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Abstract

Title of Dissertation : Measurement of The Ratio of Neutron Cross-section

to Proton Cross-section in Muon Deep Inelastic

Scattering at 490 GeV/c
Silhacene Aid, Doctor of Philosophy, 1991

Dissertation directed by : Professor George A. Snow

Physics Department

The ratio of the neutron to proton cross-sections has been measured in deeply
inelastic muon scattering at an incident beam energy of 490 GeV/c using a
large-angle scattering trigger. The ratio was found to be consistent with unity
as the scaling variable x,; approaches 0. It was found to be consistent with an
independent measurement performed with a small-angle scattering trigger in
the region of overlap of the two triggers. The measurement of the cross-section
ratio allowed an estimate of the Gottfried integral in the available kinematical

range. Our result was found to be consistent with the measurement reported

by the New Muon Collaboration.
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Intro duction

The purpose of this work is to make a modest contribution to our knowl-
edge of the constituents of matter by presenting measurements obtained from
scattering 490 GeV/c muons off nucleons. The experiment was carried out at
Fermi National Accelerator laboratory from 1987 to 1988. More specifically,
we shall investigate the difference between the quark content of the proton
and the neutron. These two particles, known collectively as nucleons, are the
building blocks of nuclei. Their mass, size, charge, and magnetic moment
have been known for some time, but experiments in the last 25 years revealed
that, unlike the electron for instance, they have an internal structure. The
latter is currently understood in the framework of a model and a field theory.
The model is the quark-parton picture, the field theory is Quantum Chro-
‘modynamics (QCD). The quark-parton model postulates that nucleons are
composed of “elementary particles” called quarks. The field theory assumes
that the Lagrangian L describing the nuclear interaction between quarks is
given by :

L =3 (i7.0% ~my )57 + 9.7, (%)aﬁwfer(z) - 1FL(2)Fr ()

Fj, = 8,G(2) - 0.G(=) + 9. finGL(2) G (=)



where ¢ are the quark fields and G% the gluon fields. It postulates that the
quark fields 3, belong to the fundamental (three-dimensional) representation
of the SU(3) flavour group. The A; are the Gell-Mann matrices and form a
basis of the Lie algebra of SU(3). The fields G¥ belong to the eight-dimensional
representation of the SU(3) Lie algebra and are associated with the gluons,
the mediators of the strong force, the strength of which is given by g, in
the previous equation. Deviations from the predictions of the quark-parton
model per se, where nucleon quarks are assumed to be free, are interpreted
as manifestations of QCD corrections. In deeply inelastic muon scattering,
the comparison between QCD predictions and experimental measurements is
rendered difficult by the fact that, in general, experiments access kinematical
regions (low Q?) where QCD perturbative expansions break down. The high-
@? range, where it is believed that QCD expansions are valid, suffers, from
an experimental standpoint, from low statistics, due to the 1/Q*-dependence

characterising the charged lepton scattering cross-section.

Our results on the ratio of the neutron-to-proton deeply inelastic cross-
sections do not validate or invalidate QCD, but test one aspect of the quark-
parton model, namely the identity of the parton distributions in each nucleon
for low values of the scaling variable xy;. This scaling variable can be inter-
preted, as we shall see, as the fraction of the nucleon momentum carried by the
parton in the so-called infinite momentum frame. The lack of statistics near
Xp; = 1 precludes any statement from this experiment as to the limit reached
by this cross-section ratio when x,; approaches 1, but other experiments have
shown that the probablity of an up quark in the neutron being near xy; =1 is

much less than the comparable probability in a proton.

Our work will be divided as follow. In the next chapter, we shall present a
brief overview of the historical landmarks that led to our current understanding
of the structure of the nucleon, followed by an introduction to the structure

functions describing the internal structure of the nucleon, an outline of the



quark-parton model and a brief overview of the features of QCD relevant to
lepton scattering. The spectrometer used by E665 will be described in chapter
2. We shall not go into the details of this apparatus, since it has been described
at some length elsewhere, but rather we shall emphasise those aspects of our

detector which are crucial to the extraction of our results. The limitations

imposed by the spectrometer and systematic uncertainties thereof will be the
subject of Chapter 3, where we shall present the analysis of the data that
allowed us to extract the aforementioned ratio. The significance of our results
will then be explored in chapter 4 and comparisons with measurements done

prior to those obtained here will be made.

Throughout our analysis, we shall use a right-handed coordinate system
where the x-axis points along the nominal beam direction (to the north) and
the z-axis is vertical, oriented upward. The y-axis points therefore to the
west. Chamber and hodoscope planes are characterised by the coordinate they
measure. A z— plane, therefore measures a z- cobrdjna.te, which means that
the corresponding wires or hodoscopes are parallel to the y— axis. Similarly

considerations apply to y— planes.

When there is no ambiguity, we shall denote a differential cross-section by

o when it is immaterial to which kinematical cell we refer.



Chapter 1

Lepton Deep Inelastic Scattering : a Survey

1.1 Historical overview

1.1.1 From atoms to nuclet

Until 1911, it was thought that atoms were uniformly-charged balls in
which electrons were located. This picture of the structure of matter came to
be known as the Thomson model of the atom. In 1909, Hans Geiger, Ernst
Marsden and E. Rutherford conducted experiments in which a-particles, of an
energy between 4 and 9 MeV were scattered off thin gold foils. The measured
cross-section was inconsistent with that predicted by the Thomson model.
To explain the experimental results, Rutherford, in 1911, conjectured that
most of the mass of the atom was concentrated in a very small, positively
charged nucleus of radius less than 10~'2cm around which electrons orbit.
The cross-section calculated by Rutherford using this model agreed well with

the observed cross-section.

It is an elementary exercise, using Newtonian mechanics and Coulomb’s law

to show that, under the assumption that the nucleus does not recoil against



the incident particle, the expression of the differential scattering cross-section

is given by :

.

o 1(zZe\" 1 (1.1)
_0 - Z 87r€oE . 4 [
sin

2

where 8 is the scattering angle between the incident a-particle and the outgoing
a-particle, z the charge of the a-particle, in units of the proton charge, €
(z = 2), Z the charge of the target nucleus and E the kinetic energy of the

incident a-particle.

At small values of the impact parameter (corresponding to large values of
the scattering angle), the interaction between the incident a-particle and the
target ceases to be purely electromagnetic, the short-ranged, attractive strong
interaction taking over, causing the a-particles to be absorbed and therefore
the measured cross-section to decrease faster with 4 than described by Eq. 1.1
(Valentin, 1981). A probe that did not interact strongly with the nucleus
was desirable. Electrons, undergoing purely electromagnetic interactions were
suggested in 1948 (Rose, 1948). As early as 1929, Mott (Mott, 1929) calculated
the cross-section of elastic electron scattering off a point, spinless nucleus,

taking into account the spin of the electron. The expression for the differential

cross-section is approximately given by :

0
(d_a> = (st ) —1 (12
d0 M 87l'€oE sin40

2

with the same notations as in Eq. 1.1.

It is important to realise that the Mott cross-section is derived under the
assumption that the nucleus is a point particle. If one assumes that its charge

has a spatial density p(7), then the cross-section becomes

de - (%‘g)M P (1.3)



The quantity F'(¢?), where ¢? is the squared magnitude of the three-momentum
transfer of the electron, is the Fourier transform of the charge distribution p(7)

and is called the electric form factor of the nucleus. Specifically, if the charge
distribution has spherical symmetry, then

F(q)= i}[w rp(r)sin gr dr (1.4)

In the 1950’s, experiments at Darmstadt, Kartov, Orsay, Yale, and partic-
ularly at SLAC (Hofstadter,1964) were undertaken to determine the charge
distributions of various nuclei by measuring the electron elastic-scattering
cross-section. The main results obtained at that time were that the charge

distributions of spherical nuclei having A > 30 could be represented by Fermi

functions of the form

PF = ——ﬁf”Tc- two-parameter Fermi function
1+e @
4 (1.5)
1+=5- N
pr = po — three-parameter Fermi function
l14+e @

and ¢ (which, in the case of the two-parameter Fermi distribution, is the half-

maximum radius) was found to be nearly proportional to A!/3,

The case of the proton and the neutron is particularly interesting. Rosen-
bluth showed (Rosenbluth, 1950) that the cross-section of scattering of an
electron off a spin-1/2 object is given by

do _ (do 2 20
= (%) ((P( )+ Ee ) + s (Rl + ~F,(q')) tan 5)
(1.8)
Here, k = 1.79 for the proton and x = —-1.91 for the neutron, ¢? is the square of

the four-momentum transfer and M is the mass of the target nucleon. Fi(g?)

and F3(q?) are called the Pauli-Dirac form factors. Egq.1.6, unlike Eq.1.3,



takes into account not only the spatial charge distribution of the nucleon, but
also its magnetic distribution through the phenomenological form factors Fy
and F,. In fact, under the assumption that the contribution comes from the
charge and current densities of the nucleus, Fi and F; can be related to the
Sachs electric and magnetic form factors Gg and Ga by

2
Go(q) = Fi + 55 Fa

Gu(g®)=F1+rF

It was found experimentally that the following relations hold betwegn the

electric and magnetic form factors :

GE, = —GM' — _——GM"
Kp HPn
qz
GE,. = —ln %‘Gﬁ,
1+ 5.6m

and futhermore Gg, had a dipole dependence on g? of the form

Gg, = _1(12_2
(1 + —0.761>

where g2 is expressed in GeV?/c? and the indices n and p refer to the neutron

and the proton respectively.

Thus, by the mid 1960’s, elastic electron scattering experiments had pro-
vided valuable information on the spatial extent and the electromagnetic prop-

erties of the nucleus. But to those reductionists who would not admit that

the nucleon was an elementary particle, elastic scattering was silent as to a

possible sub-structure of the nucleon.

1.1.2 From nucleon to quarks



The electron-scattering experiments performed until the mid-1960s were
termed elastic. The nucleus remains intact or at worst, only low energy reso-

nances were excited.

In 1968, the availability of a 20 GeV electron-beam at SLAC made it pos-
sible to probe the nuclear structure in the inelastic region. In such a kinematic
regime, the mass of the hadronic final state is greater than that of the ta;rget
nucleus. The cross-section for such a ﬁrocess, can be expressed in terms of
two form factors F; and F, (different from those of Eq.1.6) called structure
functions. Unlike the elastic form factors, which depend only on the square
of the four-momentum transfer, the inelastic structure functions depend a pri-
ori on two independent Lorentz invariants cha.fa.cterising the final state of the
interaction. These can be taken as the square of the four-momentum trans-
fer Q’ and the energy transfer ». Measurements were reported on electron-
proton inelastic scattering for beam energies between 7 and 17 GeV and four-
momentum transfers Q? up to 7.4 GeV (Bloom, 1969). The striking result
was that the structure functions have almost no dependence on @Q? and de-
pend only on the ratio zy; = Q3/2Mv. This experimental result came to be
known as scaling. An explanation of the phenomenon was given by Bjorken
(Bjorken,1969). Using the infinite-momentum frame and assuming that the
commutator of the hadronic currents vanishes outside the lightcone, Bjorken
showed that the inelastic form factors, in the limit of large Q? and large energy
transfer v , with @Q?/2v fixed, did not depend on Q? but rather on a single
variable z,; = @3/2Mv. The idea of scaling was also suggested by Feynman

(Feynman,1969), based on the idea of the existence of partons in the nucleons.

A few years before the experimental results obtained at SLAC, Gell-Mann
and Zweig, in order to explain the “hadronic” table, postulated the existence

of quarks, based on an SU(3) symmetry group.

In 1971, Kuti and Weisskopf (Kuti and Weisskopf,1971), combining the



hypothesis of quarks, formulated earlier by Gell-Mann and Zweig and Feyn-
man’s idea of partons suggested that most of the results from deep-inelastic
scattering experiments could be explained on the the basis of the quark-parton
model. In such a model, it is assumed that the nucleon is composed of three
valence quarks and a core of an indefinite number of quark-antiquark pairs.
* This model reproduced most of the results of deep-inelastic scattering, includ-
ing scaling, with one exception. It predicted that at high zs; the ratio of the

neutron structure function to that of the proton should go to 2/3. Experimen-

tally, it appears that this ratio is approaching 1/4.

To map out the behaviour of the structure functions over a wider Q? range
and determine to which level scaling holds, it is necessary to make use of probes
of higher energy. When electrons are accelerated, they lose energy through
synchrotron radiation. The smaller the mass, the higher the synchrotron losses.
The way out of this limitation is the use of a heavier beam particle, with the
same properties as the electron. The muon turned out to be the most obvious
candidate. Its mass is about 200 times the mass of the electron, but otherwise
behaves identically to the electron in interactions. And so the 1970’s saw the
birth of high-energy muon deep-inelastic scattering experiments. In addition
to smaller radiative contributions to the deeply inelastic cross-section, muons
are easier to identify than electrons among all the particles produced in the
interaction. These advantages are however offset by two factors. On the one
hand, it is difficult to produce muon beams with intensities comparable to those
available at electron machines, and on the other hand, the spatial extent of the
beam is fairly broad in comparison to that of an electron beam. This imperfect
collimation of the beam results in an undesirable “halo” accompanying a useful
beam core. On this basis, it is traditional to divide muon experiments into
two generations. In the first generation of experiments, such as CHIO, which
can be said to have begun with the operation of the 270-GeV muon beam
at Fermilab, emphasis was on high incident muon energy at the cost of good

collimation of the beam. In the second generation, halo-reduction schemes led
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One-photon exchange diagram.
Fig. 1.1

to higher-quality muon beams, such as the 280-Gev beam used at CERN by
the European Muon Collaboration (EMC) and the Bologna-Cern-Dortmund-
Moscow-Saclay group (BCDMS) and the 490-GeV beam used at Fermilab by
the E665 collaboration. Out of these experiments came the measurements
of the structure functions of the neutron and the proton, the study of the

A-dependence of these structure functions (EMC effect) and the analysis of
hadronic final states.

It should not be forgotten that deeply inelastic neutrino scattering exper-
iments have produced important results on structure function measurements.

For a review on this topic, we refer to (Diemoz et al.,1985)

1.2 Deeply Inelastic Scattering and the Structure of the Nucleon

1.2.1 Kinematical variables of DIS
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Before we proceed to outline our current understanding of the structure
of the nucleon, it is worth presenting the relevant kinematical variables used
to describe muon scattering. To lowest order, this process is described by the
one-photon exchange diagram of Fig.1.1. A muon, having four-momentum

p. exchanges a virtual photon of four-momentum ¢ with a nucleon of four-
momentum P and emerges with momentum p,. In such a process, it is tradi-

tional to use the following Lorentz scalars

Q' =-(pu-pu)=-¢

y =24
2
Toj =21QVIV‘
— q.P
¥ Pu-P

W2 =(P + q)* = M* + 2Mv - Q*

In the laboratory frame, that is, in the frame of reference where the target
is at rest, v is simply the energy lost by the muon and y is the ratio of that
energy lost, v, to the energy of the incident muon. W is the invariant mass
of the hadronic final state. The meaning of the scaling variable z;,; will be

discussed in the next section.

The most general expression for the cross-section for unpolarised targets

and beams, neglecting the lepton mass, is given by

do _ 4ma?

dQdz,; ~ Q3zy; (y’z;,-F;(z.,-, Q%) + (1 =y — Mzy;y/2E) Fa(2s5, Qz))

The functions F; and F,; describe phenomenologically the hatched blob of
Fig. 1.1 and represent the unknown dynamics of the nucleon with which the

muon interacts electromagnetically. This dynamics is governed, on the one



12

hand by the constituents of the nucleons, and on the other hand by the nature
of their mutual interactions. It is clear that if these were known it would be
possible, at least theoretically, to calculate F; and F,. This however is not the
case. F; and F; are determined experimentally, and from such measurements,
one attempts to gain some insight into the dynamical structure of the nu-
cleon. The situation is similar to that of electron elastic scattering, where one
measures the electromagnetic form factors and infers the charge and current

distribution of the nucleon.

1.2.2 QCD and the quark-parton model

The earliest attempt made to understand the behaviour of the strong force
was that of Heisenberg with the concept of isospin. It had been known for a
while from pp and pn scattering data and the energy levels of mirror nuclei
that, as far as the strong interaction is concerned, the proton and the neutron
interact with similar strength. Hence it is possible to regard them as two
different states of the same particle, the nucleon. The state space of the
nucleon should.then be taken to be W® S ® I, where W is the spatial part
of the state space, S its spin part and I is a two-dimensional vector space,
with a basis given by |p >,|n >. If the strong force does not distinguish
between the proton and the neutron, then its Hamiltonian commutes with
all operators acting on Z and in particular with the unitary transformations
acting on Z. The latter form a three-dimensional Lie group called SU(2), and
the space I carries a two-dimensional representation of SU(2). Furthermore,
the generators of SU(2) form a set of conserved observables, and we can choose

three such generators :

_171 0 _ /0 1 - _ /0 0
I“‘i(o _1) I+‘(o 0) I —(1 0)
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and the Casimir operator I? = I+I~ + I3 — I5 acting on |p > and |n > gives

1,1
3y >=1(1
Ip>=5(3+1)p>
1,1
z — e —
I |n>—2(2+1)|n>

In analogy with spin, one can therefore attribute isospin I = 1/2 to the nucleon,

|p> having Iy = 1/2 and |n >, Is = ~1/2. The charge operator Q is given by

1
Q—Ia—f'i

Extending this to all other hadrons, one can classify them into isospin
multiplets. For instance, the pions form an isospin triplet (I = 1) under
SU(2). But it was realised that some processes involving heavier hadrons
discovered in the post World War II era, even though conserving isospin, did
not occur. Gell-Mann and Nishijima postulated that in addition to isospin,
another quantum number (called strangeness) had to be conserved. This led
to enlarging the original isospin group SU(2) to SU(3). The fundamental
representation of SU(3) is three-dimensional and has a basis of three state
vectors corresponding to particles named quarks and denoted by u, d and s
(respectively up, down and strange).In this classification, SU(3) is referred to
as flavour SU(3). The new relation between the charge operator Q and I,

involves a new quantity Y called hypercharge.
1
Q=1+ EY

where, in the fundamental representation of SU(3)

1 0 O 1 0 O
0 -1 0 Y = 01 O
0 0 O 0 0 -2

W =
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Table 1.1
Charge Isospin Is Baryon number Strangeness

2 1 1 1

u 3 ) 3 3 .
1 1 1 1

d 3 5 ) 3 ¢
1 1

s 3 0 0 3 -1

Similarly, the conjugate of the fundamental representation of SU(3) (de-
noted 3 has a basis (%,d,3) corresponding to the antiparticles of (u,d,s).
Hadrons are then built from tensorial products of the fundamental repre-
sentation of SU(3) and its conjugate, and in order to reproduce their cor-
rect quantum numbers, quarks are assigned charge,isospin,baryon number and

strangeness as given in Table 1.1.

Mesons are supposed to belong to the 3 ® 3 representation and baryons to
the 3 ® 3 ® 3 representation of SU(3). The decomposition of these tensorial

representations into irreducible representations gives :

33 =108

3ed®l=1l0808010

For instance the spin-0 octet of 3@ 3 contains 7°, 7+, 7—, K°, K+, K-, K9. The
singlet representation contains the 7’ particle. The spin-1/2 octet contains
among other particles the proton and the neutron. The spin-3/2 decuplet rep-
resentation contains the -, which at the time flavour SU(3) was formulated

was not known. It was discovered in 1964.

If lavour SU(3) were exact, then the multiplets would be degenerate. This
is clearly not the case, since the particles have different masses. It might be

tempting to attribute the removal of degeneracy to the electromagnetic inter-
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action, but this does not work and for more details we refer to (Gasser and
Leutwyler,1982). Originally Gell-Mann and Okubo assumed an octet compo-
nent to the Hamiltonian of the strong interaction, which lead to a formula
relating the masses of particles belonging to a given multiplet (Gell-Mann
Okubo formula). Baryons are made up of three quarks and mesons of a quark-
antiquark pair. But since quarks are spin 1/2 particles, it is necessary to
assume that they possess an additional degree of freedom, in order to respect
the Pauli principle. This new quantum number is now called colour. Later,
the measurement of R, the ratio of hadron to muon production in e*e~, con-
firmed that the number of colours is equal to three. Therefore, a new three-
dimensional state space C, the colour space, must be taken into account, and
the full state space of a quark is given by We®sS®I®cC. Operators acting on C
commute with the Hamiltonian of the strong interaction and therefore ¢ car-
ries a three-dimensional representation of SU(3). The latter group is referred
to as colour SU(3). However, this colour degree of freedom has never been
observed in hadrons in the visible world. It is therefore postulated that quarks
combine to form hadronic colour singlet states. So far, we have not discussed
any dynamical aspect of hadrons, but merely presented symmetry arguments
to group them into multiplets and determine their quark content. Beyond
this, we need to describe quantitatively the strong force responsible for their
observed behaviour. The field theory that attempts to do just this is Quantum
Chromodynamics. Quantum Chromodynamics is a Yang-Mills gauge field the-
ory of strong interactions the symmetry group of which is colour SU(3). The
matter fields ¥ (1 < @ < 3, for each flavour f) are the quark fields, belong-
ing to the fundamental representation of SU(3).. Following the principle of
gauge invariance, one declares strong interactions to be invariant under local
SU(3). transformations. This implies that the covariant derivative must de-

pend on fields belonging to the octet representation of colour SU(3). Eight
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such fields can be chosen to form a basis for the eight-dimensional represen-
tation of SU(3). and are called gluons. In contradistinction with Quantum
Electrodynamic (QED), where there is no interaction between the photons,

one has to include a contribution from a self-interaction of the gluons, and the

QCD Lagrangian can eventually be written as :

L= E’(i’ha# - m;)‘l/’? s g.m'y,, (%) p‘l/’?Gﬁ‘(z) = %F,iy(z)ﬂ“"(z)

Fi, = 8,G.(z) - 8,G(z) + 9. fiinGi(z)Gh(z)
The non-linear character of the QCD field equations makes the task of solving
them difficult. Two approaches have been taken in this direction. The first
one is the application of standard perturbative techniques. In the second ap-
proach, the space-time continuum is digitiséd to form a lattice and the field
equations are solved numerically. The limitation of this method is imposed
by the CPU time needed for a fine-grained lattice that approximate the con-
tinuum reasonably well. For a review of the development and some successful
predictions of QCD, we refer the reader to (Wilczek,1982). If indeed such is
the structure of the nucleon, then an electromagnetic probe (electron or muon)
with a high enough resolution should be able to resolve it into its quark con-
stituents. Similarly, a weak probe, such as a neutrino should also be able to
interact with the partons in the nucleons, via the exchange of a W or a Z
boson. A naive argument can be presented to give some justification to this

quark picture. Consider the elastic scattering of an electron off a particle. The

cross-section of this process is given by the Rosenbluth formula

A (%;_)M ( (Iq(qz) + gﬂgm(qﬁ) T (Fx(q’) + m(q’))z tan’ %)
(1.7)

We have seen that the form factors F, and F,; or equivalently Gg and Gy

tend to 0 as the magnitude of the four-momentum transfer ¢ goes to infinity.
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" Now Gy and G can be interpreted as the Fourier transforms of the electric
and magnetic distributions of the aforementioned particle. The main result
found at SLAC was that in inelastic scattering the form factors (or structure
functions) are non-zero and nearly independent of Q2. If they are interpreted as
con.lbinations of Fourier transforms of the charge and magnetic distributions,
this means that the latter are proportional to delta functions. The scattering
occurs off point-like particles. The problem is now to identify these point
particles with the quarks. For this purpose, it is necessary to identify the

spin and charge of these constituents and the numbers of such partons in a

- nucleon.

Absorption of vitrual photon by a single parton in the laboratory frame.
Fig. 1.2

Consider first a simple picture in which, in the laboratory frame, the vir-

tual photon interacts with a parton in the nucleus (Fig.1.2). Immediately
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before the interaction, the parton has four-momentum k. It absorbs the vir- -
tual photon and then is scattered with four-momentum k+q. We assume that
this first-order diagram is the only one of relevance. Let 4 be the angle of the
parton three-momentum with respect to the virtual-photon three-momentum
and m, the mass of the parton. Then from the relation (k + ¢)? = m2 we find

that the scaling variable z,; obeys

2 cog?
M?z,; - 2M(§—%’o—s—0+ k2 +ml)z + x?sin’ § + m2 =0 (1.8)

where « is the magnitude of the parton three-momentum vector. The first

observation we can make is that if K = 0, then x,; reduces to J#. If there were

three equal-mass partons in the nucleon adding up to M, then x;; = . In

L.
such a picture, the elastic scattering off a parton would be characterised by a
fixed value of the scaling variable. If the parton has a non-zero momentum,
the elastic scattering would still be characterised by a fixed value of x,;, but
the latter would now depend on k and the energy v of the virtual photon. If

v > s then Eq. 1.8 reduces to
M?zy; ~2M  /&? + m3z + x¥sin’  + m3 =0 (1.9)

and now Eq. 1.9 shows that x,; is related only to the momentum of the parton.

In fact, in the high v limit,

Ty = %( k2 4 m2 — K cosf)

Now, the interaction between the partons in the nucleon will give rise to
a distribution in k. To get a feeling for the influence of this distribution on
Xsj, let us assume that the components of k follow a Gaussian distribution of

mean 0 and standard deviation o.. The resulting x;; distribution will of course
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Effect of Gaussian distribution of parton momentum in the nucleon on the scaling variable.(a)

Three equal-mass partons (TN, = M / 3) and a Gaussian distribution of width 0.3 GeV. (b) Three

equal-mass partons of mass 3 MeV and Gaussian of width 0.3 GeV. These plots are for illustrative
purposes only.

Fig.1.3

depend on m, and o,. Fig.1.3 shows the effect of such a momentum smearing

on the original é-function at x,; = J2.

It is important to realise that in such a naive model, the main assumption
is that the virtual photon has interacted with a single parton and that during
the time of this interaction the nucleon system has not had time to change.
In other words, we have assumed that the time it takes for the virtual photon
to be absorbed by the parton is much shorter than the time scale of the
dynamical evolution of the partons. There is of course no guarantee that
such a hypothesis be true in the laboratory frame. Let us boost the nucleon
along the direction of the virtual photon into a reference frame such that the
momentum of the nucleon is very high. In the limit where 3 goes to 1, we shall
call such a reference frame the infinite-momentum frame. In such a frame, from

the Heisenberg uncertainty relationship, the time of interaction of the virtual
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photon with the parton is negligible. The photon coui;les to only one parton
and the nucleon system is frozen in a given state. The diagram of Fig.1.2 is
now valid, with the difference that the longitudinal (i.e. along the direction
of the virtual photon) momentum distribution of the parton is not centered
around 0 but around the average fraction of longitudinal momentum carried
by the quark to the momentum of the nucleon. Let P be the four-momentum

of the nucleon and k be the four-momentum of the quark. Our aim is to relate

£ = ’7"} to the scaling variable x,;. By definition, our infinite-momentum frame

is such that P> M. If we set

Y
i

RS

o
I

then the components of the four-momentum of the virtual photon in the infinite

momentum frame will be

0
M 0
P (\/-f+b’,/lc+2a:nb,-——1)
M
5 (Vi-’rb’— ‘/i+2azb,»)

If we keep only terms of order i+ j less than or equal to 2 in b/, the compo-

nents are approximately

33,
—glg”_zp 1- MQf"’
2p3

My op(1- M=

-
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and now the relation (k + ¢)? = m2 in the infinite momentum frame will yield

3. M?
_Qz+2( ézpz+mg (1;4;; -z P(1 - —"’QT))-F

ap(%f,,z“b,.pa-%)))ﬂ

(1.10)

where we have set m? = k} + m3, k. being the transverse momentum of the
parton. If we assume that {P » m, then a simple algebra shows that Eq.1.10
will yield

3
(= ZQMU =n:1:.,

In such a case, the interpretation of the scaling variable in quite simple; it
is the fraction of longitudinal momentum carried by the quark in the infinite

momentum frame.

1.2.3 The Parton Model

The parton model assumes that lepton nucleon scattering occurs off point-
like, charged partons. These partons are further assumed to be free. Under this
assumption, the deeply inelastic cross-section can be written as an incoherent
sum of elastic scattering off each parton making up the nucleon. In what fol-
lows, we shall assume that these partons have spin 1/2, an assumption that, as
we shall see, is supported by experimental measurements. The charged-lepton

elastic scattering cross-section off a structureless spin—1/2 particle is given by

In this case, the structure functions are simply proportional to delta functions,
that is

sl Q@
Fi(Q%v) = §2Mu5(2—M—u'1)
Fz(Qz,V) =5 (2% —1)

2
14
Now, let us assume that there is a probability density f;(z:) of finding a parton

in the nucleon carrying a fraction z; of the momentum of the said nucleon.
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The momentum of the parton is given by
- i = =P

where P is the momentum of the proton (in the infinite-momentum frame).

Then it can be shown that

Fi(z) = Y etz fi(z)

1

where the summation is done over the types of partons making up the nucleon.

The relation between F; and Fj is given by
Fy(z) =2z Fi(z)

This identity is known as the Callan-Gross relation. It is equivalent to say-
ing that the ratio R of the of the longitudinal to the transverse cross-section
vanishes. If the partons have spin zero, then R = +o00o. Experimentally, it
was found that R was consistent with 0, which supports the hypothesis that
the partons have spin 1/2, but does not exclude the possibility that they have
higher spin.

It is tempting to identify the partons with quarks, the mathematical ob-
jects postulated by Gell-Mann and Zweig. Stronger evidence for this model
is provided by an experimental verification of a number of sum rules that we

shall briefly discuss now.

1.2.4 Sum rules

For the sake of convenience, we shall denote the probability functions by
u(z), u(z), d(z), d(z), etc... instead of fu(z),...

The structure functions of the proton and the neutron can be written

Fpr = Z(zu(z) + zu(z)) + %—(zd(z) +zd(z)) + é(zs(w) +23(2)) + -
(1.11)

F

O Ok

(zd(z) + zd(z)) + %(:cu(z) + zu(z)) + é(:vs(:v) +z3(z)) +---
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where the subscripts identify the proton and the neutron structure functions
as measured in deeply inelastic muon scattering. The parton distributions are
those of the proton, and those for the neutron are deduced from those of the

proton by an isospin transformation.

Two elementary sum rules can be derived from the fact that the charge of

the proton is 1 and the charge of the neutron is 0.
J[(u(:z:) ~(e))de =2

J[(d(:z:) ~3(z))dz =1

The first relation expresses the fact that there are two u-quarks in the proton

and the second one that there is one d-quark in the proton.

In our discussion, we have emphasised the use of charged-lepton scatter-
ing, but important tests of the quark-parton model have been performed by
neutrino scattering. Because of parity non-conservation in such an interac-
tion, the deeply inelastic neutrino cross-section will depend on three structure
functions Fy¥, FyN and Fy¢~, where the superscripts identify the probe and

the target. From charged-current interactions above charm threshold, one can
derive the so-called Adler sum rules

[ (FP*() - Fr7(z))dz = 1
[ (FFn(2) - Frn(a))de = -1
and the Gross and Llewellyn-Smith sum rules
[ (F3*() + Fi7(z)) do = 6
[ (FF~(2) + Fy™(z)) dz = 6

The above sum rules have been tested experimentally and found to be consis-

tent with the values predicted by the quark parton model.
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An important sum rule, due to Gottfried, relates the deeply inelastic muon
scattering structure functions of the proton and the neutron. In the framework

of the quark-parton model, it translates to

[('F_’“'_;_Iﬂdg:%-f-;[(u 2)-1(2)) dz

If one assumes that the sea is SU(2) symmetric, that is

7(z) = d(z)

then we get

[ (Br- Ry, _1
z 3

This sum rule can be related to the neutrino structure functions. Below
charm threshold, in charged-current interactions, one has

Fy? - Fyr = 12(Ff7 - FI™)

If
Fz = 22:F;

and if the Gottfried sum rule holds, then we get

For _ Fe
‘[.(i___f_).dz =2

T

Recent high-precision measurements performed by the New Muon Collabo-
ration (NMC) ((Amaudruz,1991)) show that actually the value of the Gottfried
integral is significantly smaller than the value predicted by the quark-parton
model with the assumption that %(z) = d(z) Various theoretical attempts are
made to explain the origin of the violation of the Gottfried sum rule. Histor-
ically, Feynman and Field incorporated a violation of the Gottfried sum rule
in their parton distributions. The argument invoked was based on the Pauli-

exclusion principle. Since the proton is made up of two up quarks and one
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down quark, the extraction of a u# pair from the sea is less favorable then the

extraction of a dd pair, since the Pauli exclusion principle restricts the quan-
tum states available to the additional u quark. However, a detailed calculation
by Ross and Sachradja (Ross,Sachradja,1979) within a QCD framework does

not support this conjecture.

1.2.5 Scaling violations

The QCD splitting-function diagrams contributing to the scale breaking of the structure functions.
Fig.1.4

Although the simple parton picture presented in the previous section ac-
counts for the bulk of the results observed in charged-lepton scattering, it is
still an approximation. The European Muon Collaboration has shown clearly,
as have earlier lepton experiments, that the hypothesis of scaling was only

approximate. The structure functions do not depend only on x;; but also on
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Q*. This scaling violation can be understood in the framework of QCD in
the following way (Collins et al.,1989). The quarks and the gluons inside the
nucleon can undergo the processes shown in Fig. 1.4. In other words, as the Q2
of the probe increases, more and more partons can be resolved. This implies
that the parton distributions f;(z) are now a function of the scaling variable
and Q?. This statement can actually be made quantitative in the framework
of QCD by the Altarelli-Parisi equations. These equations give the evolution
of the structure functions as a function of log @? by considering the diagrams
of Fig.1.4 representing the so-called splitting functions. The Altarelli-Parisi
equations do not determine the parton distributions, but if the quark and
gluon distributions are known at a given @32, then they can be determined at

any other value of Q2.

1.2.6 Fp|F?

Assuming that the ratio of longitudinal to transverse cross-sections in the
proton and the neutron are the same, the ratio of the neutron structure func-
tion to the proton structure function is the same as the ratio of the corre-

sponding cross-sections, that is

Because all distributions in Eq.1.11 are positive, it can be shown that

Eq.1.11 implies that

3
E]

= <4

P

| =
3

These inequalities have been confirmed by all muon and electron scattering

experiments, including this one, as we shall see in Chapter 4. In fact, mea-
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surements done so far seem to suggest that

un
2
73 <1
2

|

<

W
&

The upper limit is appears to be reached when x,; approaches 0 and the lower

limit seems to be reached when x,; approaches 1.
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Chapter 2

Experiment 665 at Fermilab

2.1 Generalities

The purpose of this chapter is to give an overview of the E665 spectrometer.
Its goal, as stated in the original proposal and carried out in the data-taking
period from 1987 to 1988, is to study deeply inelastic muon scattering with an
emphasis on hadronic final states. It consists of two main components : a muon
beam line, in which muons are generated and tagged, and a spectrometer built
around two superconducting dipole magnets the purpose of which is to detect
and tag the particles resulting from interactions in a target. The selection of

desired events is performed by a main triggering system based on hodoscopes

located behind a three-meter thick iron absorber.

The E665 apparatus has been described at some length in (Adams et
al.,1990). In what follows, we shall emphasise the elements of the experimental

setup which are directly related to our analysis.
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2.2 The muon beamline and the beam spectrometer

Mo EIHES
=

n K FODO 1087 m
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4 FODO 368 m

A Bending magnet
™ D D D D m 0 Focusing magnet
ﬂ Defocusing Magnet
[&] u pipe

Beam spectrometer 56.5 m @ Toroid

Synoptic view of the Muon beamline.
Fig. 2.1

The high-energy muons used by Experiment 665 originate from the weak
decay of hadrons. 800 GeV protons, extracted from the Fermilab Tevatron,
interact with a 48.5 cm beryllium target (Fig.2.1). The resulting secondary
particles, mostly pions and kaons, and the non-interacting primary protons
are then deflected by a pair of dipole magnets, either into a dump absorber if
their momentum is below 480 GeV, or into a system of quadrupole magnets
if their momentum is above 480 GeV. The function of these quadrupole mag-
nets is twofold. Firstly, they focus, and therefore contain the hadron beam,
and secondly, they deflect and thus separate the particles according to their
momentum. Those having momentum greater than 700 GeV end up in a sec-

ondary dump where they are absorbed. The remaining hadrons go through
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a collimator and enter a 1.1 km bea.m’line where they will be transported by
a succession of focusing and defocusing quadrupole magnets (FODO) and al-
lowed to decay into muons. The pions and kaons which, at the end of the
FODO line have not decayed, are absorbed in 12 m of beryllium. The muons
traverse the berymum, undergoing limited multiple scattering, get momentum-
selected by a final bending magnet and enter a 366-meter long transport line
labelled as u—FODO in Fig.2.1. At this stage, the muon beam consists of a
well-collimated core surrounded by an undesirable halo. Therefore, the func-
tion of the pFODO line is, in addition to transporting the muons, to reduce
the amount of halo present in the beam. This is achieved by the presence of
p—pipes and toroids around the beam line. The p—pipes are high magnetic
permeability steel sheaths, of inner diameter 12.7 cm and outer diameter 19cm
and length 6 to 10 meters. They are traversed by an electrical current which
generates an 18 Tesla circular magnetic field strong enough to deflect any halo
muon entering the pipe outward and pfevent it from multiple-scattering back
inside the beam pipe. The toroids have a magnetic field which increases with
distance from their axis, and therefore, the furthét away the muons from the
beam axis, the more they get deflected outward. The net effect of the toroids

and the u-pipes is to bring down the beam/halo ratio from 1/1 to 0.15/0.85.

The last leg of the journey of the beam, which now has an average energy of
about 500 GeV, takes it through a tagging system consisting of a diople magnet
labelled NMRE in Fig. 2.1 and four hodoscope and wire-chamber stations. The
purpose of the tagging system is twofold. On the one hand the hodoscopes
allow the experiment to trigger on a desired subset of the beam phase space
as a prerequisite to any physics trigger, and on the other hand wire chambers
make it possible to determine the momentum of each beam muon by measuring

the deflection it undergoes when traversing NMRE; the latter imposes a 1.53
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PBT1 PBT2 PBT3 * PBT4

4
SBTY sva|SBT2 svie| SBT3 svia| 5T

Station 2 Station 3 , Station 4

Station 1 I

Veto wall

Top view of the beam tagging system.

The layout is not to scale. Elements labelled SBT1 through SBT4 are scintillator arrays, those
labelled SVJ1 through SVI3 are veto counters, and PBT1 through PBT4 are six-plane wire cham-

bers. NMRE is a six-meter long bending magnet which allows momentum determination of the
beam muons.

Fig. 2.2

GeV/c transverse kick to the beam particle, which at 500 GeV corresponds
to a 3 mrad bending. A detailed view of the tagging spectrometer is shown
in Fig.2.2. It consists of two stations before the NMRE bending magnet and
two stations after NMRE.

The elements labelled SBT1 through SBT4 are 17.8 cmx17.8 cm scintillator
arrays and are shown in Fig.2.3. Each station has a Y and Z array, except
for SBT2 which has only a Y hodoscope. PBT1 through PBT4 are groups
of six-plane wire chambers. The Y and Z PBT planes consist of 128 wires
1 mm apart, whereas the U and V PBT planes have 64 wires, also 1 mm apart.

The vetoing of the muon halo is achieved by a set of veto jaws (SVJ1 through
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Fig.2.3

SVJ3) and a veto wall. The veto jaws have a 9.5 cmx cm aperture and their
signal is used to inhibit the halo close to the beamline axis. The veto wall
has a 25 cmx 25 cm aperture and an active area of 3 mx 3 m and guards the

forward spectrometer against halo muons far from the beamline axis.

2.3 Targets

The target with which the incident muon beam interacts is located inside
a superconducting dipole magnet (CVM). The vessel for hydrogen and deu-
terium is schematically represented in Fig.2.4. It has a length of 1.15 m and
a diameter of about 9 cm, and is made out of 250u—thick mylar, surrounded

_by a Rohacell insulation jacket, inside which a vacuum is maintained.
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The density of the hydrogen and deuterium targets have been reported in

(Ecker,1988). The density of the hydrogen target is
0.07065(1 = (8 + 67) x 10-5) g/cm®
and the density of the deuterium target is

0.16246(1 + (5 + 310) x 10~5) g/cm®

However, the deuterium target contains a certain number of contaminants.
Table2.1 shows the composition, in volume, of the deuterium target. We can
see that the dominant contaminant is HD. If one tries to compare neutron
and proton cross-sections, this target composition will be the source of a small

correction which will be discussed in the next chapter.
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Table 2.1
Compound % volume
H, 0.2+0.02
HD 5.1+£0.2
D, 94.6+0.5
T, 0.1+0.04

in ppm
H;0,HDO < 200
N,,CO 2004100
0, < 40
Ar < 30
CO: < 50

2.4 Forward spectrometer

The purpose of the forward spectrometer is to record the particles resulting
from the interaction in the target. This main function can be conveniently sub-

divided into three sub-functions : triggering, which select the desired events,
tracking, which is a prerequisite for charged-particle momentum analysis and
particle identification of charged and neutral particles. Of the latter, we shall
say very little since we do not make any use of this capability of the spectrom-

eter in our work, and we refer the interested reader to (Adams,1990a)

2.4.1 Tracking system

The heart of the E665 tracking system consists of 26 wire-chamber modules

at the center.

built around two superconducting dipole magnets (Fig.2.5). The first magnet
(CVM) has a 1.5 Tesla field and generates a field integral of 1.29GeV/c Inside
the second magnet (CCM) located 10.5m downstream of the CVM and the
field of which, oriented along the positive z—axis, has an intensity of 1.39 Tesla,
five three-plane wire chambers (PCF) permit the following of charged-particle

tracks in the region of the magnetic field. In principle, the measurement of
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Top view of the E665 forward spectrometer.
Fig. 2.5

the curvature of a track using the PCF chambers alone is possible, but better
resolution is achieved by the presence of two three-plane wire chambers (PCV)
and three four-plane chambers (PC) located between the CVM and the CCM,
and eight drift chambers downstream of the CCM. The central region of the
drift chambers has been made insensitive, and is covered by a small additional
chamber (PSA). The muon, which is the only particle to traverse a three-
meter thick iron absorber (ABS) located behind the last set of drift chambers,
is tracked by four proportional wire chambers (PTM). In addition, two sets of
chambers in the wings of the spectrometer (PTA), between the CVM and the
CCOM intercept wide-angle tracks at their exit from the CVM.

2.4.2 Particle identification
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A particle can be identified once its charge and its mass are known. The
only characteristic of a particle that the forward-spectrometer tracker provides
is the sign of its charge. Since the momentum of a charged particle is known,
its mass can be determined if its velocity is known. This is achieved in two
ways. Two threshold Cerenkov counters (CO and C1), running with gases
at different indices of refraction permit the separation between particles, and
a Ring-Imaging Cerenkov counting, by measuring the opening angle of the
Cerenkov radiation emitted by the charged particle, allows the determination
of its velocity and therefore its mass. The other method used for low mo-

_mentum particles is the measurement of their time of flight since the instant
of the interaction in the target. Specifically, a start signal is generated by a
counter located in the beam spectrometer and a stop signal is sent by scintil-
lator planes (TOF) in the wings of the spectrometer, between the CVM and
the CCM. The distance between the start and stop counters being known, this
time of flight will give the velocity of a particle resulting from he interaction

and therefore its mass, the momentum being known from the bending induced

by the CVM.

The direct identification of neutral particles is not possible by the tracker,
and this function is delegated to an electromagnetic calorimeter (CAL) situ-

ated behind the last set of drift chambers.

2.5 Triggering system

In a high-energy scattering experiment, the number of “good” events is
usually much smaller than the total number of events resulting from the in-
cident beam traversing the target. The latter is usually too large to allow
the data-taking System to record them all. This calls for an electronic filter,

the trigger, which selects only the events of interest to the experiment. The
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E665 triggers can be divided into two classes : the normalisation triggers and
the physics triggers. The purpose of the normalisation triggers is to allow the
measurement of the beam flux by a random sampling of the beam used in the
physics triggers. The latter consist of the large-angle trigger (LAT), which has
good acceptance for those events in which the muon emerges from the target
with an angle with respect to its original direction greater than 3 mrad; the
small-angle trigger (SAT) which uses about 12% of the beam and has good

sensitivity for events in which the scattering angle is above 0.5 mrad.

2.5.1 LAT trigger

The large-angle trigger (LAT) is formed by requiring the presence of a
beam in a given event and the presence of an outgoing muon the trajectory of

which does not intercept a central veto region.

The first requirement is realised by the beam hodoscopes (SBT, SVJ and
SVW). It is required that 7 out of 7 SBT planes generate a signal, that neither
the SVJ planes nor SVW register a hit.

The second requirement is constructed by demanding the presence of hits
in three out of four scintillator stations (SPM) and the absence of hits in
small companion scintillators (SMS). The layout of the muon system is shown
in Fig.2.7. Each SPM plane (Fig.2.6) consists of an array of 30 scintillator
paddles. All counters are 50-cm wide and 1.5-m high, except.the central
counters which are 20-cm wide and 1.5-m high. This gives the muon system

an aperture of about 7 m in y and 3 m in z.

The SMS planes (Fig.2.8) are formed by the juxtaposition of 16 fingers
of a length of 21.59cm and a width of 1.32cm (for the 14 central fingers) or
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Array structure of the muon scintillator planes.
Fig. 2.6

1.96 cm (for the two outer fingers) and define a central area which overlaps

with the central SPM planes. Each SMS station consists of a z and a y view.

The logic of the large-angle trigger is shown in Fig.2.9. The signals orig-
inating from the SPM stations are discriminated and put in coincidence to
produce a positive signal if at least three out of four SPM stations at the
top or threee out four SPM stations at the bottom have a hit. The signals
generated by the first and fourth SMS stations act as a veto against events
which might otherwise be accepted, being either non-interacting beams or very
small-angle scatters. The radio-frequency (RF) from the accelerator strobes

the signals arriving at the main coincidence module.

Associated to the LAT trigger, the RBEAM trigger requires that 7 out of 7

SBT planes register a hit, that neither the veto jaws nor the veto wall register
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central hodoscopes (SMS). The stations are separated by three concrete absorbers.

Fig. 2.7

a signal. This definition is similar to the beam part of the LAT trigger, but
the RBEAM trigger is performs a random sampling of the beam through a
hardware random generator : on the average, every 2!° (for the hydrogen run)

or 2'® (for the deuterium run) beam is selected and recorded on tape.

2.5.2 SAT trigger

The small-angle trigger (SAT) has been described in detail in (Magill,1990).
It is a floating-veto trigger. A fraction of the beam (12%) is projected to
the absorber and the predicted impact point is compared with the actual
muon position. If the latter falls outside a window centered around the beam

projection, the beam is accepted. The window is defined by an appropriate
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Array structure of the SMS planes.
Fig. 2.8

combination of SMS fingers. The minimun scattering angle to which this

trigger has good acceptance is 0.5 mrad.

2.8 Data-acquisition system

The signals originating from the detectors are read out through CAMAC
modules, then sent to three PDP11/34. The signals from the calorimeter are
read out through a Fastbus processor Fig.2.10 These four event segments are
transferred to a u—VaxII which concatenates events and then transmits them

to the tape logger or, for a fraction of the events, to a Vax11/780 for analysis

and monitoring.
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Chapter 3

Data analysis

3.1 Generalities

As stated in the Introduction, our goal is to compare the quark content of
the proton and that of the neutron. We have seen in Chapter 1 that these are
related to the nucleon structure functions, these being phenomenological quan-
tities in the expression of the deeply inelastic scattering cross-sections. Thus,
from an experimental standpoint, our approach will be to compare the proton
and the neutron cross-sections and then relate those to the quark contents of
these nucleons, This has been done in the past by other muon experiments
(CHIO,EMC,BCDMS,NMC), but the fact that the E665 muon beam has an
energy of 500 GeV allows it to cover a wider kinematical range than covered

so far.

Cross-section measurements involve essentially a counting of the number of
scattering events produced per incident beam flux per unit number of scatter-

ing centers in a unit area in an elementary cell of the kinematical phase space.
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Specifically, if the apparatus registers AN events in an elementary cell AQ

of the kinematical domain, the expression of the experimental cross-section

(Aa

£2) . is given by

(Ao') _ A AN(Q)

AQ )= Nl AQ (3.1)

where A is the number of nucleons in the target nucleus, p is the density of
the target, [ its length, n, the number of beams necessary to produce AN

interactions and A is the Avogadro number.

The quantity we seek is not (4%) but the deeply inelastic part of it. Be-
cause of its imperfection, the apparatus will, on the one hand, accept events
which are not those of interest and to which we generically refer to as back-
ground, and on the other hand fail to (register deeply inelastic events because

of its non-unit acceptance. This can be expressed as
AN(Q)=¢(Q) x AN, + AN, (3.2)

where N, is the actual number of inelastic events and IV, is the number of
background events. The quantity £(2), the overall probability for observing
a deeply-inelastic event when one actually occurred, can be written as the

product of three three efficiencies.
e(Q) = ea(R)ee(D)e. ()

£.(2) is the acceptance of the spectrometer, £,(2) is the trigger efficiency, that
is, the probability for the trigger to register an event given that it falls within
the acceptance of the spectrometer, and finally, £,(2) is the probability of

reconstructing an event given that it has been accepted by the trigger.

Consideration of the steps involved in the software chain allow us to de-

compose ¢,(2) into a product of efficiencies. Events from raw tapes are written
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out on separate output streams according to their trigger type. In a second
step, a filter is applied on the events in order to reject those which are obvi-
ously not deeply-inelastic scattering events. The efficiency of this process to
retain good events will be denoted by €;(2). Next, the events that have been
passed by the filter are run through a pattern recognition program in order
to reconstruct the forward-spectrometer trajectories of the particles resulting
from the interaction. The efficiency of the pattern recognition for finding the
muon in the forward spectrometer is £,(2). Once the tracks have been found,
they are fitted in order to determine their momentum. The fitting procedure

has a probability &;;(2) of succeeding in performing the fit.

At this stage, it is still unknown which track in the forward-spectrometer is
actually the scattered muon. This ambiguity is resolved by a muon-matching
program which determines which forward spectrometer track should be la-
belled “scattered muon” by making use of the projection lines found in the
PTM stations. The efficiency of the muon matching will be denoted by ().
Finally, once the muon has been identified, the vertex reconstruction program
attempts to find the primary interaction vertex. This code has an efficiency

€.(02). Then we can write

£(Q) = /(D) (Vees (Den(D)en ()

It should be understood that the efficiencies defined above are to be inter-
preted as conditional probabilities. For instance, &,,(f2) is the probability of

identifying the muon given that an event has successfully passed all the criteria

required by the muon matcher to perform identification.

Efficiencies-are diagonal operators in the kinematical domain. The finite

resolution of the detector induces a non-diagonal resolution operator K(f2,Q')
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which relates the true number of events to the observed number of non-

background events

dN, _ , NdNy o,
= A (') K(0,0') Zo-da (3.3)

We shall see that, in this analysis, resolution effects are negligible.

All the aforementioned effects can be attributed to the apparatus and the

reconstruction software. There are two other corrections that need to be done

in order to extract the cross-section resulting from the one-photon exchange
diagram. The first one, called radiative correction, originates from higher-
order electromagnetic diagrams contributing to the single-photon exchange
cross-section. The second correction, called Fermi motion, comes about when

one tries to extract the neutron cross-section. Since there is no source of free
neutrons in nature, one has to use deuterium as a target and it is then assumed

that

On=0p—0p (3.4)

Such a relation, as we shall see, is only approximate and the neutron cross-
section so extracted must be corrected for the distorsion resulting from the

fact that the deuteron is a bound system.

The situation when one measures cross-section ratios becomes somewhat

simpler. If we assume that the resolution kernel is nearly diagonal, then the
- convolution operator of Eq.3.3 is the identity, in which case the smeared and
true cross-sections are nearly equal. As a consequence of this, the ratio of the
observed cross-sections is equal to the ratio of the true cross-sections, provided

that the efficiency € is the same for both target runs.

In our data analysis, we must therefore check the consistency of the running

conditions for the different target periods, and if they happen to change, we
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must correct for such variations, which will necessarily induce an uncertainty

on the value of the final result.

The rest of this chapter will be dedicated to the study of the apparatus
effects on the cross-sections and the uncertainties thereof. It is however appro-
priate to present an overview of the software that led to our final data sample.
As mentioned earlier, the software should be regarded as an extension of the

apparatus, and henceforth its effects should be included in our analysis.

3.2 Analysis software

3.2.1 Reconstruction software

The raw data are split according to their trigger type, then filtered in order

to remove useless events, and finally reconstructed.

3.2.1.1 Ewvent splitting

This data processing phase is straightforward. Raw data tapes contain a
mixture of events which originate from different triggers. In order to make
further processing more manageable, events are streamed according to their

trigger type. At the same time, event counters are updated.

3.2.1.2 Event filtering

Two requirements must be made in any trigger design. Firstly, the trigger
should always accept those events the experiment is looking for, in our case
deeply inelastic events, and secondly, it should reject those events which are
regarded as background. If the second condition were met exactly, no offline
filtering would be necessary. In reality, complications arise which prevent the

trigger from rejecting background events. The purpose of the software filter
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is to remove those triggers which are obviously bad in order to reduce the
amount of data that needs to be reconstructed and analysed at a later stage.
We can distinguish two classes of unwanted events that are not rejected by
the large-angle trigger. The first class contains physical muon interactions in
the target, such as muon-electron scattering or muon bremsstrahlung, that
the trigger cannot distinguish from deeply inelastic scattering events. Those
events are not rejected by the filtering program and are handled at a later
stage of the analysis. The second class is composed of events in which no

interaction occurred but in which a fake coincidence is formed between the

beam signal and the signal resulting from the outgoing muon. In a first step,
the filter program requires that all of the 7 SBT hodoscopes register a hit. If
this condition is not satisfied, the event is rejected. For an event that passes
this first step, the beam track is reconstructed using the PBT chambers. If the
track cannot be reconstructed, the event is discarded. If more than one beam
track is reconstructed, again the event is rejected. If exactly one beam track is
found, it is required that it be an in-time beam. Furthermore, if the beam has
a momentum less than 300 GeV and the x2 probability of the fit is greater than
1% the event is not accepted. Once an event has passed the aforementioned
beam quality criteria, tracks in the central region of the forward spectrometer
are reconstructed. The main goal at this stage is to determine whether the
event is a non-interacting beam muon. If no track traverses the PSA chamber
or if at least two tracks are found to traverse the PSA chamber, the event is
accepted. In the case where exactly one track is found to cross PSA, the beam
track is extrapolated to the point where the fit parameters of the forward track
are reported and a geometrical match is attempted between the latter and the

beam track. The event is declared a straight-through muon and rejected if all
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the following conditions are satisfied :

| Ay |<1mm

| Az |[<lmm

| Ay’ |<3.9x 104
| Az |<3.9 x 10~4
| Ap |<50GeV

I Al |<0.29mra.d

where the above quantities are respectively the difference in y-position, z-
position, y-slope, z-slope, momentum and angle between the extrapolated
beam track and the forward-spectrometer track. The above cuts were de-

termined from a study of random-beam events.

3.2.1.3 Pattern recognition

The details of the pattern-recognition software have been described else-
where (Ryan,1990), and in this section we shall only give a brief overview of

the steps involved in finding tracks in the forward spectrometer.

In a first stage, lines are found in the PC and the DC chambers. These
segments are linked through the CCM by hits collected in the PCF chambers.
Next, the unpaired PC segments are extrapolated into the PCF chambers

where unused hits are claimed in order to construct a PC-PCF orbit. These

PC-PCF orbits are extrapolated in turn into the PSA chambers where the hits
are associated to the original PC-PCF track. In this process, the extrapolation
is based on a parabolic fit of the PC-PCF orbit using a singular-value decom-
position method. At this stage, there still remain PCF hits which have not
been associated to any track. Space points are formed in the PCF chambers,

parabolic fits are attempted on the found space points and the corresponding
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orbit is extrapolated to the DC and the PC chambers to collect unused hits.

Hits in the PCV chambers are associated to tracks by extrapolating from the
PC chambers back into PCV.

3.2.1.4 Track fitting

The fundamental purpose of the track-fitting code is to estimate the mo-
mentum of the tracks found by the pattern-recognition code. The fitting of
the beam tracks is accomplished by performing a straight-line fit in the (z, z)
plane of the space points found in the four PBT stations and a fit, in the (z,y)
plane of two straight lines constrained to meet at the center of the NMRE
analysing magnet. This is justified by the fact that the bending induced by
NMRE is in the (z,y) plane and no deflection of the beam muon occurs in the
(z,2) view. The momentum resolution achieved in the beam spectrometer is

0.5% at 500 GeV.

The algorithm used to fit the tracks found in the forward spectrometer is
more involved since the full CCM magnetic field map is taken into account.
In a first pass, point fits are made in the PCV, PCF and PSA chambers and
straight-line fits are made in the PC and DC chambers. The resulting local fits
allow then to perform a cubic-spline fit which yields slope information about
the tracks. This information is used to perform a quintic-spline fit to the
coordinates and the reciprocal of the momentum of the trajectory resulting
from a solution of the Lorentz equation. It is at this stage that the CCM
field map is used. This first fit yields new values for the slopes, values which
are used to repeat the quintic-spline fit. This iterative procedure is stopped
when convergence is achieved. It is to be pointed out that multiple scattering is

taken into account by modifying the weight matrix used in the x? minimisation

(Salvarani, 1991).
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For more details on the track-fitting method, we refer to (Salvarani,1991).

3.2.1.5 Muon identification

All particles except muons are stopped by the iron absorber. This gives
us the possibility to identify the muon by matching the y and z projections of
its trajectory as reconstructed in the PTM chambers with one of the tracks

found in the spectrometer upstream of the absorber.

The matching algorithm has been described in (Anthony,1989a) and (An-
thony,1989b). It proceeds in two phases. First it attempts a match by solely
taking into account the amount of multiple scattering experienced by the muon
in the lead of the calorimeter and the iron absorber; this is the multiple-
scattering match. However, the muon may undergo catastrophic scattering
in the lead or the iron, in which case its slope in the PTM system will be
significantly different from its slope as measured by the forward chambers. In
this case, the multiple scattering match will fail, and the second phase of the

matching algorithm takes over. This is the intersection-match pass.

In the multiple-scattering stage, each PTM projection line is extrapolated
to the back of the iron absorber. Then, for each PTM extrapolation, each for-
ward track (FS) is extrapolated to the same z-position and for each (FS,PTM)
couple two figures of merit are calculated, namely

T upry)’
L

2
(a.rcta.nu',, — arctan u’,.”,)

 —
i al, + 3

where the subscript u refers to the y or the z coordinate, depending on the

PTM view, and u’ to the slope in the corresponding view. 7 is the error due to
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multiple scattering and o the error due to the resolution of the PTM chambers.
Now, a pair (FS,PTM) is declared to be a candidate for a match if

X3 <40

x3, <40

for both the ¥ and z view. If, for a given PTM projection, several F'S tracks
satisfy the above constraint, the pair for which both x2 and x3, are the smallest
is taken (a condition which, from a logical standpoint, might not be fullfilled).
The three-dimensional PTM line is constructed by the y and z PTM projec-

tions which are associated to the same F'S track.

If, at this stage, no muon has been identified, an intersection match is
attempted. The steps are conceptually the same as in the case of the multiple
scattering match. However, for a given pair (FS,PTM), the z-position of the
intersection of the PTM projection and the F'S track is calculated. For this pair
to be a candidate link, the z-coordinate of its kink must be no further upstream
then 0.5m of the front face of the calorimeter and no further downstream
than 0.1m from the back face of the iron absorber. If an FS track is found to
intersect more than one PTM projection in a given view in the absorber, the
pair with the smallest scattering angle in that view is chosen. Conversely, if a
PTM projection can be associated to more than one FS track in the absorber,
again the pair with the smallest scattering angle is selected. The y and z PTM
projections which are associated to the same F'S track together form a three-
dimensional muon track ifin each view, the z-coordinates of their intersections

with the FS track are within 8 cm of each other.

3.2.1.6 Vertex search

Once the momenta of the tracks are known, it is possible to search for
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the vertices from which they originate. The method used in this experiment
proceeds as follow. A first estimate of the position of the primary vertex is
found by determining the point of closest approach of the beam track and
the scattered-muon track. In a second pass, the processor searches for those
tracks which are compatible with the vertex previously found. When no more
tracks can be associated to the primary vertex, a global fit is performed on its
position, using the beam, the scattered muon and the tracks associated so far.

The vertex-search procedure can be summarised by the following algorithm.
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procedure vertez_search;

begin
primary_tracks := {beam,scattered_muon} !
remaining_tracks := all_tracks — {beam,scattered_muon }
primary_vertez :=closest_approach(primary_tracks) ;

while track in remaining_tracks and compatible with primary_vertez
do
primary_tracks := primary_tracksu {tmck};
remaining_tracks := remaining_tracks - {tmck };
end while;
primary_vertez := closest_approach(primary_tracks);
if primary_vertez not accepted then
while bad_track in primary_tracks
and primary_vertez not accepted do
primary_tracks := primary_tracks— {bad_track};
remaining_tracks := remaining_tracksu {bad_track};
primary_vertez :=closest_approach( primary_tracks);
end while;
end if;
while track in remaining_tracks and primary.vertez accepted do
primary_tracks := primary_tracksu {tmck};
remaining._tracks := remaining_tracks — {tmck} 8
primary_vertez :=closest_approach(primary_tracks);
end while; |

end vertez_search.
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3.2.2 Simulation software

It has been the philosophy, in E665, to divide the Monte Carlo simulation
into two phases : event generation (first-stage Monte Carlo) and detector

simulation (second-stage Monte Carlo).

The purpose of the first-stage Monte Carlo is to simulate the interaction
of a beam muon in the target of the experiment and track the resulting parti-
cles through the E665 spectrometer. The tracking is handled by the GEANT
code (Brun,1978) which, in addition, has the capability of simulating various
secondary processes throughout the material of the apparatus. The E665 in-
terface to the GEANT system consists of a set of routines the purpose of which
is, on the one hand, to inform GEANT of the geometry of the spectrometer
and its physical characteristics (materials, magnetic field,...), and on the other
hand, to control the tracking and retrieve the particles resulting from sec-
ondary processes in order to store them in the E665 data banks. The overall

behaviour of GEANT can be partially controlled externally by a parameter
file.

The Monte Carlo program consists of three main sections : initialisation,
event generation and finalisation. The finalisation is trivial and does not de-
serve any comment. The function of the initialisation phase is to read GEANT
parameters from a control file, to setup the materials and media characteristic

of the apparatus, and to define of the geometry of the detector.

The event generation can be divided into three steps, namely beam gen-
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eration, kinematical generation of the deeply inelastic process, hadronic final

state generation and tracking.

The beam generation consists of reading the beam phase space at PBT1
and PBT4 from a file containing reconstructed RBEAM events. This beam
is then tracked up to an z—position which is chosen randomly between the

upstream and downstream faces of the target and determines the interaction

point.

The next phase is the generation of the scattered muon kinematics. A
(Q3,v) point is chosen in the kinematical plane by the acceptance-rejection
method according to a parametrisation of the deeply inelastic cross-section.
This kinematical point along with the beam and the target four-momenta is

given to the LUND hadron generator (Sjostrand,1982) to create a hadronic

final state.

Th resulting particles are transferred to the GEANT tracking system. This
phase of the event simulation has a dual purpose. On the one hand, it swims
the particles through the spectrometer taking into account the magnetic field
of the CVM and of the CCM. On the other hand, as a track is being propa-
gated through the spectrometer, it may undergo a decay or an interaction with
the materials of the apparatus. The secondary processes made available by the
GEANT package and activated in the E665 simulation are : bremsstrahlung,
pair creation, particle decay, hadronic interaction via the GEISHA simula-

tor and energy loss. Additional particles resulting from interaction of parent
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particles in the material of the spectrometer are transferred from GEANT to
the E665 data banks. Geometrical tracking information is stored in so-called
key planes, which contain the intersections of the track with planes typically

located in front of detector modules. This information will be the main in-

put to the second-stage Monte Carlo the function of which is to digitise these
hits into wire-chamber hits, taking into account wire-chamber efficiencies. A
detailed description of the efficiency measurement of the chambers and their
implementation in the second-phase of the simulation can be found in (Ryan,
1991) and (Schmitt,1990). Once the wire hits have been generated, the recon-
struction code is run on the simulated data to generate reconstructed Monte

Carlo data.

Reliance on a Monte Carlo program always raises the question as to how
well the detector has been simulated. Clearly, a poor simulation of the per-
formance of the apparatus will result in an incorrect estimate of whatever
correction factor one attempts to determine. It is our philosophy that only a
minimal use of the Monte Carlo shall be made to correct the data. We will
use the simulation program to calculate the acceptance of the trigger and to
determine the efficiency of the pattern-recogniser to identify the muon. In ad-
dition to this, we shall use only a domain of the spectrometer where the muon
has a high probability of being reconstructed; specifically we shall cut out any
region of the apparatus where the probability for reconstructing the muon falls
below 90%. In addition to this intrinsic problem, our Monte Carlo simulation

suffers from a problem that was found too late to be rectified for this analysis.
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The radiation lengths of the targets were implemented incorrectly, and were
too small by a factor of a 100. This affected only the amount of multiple scat-
tering in the target, and we shall argue later that this error does not impact
the measurement of the reconstruction efficiency; it does aﬁ’eét the resolution

in @? and x,;, but as we shall see later, this effect is negligible.

To overcome this difficulty, we check that the Monte Carlo reconstructed
distributions are similar to the measured data distributions. Even so, we
should in principle check that the multivariate reconstructed distribution is
the same as the multivariate data distribution. Since this is also impossible
in practice, we shall be comparing one-dimensional marginal distributions.
Of course if the multivariate distributions are identical, then the marginal
distﬁbutiqns will be equal. But the converse is not true, as can be easily
seen by considering the marginal distributions of the following two-dimensional

distributions defined on the unit square [0,1] x [0,1]:

f(z:9) =5 (2% +97)

g(=,v) =%(9z’y’ +1)

We shall nevertheless follow an inductive approach and assume that if all one-
dimensional data distributions agree with the corresponding one-dimensional
reconstructed Monte Carlo distributions, then we can be confident that the

Monte Carlo simulation mocks up the observed data reasonably well.



. 59

800
700
700 |
"um' “o
~N \\ 600
%, 500 [ }osoo-
°® .
O 400t =
™~ N 400 |
\JW' }
£ £ 0}
a © 200 gzoo.
> w
w
100 100
(] [}

10 20 0 40
- Q* (GeV*/c)

Events/10 GeV
SEEERERE:

Events/10 GeV
NEEREERERE

0 500 500
v (GeV)
2000 [
1750 F 2000
'81500 gym
Onso (4
- @200
- 1000 -
§ 5
> 730 1 > 800
w i
- 500
400
250
0 - 0

Comparison between reconstructed Monte Carlo kinematical quantities (solid line) and observed
kinematical quantities (solid circles) for (a) hydrogen and (b) deuterium.
Fig. 3.1



60

700
L 700 }
3 600 °
< s00 | 2 oo
- =
500 |-
S w00 g
=) o 400 |
N\ 300 | N,
2 g weof
IS 200 | 3 200 F
100 100 F
o P . o -
] 0.008 0.01 0018 0.02 0.025 0.03 0 0.003 0.01 0.0t8 0.02 0.025 0,03
¥ (rod) ¥ (rod)

Events/0.2 rad
o8 88 8B EE S

Events /0.2 rad
EEEEEE

/2 P o /2 /2 P

® (:cd)

(b)

Comparison between reconstructed Monte Carlo kinematical angles (solid line) and observed kine-
matical angles (solid circles) for (a) hydrogen and (b) deuterium.
Fig. 3.2



61

240 F
200 + +. +- 200
E e} § et
2] + Q
o0 b » 120 |
L Lt
o [
[ L g L
u>.s 80 el 80
40 X 40 F
i i a i 0 b— ’ . .
4 -11.8=118~11.4~11.2 —-11 ~10.8-10.6—-10.4 -118-118-114-11.2 —11 —108-10,6—10.4
x (m) x (m)
240
240
200 |
£ ol t A E™
~ 160 N~ 180 +
. N t i
@ + wor t +
] + + c '
g 80 g 80
w w
40 - + 4 +
o b4 i Y A o = A A i A i A -
—0.08-0.04-0.03~0.02-0.01 0 0.0% 0.02 0.03 =0.05-0.04-0.03~0.02-0.01 0 0.0 0.02 0.03
y (m) y (m)
280
320 +
240 | 280 b
€ €
200 40 |
£ £ 2
( 180 F ( 200 -
B 2 180
c 120 c
3 Q120 }
80 r Wi
w I
40 w0}
EO.O‘ —0.03 -0.02 -0.01 Q 0.01 0.02 20.04 -0.03 —0.02 —0.01 o 001 0.02
z(m) z (m)

(a) (b)

Comparison between reconstructed Monte Carlo vertex position (solid line) and observed vertex
position (solid circles) for (a) hydrogen and (b) deuterium.
Fig. 3.3



62

1600
2800 | 1400 |
2400 1200 |
zm - #1000 |
greoo S %0t
> >
w200 W oano b
806 ==— 400 |
400 L 200 +
0 ol— b —
[} 1 2 3 4 0 t 2 3 4 5 6 7 8 9
Vertex type Number of positive fitted tracks
1750 |
1500
2%
600 2
o
200 %5
800 %00
400 250
Al e o e e
6 1t 2 3 4 5 6 7 8 9 0 t 2 3 4 5 6 7 8 9
Number of positive close tracks Number of negative fitted tracks
700
vy 800
e
o w
N
8 400
&
300
i
200
100
o1 Z 3 4 5 8 7 8 9 [ 02 0.4 0.6 0s 1
Number of negative ciose tracks P(E) of vertex fit

Comparison between the vertex fit in Monte Carlo (solid line) and data (solid circles) for hydrogen.
Fig. 3.4



63

3200
1600 [
2800 |
1400 [
2400 | 1260
‘gm ¥ -g|m° L
l31000 - S 800
i 1200 600 F
- e
800 + 400 +
400 200 +
[ 1 2 3 4 O 23 4+ s 6 7 8 9
Vertex type Number of positive fitted tracks
2000
- 1750
1800
n 1250
e
S 1000
>
W ysg
300
250
3 i a e iz i
0o 1t 2 3 4 5 6 7 8 9 0o 1t 2 3 4 5 6 7 8 9
Number of positive close tracks Number of negative fitted tracks
2800 800
2400 700
2000 | Q 00
=)
gmoo } 500
2 .
31200 g —
. - o, 300
200
400
100
a P i .
0 1 2 3 4 5 6 7 8 9 o 02 04 08 08 1
Number of negative close trocks P(OE) of vertex fit

Comparison between the vertex fit in Monte Carlo (solid line) and data (solid circles) for deuterium.

Fig. 3.5



64

1200 900
1000 | — 0 ¢
—— 700 |
» %0 «» 600 F
IS S s00
S o0 | == s o
e} | ST W 400
400 mL
200 200
L
— 100 F
o - a — e
o 1 2 3 4 5 8 01 23 4586 7 8 9 101112
Number of PCV planes Number of PC planes
1780 1400
1500 | -+ 'ZOOF
1250 | 1000 |
2|ooo ‘QmL
$ $ N
w 750 & 800 -
500 u)oL
250 200
b ey i . s
012345678 89101112131415 012345678
Number of PCF planes Number of DCA planes

Evontg___
- B EB88EEE

P VR R

012345678 ]
Number of DCB planes

Number of chamber planes on the muon track in data (solid circles) and Monte Carlo (solid line)
for hydrogen

Fig. 3.6



65

1200 1000° |
‘ﬁ
1000 | —— 800 |
(2] (2]
£ w0 T 00 f
(3 ] [}
1y 800 pe—t— ]
400
400 |
200 | — oo r
o P-J i i ; 0 b— A AT
0 1 2 3 4 s [ 01 2 3 45 6 7 8 9 101112
Number of PCV pianes Number of PC pianes
1750 | 1400 |
e
1800 | 1200 |
1250 1000
(%] (<] s
- -
g‘m- gm.
> >
W 730 | W g00
300 400 |
250 —o— 200 +
0 = a ot
Q1234535878689 101112131418 Q123458738
Number of PCF planes Number of DCA planes
1600 f
1400 |
1200 +
21@(
<
o 800 |
Q
600 |
400 |
200 o=
-
o PN .

0123456678
Number of DCB planes

Number of chamber planes on the muon track in data (solid circles) and Monte Carlo (solid line)
for deuterium

Fig. 3.7



66

Events/6.7mm
-8 238 BEEE

Events/6.7mm
s 88 8B EE

0
~0.1 0.1 -0t —-008 -002 002 008 0.1
y at PCV (m)

Events/6.7mm
- 8 B EEE & 8

Events/6.7mm
EEEEEEER]

I

—0.1 -0.08 -002 002 006 0. —0.1 —008 -002 002 008 0.4
z at PCV (m) z ot PCV (m)

(a) ' (b)

Data and reconstructed Monte Carlo position of the muon track at PCV. The solid line is recon- .
structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.8



m.

% ¢ +
E 00
(%)
"’.zso}
= +
Ezoo-
C,m.
$
W 100 }

50

07 012 00 o0t o012 0.2

y at PC (m)

900 |

800 | +
€ 70}
O
" 800 +
%00 f
g}
g ol
)500[
w

200

100

962 012 o0+ oot o012 02

zat PC (m)

Data and reconstructed Monte Carlo position of the muon track at PC. The solid line is recon-

(a)

67

Events/1.3cm
o8 88BBEESR S

-

Events/1.3cm

0.04

-2 042 -0.04 012 02
y at PC (m)
000
800 -
00 |
«00 |
g6 |
%2 o0z —00s o0t oaz oz
zatPC (m)

(b)

structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.9




68

450 | 500
400 |
X 400 1
£ ;
Qsoo- Qm_
2250[' i)
L
§ ™ S 200t
& 10 | &
100 | 100 b
w-
-3 -02 -01 O Ot 02 03 o3 02 =01 o0 o1 o2 o3
y at PCF5 (m) y at PCF5 (m
| 1200 |
1000 $
1000 |
€ 800 £
& S et
s H
400
& 2 400
200 200 }
i - i | 9 i n d :
-0.3 01 0 01 02 03 -3 -02 -01 O 01 02 03
z ot PCF5 (m Z ot PCF5 (m

() (b)

Data and reconstructed Monte Carlo position of the muon track at PCF5. The solid line is recon-
structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.10



Events/2.7¢cm
8 8§ & ¢

8

-04 =03 0.2 0.1 0

0.1 02

y ot DCA (m)

§

§

Events/2.7cm
8 &8 &8 &

(-]

0.4

-0.3 -0.2 -0.%

0.1 0.2

z ot DCA (m)

(a)

69

§ £ &8 § 8

Events/2.7cm

8

0—0.4 -03 =02 <04 0 01 02 03 04

03 04
y at DCA (m)
1200 |
+
£1000 |
N
~ 0T
~
2 s00
$
St
m -
03 04 %04 03 0201 0 01 02 03 04
z ot DCA (m)

(b)

Data and reconstructed Monte Carlo position of the muon track at DCA. The solid line is recon-
structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.11



70

380
o |
£ £
Q 250 Q
P ~N 250 ¢
N L o~
N I N
2 2
5‘5‘” c 150 |
o
2 100 b & 100
st . & 50 by
—0.4 03 02 0.1 0 01 02 03 04 904 03 0201 0 01 0z 03 04
y ot DCB (m) y ot DCB (m)
700 800
proa + 700
=~ ™ 500
o~ L N
}«n S wl
dw -
: g %o
ﬁm- h’.lmL
100 100 +
0—0-4—0.3—0.2-0.1 [+] 0.1 02 03 0.4 0—0.4-0-3—0.2 :8.1 0 01 02 03 04
z ot DCB (m) z at DCB (m)

(a)

(b)

Data and reconstructed Monte Carlo position of the muon track at DCB. The solid line is recon-
structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.12



71

350 [ i
00 | il +
£ { £ 300 | +
G 250 | S
! ™ 290 |
" L "
\200 \ 200 }
| 2 +
c 150 S s}
$ + $
wi 100 p L 100 F
L ® 80
—050.403-02-01 0 0.1 02 03 0.4 05 —0504-03-02-01 0 0.1 02 03 0.4 05
y at SPM1 (m) y at SPM1 (m)
1000
m -
800 . |
£ 700 £
% a0 | 3 oo |
& Q)
s r J
2 ol 4
5 Al
el ]
200 200 +
100 |
2 0504030201 0 Q1 02 0.3 04 05 20504030201 0 0.1 0.2 0.3 0.4 0.5
z at SPM1 (m) z at SPM1 (m)

(a) (b)

Data and reconstructed Monte Carlo position of the muon track at SPM1. The solid line is recon-
structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.13




72

380

2680 +

300

£ 20} E, |
= 200t 5 =
e . Qe
) g
§ 120 | = 180
W 8ot + El 100

40 b 0 r

—~08-04-03-02-0.1 0 0.1 02 03 0.4 0.5 ~05-04—03-02-0.1 0 0.1 02 0.3 0.4 0.5
y at SPM4 (m) y at SPM4 (m)

Events/3.3cm
o 88 888§ ¢

B i e iRl

-0.5—4;.;0-3-0.2—0.1 0 041 0:2?3 0:0 0.5 —0.5—0.4—0.3—0.2—3.1 0 01 02 03 &4 0.8
z at SPM4 (m) z at SPM4 (m)

(a) (b)

Events/3.3cm
-8 888884

Data and reconstructed Monte Carlo position of the muon track at SPM4. The solid line is recon-
structed Monte Carlo and the solid circles are data. (a) Hydrogen. (b) Deuterium.

Fig. 3.14



Events/1.3cm

Events/1.3cm
o8 8 8 8B EE

g

(-]

g &8 & &

-

0 0.040.080.120.18 0.2 0.240.280.320.38 0.
r ot SPM1 (m)

0 0.040.080.120.16 0.2 0.240.280.320.36 0.4
r at SPM4 (m)

(a)

73

Events/1.3cm

Events/1.3cm
o8 8 EBREEEE

Fig. 3.15

-
v

g & & &

r at SPM1 (m)

0 0.040.080.120.18 0.2 0.240.280.320.38 0.

r ot SPM4 (m)

(b)

0 0.040.080.120.168 0.2 0.240.280.320.38 0.4

»

Data and reconstructed Monte Carlo distance of the muon track to the SMS veto region at SPM1
and SPM4. The solid line is reconstructed Monte Carlo and the solid circles are data. (a) Hydrogen.
(b) Deuterium.




74

2800
2400 |
— 2400 +
2000 -~ L Q
2000
1 L
2 "o %em -
Q1200 |
Q — o 1200 | -
800 | T 0 L2
400 400
) i e 0
T 3 8 7 9 1 13 Tt 3 5 7 9 11 13
Degrees of freedom Degrees of freedom
160 b 180
140 | 160 }
8 + 3 140
| 3 "
o ™1 Tyt nl s
= 0 b + W 120
27047 ¢ ar 2
® wﬂ» )
> >
w W 80
]
&
- . 4

(2) (b)

Number of degrees of freedom and X2 probability of the fit on the muon track in data (solid circles)
and Monte Carlo(solid line) for (a) hydrogen and (b) deuterium.
Fig. 3.16



75

Fig.3.1 through Fig. 3.16 show detailed comparisons between Monte Carlo
and data. More precisely, we compare uncorrected data against reconstructed
Monte Carlo events. For each quantity under consideration, and for purpose
of comparison, the Monte Carlo distribution and the corresponding data dis-
tribution are normalised to the number of entries in the histogram. The cuts
applied to the data are the same as those applied to the reconstructed Monte
Carlo sample. The only trigger requirement imposed on the Monte Carlo sam-
ple is that of the LAT acceptance. No simulation of the triggering system has

been attempted, since the trigger efficiency can be extracted from SAT data.

When we compare basic kinematical quantities (Fig.3.1 and Fig.3.2), we
can see that the agreement between Monte Carlo and data is reasonable. The
data v distributions have a small excess around 280 GeV compared to Monte
Carlo. This is due to radiative events, present in the data but absent in Monte
Carlo. The high v excess in data will reflect itself in an excess of events in

data at low x;.

The coordinates of the Monte Carlo primary vertex (Fig.3.3) also agree
reasonably well with the data primary vertex, and the quality of its fit (Fig. 3.4

and Fig.3.5) is roughly the same in Monte Carlo and data.

Next we come to the muon track in the forward spectrometer. In Fig.3.6
and Fig.3.7, we show the number of detector planes at PCV, PC, PCF, DCA
and DCB contributing to the muon track. It is clear that the data have,
in comparison to the Monte Carlo, a higher frequency of absence of PCV
planes on the muon trajectory. This is due to a PCV decoder problem that
was present in the recomstruction of the LAT data but was absent in the

reconstructed Monte Carlo sample.

The coordinates of the muon trajectory at each detector module is shown
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in Fig.3.8 through Fig.3.15. It is noticeable that the the lower half of the
detectors are missing. This is a consequence of our having imposed that the
z—coordinate of the muon at SPM1 be greater then 0.02m. The agreement

between data and Monte Carlo is acceptable but not perfect.

Finally in Fig.3.16, we present the goodness-of-fit of the muon trajectory
in the forward spectrometer. First it should be pointed out that the number
of degrees of freedoms (equal to the number of contributing detectors minus
the five parameters necessary to parametrise the muon trajectory) is on the

average smaller in data than in reconstructed Monte Carlo.

The x? probability (Fig.3.16) of the muon-track fit should in principle be
flat, both in data and in Monte Cazlo (see the Appendix for a justification of
this statement). But because of pattern-recognition problems, the track fitting
procedure attempts to rescue tracks the x? probability of which is very low by
dropping outlier hits (see (Salvarani,1991)). This results in a migration of the

low probability tracks into the higher probability range. This is present both

in Monte Carlo and in data, with a moderate agreement.

Having compared our reconstructed simulated data to that taken in 1987,
we must come to the conclusion that the agreement is reasonable but not
perfect. We shall nevertheless use our simulation program to extract correction
factors to be applied to the data, but we shall be cautious as to the accuracy
of these corrections. We shall come back to this point later, when we attempt
at performing a cross-check of the reconstruction efficiency as obtained from

the Monte Carlo program.

3.3 Beam normalisation

The determination of the beam flux is done by counting the number of
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beams available for interaction during the live-time of the experiment. For

this purpose, two techniques have been employed.

The first technique relies on event scalers which sum up the number of
beam triggers without any consideration as to whether a large-angle trigger
occurs. This number is the total number of beams available to the experiment,

independent of time structure or phase space.

Since in our data analysis, it is required that the beam be reconstructed,

it is clear that the above number will be an overestimate of the actual flux

available. Clearly the reconstruction efficiency of the beam will be a function of
the efficiency of the beam chambers. One method to get around this problem
would be to estimate the beam losses by a Monte Carlo simulation where one
would incorporate the beam-chambers efficiencies. We have not chosen this
route, but instead we extracted the loss factor from the data themselves. This
is the second technique, and it is based on the RBEAM trigger as described in
the previous chapter. We recall that every 2= beam is recorded on a random
basis by putting the beam signal in coincidence with a signal originating from
a random generator. The power a is 18 for the hydrogen run and 19 for the

deuterium run.

Our first check of the number of random beam triggers is to compare it

with the event scalers. If we measure the quantity

lo number of beams from events scalers
2 number of RBEAM triggers

then we must find it to be equal to the prescale power a. This can be seen in

Fig. 3.17.

The next step is to extract the beam-loss factor. RBEAM events are run

through the same reconstruction chain as LAT events. In particular, the beam
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part of the filter program described earlier has been applied to RBEAM events
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and the latter are tested for acceptance or rejection. In Fig.3.18, we have

plotted the fraction of beams rejected by the filter as a function of run number.
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The main source of losses of beams in the filter program is due to the

presence of multibeam triggers.

In addition to this, we have checked the fraction of beams that do not fully
traverse the target. This is achieved by projected the beam from beam station
4 to the upstream and downstream face of the target, along a straight line in
the zz plane and along a parabola in the zy plane. Since the target is in a
region of the CVM where the field changes rapidly, a parametrisation of an
“effective field” has been done and the extrapolation taken as

23
Y =Ypers + Y pprs(T — Trera) + R

where
D=
\ o2 + P}

- Pay[GeV] ,
0.29972 B.// [Tesla]

a=

By =0.2305z +2.805 [Tesla]

We have found that among those beams which have been accepted by the filter,
0.56% do not traverse the full target, i.e. either miss the target altogether or
miss the upstream face or the downstream face of the vessel. This number
is comparable to the fraction of LAT events (0.5%) the beam of which fails
to traverse the target. Since this is a small correction, we shall ignore it

altogether.

Finally, for completeness, we show in Fig.3.19, the distributions of the
positions, slopes and momentum of the full beam available to the large-angle

trigger.
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"3.4 Trigger efficiency and trigger acceptance

The acceptance of the large-angle trigger in a given kinematical cell is
the fraction of events it can register if the hardware works perfectly to the
number of deeply inelastic events available in that cell. We make a distinction
between trigger acceptance and trigger efficiency. The former is an intrinsic
limit imposed by the geometry of the apparatus and depends mainly on the
SMS veto system and the aperture of the SPM walls, whereas the latter is
a measure of the performance of the hardware. In other words, it is defined
as the probability that, given that an event is within the acceptance of the
trigger, it is registered. This efficiency is limited mostly by the efficiency of the
scintillators, the presence of noise, the timing of the signals and the vetoing

caused by showers in the steel absorber.

We shall first discuss the acceptance of the large-angle trigger, then proceed

to its efficiency.

3.4.1 Trigger acceptance

We recall, from Chapter 2, that the large-angle trigger is defined by the

following requirements :

e At least three out of four SPM walls should register hits (in reality three
out of the four top walls or three out of the four bottom walls should be
present; the occurrence of a muon which would fire say, two top walls and

two bottom walls is almost impossible).

e There must be no hit in any of the planes of SMS1 and no hit in any the
SMS4 planes.

The first requirement will tend to reject very high » events for two rea-
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sons. Firstly, such events are likely to have very oblique incidence on the first
SPM station and therefore miss two or more the SPM walls. Secondly, if the
scattered muon has too low an energy, it may never emerge from the steel

absorber.

The second requirement will, on the other hand, reject small scattering-
angle events. As a matter of fact, a crude estimate can give us an idea of the
minimum scattering angle the muon must have in order to not traverse the
SMS veto. Assume that the beam is exactly along the normal at the center
of the veto, that the interaction occurs in the middle of the target and that
the focusing is perfect. Then the minimum scattering angle that will bring

the muon outside the SMS veto is the ratio of half the width of the veto to
the distance between the center of the target and the first SMS veto, that is

about 3.5 mrad.

A more accurate calculation of the acceptance of the large-angle trigger
has been made with a Monte Carlo integration. Deeply inelastic events have

been generated according to the cross-section in the kinematical range

Q? >2.5GeV?/c?

v >40GeV

We then require that
v >50 GeV

v
¥l <0.65

Tp; >0.005



84

12 12
1} — 1 P
S osp - S o8t &
[ +* c &
B 2
a 08 | a 06l
o [ ]
Q i Q +
&L o4} & 04t
+
02 02k
+
o ——— R o e A
28 8 75 10 128 15 175 20 225 28 8 75 10 128 1S 175 20
Q* (Gev?/c?) : 4 (mrad)
12
11 f
1.1 F
[ -] L
g g '
5 L - g H L..-o-+ o s + .+
a POk B ool T o TR
S o8 ¥ 3 !
2 <
s os |
L
. — . 07 k. . ,
80 120 160 200 240 280 =118 =114 =112 =11 =108 -10.8
- v (GeV) x—coordinote of vertex (m)
1 S . — =
-t - - —_— -
§ o8k -~ s
S
X o8}
]
Q
2 04
0z}
R T
¢ (rod

LAT acceptance as a function of kinematical variables, vertex position and asimuthal angle of the

scattered muon around the beam.
Fig. 3.20



85

In the above kinematical range, we declare an event as accepted by the

large angle trigger if all the following requirements are satisfied :

e The muon reaches SPM station three

o Its path does not traverse any of the SMS planes at station one and does

not traverse any of the SMS planes at station four.

The full acceptance of the trigger is shown in Fig.3.20. For each variable,
we relax the corresponding range in order to show the behaviour of the accep-
tance on a wider range of the kinematical variable. The dependence on the
scattering angle 4 is very clear; the acceptance of the trigger is non-zero for
scattering angles § above 3mrad and increases as § increases, to reach 100%

at § = 6.5 mrad.

There is a small dependence on v and virtually no dependence on the vertex

position, which leads to a primary kinematical dependence on Q2.

The dependence of the acceptance on ¢, the azimuthal angle of the scat-
tered muon direction around the beam direction, reflects the simple fact that

the beam veto region is a square.

Additional cuts will be applied in our analysis in order to select a clean
sample of events. Because of self-vetoing in the SMS planes, events where the
muon has a closest distance of approach to the SMS veto stations (r,) less than
0.03m are rejected. Moreover, the behaviour of the lower half of the SPM walls
was found to be faulty, and this forces us to reject events where the z-coordinate
of the muon trajectory at SPM1 (z,) is less then 0.02m. Finally, the efficiency
for reconstructing the muon when its trajectory traverses a central vertical
stripe of the drift chambers is very low, which leads us to discard events where

the y-coordinate of the muon impact point at SPM1 (z,) is between —0.08 m
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Fig. 3.21

and 0.02m. These cuts will be discussed in subsequent sections, but for now
we wish to show the acceptance that we obtain when the superveto so defined
is applied. In Fig.3.21, we have plotted the fraction of events surviving the
superveto to the number of events generated. If we consider the §-dependence

of this acceptance, we can see that it reaches a plateau of 0.5. This is due
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to the fact that we are accepting events only in the upper half of the muon
system. The ¢-dependence shows a dip at ¢ = /2 refecting the removal of

the vertical stripe we mentioned earlier.
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3.4.2 Trigger efficiency

In this section, we shall investigate the performance of the large-angle trig-
ger. It stands to reason that the efficiency of the large-angle trigger should be
defined as the ratio of the number of events it accepts to the number of events
it should accept. The events that should be accepted by the trigger are those
which fall within its acceptance. Indeed, if the hardware worked perfectly, this
eﬂiciency should be equal to one. Reduction of the efficiency can occur when,
for instance, the scintillation counters have a low efficiency. In the 1987-1988
data-taking period, an unusually low efficiency resulting from a mis-timing of
the scintillator signals led to a substantial loss of those events. for which the
scattered muon traverses the bottom SPM paddles. A measurement of the
trigger efficiency will be made and a strategy for dealing with this problem
will be presented. We recall, from Chapter 2, that the LAT is constructed by
an SMS veto requirement and a demand that at least three out of four SPM

walls be present. The latter requirement will be referred to as u,.u;.

In order to perform a measurement of the LAT efficiency, we must have a
sample of events, independent of those accepted by the trigger under study,
from which we can select a subset in which the events satisfy the appropriate
requirements of the large-angle trigger. This sample will consists of two classes
: those events in which the LAT was actually registered and those for which
it was not registered. The actual registration of the large-angle trigger is
indicated by the presence of a hardware trigger bit recorded during the data-
taking phase.

The reference sample is provided by a selected set of SAT events on which
quality constraints have been imposed. More precisely, we reject those SAT
events in which the beam leaves hits in the SVJs or the SVW, or fails to

traverse the full length of the target, or is accompanied by another beam
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Venn diagrams describing the method used in the measurement of the LAT efficiency. The meaning
of the various sets is described in the text.
Fig. 3.22
muon. These demands leave us with a set of SAT events that we shall call C (in
reality, two additional requirements have been made, namely 2z, > 0.02m and
r, > 0.02m, the rationale of which will become clear in a moment). Bearing
in mind the definition of the large-angle trigger, we summarise the various
possibilities in Fig. 3.22. We shall denote the set of trial events in which the
LAT-veto condition is satisfied by B (B is a subset of C) The subset of those
events characterised by the presence of p,.u, is denoted by A. Finally, the
events where the LAT hardware bit is on form a set that we shall call Y. Now,
according to Fig.3.22 we have
YcA

YcB

This assumption is justified by the contingency tables of Table3.1. That
Y c A is quite clear. And Y C B is also a very good approximation, since

the number of events which are in Y and not in B is negligible. The overall
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Table 3.1

SMS veto Ha-fLb
0 1 0 1
LAT 0 15 93 LAT 0 13 95
bat 1 2365 12 bat 1 0 2377

(a)

SMS veto Ha o
0 1 0 1
LAT 0 15 53 LAT 0 5 63
bit 1 1259 3 bst 1 0 1262

(%)

Correlation tables between the hardware LAT trigger bit and the SMS veto system and j4./4p for
(a) hydrogen and (b) deuterium. For the LAT trigger bit, 0 means that the latter is not set and 1

that xt is set. For the SMS veto, 0 means that no SMS plane had a hit, and 1 that at least 1 SMS
plane had a hit.

efficiency of the LAT is

This overall efficiency can be written as the product of three efficiencies, each

one representing a particular aspect of the the triggering system. We define

)¢
|An B|
Eq = -lﬂ
IC]
e = |ANn B|
T4
and clearly
E = £1&3283

Keeping in mind the fact that Y c 4 and Y c B, the above efficiencies have the
following meaning; €, is the electronic efficiency, i.e. the probability that, given

that all the appropriate logical requirements are satisfied, the trigger signal
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will be generated; €3 is the probability that p,.us will be satisfied, given that
a muon track has traversed the SPM stations; this quantity is an indication
of the underlying scintillator efficiency; finally, €3 is the self-veto insensitivity.
Whereas we expect €; and &; to be equal to 1, we do not expect €3 to be
unity. This stems from the observation that the muon will generate showers
and companion §-rays in the absorbers (primarily in the iron absorber) which
have a non-zero probability of impacting the SMS veto system despite the fact
that the muon trajectory does not traverse the veto region. It stands to reason
that the closer the muon path is to the boundary of the veto, the smaller «;.
On the other hand, the self-veto insensitivity is expected to go to one the
further the muon trajectory is from the edge of the SMS system. In contrast
with &3, which is directly related to background processes preventing the LAT
from registering events where the outgoing muon travels too close to the veto,
€1 and €3 are indicators of the performance of the hardware proper. Their
deviating significantly from unity would indicate a pathological behaviour of

the triggering system.

Consider first the electronic efficiency. If, in the definition of the set C,

we remove the requirement that z, be greater than 0.02m, and plot ¢, against

z, (Fig.3.23a), we observe an abnormal drop of the electronic efficiency as we
cross the boundary separating the upper SPM walls from the lower SPM walls;
this drop is followed by an increase in €, as z, becomes more negative. The
electronic efficiency of the upper wall is very close to 1. Investigations led us
to think that this z,-dependence of the electronic efficiency for the lower SPM
scintillators originates from a relative-timing drift between the SPM counters
and the radio-frequency of the accelerator. The phase of the latter was locked
by a phase-lock module which used as a time reference a signal generated by

four small counters located at the end of the muon system. During the run one
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of the counters died, and after the phase-lock counters were brought back into
operation, it was noticed that the locked radio-frequency was 3 ns late. This

time-drift was compensated, but we believe that the timing of the lower SPM
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counters was already close to the rapidly faiﬁng edge of their delay curve and

the 3 ns compensation was not sufficient to bring them back to full efficiency.

The inclusion of events which result from the LAT having been enabled
by the bottom counters would not, in principle, be a problem, were such an
efficiency to depend only on 2z, and were it to be stable throughout the run.
But as shown in Fig. 3.23c,d, it is very clear that it depends on y,, indicating
a counter-to-counter variation of the electronic efficiency; and to complicate
matters further, it has varied substantially between the deuterium run and
the hydrogen run. The systematic error which would result from an attempt
at correcting for such an effect would be undesirably large; ergo, our strategy

will be to discard LAT events where the muon has traversed the bottom SPM

counters. This is the justification for imposing the aforementioned z, cut,
namely z, > 0.02m. In the rest of this work, this cut will always be present,

in addition to other cuts that will be imposed on the final sample.

This main cut having been imposed on our samples, it still remains to be
shown that the trigger, when only the upper SPM are taken into account,
displays a reasonable performance. To this end, we study the dependence of

the electronic efficiency on y, and z,.

To determine ¢€; and €,, we proceed as follows. We divide the (y,, z,) plane
into m z, slices. Each 2, slice is divided into [ y, cells. In each (k,j) cell
(1<k<m,1<j<m,),let sy; be the number of successes and ¢x; be the

number of trials. In this cell, the efficiency is estimated by

— Shj
Prj = 3=
hj

Under the hypothesis that, for given k, all p,; are the same, the efficiency in
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Table 3.2

<z, 2> € x X3.08 Doy o
(m)
0.026 0.994 3.379 12.592 6 0.006
0.044 0.997 8.064 16.919 9 0.002
0.083 1.000 - - - -
0.162 0.997 31.559 23.685 14 0.002
0.310 1.000 « - - -
0.551 1.000 = = = -
1.138 1.000 - - - -

(a)

<z, > €1 x* X3.08 Ndoy o
(m)
0.027 0.980 16.103 12.592 6 0.014
0.046 0.992 4.662 12.592 6 0.006
0.083 0.987 4.495 14.067 7 0.006
0.162 0.996 8.070 23.685 14 0.003
0.304 0.989 5.913 21.026 12 0.011
0.563 1.000 2 & = “
1.074 1.000 = - - - J

(b)

Electronic efficiency for (a) hydrogen and (b) deuterium.

slice k can be estimated by
.
Px = Z——;:‘ = (3.5)
E:l tk)
The quantity used to test the hypothesis that the efficiencies py; in slice k are

the same is

(8 ~ Puta;)?

2 _
X Ertnipa(l—pa)

which follows a x? distribution with ! — 1 degrees of freedom. This reduction

by 1 of the number of degrees of freedom stems from the constraint given by

Eq. 3.5.

In table Table3.2, we summarise the measurements we performed on the
electronic efficiency €;. The first column is the average z, in a given z, slice.

the second column is the efficiency in that z, slice (i.e. px). The third column
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is the value of x? as defined previously, with its number of degrees of freedom
given in column four. Finally, o, in the fifth column, is the statistical error on

€1, estimated by

61(1 — 81)
t

g =

where t is the number of trials in the slice under consideration. Entries where

€, is exactly equal to one are not associated with any statistical quantity.

For hydrogen, we observe little dependence on y,, except perhaps at y, =
0.162m, where the x? exceeds the x? at 95%. But there ¢, is 0.997, which, in
this analysis, we regard as a reasonable value for any efficiency. Consequently,
we may conclude that the efficiency is uniform in y,. A merging of the z, slices
yields an estimate of €; of 0.998 £ 0.001. The corresponding x? is around 3.53,
with 6 degrees of freedom, which is less than the 95% x? (12.59). This shows

that there is no detectable z, dependence in the hydrogen data.

For deuterium, the situation is somewhat worse. The electronic efficiency
is low at z, = 0.027 (0.98), the corresponding x? being larger than the critical
x?. However, if we nevertheless merge the 2, slices and compute the overall ¢,,

we find a value of 0.991 +0.003, with a x? of 3.75 with 6 degrees of freedom.

In view of the small deviation of these numbers from one, we shall not

make any corrections to correct for hardware or electronic inefficiencies.

The study of €3, the p,.u; efficiency, proceeds in a similar manner. Results

are summarised in Table3.3.

The hydrogen data show little dependence on y,, except at y, = 0.083
where ¢; is 0.992, which we again regard as an almost perfect efficiency. An

overall estimate of €5 is 0.995 + 0.001 with a x? of 5.75, with 6 degrees of



96

Table 3.3

<z,> €2 ;o Xb.05 Ddos o
(m)
0.026 0.994 10.861 12.592 6 0.006
0.044 0.993 4,576 16.919 9 0.003
0.083 0.992 25.502 14.067 7 0.003
0.162 0.999 6.902 23.685 14 0.001
0.310 0.987 1321 21.026 12 0.009
0.564 1.000 - - - -
1.156 1.000 - - - -

(a)

<z > €2 i X3.95 N4of &
(m)
0.027 0.971 10.337 12.592 6 0.017
0.046 0.996 1.918 12.592 - 6 0.004
0.083 1.000 — - s -
0.162 0.998 7.046 23.685 14 0.002
0.305 1.000 - - - -
0.570 1.000 - - = -
1.074 1.000 - - - .

(b)

Ha by efficiency for (a) hydrogen and (b) deuterium.

freedom.

The deuterium sample shows a low value of €; (0.971) in the first 2, slice.
The merging of the z, slices yields an average value of €; of 0.996 with a x? of

19.9 with 6 degrees of freedom, against a critical x? of 12.59.

The self-veto insensitivity, €a, is expected to depend primarily on the dis-
tance between the outgoing-muon trajectory and the veto boundary. The
geometry of the latter is most complex, since the veto is a logical or of 4 SMS
planes, and in principle includes a geometrical contribution from the SMS pho-
totubes. In spite of this complication, we shall assume that the behaviour of
€3 can be fully described by two variables, namely r, and ¢. r, is the min-
imum distance of approach of the muon path with respect to the overlap of

the planes of SMS1 and the overlap of the planes of SMS4. ¢ is the azimuthal
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Efficiency of SMS latches at station 1 for (a) hydrogen and (b) deuterium.
Fig. 3.24

angle of the outgoing muon with respect to the beam axis. When r, is large,

we expect little dependence of €3 on .

The method that we wished to use to measure €3 is to check the presence
of hits in the SMS planes at station one and four and declare an event to be
self-veto if the muon does not traverse the veto and at the same time any SMS

plane at station one or four registers a hit.

However, it was found that the SMS latches had an inefficient behaviour
at station 1. This is clearly a problem, since we rely on the information they
provide to determine whether there are hits in the SMS planes when the muon
trajectory goes outside the veto. The efficiency of the latches is shown in

Fig.3.24 and Fig.3.25, as a function of the coordinates of the muon impact
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point at SPM1. The latter measurement was obtained by constraining the

muon to traverse all SMS stations and by checking the appearance of at least
a hit at each SMS station.

To illustrate the impact of the SMS latch inefficiencies on the measurement
of £3, we have determined &3 by restricting the muon trajectory to the first
quadrant. Intuitively, because the latches are very inefficient in this region, we
expect €3 to be higher than it would be in the third quadrant. A comparison
between Fig.3.26 and Fig.3.27 shows that this is indeed the case. We are
therefore coerced to using the third quadrant to determine the ;. Such a

measurement is shown in Fig. 3.26, as a function of »,. For illustrative purpose,

we have parametrised 3 in the form

€3 = Pl - Pz e—'P3r# (3.6)
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Fig. 3.26

where 7, is in centimeters. The resulting fit, along with the values of the fit

parameters are shown in Fig. 3.26.
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Table 3.4
Cutl Cut 2 Cut 3
H, 0.961 +0.003 0.933 £0.01 0.958 +£0.014
D, 0.952 £ 0.005 0.914 +0.014 0.905 + 0.025

The behaviour of €3 as a function of various cuts when SMS latches are used.

Table 3.5
Plane 1 Plane 2
[ H, 0.9926 + 0.0005 0.9802 + 0.0009
“ D, 0.9929 + 0.0008 0.9803 +0.001

Efficiency of SMS1 latches when the muon trajectory is constrained to traverse the third quadrant
at SPM1.
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Table 3.6
Plane 1 Plane 2
H, 0.966 £+ 0.0095 0.980 + 0.0075
D, 0.852 +0.023 0.850 + 0.023

Efficdency of SMS1 latches when the muon trajectory is constrained to traverse the first quadrant

at SPM1.
Table 3.7
Tpj Hz D,
0.005-0.028 0.923 + 0.037 0.864 +0.045
0.028-0.050 0.975+0.025 0.903 +0.053
0.050-0.080 0.925 + 0.042 0.909 £ 0.061
0.080-0.160 1.000 £ 0.000 1.000 £+ 0.000
0.160—1.000 1.000 + 0.000 1.000 £+ 0.000

Trigger efficiency as a function of the x3; range, when use is made of the SMS latches. The errors

are statistical errors only.

A few comments are in order, regarding this result. Although we expected
€3 to be nearly equal to one for large values of r,, we see clearly from Fig. 3.26
that it does not. For hydrogen, the asymptotic value is 0.954 and for deuterium
it is 0.936. If one assumes that for r, > 3cm €5 is constant, than a merging
of all the data points yields 0.961 = 0.003 for hydrogen and 0.952 + 0.005 for
deuterium. But a complication arises when we apply more restrictive cuts
to the SAT data sample. In Table3.4, we present €3 for three different cuts
denoted by Cut 1, Cut 2 and Cut 3. These cuts are defined as follows :

Cut 1

T, > 3cm
Cut 2

T, > 3cm

Tp; > 0.005
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Cut 3
T, > 3cm
z,; > 0.005
Q? > 4GeV?
v > 50GeV
y < 0.65

-116m<z, < -10.6m

Cut 3 defines our kinematical range.

A gla.xice at Table 3.4 shows that we are faced with two problems. The first
problem, mentioned earlier, is the fact that €; is not equal to one when 7, is
large, coupled with the fact that it shows an x,; dependence Table3.7. The

second problem is the discrepancy between hydrogen and deuterium, for Cut
2 and Cut 3.

Concerning the second problem, a possible explanation would be that the
latch efficiencies for quadrant 3 are different for hydrogen and deuterium. This
hypothesis, however, can be dismissed by considering the latch efficiencies for
quadrant 3 as shown in Table 3.5. There remains to consider the state of the
first quadrant. Clearly, from Table3.6, the overall efficiency of the latches
in the first quadrant is very low for deuterium (0.85). Since inefficiencies
stemming from the first quadrant can still contaminate the measurement we

perform using the third quadrant, we are forced to not use the SMS latches in
order to determine €3.

The only possibility left is to appeal to the LAT hardware trigger bit to
decide whether a given event is a self-veto event. To argue that this is a valid
approach, we recall, from earlier discussions, that the hardware and electronic
efficiencies of the large-angle trigger in the upper half of the muon system are
better than 0.99. Therefore, if the LAT hardware bit fails to be set, we can

conclude that this is due to a self-veto in the SMS planes. Bearing this in mind,
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we present our final measurement of €5. We show in Fig. 3.28 €3 as a function

of r,. The parametrisation we use is that of Eq.3.6. For 7, < 3cm, € varies
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rapidly and does not reach 0 as r, approaches 0. The latter is a consequence
of the finite resolution on r, (around 6 mm). It is then reasonably flat for
r, > 3cm, which will be a justification for imposing on our final sample the
cut r, > 3cm. We have however to admit that we do not understand the
reason why the asymptotic value of 3 for large r, is not 1, contrary to our
expectation. To cross-check the value of the parameter P;, we have calculated
the value of €3 assuming that it is constant for r, > 3cm. We have found
0.9565+0.004 for hydrogen and 0.9489+0.006 for deuterium. These values are
higher than the values of P, found by fitting e3, which is understandable since

the fitting procedure ignores bins in 7, where the efficiency is equal to 1.

Using Cut 3, previously defined, we find that the average of €3 is 0.945 +
0.012 for hydrogen and 0.952 + 0.013 for deuterium.
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Fig. 3.30

As a last point related to the trigger efficiency, we wish to mention the time

stability of €3. As will be discussed later, in our final sample, runs which show



106

an abnormal behaviour will be removed. With those runs removed, we have
plotted the average of €3 as a function of run number in Fig. 3.30 for hydrogen
and deuterium. It can be seen that a few hydrogen runs show a low average
e3. Their removal has no significant impact of €3. Consequently, we shall keep

them in our sample.

Table 3.8
zbj Hz Dz
0.005-0.028 0.930 + 0.022 0.946 + 0.023
0.028-0.050 0.931 + 0.030 0.928 +£0.031
0.050-0.080 0.985 £ 0.015 0.958 +0.029
0.080-0.160 0.938 +0.030 0.975 £ 0.025
0.160-1.000 0.964 + 0.035 1.000 + 0.000

Final trigger efficiency as a function of the x;; range. The errors are statistical errors only.

Now, given this we must decide on the strategy for correcting our data for
the losses resulting from self-vetoing. If we are only concerned about the ratio
of cross-sections, then we do not need to correct for the trigger efficiency. To
support this statement, we consider Fig.3.29 where we have plotted the ratio
of deuterium to hydrogen e;5. The parameter A4, is a level fit to this ratio for
7, > 3cm. It shows that both running periods have the same 5. If, however,
we wish to measure the cross-sections, we may correct the data in two different
ways. Since €3 is constant for 7, > 3cm, we may apply an overall correction
factor to all bins or we apply a bin to bin correction in x,; based on Table 3.8
and obtained with Cut 3 imposed on the SAT sample. But given that ;5 does

not show an x,; dependence (unlike the measurement obtained using the SMS

latches), we may apply an overall correction factor for each target.

The systematic uncertainty on these corrections stems from our lack of

understanding as to why €3 is not unity when r, is large. One way of estimating
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the systematic uncertainty is to take as a correction factor for hydrogen

1

2(1+

0. 9565) =kA25

which will give rise to a relative uncertainty of

1

2(09505 1) 0.02
%(0 9665 + 1)

if we consider that the measurement we performed is a lower bound of the

trigger efficiency.

Similar considerations apply to deuterium, leading to a final correction

factor of

1

2(1 + 0.9489

) =1.027

and a relative systematic uncertainty of

2(0 9480 1) — 0 026

3 (0 9489 + 1)
Table 3.9
Correction factor Statistical error 1 Systematic error |
(in %) - (in %) |
H, 1.023 0.4 2.0
D, 1.027 0.6 l 2.6

Corrections to cross-sections arising from the inefficiency of large-angle trigger.

In Table 3.9, we summarise our final corrections to cross-sections stemming

from the inefficiency of the large-angle trigger.
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3.5 Software Efficiency

3.5.1 Method

As we mentioned earlier, we need to take into account the inefficiencies of

the software that reconstruct the muon in the forward spectrometers.

The efficiency for reconstructing the muon is limited by the sensitivity
of the alogirthms employed to the number of available hits in the chambers,

which in turn is directly related to the efficiency of the chamber for registering
hits.

The efficiency of the filter program will be estimated directly from data,

with help from a monitoring filter.

The efficiency of the pattern recogniser will be estimated primarily using a
Monte Carlo simulation, but we shall discuss some problems that arise when

an attempt at an independent check based on data is made.

The efficiency of the muon matcher will be estimated from Monte Carlo
simulation. However, our simulation does not include any muon large-angle
scattering in the steel, and as it so happens that such a process impairs signifi-

cantly the efficiency of the muon matcher. This contribution will be extracted
from data.

The efficiency of the vertex processor will be measured from data. But as
it turns out, its performance is very good, provided that the tracks that are
handed over to this software are good-quality tracks. In other words, given
that the pattern recogniser and the track-fitting program reconstruct tracks

correctly, the vertex processor does not fail to reconstruct the primary vertex

correctly.

3.5.2 Filter efficiency

The question that needs to be addressed is whether the filter,as described

earlier, rejects events which are genuine deep-inelastic events. That it does not
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reject all unwanted events is unimportant. But it should always accept events
in which an interaction occurred, or at worst, it should reject only a negligible
fraction of such events. In order to estimate its efficiency, a monitoring filter-
ing programme was run concurrently with the main filter. Randomly, on 50%
of the input events, the monitoring program checks the presence of a scattered
muon in the PTM chambers. Events are flagged as to whether they pass or fail
this monitoring filter and output on tape even if they have been rejected by
the primary filter. The measurement method of the efficiency of the primary
filter is conceptually identical to that used to measure the efficiency of the trig-
ger. We took a set of LAT reconstructed events which passed the monitoring
filter and applied our final cuts to generate a set of “genuine” deeply inelastic
scattering events. We found that the fraction of events which actually failed
to be accepted by the primary filter is 0.0059+0.0026. This result is consistent
with one that was obtained from a visual scan of LAT events and reported
in (Schmitt,Aid, 1991b). Based on this measurement, we can conclude that
the losses due to the filter program are negligible. Henceforth, we shall ignore
those and simply take
g4 ~1

3.5.3 Pattern-recognition efficiency

The limitations of the pattern-recognition program in reconstructing the
scattered muon stems partly from its sensitivity to the inefficiency of the track-
ing chambers. The behaviour and shortcomings of the pattern-recogniser have
been discussed at some length in (Ryan, 1990). The efficiency of pattern recog-

nition has been estimated using the Monte Carlo simulation program in which

the efficiencies of the tracking chambers have been incorporated.

In principle, the reconstruction efficiency depends on several variables such
as the coordinates of its trajectory at each chamber station, the number of
charged tracks (a high number of charged tracks will tend to confuse the pat-
tern recognition program). Even if these were the only fundamental variables

on which the reconstruction efficiency depended, it is not possible in practice
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to determine its joint dependence on all these variables. In the end, our strat-
egy will be to express the reconstruction efficiency ¢, as a function of each
kinematical variable of interest, namely Q3, v and x,;. Averaging over the
other variables will be assumed, which is legitimate, since, as we pointed out
earlier, there is a fair agreement between the reconstructed Monte Carlo quan-
tities and their partners in data. In order to keep the systematic uncertainty

small, we shall impose cuts that will guarantee a reconstruction’efficiency of

at least 90%.
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Reconstruction efficiency as a function of the coordinates of the impact point of the muon at SMP1
for (a) hydrogen and (b) deuterium.

Fig. 3.31

It is intuitively clear that the recomstruction efficiency of the outgoing
muon will depend primarily on the intercept of its trajectory at each chamber

station. Regions of low chamber efficiency will be responsible for missing hits,
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resulting in the potential loss of the scattered muon. Following this idea, we
have plotted ¢, as a function of y, and z,, the generated coordinates of the
scattered muon at SPM1. As a function of y,, it drops down to nearly 50%
in the region —-0.06 m < y, < 0m. The source of this low value is the vertical
inactive stripe (divider) of the drift chambers. We shall impose an additional

cut

Yu < -0.08mory, >0.02m

The reason for removing a slightly larger region stems from the resolution in
yu- Although we have plotted the efficiency as a function of the generated
coordinate y,, we will have at our disposal, in data, only the reconstructed

coordinate.
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The resolution in y,, as estimated from Monte Carlo is around 6 mm, as

can be seen in Fig.3.32. A safety margin of about 3o gives the aforementioned

cut.
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Fig. 3.33

The dependence on z, is mild and does not show any striking feature. We
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are plotting the reconstruction efficiency only for z, > 0.02m, since, as we
said earlier, the lower half of the spectrometer had to be excluded because of

trigger iniefficiency.

Now with the aforementioned cut in effect, we have plotted the depen-
dence of the reconstruction efficiency on the kinematical variables Q2, v and
xp; (Fig.3.33). The average ‘;'alue of the reconstruction efficiency outside the
central vertical stripe is 0.933+0.004 for hydrogen and 0.947+0.006 for deu-

terium.

3.5.4 Muon-matching efficiency

The efficiency of the muon-matching code has been estimated from data.
. The method and results can be found in (Schmitt,Aid 1991b). A sample of
events were selected by demanding first that there be one and only one beam,
that it be in-time and fitted. Next, in order to guarantee that the events
are genuine deeply inelastic scattering events, it is required that there be at
least two tracks in the forward spectrometer. Furthermore, since the muon-
matching program needs a track reaching the drift chambers, it is demanded
that there be a positive track with a momentum above 1GeV reaching the
drift chambers. These requirements define an initial sample of events in which

the muon should have been identified. A subset of events which failed to have

a muon identified has been scanned visually in order to verify that they were
genuine match failures. The majority of the events could not be matched
because of errors of the pattern recognition code in the forward spectrometer.
The conclusion from this visual scan is that the the muon-matching inefficiency
is |

l-emn=19+0.7%.

In all events that failed the match, the muon had undergone a large-angle



114

scattering in the steel and had not passed the intersection match, presumably
because the cuts used by the algorithm were not adequate. It should be noted
that the simulation program does not include any large-angle scattering in

either the calorimeter lead or the steel absorber.

3.5.5 Vertez-reconstruction efficiency

The vertex-reconstruction efficiency has been estimated from visual scan
of LAT data. It was found that the inefficiency is negligible (< 1%). For more
details, see (Schmitt, Aid, 1991b).

3.5.6 Other issues in reconstruction efficiency
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Neutron to proton cross-section ratio for each side of the spectrometer.

Fig. 3.34

In order to check the results obtained from Monte Carlo concerning the
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muon reconstruction efficiency, measurements have been performed from LAT
data (Schmitt,1991a). This is made possible by the fact that the muon lines
are reconstructed independently with the PTM planes on the one hand and
with the chambers located upstream of the iron absorber. As we mentioned
earlier, most of the failures to reconstruct the muon have their origin in pattern

recognition problems upstream of the aborber.

These studies reveal two problems. Firstly, there appear to be a differ-
ence in reconstruction efficiency between the east and the west sides of the
drift chambers, which may be due to plane-inefficiency correlations. This cor-
relation is not included in the Monte Carlo. Secondly, even far away from
the region where correlated inefficiency are important, there is a discrepancy

between the Monte Carlo simulation and the aforementioned measurement

of the order of 5%. We shall take this discrepancy as an overall systematic
uncertainty that needs to be applied to all the bins where we measure the

cross-sections.

In order to assess the effect of such a difference, we have measured the the
neutron-to proton cross-section by considering each wing separately (Fig. 3.34).
If such an effect exists it cannot be inferred from these plots, the variations
between each and west being consistent with statistical fluctuations, but it

cannot be ruled out either.

3.5.7 Corrections and systematic uncertainties

From the previous discussions, we are now in position to determine the
corrections arising from reconstruction inefficiencies that we need to apply in

order to get the deep inelastic cross-sections.

All effects which are modelled by the Monte Carlo will lead to a bin by
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Table 3.10
r Toj Hz D:
0.005-0.028 0.8919 +0.010 0.9236 + 0.009
0.028-0.050 0.9354 + 0.009 0.9467 + 0.008
0.050-0.080 0.9326 +0.010 0.9557 £+ 0.008
0.080-0.160 0.9638 + 0.007 0.9612 + 0.007
0.160-1.000 0.9718 +0.009 0.9688 + 0.009

Reconstruction efficiency as a function of the x3; range. The errors are statistical errors only.

bin correction in x;; based on the reconstruction efficiency given in Table3.10.
Since, as we said earlier, there is some discrepancy between the Monte Carlo
estimate and the data estimate of the reconstruction efficiency of the order of

5%, we shall take this as an overall systematic uncertainty on the corrections

we need to apply.

In addition to these correction factors, we need to apply a correction which
arises from the component of the muon-matching inefficiency which has not
been taken into account in the simulation program. To this correction, we

shall attribute a statistical error only but no systematic error.

3.8 Issues in spectrometer calibration

Momentum measurement in E665 is accomplished by two spectromters :
the beam spectrometer and the forward spectrometer. A sample of non-
interacing beams, such as those provided by the RBEAM trigger, permits
the cross-calibration of the both spectrometers. Momentum measurements
for such events should provide identical results. Studies done elsewhere
(Schmitt,1991f) reveal that the momentum measured by the beam spectrom-
eter is around 7 GeV higher than that reported in the forward spectrometer.
There is some evidence that the beam spectrometer is at fault, and under the
assumption that the beam energy is really lower than actually measured by

the beam spectrometer, we wish to assess the impact of such an effect on the

cross-sections and on the ratio of these cross-sections.
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In Fig.3.35, we have plotted the relative error

71 -

(251
where o is the cross-section when the beam energy is decreased by 7 GeV and
oo the same cross-section when no such effect is taken into account. Overall,
correcting for such an effect leads us to loose about 200 events and results in
decreasing the cross-section by as much as 10% in the worst case and 5% in the
best case. The ratio is not so sensitive to an energy mis-measurement, as can

be seen in Fig.3.36. The variations are well within the statistical uncertainty.

3.7 Issues in kinematical resolution

The finite resolution of the spectrometer will induce a smearing of the

kinematical variables. Our purpose in this section is to argue that, provided



119

that the resolution is not too large, in a sense that we shall make more precise
later, the correction due to the smearing of x,; and @Q? is negligible. This will
imply in particular that the fact that the amount of multiple scattering has
been implemented incorrectly in the Monte Carlo simulation is of no serious
consequence. As a consequence of which, we shall dispense with actually

correcting for this effect.
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Consider a probability density function f(z). This is the true distribution
of the variable z. The distribution we observe is g(z). Let us assume that the
resolution kernel k(z,y) giving rise to g(z) is gaussian, of the form

(z —y)?

k(z,9) = o=—e 20°(2)

V2ro(z)
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The relation between f and g is given by

(z-y)?
= ——I——e— 20%(2) f(z)dz .
s0)= [ fwydz @)

In practice, even knowing g, it is difficult to invert Eq.3.7 to get f. Eq.3.7 is
a special case of a more general class of integral equations. It is not our goal
here to present the methods used to solve integral equations. For this, we refer
the reader to Green (1969), Hoschtadt (1973), Mikhlin (1957), Muskelishvili
(1953) and Pogozelski (1966). Here we shall derive an asymptotic expansion

of g as a function of o, as o — 0. For this purpose, we write Eq.3.7 as

3

- = 1 e 20%(z - -
9(3!)—/_1 m ( +y)f( +y)d
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Futhermore, we shall set

In principle, the integration limits in Eq. 3.7 should be taken to be the bound-
aries of the domain of f. We shall assume that the resolution is small enough
to justify the limits used in Eq.3.7. However, this hypothesis breaks down at
the edges of the domain of f. The result we shall derive will be valid only
sufficiently far away from the boundaries of the interval of f.

We shall expand Eq.3.7 in powers of 1/vZ when ¢t — o. Following De
Bruijn (De Bruijn, 1958), we apply the Laplace method to get an asymptotic

expaasion of g(y). We have

o)~ e S (e (28)

where
2
d" = (—a’)—v—§ zcﬂl,ﬂv—m(_‘az)_mr (m+ 1 74 + -;—)

The coeflicients cnn are given by the double expansion

flz +v) tz®(as+asz +...) — ™
ZA” Tie cee) — Conn tz "
a(z +y) ,,;u (t=%)
and
——1—-—a + asz + aqz? +
203 (z +y) 1T *

Performing all the expansions and keeping terms up to v =1 in Eq. 3.8 we get

the final result

9(v) ~ {1+ 0™(3) + o ()" (1) }f(3) + 20 ()W) F ) + TF)  (39)
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When we apply the result of Eq.3.9 in the case where

)=
o(y) =Xy
we get

g(_y_)_~ _Aia_ o -
)~ Tz be=2)

It is to be noted that the correction due to smearing is second order in A, with
the exception of @ =1 or a = 2; in the latter cases, the smearing correction is

of order 4 in relative resolution.

We have checked our asympotic expansion with a simple Monte Carlo
simulation, and we found that the expression we derived agrees very well with
the simulation, except at the boundaries of the distributions as we expect. For
the Q2 distribution, the effect is below 1%, except at the boundaries of the
domain. A similar procedure can be applied to the x,; distribution to show
that the effect of resolution is negligible. For all purposes, it was found that
the ratio of two smeared distributions is nearly equal to the ratio of the true

distributions.

3.8 Background estimate

In addition to deeply inelastic events, the trigger will register unwanted
background events. These are primarily muon-electron elastic scattering events
(u-€), muon-bremsstrahlung events (u-v), events which are accompanied by an
out-of-time muon beam or originate from the interaction of a beam hadron (e.g.

7+) and finally events which result from the interaction of the muon outside

of the target.
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p-e scattering events, being elastic, obey

Q _,

2m.,v

where m, is the electron mass. Since we calculate x,; using the proton mass,
these events have

Zpy = %’ ~5.4 x 10~

Since the minimum x,; we allow in our analysis is 5 x 10~3, the contamination

from such a physical process is negligible.

Muon-bremsstrahlung events are typically characterised by a very small
muon scattering angle and a very high energy transfer, and will therefore
appear at low x,;. Since the target is inside the CVM, the scattered muon will
not experience the full focusing of the spectrometer, as a result of which its
orbit will bring it predominantly to the west side of the muon system. In our
analysis, we have reduced the contribution from u-vy events by first imposing
a minimum X,; of 3 x 10-* and then a maximum y of 0.65. The remaining
radiative contribution will be corrected numerically and will be the subject of

a subsequent section.

“Fake” events which are accompanied by an out-of-time beam are discarded
by masking the beam muon trajectory with the beam hodoscopes. We a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>