0.10 ±0.03 ±0.01
0.043 ±0.028 ±0.004
0.022 ±0.016 ±0.002

Table 5.4: Results for the spin-dependent structure functions g^ and g^, evaluated at Q2, = lOGeV",
under the assumption that A\ does not depend on Q2. The first error is statistical, the second one is
systematic.

parametrization in the extrapolation region.
For the absorption cross section ratio R(x, Q2) of longitudinally and transversely polarized virtual photons we have used the SLAC parametrization [11], This parametrization extends only down to x = 0.1, but also at lower values it describes the trend of
preliminary NMC data [12] on R(x,Q2). We note that g\(x,Q2) depends only weakly on
R(x, Q2): the explicit dependence in eq. 5.2 is largely canceled by implicit dependences
in the depolarization factor D (see sect. 1.1.1) and in Ft(x, Q2) itself [7].
The results for^i(.r, Q'1) of the proton, deuteron, and neutron are shown in tables 5.1,
5.2, and 5.3, and infig.5.8 and 5.9. The neutron structure function has been derived
using the following relation (see sect. 1.2.2):
(5.3)

The value of Q2 is different for each .r bin. Since we are primarily interested in the
x dependence of gi(x, Q2), we evaluate </i at a common Q2 value, denoted Q\. This is
typically a central value of the data, which is 10 GeV2 for SMC. Since we assume here
that Ai is independent of Q2, the evolution of g\ is completely determined by F 2 and R.
The results obtained for g\(x,Ql = lOGeV2) arc given in table 5.4. Infig.5.10 and 5.11
2
!]I(XJQU = 5GcV ) is shown in comparison with data from the other experiments.
Doth for the proton and for the deuteron all g\ data agree in the common .T range.
Although statistically hardly significant, we find an indication that g\(x) below x w 0.01
may be rising, contrary to expectations when simple Regge theory is assumed to be valid
in this kinematic region (see sect. 1.2.1). For g*(x) we see two bins around x = 0.01 with
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Figure 5.8: The SMC result for the spin-dependent structure function j i (i) of the proton at the average
Q2 of each x bin. The EMC results are shown for comparison. Only statistical errors are given on the
data points. The shaded area represents the size of the systematic error on ^ ( r ) for the SMC data
points.

negative values at the level of two standard deviations. As a consequence the deduced
g"(x) in this region is more negative than expected from simple Regge extrapolations
down to x = 0 from x « 0.03, the lowest point reached by the SLAC experiments.

5.3

The Björken and Ellis-Jaffe Sum Rules

The integral T\(Ql) = JjJ gi[x,Ql)dx involves the function yi{x,Ql) over the full x
range, from 0 to 1. The measurements, however, only cover a limited x range, for SMC
0.003 < x < 0.7 (see fig. 5.3). This means that gt has to be extrapolated into the
unmeasured regions at small and large x.
At large x an easy approach can be taken. Since |J4I(.T)| < 1 and 0 < F\(x —y 1) <tC 1
also \gi(x-¥ 1)| <SC 1. Therefore the contribution of gi(x -> 1) to the integral is very
small. The uncertainty on the integral arising from this approach is less than 3 % of the
total systematic error. For g^(x) the extrapolation to a: = 1 is taken as A\(0.7 < x <
1) = 0.7 ± 0.3, which is consistent with the data and the expectation from pQCD that
A\(x -> 1) -> 1 (sec cq. 1.31). Similarly, for gf{x) the large x extrapolation is taken as
A^O.7 <x < 1) = 0.4 ±0.6.
At small x the situation is not so simple, because the contribution of the unmeasured
region here is not necessarily small, depending on the behavior of gi{x -> 0). Usually it is
assumed that gi(x) at "sufficiently small" x has a simple Rcgge behavior (sec sect. 1.2.1),
i.e. <7I(.T -> 0) a x° with 0 < cv < 0.5. This would mean that g\ (x —> 0) remains finite.
It is not known up to which x value this behavior would extend. Furthermore there exist
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Figure 5.9: The SMC results for the spin-dependent structure functions flf (x) and </"(x) at the average
Q2 of each x bin. Only statistical errors are shown on the data points. The shaded area shows the size
of the systematic error.
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Figure 5.10: The spin-dependent structure function ai(x) evaluated at Qg = 5GeV 2 , for the various
proton spin experiments. Only statistical errors are given on the data points. The shaded area represents
the systematic error on the SMC points.
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Figure 5.11: The spin-dependent structure functions g^(x) and fl"(i) evaluated at Ql = 5GeV2, for the
deuteron spin experiments and E142. Only statistical errors are given on the data points. The shaded
area represents the systematic error on the SMC points.
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Data set

G5 (Gc-VJ)

Experiment

SMC T?
SMC r?
SMC ry

10
10
10
10

0.136 ±0.011 ±0.011
0.034 ± 0.009 ± 0.000
-0.063 ±0.024 ±0.013
0.199 ±0.03S

0.170
0.071
-0.017
0.187

5
5
5
5

0.136 ±0.010
0.032 ± 0.006
-0.067 ±0.016
0.203 ± 0.023

0.107 ±0.005
0.070 ± 0.004
-0.015 ± 0.005
0.1S2± 0.005

SMC

r? - ry

World Tpi
World P,1

World ry
World r? - ry

Theory (sect. 1.3)
±0.005
±0.004
±0.004
±0.003

Table 5.5: Sum rule results at Ql = lOGcV 2 and Ql = 5GcV 2 .

other models, as discussed in sect. 1.2.1. Since the data points for g\{x) at very small x
still have large errors, as yet nothing can be concluded about the validity of any of those
models. Therefore we take the simplest approach and assume the aforementioned Regge
behavior for gi(x) below a: w 0.01.
For the proton we assume g\{x -4 0 ) = constant fitted to the lowest two a; points.
Then the integral S™03 g^(x)dx = 0.004 ± 0.002. The error assigned to the integral
of this extrapolation is enlarged to 0.004 to cover the results obtained when either the
single lowest or the three lowest x points are used in the fit. Furthermore the error covers
the full range of a that can be used in the aforementioned general form of simple Regge
dependence. For the dcuteron we apply the same procedure and find Jo'003gf(x)dx =
-0.002S ± 0.0016. Similar to the proton case the error is enlarged to 0.0028.
The sum rules
Under the assumptions given above regarding the evolution and the extrapolation of the
structure function data, the full integrals have been calculated at Ql = lOGeV2. Within
an x bin we take Ai constant and integrate only the parametrization of /^(z, Ql)/(2x(\ +
R(x,Ql))). Each of the two extrapolation regions also counts as a bin here. The sum
rule results are shown in table 5.5, compared to theoretical predictions that include all
leading twist second order pcrturbative QCD corrections [84] for three quark flavors,
with «s(10GeV2) = 0.24 ± 0.03, corresponding to as(ml) = 0.117 ± 0.005 [85]. The
Björken sum rule prediction also includes all leading twist third order corrections [86].
The contributions from various sources to the errors on the integrals are given in tables
5.6 and 5.7.
The SMC results for T1,' and Pjf arc two and three standard deviations below the
Ellis—JafTe predictions. We find that the Björken sum rule is confirmed by the SMC data
within less than a standard deviation being 20 % of the stun rule value. Next we combine
in a Monte Carlo method [87] our sum rule data with those from the other experiments:
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Error source
Beam polarization
Uncertainty on F 2
Extrapolation at small x
Target polarization
Dilution factor
Acceptance variation Ar
Radiative corrections
Neglect of A2
Momentum measurement
Uncertainty on R,
Kinematic resolution
Extrapolation at large x
Total systematic error
Statistics

Ar?
0.0057
0.0052
0.0040
0.0039
0.0034
0.0030
0.0023
0.0017
O.O02O
0.0018
0.0010
0.0007
0.0113
0.0114

Table 5.6: Contributions to the error on

Error source
Extrapolation at small a;
Neglect of /1 2
Radiative corrections
Acceptance variation Ar
Beam polarization
Target polarization
Momentum calibration
Uncertainty on R
Uncertainty on Fi
Kinematic resolution
Extrapolation at large a;
Dilution factor
Proton background
Total systematic error
Statistics

Ar?
0.0028
0.0025
0.0025
0.0020
0.0019
0.0019
0.0014
0.0013
0.0013
0.0010
0.0010
0.0009
0.0006
0.0063
0.0087

Table 5.7: Contributions to the error on
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EMC, ESO, El30, E142 and E143, all evaluated at Q2a = 5GeV2. We fit all integrals
simultaneously, constrained by the relation:

rf = i( r ? + r,)(i-l w D)

(5.4)

The integrals are calculated over the SMC bins. In every bin the g^ data points are
weighted per experiment with the total uncorrelated error. An SMC bin generally covers
a few E142 and E143 bins. Below x « 0.03 only SMC and EMC contribute, and below
x — 0.003 the SMC extrapolations have been used. The errors on the integrals have
been obtained taking into account the correlations between the x bins of each single
experiment (e.g. the beam and target polarizations), as well as between the different
experiments (e.g. the values of F2 and R). A distribution of values for a particular
integral is obtained by applying independent Gaussian variations on each error source.
The width of the distribution is taken as the error on the integral.
Also the combined results are shown in table 5.5. For the Ellis—JafFe sum rules the
world experimental values are three to six standard deviations below the predictions.
The world experimental value for the Björken sum rule is found one standard deviation
above the prediction.
The sum rule predictions and the experimental values are pictured in fig. 5.12, for
SMC and world data respectively. The horizontal axis in each diagram denotes the value
of the proton integral Y\ = /flfda; at the indicated Q\. The measurement of T\ then
defines a vertical band, shown in the diagram. The width of the band is the full error bar
of the measurement. The error has been calculated in the procedure discussed above.
Similarly the vertical axis denotes the value of the neutron integral F" = J g"dx. It has
been derived from a 3He measurement in the E142 experiment at SLAC. As explained
above F',1 has also been determined from combining proton and deuteron results.
The deuteron integral Ff is essentially the average (Ff + F")/2. In the diagrams it
appears as a band inclined by -45°. The Björken sum rule predicts the value of the
difference Ff — V" and appears as a band inclined by +45°. The Ellis—JafFe sum rules
give predictions for the proton and the neutron integrals, consistent with the Björken
sum rule. Their values are given by the dark spot on the Björken sum rule band.

5.4

Spin content of the nucleon

From the integrals of the structure functions, using the QPM with pQCD corrections
and neglecting possible contributions from polarized charm quarks and polarized gluons,
we can determine the contribution of the quark spins to the nucleon spin, according
to eq. 1.45. For the SU(3)f coupling constants F and D the relations F + D = g,\ —
1.2573 ± 0.002S [89] and F/D = 0.575 ± 0.016 [90] have been used. The results are
presented in table 5.S. One observes consistent results for the proton, dcuteron and
neutron data. The typical value AS « 0.2 ±0.1 is significantly lower than 0.58, the
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Figure 5.12: The predictions and measurements for the Björken and Ellis-Jaffe sum rules.
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Data set

Ql (GcV*)

Theory
SMC p
SMC d

10

Theory
World p
World d
World n

5

< 1

A«

5

± 0.01 0.92 ± 0.01
0.24 ± 0.14 0.80 ± 0.05
0.21 ± 0.11 0.S0 ± 0.04
0.5S ± 0.01 0.92 ± 0 . 0 1
0.2C ± 0.11 0.S1 ± 0.04
0.20 ± O.PS 0.79 ± 0.03

5

0.13

10
10
5

0.58

± 0.11

0.77 ± 0.04

Ad

A*

-0.31 ± 0.01
-0.45 ± 0.05
-0.4C ± 0.04

0

-0.34
-0.45
-0.47
-0.49

± 0.01
± 0.04
± 0.03
± 0.04

- 0 . 11± 0.05
- 0 . 12 ± 0.04
0
- 0 . 11± 0.04
- 0 . 13 ± 0.03
- 0 . 15 ± 0.04

Table 5.8: Contributions of quark spins to the nucleon spin, ignoring the anomalous gluon contribution.
The theoretical calculations are discussed in sect. 1.3.2.

value that follows from the Ellis-Jaffe prediction [41] with the abovementioned F and D
values. Consequently, within the QPM with pQCD corrections the strange quark spin
contribution A.s to the nucleon spin is found to be negative rather than zero (see sect.
1.3.2).

5.5

Discussion

At this stage we can conclude that the principal results of the nucleon spin structure
experiments, the asymmetries /lf(x,Q 2 ), /lf(x,Q'2) and A^(x,Q2), are all mutually consistent, despite the different values of Q2. Furthermore, the asymmetries also have features consistent with the QPM and pQCD expectations: A\(x) is positive and large for
large x, A"(x) is negative but almost zero. In the region .x ^ 0.02 where only CERN
data are available, A'l(x) is not obviously compatible with a simple Regge behavior. For
the resulting structure function g\(x) there appears to be a rise, although the statistical
errors are large. The actual small x behavior of gi{x) becomes an issue of importance
particularly when the structure function is integrated over the full x range. When the
integrals of the structure functions arc calculated imposing a simple Regge extrapolation at small x, one is tempted to conclude that the model-dependent Ellis-Jaffe sum
rules are significantly broken, vhile the Björken sum rule, fundamental to QCD, is fulfilled. However, below we argue that a conclusion is premature, especially because of the
uncertainties at small x.
The scaling assumption
The central Q2 value of the CERN experiments is three times larger than that of the
SLAC experiments (see fig. 5.3). Moreover, at intermediate and large x the CERN Ai
dala show no significant Q2 dependence, while Q2 varies almost an order of magnitude
at large ,T. These observations indicate that in the overlap region of the various data
sets the dependence of ^-1, on Q2 is weak, consistent with theoretical analysis [91]. In
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other words, At approximately scales in the common x range. In the region x ^ 0.02,
however, there are only CERN data. These data cover only a narrow Q2 range. Here
it cannot be tested sensitively whether the asymmetries scale over the Q2 range from
1 GeV2 up to Ql = 5 or 10 GeV2, at which values the sum rules are calculated. It is
precisely at small x where scaling violations may increase (see sect. 1.2). The evolution
equations for g\(x,Q2) and l'\(x,Q*) differ already in leading order [93]. This may
have consequences when gi{x,Q2) = .4,(x,Q 2 )F 2 (.r,Q 2 )/(2r(l + R(x,Q2))) is evolved
pcrturbatively from Q2 to Qjj. The recipe for this evolution is given in pQCD by the
spin-dependent DGLAP equations 1.36-1.38. The behavior of the solutions depends
largely on the input polarized gluon distribution AG(x, Ql). In the region where l\
approximately scales, the unpolarized gluon distribution G(x,Q2) rises steeply at small
x and large 0''. Therefore it is in the small x region that the result for gi(z, Ql) would
be expected to depend significantly on AG(x, Ql). Calculations [92] of<j\(x, Q2) have
been done for different shapes of AG(i, Ql), using a best fit to the available data on the
polarized quark distributions. The structure functions and their integrals Y}(Ql) v a r v
significantly with the gluon distribution, which unfortunately is not well constrained by
the experimental data. However, there are also calculations [01] from which A^(x,Q2)
is found to depend only weakly on Q2. For these reasons we have assumed in our
evaluation of F\(Ql) that within the experimental accuracy /li(.r) is independent of Q2
for all measured x, but especially at small x the validity of this assumption cannot be
taken for granted.
The apparent rise of

</J'(.T)

at small x

Results obtained by the NMC [7] and more recently at HERA [S] have shown an unexpectedly large rise for the spin-independent structure function Fo(x, Q2) at very small x.
However, a similar rise is not. ;i priori expected for the spin-dependent structure function
r/i(.r,Q2). The two structure functions arc measures for quantities that can vary independently, subject only to the constraint \(ji{x,Q2)\ < F?(x,Q2)/(2x{l + R(x,Q2))). On
the other hand, as discussed in sect. 1.2.1 a rise of g;(x) at small x, if confirmed, could
be accommodated in pQCD.
Since ,4i(.i') has been assumed to scale, the rise of /'a(a:) at small x is reflected in the
behavior of ;i\{.v —> 0). This may explain at least part of the apparent rise of y\{x) at
very small ,r. On the other hand, given the large errors, a statistical fluctuation cannot
be excluded. The latter explanation could be supported by including preliminary data
on .^'(O.OOOS < .r < 0.003) with 0.2 < Q2 < 1 CcV2. Then the asymmetry turns out to
tend to zero, and g\ appears not to continue rising. It must be said, however, that, low
Q2 effects may play a role in that case. This is discussed below. We note that y'l(x —> 0)
shows a tendency to rise as well, which would be expected from the proton data and
isospin symmetry of the quark sea (see sect. 1.2.1). This issue can only be resolved
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unambiguously with accurate data at sufficiently small x and sufficiently high Q2.
The extrapolation at small x
The experimental sum rule values have been determined by extrapolating the structure
functions over the unmeasured region at small a- assuror-ig g\{x —»• 0) —> constant.
Suppose that such an asymptotic behavior in principle is correct, then it is still unknown
at which x value it would set in. If the Regge region lies below x = 0.003, we can
underestimate the value of the constant, and thus the Ellis-Jaffe sum rules.
However, since \g\\ cannot be more divergent than F\ (see sect. 1.2.1), one can give
an upper bound on the small x contribution to IV For example, when one fits a function
oc ar0-35 to <7{"(O.OO3) « 2, one finds:
/•0.003

/•0.003

1/
gi(x)dx\<
2*(0.003f 35 a:- a35 d3 ; = 0.009
(5.5)
Jo
Jo
Even for such a scenario the contribution to the proton integral is less than 7 % (less than
one standard deviation), so one is inclined not to worry much about the extrapolation
uncertainty.
Because of isospin symmetry, for the structure function difference gf~n(x —• 0) the
simple llegge behavior seems to be better founded than for the individual functions (see
sect. 1.2.1). One may expect the Björken sum rule to be less sensitive to the extrapolation
uncertainty than the Ellis-Jaffe sum rules.
Low Q2 effects at small x
Both in the prediction and in the determination of the sum rules a few effects have been
neglected. First there are higher twist corrections (see sect. 1.3), in leading order proportional to 1/Q2. Calculations have been done in two different approaches, to estimate
higher twist contributions to the Björken sum rule [95, 96]. At Q\ = lOGcV2 they are
found to be at a level of only 2 %. However, the two results differ in sign. Furthermore,
for the individual Ellis-Jaffe sum rules the corrections may be larger: common terms
cancel in the Björken sum rule. A similar argument holds for the target mass corrections
(sec sect. 1.3): at Q% = lOGcV2 an upper bound of 2 % has been calculated [97], only
for the Björken sum rule.
These two effects are more important at lower Q2. This has a consequence when data
are evolved purely pcrturbatively to a different Q2, i.e. when the 1/Q2" contributions
arc not separated from the o"(Q2) contributions. For example, the SMC low Q2 data
at very small x may have a non-negligible "contamination" by higher twist effects. A
perturbative evolution of these data to Q2, = lOGcV2 does not properly deal with the
higher twist contribution, and as a result the sum rules could be influenced substantially.
The dependence on Q2 via higher order as(Q2) pQCD corrections has not been neglected, but here we note that the perturbation series docs not seem to converge rapidly.
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Figure 5.13: The values for A£(Qjj = 3 GeV2) extracted from the data of different nucleon spin experiments, successively applying higher order pQCD corrections (figure taken from ref. [44]). The horizontal
band indicates the average at fourth order.

Furthermore, all perturbative corrections calculated so far contribute with the same sign.
If these trends continue, the theoretical sum rule values could still shift somewhat. On
the other hand, in fig. 5.13 [44] one observes already an overall agreement for the values
of AS extracted from the data of different nucleon spin experiments.

The axial anomaly
The prediction of the Ellis-JafTe sum rules ignores the contribution from the polarized
gluon distribution AG through the axial anomaly (seesect. 1.3.2). As discussed above, we
have not found AG' to be constrained by the present data. Ball, Forte and Ridolfi [100], on
the other hand, find that already conclusions can be drawn about the gluon polarization.
They make use of the small Q2 dependence of the proton and deutcron asymmetries as
measured by SA'IC and E143, to obtain a large positive gluon spin contribution AG' =
1.6 ±0.8 already at a scale as low as 1 GeV2, which restores the quark spin contribution
to AS = 0.5 ± 0.1. At Q2 = 10 GeV2 the gluon polarization has become roughly twice
as large. They cannot avoid making a few assumptions, e.g. on the size of higher twist
corrections. We point out the importance of measuring the polarized gluon distribution
precisely.
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Notes on AS and As
If we assume that the sum rule values deduced from the asymmetry measurements are
not very sensitive to the effects discussed above, we have to conclude that AS(QQ) is
rather small, at Ql = 5 or 10 GeV2. If the deviation from the Ellis-Jaffe expectation is
fully ascribed to the anomalous gluon contribution, one finds:

0.58 - 3 * ?4Q£bG{Ql) « 0.2

=»

AG(Qg) w 3

(5.6)

This is in agreement with the result of ref. [100] mentioned above. If the deviation
is ascribed to the quarks alone, the strange sea is found to have 10-15 % negative
polarization.
On the other hand, according to Lichtenstadt and Lipkin [9S] a small amount of SU(3)r
symmetry breaking suffices to reduce the magnitude of the strange sea polarization As
significantly, while the effect on AS can hardly be observed within the experimental
errors.
In the approach of Ehrnsperger and Schäfer [99], however, also AS is affected considerably. They estimate the amount of SU(3)r symmetry breaking from the mass differences
of hyperons, and conclude that the correct F/D ratio can be as much as 15 */o lower
than the value we have used in sect. 5.4. This change is sufficient to bring the Ellis-Jade
predictions in agreement with the experiments.

5.6

Conclusions and outlook

We have seen that the measurements of the spin-dependent virtual-photon asymmetries
Ai(x, Q2), A'i(x, Q2) and A"(x, Q2) obtained in various experiments are consistent within
the errors. The same holds for the structure functions g\(x, Q2) derived from the asymmetries. From the proton and deuteron data the neutron structure function g"{x,Q2) is
obtained and found to agree with the 3He measurement of the E142 experiment.
The agreement between the asymmetry measurements at different Q2 indicates that
in the common x range (0.03 < a; < 0.7) the Q2 dependence of At(x,Q2) is weak.
For x < 0.03 it has not been possible to test this thoroughly. It is the small x region
where the Q2 dependence is expected to be most pronounced. Furthermore, Q2 also
tends to be low at small ,T, making the measurement susceptible to non-pcrturbativc
effects. Another issue at small x is the behavior of g\(x —> 0), for which contradictory
models exist. For these reasons it would be desirable to set up an experiment that
covers a large Q2 range at small .T. This seems only feasible in a colliding beams facility,
in particular in HERA, where already a dramatic extension of the kinematic range for
the unpolarized nuclcon structure functions takes place [8]. Polarizing the proton beam
seems feasible, but costly. The leptoiiic beam is already polarized, making possible the
Hermes experiment [101] on polarized gas jet targets. This experiment seems particularly
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suited for semi-inclusive measurements, from which the (lavor dependence of the spin
distributions can be determined for the valence quarks as well as the sea.
According to ref. [100], the current inclusive data already show the effect of the polarized gluon distribution, which is found to be large and positive. A direct measurement,
however, is preferred, since the results still hinge on assumptions about higher twist effects, for example. A proposal for a new CERN experiment, I1MC [102], is under study.
In this experiment the ghion polarization would be measured through charm production
in a polarized proton target.
A large polarized gluon content could explain the apparent violation of the Ellis—
Jaffe sum rules. A modest amount of SU(3) flavor symmetry breaking can do the same.
Without accounting for these effects, the experiments typically find AS = 0.2 ±0.1 and
As = -0.13 ±0.04.
In the Björken sum rule, fundamental to QCD, the gluon and strange sea contributions cancel, which is particularly significant at small x. This sum rule is confirmed by
experiment, within one standard deviation being 10 % of the sum rule value.
The SMC results on A\ and /if have put our knowledge of the nucleon spin structure
on a mii'-h firmer base. Unique data have been obtained, especially at x ;$ 0.02 where no
other spin structure experiment could reach. It appears that the nucleon spin structure
is much more intricate than originally anticipated, but it seems that we gradually get
a grip on it in terms of pQCD. We look forward to new data from current and future
experiments at CERN, DESY and SLAC, that may yield the missing pieces of the nuclcon
spin puzzle!
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Summary
In this thesis we present results obtained in the years 1992-1994 by the Spin Muon
Collaboration (SMC) experiment at CERN. The SMC was founded in 19SS to further
investigate a remarkable result of the European Muon Collaboration (EMC) at CERN.
The EMC had extended the kinematic range of measurements performed earlier by the
SLAC-Yalc Collaboration, and found that in deep-inelastic scattering (DIS) of high
energy unions on polarized protons the quark spin contribution AS to the proton spin
was unexpectedly small, even compatible with zero.
The main goals of the SMC experiment were: a) to measure the spin-dependent
structure function f/i(.r,Q2) of the proton and the neutron (through thedcuteron), where
x is the Björken scaling variable and Q2 the square of the four-momentum transferred in
the scattering process; b) to evaluate the integrals Ti(Q2) of the structure functions over
the full x range, in order to obtain the quark spin contribution AS to the nuclcon spin;
c) to test the Björken sum rule, which is fundamental to Quantum Chromodynamics
(QCD). These goals implied that the EMC result was checked, that the measurement
precision was improved, and that, the kinematic range was extended.

—r

After introducing the theoretical framework, which includes DIS, the Quark Parton
Model (QPiM) and QCD, we describe the implementation of the experiment. The SMC
uses a beam of 190 GeV naturally polarized muons, scattering off nuclcons in a large
cryogenic target containing protons or deuterons that are polarized through Dynamic
Nuclear Polarization (DNP). The target material is located in two cells in a row, with
opposite polarizations. Every 5 hours the polarizations of both cells are reversed. The
target polarization is measured by an NMR system. The polarization of the beam is
measured in a polarimetcr, located downstream of the main experimental setup.

The kinematics of the incoming and scattered muons are determined by means of a
large spectrometer including 150 detector planes. From the tracks of the incoming and
the scattered union the scattering vertex is determined. To assign the correct target
polarization to the scattering event it is essential to determine in which of the two cells
the vertex is located. This becomes more difficult for smaller scattering angles. To
improve the precision of the vertex determination the spectrometer has recently been
extended with detectors of a new type, placed in front of and behind the target: the
microstrip gas counters (MSGC). We summarize their design characteristics, installation

j
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(
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and operation, and show early results.
We describe how the raw events recorded in the experiment are filtered and transformed to obtain data suitable for physics interpretation. We pay special attention to
acceptance effects that could have influenced the results systematically. We find that
within the current measurement precision the results are not sensitive to time-dependent
acceptance effects, due to the frequent reversal of the target cell polarizations and the
stability of the spectrometer.
The kinematic range for the SMC experiment is unique due to its high beam energy.
Data have been collected in the range 1 < Q2 < CO GeV2 and 0.003 < x < 0.7. The
basic results are the asymmetries A^ar) and A^(x) for the proton and the deuteron,
respectively. Their combination allows to extract A"(x) for the neutron. Within the
experimental errors the measured asymmetries do not depend on Q2. In the common
,r range the asymmetries arc in agreement with those obtained by SLAC-Yale and the
EMC, and also with the results of recent experiments at SLAC.
From the asymmetries we derive the spin-dependent structure functions g^[x,Q2),
g'i(x,Q2) and fl"(:r,Q2). Under the assumption that A\ is independent of Q2 we apply
perturbative QCD to evolve our results to a reference value Ql = 10 GeV2. From the
integrals of the structure functions over the full range of x we determine AE(Ql) =
0.2 ±0.1.
In the QPM AS equals the quark spin contribution to the nucleon spin. In QCD AS
contains an anomalous gluon contribution AG in addition. In order to restore the quark
spin contribution to its nominal value of 0.6-0.7, AG' should be approximately 3. This is
not an unreasonable value, but the issue has to be settled in future experiments, aimed
at measuring the gluon polarization.
The difference of the proton and neutron integrals is predicted by the Björken sum
rule, a cornerstone of QCD. This sum rule is confirmed by the experimental data with a
relative error of 10%.
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Same nvat t ing
In dit proefschrift prosenteren wij rosultaten van het experiment van de Spin Muon Collaboration (SMC) op CERN, verkregen in de jarcn 1992-1994. De SMC wcrd oi-jericht
in 19SS naar aanleiding van ccn opmerkelijk resultaat wn de European Muon Collaboration (EMC). De EMC had het kinematisch gebied uitgebrcid, van melingen die eerder
door de SLAC-Yale Collaboration waren gedaan, en vond dat in dicp-inclastischc verstrooiing (DIS) van hoog-cnergetische muoncn aan gcpolariscerde protonen de bijdragc
A!£ van de quarkspins aan de protonspin onverwacht klcin was, zclfs konsislent met nul.
De hoofddoelsteUingen van het SMC-experiment waren: a) het meten van do spinafhankclijkc stiuktuurfunktie gi{x,Q2) van het proton en bet neutron (via het deuteron),
waarbij .r de schalingsvariabele van Björken is en Q2 het kwadraat van de vier-iinpuls
overgedrageu in het vcrslrooiingsproccs; b) de evaluatie van de integralen Ti((?2) van
de struktuurfunkties over lict vollcdigc bercik van x, om de bijdrage AS van de quarkspins aan de nukleonspin te vcrkrijgen; c) het testen van de somregel van Björken, die
fundaineiiteel is voor de QuanUim-Chromodynamika (QCD). Implicict hieldcn deze doclstcllingcn in dat het EMC-rcsultaat gckontrolcerd wcrd, dat de precisic van de metingen
veibelerd wcrd, en dat het kineniatiscli gebied werd uitgebrcid.
Na ecu introduktie van het theoretische raamwerk, inklusief DIS, hel Quark-PartonModel (QPM) en QCD, beschrijven we de iniplcmcntatie van het experiment. De SMC
gcbruikl ccn bundel van op natuurlijke wijzc gepolarisccrdc muoncn van 190 GeV, die
vcrstrooicn aan nuklconen in ccn grote kryogene trefplaat die protonen of dcutcroncn
bevat, gepolarisccrd door middel van Dynamische Nukleaire Polarisatie (DNP). Het trefplaatmalcriaal bevindt zich in twee cellen acliter clkaar, met tegengcstelde polarisatics.
1'jlke 5 utir word t in beidc cellen de ]>olarisalic omgekecrd. De trcfplaatpolarisatic word t
grinden met ccn NMR-systecin. De biuulclpolarisatic word t geinetcn in ccn polarimetcr
stroomafwaarts ten opzichte van de hoofdopstelling.
De kinematiek van de inkoinende en verstrooidc inuoneu word t bcpaald met behul|) van een grote spoktrometer die 150 detcktorvlakken bevat. Uit de sporen van
het inkoinende en verstrooidc muon word t de vertex van de vcrstrooiing bepaald. Om de
juiste trefplaatpolarisatie aan de vcrstrooiingsgebciirtenis toe te kemien, is het. essentieel
te bepalen in welke van de twee cellen de vertex gelokiiliseerd is. Dit word t mocilijker
voor kleincrc verstrooiingshoeken. Om de precisie van de vert.exl)cpaling te verbeteren is
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de spektrometer recentclijk uitgebreid met detektoren van ccn nicuw type, gcplnatst voor
en achter de trefplaat: de mikrobtrip-gastellers (MSGC). We geven oen samenvatting van
hun ontwerpkaraktcristieken, installatie en working, en we tonen de ecrste resultaten.
We beschrijven hoe de ruwe verstrooiingsgebeurtenissen opgetekend in hct experiment
worden gefiltreerd en getransformeerd om data te vcrkrijgen die geschikt zijn voor fysische interpretatie. We besteden nitvoerig aandacht aan acceptantic-effcktcn die de resultaten syslematisch bei'nvlocd zouden kuimcti liebben. We vinden dat binnon de Ir.iidigc
precisie van de meting de resultaten ongevoclig zijn voor tijdafliankelijke acccptantioeffektcn, dankzij de frckwente omkering van de trefplaatpolarisatics en de stabiliteit van
de spektrometer.
Ilct kinematisch gcbied van hct SMC-experiment is uniek door de hoge encrgie van
de bundel. Data zijn verkregen in het gcbied 1 < Q2 < GO GcV2 en 0.003 < x <
0.7. Dc primaire resultaten van de SMC zijn de asymmetriccn A\(x) en A^(x) voor
proton en deuteron, resijektievelijk. Hun kombinatie maakt het mogelijk A"(x) voor hct
neutron to extrahcren. Binncn de meetnauwkeurighcid hangen de asymmetrieen niet
van Q2 af. Binncn hct overlapgebied in x stemmen de asymmetrieen overeen met tlegcne
die verkregen zijn door SLAC-Yale en dc EMC, en ook met de resultaten van recente
experimenten op SLAC.
Uit de asymmetrieen lcidcn we de spinafhankelijke struktuurfunkties g\(x,Q2),
x
9i( iQ2) c n 9i(xiQ2) af. Onder de aanname dat /li onafliankelijk is van Q2 passen
we perlurbaticve QCD toe om onze resultaten te nvolueren naar een referentiewaarde
Qo = 10 GeV2. Uit de integralen van de struktuurfunkties over bet volledige bereik van
x Icidcn we af AS(Qg) = 0.2 ± 0.1.
In hct QPM is AH gclijk aan dc quarkspinbijdragc aan de nukleonspin. In QCD bevat
Ai) een anomale gluonbijdragc! A6'. Oni dc quarkspinbijdrage terug te brengen op zijn
noininalc waarde van O.G-0.7 zou AG ongevcer 3 mocten zijn. Dit is nict een onredelijke
waardo, maar daze kwestie moot opgclost worden in toekomstige experimenten, die ten
docl licbben de gluonpolarisatie tc mcten.
I let verschil van de integralen voor proton cn neutron wordt voorspcld door de somivgcl van Björken, ecu hoeksteen van QCD. Dcze sotnregel is bevestigd door de experinicntelo data, met ecu rclatievc font van 10 %.
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