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Abstract

The ratio of the proton and neutron structure functions in 490
GeV/c deep inelastic muon scattering

by Anwar Ahmad Bhatti

Chairperson of Supervisory Committee: Professor Henry J. Lubatti
Department of Physics

The ratio of the proton and neutron structure functions in 490 GeV/c deep in-
elastic muon scattering experiment is measured. Using the measured FJ/F} ratio
and a Morfin-Tung parameterization of parton distributions, the Gottfried Sum
rule is evaluated in a restricted zy; range. The measure FJ'/FY} ratio in the x;
range 0.001-0.125 at low Q? is found to be consistent with unity. The contribution
to the Gottfried sum from the z;; range 0.001-0.125 is —0.044 £ 0.123.

The experiment E665 extends the range of ratio of the structure functions
measurement from z3;=0.004 to 0.001. The measured ratio is higher but consistent
with measurement done by previous experiments in the region where the data

overlaps.
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Chapter 1
STRUCTURE OF NUCLEONS

Scattering experiments have been used as a tool to investigate the structure of
the particles. At the beginning of this century the Rutherford experiment lead to
the discovery of the nucleus in the atom. Later scattering experiments were used
to measure the properties of the nucleons and nuclei. The nucleons, proton and
neutron, were measured to have finite charge radii indicating that they are not
truly elementary particles. In 1968, the classic SLAC-MIT experiment [1] showed
that nucleons are made of point-like particles. These point particles were named
partons by Feynman. Since then the deep inelastic scattering, scattering of high
energy lepfons from the constituents of the nucleons, has been used to measure
the internal structure of nucleons. The internal structure is characterize in terms
of structure functions which are related to the momentum distribution of partons
in the nucleon.

In the SLAC-MIT experiment it was found that the structure functions (SF)
were approximately independent of the momentum transferred in the interac-
tion (scaling). The scaling behaviour had been predicted by Bjorken in the high
energy limit [2]. He argued that at very high energies, masses of the particles
involved in the interaction become irrelevant and therefore the structure of pro-
ton can depend on dimensionless variables only. The results of the SLAC-MIT
experiment were explained by Feynman in terms of parton model. In this model
it is assumed that the proton is made of point particles which are almost free
during interaction. Later on it was found that the scaling is not exact and the
structure functions vary logarithmically as a function of Q2, the square of mo-
mentum transferred in the interaction. The Q? dependence can be explained by
the gauge theory of strong interactions, quantum chromodynamics (QCD).

In this chapter the basic formulation of deep inelastic scattering and quark
parton model are described. The behaviour of the SF’s as a function of z;; and

@? is discussed. The relations between different structure functions and the sum



rules are also described. In the last section the issues relating the extraction of
SF’s from the experimental data are discussed.

Even though the aim of this analysis is to measure the ratio of the neutron
to proton structure function as a function of z;;, some general aspects of the
deep inelastic scattering, present experimental status of the absolute structure
functions and the effect of nuclear environment on the parton distribution are
also discussed.

After defining the variables in section 1.1, the electromagnetic scattering cross
section of two point particles is evaluated in section.1.2. The high energy limit of
the cross section is expressed in terms of Mandelstam variables. Using this limiting
_ expression, it is easy to relate the lepton kinematics to the parton distributions
in nucleon.

The elastic form factors for the proton are discussed in section 1.3. The struc-
ture functions F; and F) are defined in section 1.4 and their functional form in
the quark parton model is given in section 1.5.

The sum rules are derived within the scope of quark-parton model in sec-
tion (1.7). The evolution of the structure functions and the corrections to sum
rules due to QCD are also discussed.

In last section the QED radiative corrections, the target mass effect and the

nuclear binding effects on the deuteron are discussed.

1.1 Definition of the variables

The lowest order electromagnetic interaction between a muon and a spin-1/2
point particle can be represented by Feynman diagram shown in Fig. 1.1. A
virtual photon of 4 momentum ¢ is exchanged between the incoming muon (k)
and the target (p). The 4-momenta of the target (p), incident muon (), outgoing
muon (k'), photon exchanged (gq) and the final hadronic system (p’) can be written

as . .
p = (E,,p)
k = (E, k)
¥ o= (ELK) ¢ (1.1)
g = k—F
P = ptq |




Figure 1.1: One Photon exchange Feynman diagram for scattering of muon from

a point particle

In the rest frame of the target, the 1ab0ratory frame, its 4-momentum is (M, 0)

and ¢ = (v, q) where
v=E-E q=k-K (1.2)

If we neglect the mass of the muon, the momentum transferred square in the
laboratory frame is given by

¢ = —4EE’sinzg (1.3)

~ where 0 is the scattering angle in the laboratory frame.
In deep inelastic scattering, ¢?, the mass square of the virtual photon is space-
like (negative) and it is common to define a positive definite variable @? equal to

—g?%. We define two dimensionless Lorentz scalars zp; and s, :

o Q2 B Q2 ’
o= 2pq  2Mv (14)
p-q v
. —_ —_— = — 1.5
be pk E ( )

In the extreme relativistic fegime, the masses of particles involved in the scattering

can be neglected except, perhaps, at very small @2. In this limit the Mandelstam



variables are

(p+k)?~ 2-p ~ 2K-p =2ME

(K —p)?~ -2k -p~ —2k-p = -2MF' (1.6)
t = (k—Fk)~-2k-k'~—2p-p =4EE'sin*$

$

u

where p> = p? = M? = 0 and k> = k”? = m? = 0 have been used. The last
column gives the values in the laboratory frame. The phase space factor d*k’/2E’
is ‘

&BE

55 = 1E'dE'dQ (L.7)

T

'The variable v expressed in Mandelstam variables is

p-q_ 2pk—2pk s+u

=M oM oM

1.2 Scattering of two Dirac particles

The scattering cross section of two particles can be written as [4]

do =

1 ] M2 { Bk By

[4((10-10)2 —miM2)z| 47? | 2E 2P §W(p+k-p' - k.’)} (1.10)

where the first term is the flux factor and the last one is the phase space factor.
The physics of the interaction is described by |M|?, the matrix element square.

Using the identity

i /
J 22590+ 4 ~p) = 62p.0+ (111)
0 : _
we get

1 M2 BF
do = - 6(2p - q + ¢* 1.12
4((k.p)? — m2M?2)3 47* 2E (2p ) (1.12)

1 (M2 =

= dudt §(2p-q+ ¢%) (1.13) .

4((k.p)2 — m2M2)7 4m? 4s

1 |M|2 l 1 31 2 .
CEED i S E'dE'dQ §(2My + o). (1.14)

{ L. (L 1t N G . Il - Y GO G ¢

[ O

1



The double differential cross section for the scattering of two point particles in

the laboratory frame is

do 1 [MPE
dE'dQ ~ AME 4rx? 2

§(2Mv + ¢%) | (1.15)

where | M|? is the invariant amplitude squared where initial spin states have been
average and final spin states have been summed. The lowest order matrix element

M for interaction of two Dirac particles via quantum electrodynamics 1s
_ 1_
M= —e"’u(k’)v“y(k);ﬂ(p’)wu(p) (1.16)

where u(k) and u(p) are the Dirac spinors for two point particles. Let us consider
the two point particle to be the muon and point-proton. The point-proton is an
idealized particle with no spacial extension but has the same quantum numbers
and the mass as the physical proton. The invariant amplitude squared can be

written as :

=2 _ € o .

|M| =EL L,w (1.17)
where

L =3 3 [a( ) u(k)] [a(k)y u(k)) (1.18)

u spin

is the spin-averaged lepton tensor. A similar expression describes L?,. The L#”

can be evaluated using the trace theorems and the result is
L = 1 zu<=’>(k')7 Z u§) (k)al? (k)yssul™) (k) (1.19)
= 2 {k.’“k” + k" — (kK —m ) ¢} (1.20)
where m is the muon mass. Similarly the L2 is given by
£z, =2{pp, +p,pu— (P - P — M?) gu } (L.21)

where M is the mass of the proton. From the above equation the exact spin-

averaged pp — up amplitude is

' = — (k"P’)(k’P)+(k'-p)(k-p')—mzp'-p—M2k'-k+2m2M2}.
(1.22)



In the extreme relativistic limit, the mass of the muon and proton can be neglected

and the amplitude squared reduces to

72

| |=Sq—f{(k"z")(kw)+(k’-P)(k_-p')}- (1.23)

The W-|2 expressed in terms of the variables defined in equation (1.6) is

32 + u2
2¢* v (1.24)
and the cross section (equation 1.12) is reduced to
do 2ra? (8% + u?
= t . .
ldtdu] v ( po ) §(t+s+u) (1.25)

The equation (1.25) will be used in section 1.5 to relate the muon vertex kinematics
with the properties of the partons in the nucleon.

Let us calculate the cross section in the laboratory frame. The laboratory
- cross section will be useful in comparing the hadronic structure function with
point particle structure functions in section 1.4.1. If we only neglect the mass of

muon, the amplitude squared (1.22) can be written as

M = 2 {5a Gk p =K D)+ 2K -p)(k-p) + M) (126)
where k" = k? ~ 0 and ¢ = —2k’ - k have been used. In the laboratory frame

where the proton is at rest the above equation reduces to

2 8et , 6 ¢ . ,0
IM|" = ?2M2E'E lcos2§ = 5372 sin? 5] . (1.27)

Using equations (1.15) and (1.27) one can write the differential cross section as

d*o (2aE")? 0 ¢ . .0 q°
EM - g cos’ 5 — gy sin’ 5 ) l/+m (1.28)
and integrating over the 4 function, the angular distribution of scattered muon is
given by
do a? E’ A Y
Foi [zE—] E [ 7 T g (1.29)



1.3 . Elastic Muon-Proton Scattering

For equation (1.29) the proton was assumed to be a point particle whereas the
physical proton has a non-zero size in space and, therefore, the electromagnetic
current of a real proton can not be described by Dirac spinors. The current should
describe the spacial extension of the proton. The most general vector current J¥
which conserves parity is

I = [R + g FalaVio™a (1.30)

where F; and F; are functions of the Lorentz scalar ¢ only. The constant &, the
anomalous magnetic moment, is to be determined by experiment.
Using the expression for J# the muon-proton elastic scattering cross section

in the laboratory frame is

do a? E , K 5 0 g . 90
Eﬁ"[w—]f{(F 373 005~ gy + P

(1.31)
Linear combinations of F} and F, can be defined as:
Ge=F + 41:142 F;, Gum=F +rF (1.32)
Then the cross section takes the form
do a? E' (G% +rG? M 2 0 ., 0
a - [4E2 sin“g} E ( T+ 5 +27Ghysin 5) (1.33)

where r = —¢?/2M?. The Gg and Gy are called the electric and magnetic form
factors of the proton. These form factors can be related to the electric charge
and magnetic moment of the proton in a frame where p = —p’. The angular
~ distribution of lepton-proton elastic scattering events can be used to separate the

two form factors. The experimental data suggests that

Ge(¢®) = (1 - cfg(.;_;lvﬂ)“ : (1.34)

which correspond to a mean square charge radius for the proton of (0.81 x
10~13¢m)? or 6.56 millibarn. Gs(q?) also has the same functional dependence.

This functional form is measured to be valid at least up to Q2 of 25 GeV?2.
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Figure 1.2: Deep Inelastic Scattering Diagram
1.4 Inelastic Muon-Proton Scattering

If the energy transferred during muon proton scattering is large enough, the proton
breaks up and the final state is a complex system consisting of many particles. In
analogy with equation (1.17) the expression for the invariant amplitude squared
is

M2 ~ LW, (1.35)

where L** describes the leptonic tensor and is given by (1.20). The exact form of

hadronic tensor W, is unknown but we can construct it from available 4-vectors

. and tensors based on general principles. The available elements are the metric

tensor g,, and two independent vectors p, and ¢q,. The vector v, is not included
as W, is already summed and averaged over the spins. The parity even hadronic

tensor is

W. W. W,
Wy = -Wigu + TM—ZPMPV + ﬁ;‘hqu + F;(puqu + qupy). (1.36)

The antisymmetric combination (p,q, — g,.p, ) is not included here because it does

not contribute when contracted with the symmetric leptonic tensor. The functions



W; depend only on the Lorentz scalars which can be constructed from the Lorentz
vectors at the hadronic vertex (p,,q,). The factor of M in the denominator is
added so that all the W;’s have the same dimensions [mass|. There are, in general,
only two independent variables in the deep inelastic scattering. A common choice
of variables is '

¢® and u—% (1.37)

Current conservation at the hadronic vertex requires that
Wy = ¢"W,, = 0. (1.38)

Using (1.38) two of the structure functions can be eliminated and the hadronic

tensor can be expressed as
_ quqv W, P-q P-q
W. =W (—g;w + P ) + e (Pu - ?Qu) (Pu - ?Qu) . (1.39)
Contracting hadronic and leptonic tensors we get

2W2

LW, = aWi(k- k) + 522 [2(p - k) (p- k) ~ Mk - ¥ (1.40)

Defining ! F; = MW, and F; = vW; equation 1.40 can be written as

3!

LFW,, = 42k (b k) + o

[2(p B)p-K) ~ M?k - k] (1.41)

If we neglect the mass of proton and use Mandelstam variables, equation (1.41)

can be written as :

SU

LYW, = ——F1 M F, (1.42)
Using
t Q?
— = = 4
s+u oMy~ " (143)
-t = z(s+u) (1.44)

! In the literature this association is made only in the Bjorken limit i.e. when v — oo, Q%2 — oo

but 5% is finite
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and equation (1.9) we can write

Y F, 2F.
L* Wlll/ = 22:(5 + U)—l - USWZ_T) (145)
= M(s T ) [ (s +u)’zFy — USFQ] (1.46)
The cross section is given by
: J et ] &K
do = LW, | —— 1.47
4((k.p)? - m2M2)% [‘14 "] 2B (27)3 (147)
can be written as
do 4ra? 1 .
(dtd‘u) T 282 54 u {(8 +ufeh - USFZ}" ' (1.48)
In the laboratory frame L#*W,, can be written as
0 Fa(v,q2) | . 20, Fi(v,¢)
/ 2742\, 27 1\Y,
4EE [cos 5, — tsin 22 i (1.49)
and the cross section in the laboratory frame is equal to
do o Fg(u,q) F(v,q¢®) . ,0
dE'dQ ~ 4E?sin*$ l v 2 +2 M gl (1.50)

As the QED vertex is well understood theoretically, deep inelastic scattering is
sometimes described in terms of virtual photon-proton scattering. The scattering
of the photon can be decomposed in terms of different polarization components
of the photon. Each helicity of the photon couples to a definite helicity state of
the target. As opposed to a real photon the virtual photon has both longitudinal
and transverse polarizations.

It is customary to define a variable F(z,Q?) as the linear combination of the
Fi(z,Q%) and Fy(z,Q?) which couples to a longitudinally polarized photon. The
longitudinal structure function Fy(z,Q?) is given by

M22
Q?

Fr(2,Q?) = {(1 + ) Fy(z,Q?) — 2a:F1(:c,Q2)}. (1.51)
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The ratio of the longitudinal and transverse structure functions, R(z,Q?), is

R(z,Q%) = Fi(2,Q%)/22Fi(z,Q?) (1.52)

which approaches zero at very large momentum transfer Q? if the Callan-Gross
relation is satisfied.

The naive parton model predicts R = 0 as long as the transverse mass of the
~ parton can be neglected. If partons have intrinsic transverse momenta k; R is
given by [3]

4 k2 2 .
p = 2Uk) +mg) (1.53)
Q2
where m, is the mass of the parton. Experimentally intrinsic ¥, is inferred to be

~0.4 GeV on average. The value of R may not be negligible at very low Q2.

1.4.1 F, and F, for point particles

Comparing equation (1.50) and (1.28) we can write

, 2 2 . 2
2FP"™ = Q ) (1 “ ) and FI"™ =6 (1 -9 ) . (1.54)

2Mvy T 2My 2Mv
1.5 Naive Quark Parton Model

In naive quark parton model (QPM), the proton is considered to be a collection
of many Dirac point particles. The basic assumption in this model is that these
particles interact with the virtual photon independently of each other in deep
inelastic scattering. Then the total cross section is an incoherent sum of the
individual parton contributions.

Let parton ¢ with charge e; have 4-momentum p; and let p be the 4-momentum

of the proton. Then momentum fraction z, carried by i th parton, is
z="1 (1.55)

Let f;(z) be the probability density of finding parton ¢ with momentum fraction

z. In the naive parton model this probability depends only on z as there are no
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other variables in the problem. In the QPM the cross section up — uX can be

written as
(cross section)proton = 3 / dz f;(z) (cross section); (1.56)

where the sum i is over all types of partons.

The cross section for a muon scattering from a parton is the same as that of
a muon scattering of a point-proton provided charge, mass and all the kinematic
factors are replaced by appropriate values. It is assumed here that all the charged
partons in a proton are spin-1/2 point particles. Let e; be the charge of the
parton ¢ in units of proton.cha.rge (¢). The Mandelstam variables at the parton

level are given by

§ =(k+zp)? = 2zk-p =uzs
@ =(k—zp)? =-2zk'-p =zu (1.57)
f =(k—k2 =-2%-K =t -

Using (1.57) in equation (1.25), the contribution to the up — puX cross section

from the muon-parton scattering is

. do do
(cross section); = =z
Hg—uq

dt du di d
2,2 [ 2 2
- xz”‘t‘; & (s :2" )6(t+x(s+u)). (1.58)

The total muon-proton cross section is

d orate? 5?4 u?
(ﬁ)mx =3 [dente)s = (3 e )«s(t+x(s+u)). (1.59)

Comparing (1.59) and (1.48) we get
2eFy(z) = Fo(z) =« Ze? fi(z) (1.60)

We see that F)(z) and Fy(z) are functions of only the momentum fraction = which

is fixed by delta function in equation (1.59) :
—t 2 2 2
¢ &« _¢ (1.61)

T s4+u  2pk—pk) - 2p.q  2Mv
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This implies that in the quark-parton model the momentum fraction carried by
partons is completely defined in terms of the lepton variables. Therefore the mo-
mentum fraction distribution of the partons can be measured in the deep inelastic

lepton-nucleon scattering.

1.5.1 Role of infinite momentum frame

The relation p; = z P is a strange equation [4]. It is a 4 momentum relation where
z varies between 0 and 1 but clearly the mass of a particle is not variable. The
equality is exact only if m = M = 0. This condition is realized by boosting the
whole system to the infinite momentum frame (IMF) where the proton is moving
véry fast. In such a frame all the masses and the transverse momenta associated
with the particles involved in the interaction can be neglected. In the IMF, the
interaction time between different partons is dilated and the partons in a nucleon
appear to be non interacting during scattering [3]. This implies that a parton
interacts with the external probe independently of the other partons around it
and hence the assumption that the total cross section is an incoherent sum of all
the contributions from individual partons is valid.

The struck and the spectator partons change into observable hadrons with unit
probability. The hadronization is also assumed to be independent of the initial
collision. In the laboratory frame, the time of interaction between the muon and
parton is ~ 1/v whereas the time of hadronization is ~ 1/M where M is the mass
of the proton [5]. The hadronization time scale is much larger than the interaction
time.

This QPM picture is valid when both the mass Q of the virtual photon and the
invariant mass W of the final-state hadronic system are large. Large Q? ensures
that the resolving power of the incoming photon is small enough to see individual
partons in the proton. Large W or energy transfer v means that the final state
hadronization is on a time scale much larger than the interaction time [6]. The
interaction time is not a Lorentz invariant concept but it gives us a good classical
intuitive picture of deep inelastic scattering.

The above explanation of the deep inelastic scattering depends on the reference
frame use. It is easier to understand certain phenomena in a particular frame of

reference because the wave function in that frame is simple. The formulation is



14

Lorentz inivariant and therefore is true in any frame but the interpretation is frame

dependent.

The success of the quark-parton model in explaining the experimental data
justify the assumptions of the quark parton model. These assumptions arise

naturally in asymptotically free theories like QCD.

1.6 Parton distributions and F,

The charged partons in the nucleon can be identified with quarks of the static
quark model with a few differences. In the static quark model, the proton is made
up of uud and the neutron is made of udd quarks. The static quark model is very
successful in explaining the various quantum numbers, spin-parity assignment,
magnetic moment, multiplet structure and the mass splitting of hadrons. The
quarks in the static quark model, called constituent quarks, have finite masses
whereas their masses in the QPM are explicitly assumed to be zero. The quarks
in the QPM are called current quarks. On the léngth scale of the nucleon, the
constituent quarks can be considered as current quarks along with the energy
stored in the gluon field around them [7] but this relationship is not very well
defined. The nucleons are made of fixed number of quarks in static quark model
but the number of quarks is variable in QPM. The quarks in the QPM which
. correspond to those in the static quark model are called valence quarks. The

additional ¢ pairs in the QPM are called sea quarks.

Identifying the charged partons with quarks, the electromagnetic structure

functions F'#*? and F*™ is given by :

“FP(2) = A [(2) + @(@) + ¢ [@(2) + P@)] + () + (2)] (162

ﬁF;"u) = &2 [u™(z) + #*(z)] + €} [d"(z) + d*(2)| + € [s"(z) + 5°(2)] (1.63)

Here the contributions from heavy flavor quarks to structure functions of the
nucleons have been ignored. The e,, e, €, are the electric charge of up (u), down

(d) and strange (s) quark respectively. Using isospin invariance and assuming the
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strange quark component in the proton and neutron is the same i.e.
uwP(z) = d*(z) =u(z)
d?(z) u™(z) = d(z) (1.64)

sP(z) = s™(z) =s(z)

the structure functions can be written as
~Ff(z) = §[u(z) + 8(e)] + 3 [d(=) + d@)] + 3 s(2) +3@)]  (165)
%F;"(z) = § [d(=) + d(z)] + § [u(e) + @) + § [s(2) + 3(=)]  (1.66)
Under these assumptions the ratio F#*(z)/F*?(z) is given by

[u(z) + 4(@)] + 4 [d(z) + d(z)] + [s(2) + ()]
4[u(z) + a(z)] + [d(z) + d(z)] + [s(z) + 3(2)]

- (L.67)

which has a lower (upper) limit of 1/4 (4) if only u(d) quark are present in the
proton. The relationship (1.67) is true at all zy;. In particular it is also true at
A zp; ~ 1 where the up quark is expected to have a dominant contribution to the
proton structure function. Hence as z,; — 1, the ratio should ai)proach 0.25.

As described above the proton consists of three valence quarks (uud) in the
static quark model. Let u,(z) and d,(:c)‘ be the up and down quark density
distributions arising from the sea, then valence quark distributions by definition

u(z) = us(2) } (1.68)

are given by

Uy(2)

dy(z)
Let us define the total contribution to the proton F3(z,@?) from the sea quarks
be zS57(z)

d(z) — dy(2).

zSP(z) = zZe?SE’(z) (1.69)

where S?(z) is the sea quark distribution of flavour 7 with charge e;. The structure

functions for the proton and neutron take the simple form

LFf(a) = § Huu(e) + du(o)] + $(2) (1.70)°

éF:f"(z) = 5 [us(2) + 4dy(2)] + §"(2) (1.71)
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where S™(z) is defined for neutrons in the same manner as (1.69). Thus the ratio
Fi(z)/F3P(z) is given by

uy(z) + 4d,(z) + 5?(z)
4uy(z) + dy(z) + S*(z)

(1.72)

At low zp;, most of the contribution to structure functions comes from the sea
quarks. If the sea quarks contribute to the proton by the same amount as they
do to the neutron, above ratio is expected to become unity as z,; — 0.

The d,/u, ratio is measured in a neutrino experiment [8]. The ratio varies
from 0.306+0.107 to 0.169+0.018 over the z;; range of 0.1 to 0.7 indicating that

the up-valence quarks dominate at high z;.

1.7 The Sum Rules

Based on isospin symmetry and general assumptions about the hadronic current
structure, some relations (sum rules) between the structure functions can be de-
rived. Originally derived on the basis of commutation relations between hadronic
currents and the dispersion equation, the sum rules have a simple explanation
within the frame work of the quark-parton model. There are three main sum
rules, i) Gottfried, ii)Adler and iii) Llewéllyn Smith, which are related to deep
inelastic scattering on unpolarized targets. The Gottfried sum can be evaluated
in charged lepton scattering experiments whereas the other two can be evaluated
only from neutrino scattering data. The Adler and Llewellyn Smith sum rules are

described here for completeness.

1.7.1 The Gottfried Sum Rule

The Gottfried Sum rule was originally stated [9] as

[ Z 09 (1.73)
= @) [Ere (a0 (174)

I = /0 = wWs(Q3,v)

The (- --) refers to spin-averaged quantity and the subscript co denotes a frame

where the proton has very large momentum (IMF).
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Equation (1.74) was derived for the static quark model where it was assumed
that the hadronic Hamiltonian is SU(2) invariant and therefore unchanged under
a permutation of any pair of S=0 quarks. The integral is evaluated at fixed Q2.
The charge density (p) correlation is given by

(p(z)p(0)) Ze (o(ri — 2)o (o)) + D eiej{o(ri — z)o(r;)) (1.75)

i#)

where o(r;) is the probability density of ith finding quark at point r;. The invari-

ance of the hamiltonian under exchange of quarks leads to
(o = 2)o(m) = (o(rz — 2)o(r2))- (1.76)
The two point co;rela.tion function is given by |
(o (ri = 2)o(ry)) = (o{rs = 2)o(r2)) S

Using the explicit charge assignment of quarks in static quark model the sum

rules for the proton and neutron are

Iz =1 (1.78)
Iz = 3@m){{o(r = 2)o(r1)) = (o(r — z)o(r2))} (1.79)

If quarks distributions are totally uncorrelated, the spin averaged two point cor-
relation function (1.77) is zero. Then the difference in the Gottfried sum of the

proton and the neutron is
B =1/3 .. (1.80)

In the frame work of quark-parton model, built on the assumption that all the
quarks contribute incoherently to the cross section, the Gottfried sum rule has a

simpler derivation. The IZ™ can be written as

5 = [ ZF@) - Fie @) (1.81)
= [ ds {1turte) + dt(e)+ DSt

;[e 2ul(z) + e2di(z) +ZeZS" } (1.82)
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Assuming the contribution from the sea quarks is the same for proton and neutron,

we get I&" equal to 1/3. Dynamic effects do not modify this sum rule as long as

the effects are the same for the proton and neutron. The Gottfried sum rule is a

statement about the net flavour and charge assignment of quarks in nucleons.
Another way to state the Gottfried sum rule is [10]

@) =3 [ (@) - dle e + 3 [ae) - d@de (1.89)

This follows from the naive quark parton model under the assumption that the
density of %(z) in the proton is equal to d(z) in the neutron and vice versa. The
strange quark contribution for the neutron and proton is also assumed to be equal.

If the sea quark contribution in the proton (neutron) is isospin invariant i.e.
i(z) = d(z)

then the sécond term in equation (1.83) vanishes and the integral I;*(0) is equal

to 1/3. '

1.’}.2 Adler Sum Rule

The Adler sum rule [11] is defined as:

L= ' dzzix {FP"(2,Q%) - F{?(2,@)} =1 (1.84)

This sum rule can be tested in neutrino and anti neutrino scattering only. The

neutrino structure functions in naive QPM with 4 flavours are given by

F"(2,Q%) = 22{d(z) + s(z) + () + (=)} } (1.85)
F{"(2,Q%) = 2o{u(z) +(z) + d(z) + 5(2)}

where all the threshold effects associated with the quark masses have been ne-
glected. The equation (1.85) is a statement that neutrinos interact with down and
anti-up quarks whereas the antineutrinos interact with up and anti-down quarks.
Their coupling strength is equal.

In this model the Adler sum can be evaluated as

i = [ dz{u(z) +e(e) + ) +3(2)} — {d(e) + s(z) + (z) +&(z)}
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= [ dafu(z) ~ (@)} ~ {d(z) - d=)} - {s(2) - 3(2)} + {ele) — &(a)}

=1 ‘ (1.86)

The difference in v and 7 cross section on the same target is equal to the
difference in quarks and antiquarks contributions therefore I4 depends on valence
quarks in nucleons only. Since the QCD effects produce the quark and antiquark

always in pairs, I is independent of Q2. The Adler sum rule, stated as [12]
| 1 dx Vv, vn |
1,,=/0 SR - Py =1, (1.87)

does not depend on QCD corrections as long as the corrections are the same for-
the neutron and proton.

In the QPM model F3™ can be obtained from F,” by the replacement d(z) «
u(z) and d(z) < u(z) and so on, if isospin symmetry is assumed. The F3? is
obtained from F,? by replacing ¢(z) « §(z). From which it follows that the two
statements (1.84) and (1.87) of the Adler sum rule are equivalent. The measured
Adler sum, 1.0110.08(stat.) & 0.18(syst.), is consistent with expected value of
1.0 [13]. '

1.7.3 . Gross-Llewellyn Smith Sum rule

The Gross-Llewellyn Smith Sufn (IgLs) is defined as
1 n
[ doo{eFE?(2,Q) + 2F%(2,Q0) (1.88)
In the naive quark-parton model, F3(z, Q%) is given by

F =23 [N (1.89)
¥

where the interaction between the neutrinos and partons is described by the
Y¥4(Av — Aavs) coupling and f;(z) is the probability density of parton i. The Ay
and A4 are constants to be determined from experiment. In pure (V-A) theory,
Av =24 =1

Explicitly the Fj is given by

FP = 2zx{d(z) + s(z) — a(z) — &)} (1.90)
FP = 2z{u(z) + ¢(z) — d(z) - 3(x)} (1.91)
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The GLS integral is given by

Tors = [ do{fu(z) - a(a)] + d(@) - d@)] + [s(2) - 5(a)] + [ea) — (@)}
3 (1.92)

The commutation relations used to derive the GLS sum rule in the Bjorken
limit are not exact at finite Q2 and » [15, 14]. If one includes the leading order
. QCD corrections, the Igrs is given by [12]

lovs = [ doo (FE%(a, Q%) + F(,@Y) = 3 (1 - %Qz)) (1.93)

The predicted value of the IgLs is 2.66+.06 at Q% = 3.0. Its measured value [16] is
2.66+£0.029(stat)£0.075(syst.) which in very good agreement with the prediction.

1.8 Theoretical Expectations for F;

In general the nucleon structure functions (SF) depend on the two variables, s;
and Q. The zi; dependence of the SF is not theoretically established. The zs;
behaviour of the SF at high and very low z,; is given by counting rules and Regge
behaviour. ‘

The Q? evolution of the SF is described by the Quantum Chromodynamics
(QCD), a field theory based on non-abelian group SU(3)., where ¢ denotes the
color quantum number. The QCD is a well established theory of strong interac-
tions. The @Q? evolution of the SF is one of the more convincing arguments for
-such a color force.

At very small z;;, in large Q? limit, the F3(z,Q?) can also be calculated in the
QCD [17]. -

1.8.1 Regge model and Counting rules

The asymptotic properties of deep inelastic structure functions at large v and
fixed @Q? are conjectured to be governed by Regge behaviour [6, 18, 19]. In this
limit the leading behaviour of the structure functions W, and W; is given by

Wi @) - regl(@)+ (1.94)
Wa(r, Q%) — v*2g2(Q%) +--- (1.95)
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where o is the intercept of the appropriate Regge trajectory. In the limits @? — oo
only the leading contribution survives.

If the same expression (1.95) is valid at very large @2, it should exhibit Bjorken
scaling as-Q% — oo. Therefor the functions g should have the functional form

%@ - @) } (1.96)
2@ - @y

Using Equation (1.95), the equation (1.96) can be written as

;a+} (1.97)

Keeping only the leading order terms, the structure functions can be written

A= e } (1.98)

F2 — J:1 —o

Note that Bjorken limit has been only used to fix the functional form of g’s.
The equation (1.98) is valid only in very small z;; region i.e. (¥ — oo and finite
@?). For the Pomeron exchange (when no quantum numbers are exchanged) a is
equal to 1 and a is 1/2 for vector meson exché.nge. '

The (1.98) suggest that F3(z) tends to a constant value for & = 1 as = tends
to zero which agrees with experimental measurement. For F3(z) to be constant,

the parton number density should approach infinity as z — 0 such that
z f(z) — constant

Large number of partons can only be excited out of vacuum. The partons from
the vacuum must be generated in pairs only to conserve all the quantum numbers.
In other words, Regge behaviour predicts the existence of quark-antiquark pairs
or sea quarks at small zy;.

The experimental value of F; is finite as £ — 0 but the slope of [3(z) not
precisely measured. Moreover the precise value of :'cb,- where the Regge behaviour

sets in is also not determined accurately due to lack of data in the low z;; region.
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The behaviour of the quark distribution in the high z;; range is described by
the counting rules [21, 20]. The number density distribution is given by [22]

f(z,Q3) ~ (1 —z)*1 asz — 1 (1.99)

where n is the minimum number of spectator quarks involved in the reaction.
The structure functions should clearly vanish as £ — 1 because it would imply
that all the momentum is carried by single parton. Equation (1.99) is valid in the
@? range where the naive quark parton model is valid i.e. Q3 = 2-5 GeV?. The

number density for different types of partons is given by

Uy,d, ~(1—2z)221)=(1-2) (1.100)
G(z) =~ (1-z)®31)=(1-2z) (1.101)
S(z) =~(1-z)®V=(1-z) (1.102)

where u,, d,, G and S are the distributions for up, down, gluon and sea quark

respectively.

1.8.2 Proton Structure and QCD

The naive quark-parton model is successful in explaining scaling behaviour ob-
served in the deep inelastic data. The structure function F, in QPM can be

written as
, |
“F~ [ = fuly) pom(uP + ) + O(1/Q). (1.103)

where fo is the parton distribution function. The sum over the quark and anti-
quark flavours is implied. The description of any physical process at hadronic level
factorizes into two parts 1) the process at the partonic level and 2) the probability
of finding partons in a nucleon. The total cross section at hadronic level is the
convolution of partonic cross section with partonic probability distribution as
given in equation (1.103).

For such a description to be true, two requirements must be met. First the
transverse momenta involved in the target wave function must be small enough

to be neglected and second, one should be able to represent the the underlying
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process in terms of interaction between point particles. The naive quark-parton

model satisfies both these requirements and the structure function is given by

2P~ [ Liw (S -1) = o) (1.104)

Even when we include the effects of QCD interaction between partons the
factorization still holds if we make the same assumption about target wave func-
tion i.e. the transverse component of the wave function is small enough to be
neglected. However the parton level cross sections are no longer pointlike and

receive contribution from the higher order QCD processes and equation (1.104) is
modified to

Lhe @)~ [2a0) [ (2-1) v (@) 4] o)

where 04(z,Q?) is the contribution from leading order QCD processes.

In QCD, the interaction is mediated by vector bosons, called gluons, which
carry only color force. In contrast to the photon, the carrier of electromagnetic
force, the gluons couple with each other. This self-coupling leads to the confine-
ment of the quarks inside hadrons provided the total number of flavours is less
than 17. Both the gluons and quarks are assumed to be massless. The strength

of QCD interaction is described by strong coupling constant a, given by

127

a,(Q°) = (33 — 2ns) log(Q2/A?)

(1.106)

where n is the number of active light flavours. A is called QCD scale parameter
which is calculated from physically measured quantity, a,. The coupling strength
decreased with Q? and thus at very high Q? the quarks are almost free but still
confined in the nucleons.

The first experimental hint for the existence of gluons was furnished by deep
inelastic scattering data. The total momentum fraction carried by all the charged
partons in a nucleon was measured to be approximately 50%. The natural expla-
nation for the missing momentum is the existence of the particles which do not
have electroweak coupling and hence can not be detected by electroweak probes

like photon or W# in deep inelastic scattering. = The existence of the color field



Figure 1.3: QCD Leading Order Diagrams to DIS scattering

Figure 1.4: First Order QCD corrections Virtual diagrams
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results in interaction between quarks and gluons which modifies the momentum
distribution of the charged leptons. As the strength of this interaction depends on
a,s(Q?) which varies as 1/ log(Q?), the parton distributions and therefore structure

functions evolve logarithmically with Q2.

The first order QCD Feynman diagrams are given in Fig. 1.3. The quarks
can radiate gluons and hence the momentum fraction carried by the quarks will
decrease. On other the hand a gluons can convert to a quark-antiquark pair
increasing the number density and the momentum carried by quarks. Another
feature of QCD is that a gluon can split into two gluons. Gluon radiation by quarks
has two singularities which arise from the emission of either a gluon collinear with
the parent quark or a gluon which carries zero momentum. These singularities
will lead to infinite value of bare Fp(z,@?). The soft singularity i.e. the emission
of a zero momentum gluon is cancelled by the contribution from the virtual loop
diagrams given in Fig. 1.4. The collinear singularity, emission of a gluon paralle]
to the initial quark is only possible if both the quarks and gluons are massless.
This singularity is regularized by introducing an arbitrary finite mass cut off p.
After regularization, physiéal structure function Fy(z,@?, 1) are finite and depend

the cut off 4, called the factorization scale.

The evolution of the parton distributions due to QCD eftects, to first order, is
given by the Altarelli-Parisi equations [44] as below.

#36,Q)  a@) Py [, () . 0\ .,
dlogQ? o _/37 -Pq—’q (5) F(,Q% + Pyeuq (5) fp(yaQ2)}

(1-107)

@00 _ (@) fdy | q g
e > A (-;5) 135, @) + Poey (i—) f,,(y,QZ)]

(1.108)

The functions fI and fg are the distribution function for quarks and gluons re-
spectively in the proton. The functions P,_;(2) are called splitting functions and
are given in Table 1.1. ‘

"The splitting functioﬁs have a simple physical interpretation. They are related
to the probability of finding the parton a inside the parton b. Consider the function
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Table 1.1: Leading order QCD splitting Functions

41+ 22
Foey = 31—z
Py = Ppg(1-2)
1
Py = 2 [2* + (1 - 2)’]
z 1-2 ‘
Fomg = 6(1—-—z+ z +z(1—z))

[I,—s [40] given below.
Mamsy = 80 8(1 = 2) + 5.2 Pavs(2) loB(Q* /1) 4+

The quantity II can be interpreted as the probability density of finding a parton b
inside a parton @ when parton b carries a momentum fraction z of the parent
parton a. The § function corresponds to no change in the parton momentum which
correspond to naive QPM result. The second term comes from the first order
QCD corrections. To first order, all the Q? dependence appears in log(Q?/u?)
and the splitting functions P,_;(z) are independent of both @Q?, the interaction
scale, and p2, the factorization scale where the ultraviolet infinities of the theory
are subtracted. The running coupling constant a,, evaluated at Q% = u?, is fixed
in equation (1.109). .

The physical quantities like cross section should not depend on the arbitrary
choices like the renormalization scheme or the renormalization point 2. This
is true only if all the terms in the perturbation series are summed. In practice,
the series is truncated at a finite order and therefore the theoretical predictiohs
do depend on the choices made. The first order QCD amplitudes depend on u?
only. The magnitude of the next to leading order QCD corrections depends on
the renormalization procedure adopted. Hence the next to leading order parton
distributions derived from structure functions are both scale and scheme depen-
dent. When calculating the rate of a physical ‘process, the same renormalization
scheme should be used which is used to extract the parton distributions.

The Altarelli-Parisi equations 1.108 describe the decay of the partons. At very
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low 35, the number density in very large and it is expected that partons recombine
together. A possible results of these creation and annihilation processes is that the
number density of partons reach saturation. This would imply that QCD structure
functions do not increase with z; but reach a constant value (up to powers of
In(fraclz) [41]. The set of equations describing QCD decay and recombination
are non-linear.

QCD processes involve non-zero transverse momenta and therefore the lon-
gitudina.l structure function Fi(z,Q?) is also modified. The leading order QCD
contribution [42] to R(z,Q?) is

RY°P(2,Q%) = Fi(z,Q%)/Fa(z, Q%) ~ au(@%) ~1/log(Q*)  (1.109)

where Fp, is the longitudinal structure function given by

= 2121 92 (3 - £ on).
(1.110)

The function G(z,@?) describes the gluon distribution in proton.

1.9 Nuclear Environment and F,

So far we have discussed the structure of a free nucleon. Naively one would expect
that nucleon’s structure is unchanged when it is confined to a nucleus. This
expectation arise from the fact that nuclear binding energy (~ MeV) is much
smaller than interaction energy (~100 GeV) available in modern high energy
experiments. However it was experimentally discovered that the nucleons behave
differently when they are bound in the nuclei (EMC effect). The observation of the
EMOC effect is an indication of existence of degrees of freedom in nuclei in addition
to free nucleons. This effect was first discovered by European Muon Collaboration
(EMC) in 1983, and later on confirmed by SLAC electron scattering data and
CERN neutrino data. It has been studied in detail by the NMC collaboration [23].
The EMC effect is described quantitatively by the ratio

Remc = Ff(2,Q%)/F) (2, Q%)
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Figure 1.5: The ratio of nuclear structure function to the deuterium structure

function

where Fj(z,@?) is the structure function (per nucleon) for a nuclear target and

FP(z,Q?) the same for deuterium target.

Rgare is shown in Fig. 1.5 from different experiments. The data from the
different experiments is consistent within errors. The rise in the ratio at the high
zp; 1s due to the Fermi motion of the nucleons in the nucleus which is a kinematic
effect. At low z;;, the cross section exhibits shadowing i.e. the per nucleon cross
section in nuclear environment is smaller than what is observed in deuterium. The
naive quark parton model can not be used to explain shadowing as the scattering
at the parton level is assumed to be incoherent i.e. independent of the surrdunding

partons or nucleons.

The decrease in the cross section at low z3; can be explained in the recom-
bination model [24] within the framework of QCD. In this model the partons at
zy; < zf,; have a large enough spacial extension to overlap other nucleons. The
partons from different nucleons combine such that the effective number density
is reduced and thus the effective cross section is smaller than what is expected

by cA where o is the cross section for a free nucleon and A is the number of
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nucleons in the nucleus. This model predicts that the magnitude of shadowing
weakly depends on the Q2. The Q? dependence can be calculated using modified
Altarelli-Parisi equations. The parton distributions at z; > zg- are still a prop-
erty of individual nucleons. The critical z-Bjorken (:vbc;) depends on the details of
the model.

In reference [25] the EMC effect at low l"bj (shadowing) is explained in terms
of the hadronic structure of virtual photons. In the space-time evolution picture
of the 4* N interaction, the virtual photon may fluctuate into a ¢§ pair which in-
teracts with nucleons as a hadronic state. Because of large hadronic cross section,
the hadronic state interacts at the surface of the target and therefore the total
cross section varies as ~ A3 where o is per nucleon cross section and A is the
number of nucleons in nucleus. This model is similar to the generalized vector
dominance model but has one major difference that the ¢ and § interact with

nucleons independently.

1.10 Physics motivation to measure structure functions

The knowledge of the proton structure from deep inelastic scattering enable us to
predict how the nature will behave if looked at through some other window like
hadron-hadron collisions or Drell-Yan production. The universal nature of the
quarks in nucleon (the same entities couple to photon, W%, Z° and gluons, apart
from small well understood mixing of quarks) makes these predictions possible.
The disagreement between the predictions based on the measured parton densities
and the experimentally measured quantities may lead us to new physics or to the
refinement of already known theories.

The structure functions should satisfy certain relations based on the present
un'derstanding of the quark-parton model and QCD. These relations are called sum
rules. One of them, the Gottfried sum rule'is related to the difference between
structure of the proton and neutron and can be tested in the charged-lepton
scattering. Recently, a CERN deep inelastic scattering experiment has suggested
that the measured sum is not consistent with the isospin symmetry of sea quarks
in nucleons. The NMC data suggest that the distributions for the anti-up (@)
quark is different than the one for anti-down (d). This conclusion is contrary to
the expectation that sea quark distributions are SU(2) flavour symmetric. The
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expectation is based on the fact that color interaction does not depend on the

flavour of the quarks.

1.11 Physics processes where structure functions can be measured

The quark and gluon distributions can be measured in a variety of high energy

processes. A few such processes are described below.

o DIS ep—pup scattering: The ep— up scattering, a largely electromagnetic

process at present energies, measures the quark and antiquark distributions

2
q

tion, the quarks can not be distinguished from antiquarks in this process.

in the nucleon. Since the electromagnetic charge appears as €2 in cross sec-
The gluons being electrically neutral do not couple to the photon directly.
Their contribution is normally extracted from the Q? variation of the struc-
ture functions. Gluon distributions also enter up scattering through the
first order QCD process called photon-gluon fusion. In this process the
gluon splits into ¢4 pair and ¢ or § interacts with the incoming photon. The
gluon distribution extracted from deep inelastic data has a large uncertainty
as it is highly correlated with the value of QCD coupling constant which is

usually extracted from the same data.

e DIS Neutrino-Nucleon Scattering : The neutrinos interact with
quarks via the weak interactions only. The neutrinos interact with @, ¢,
d and s and the antineutrinos interact with u, ¢, d and 5 only. Therefore
combining the results of » and 7 interactions from the same target, one can

in principle separate the quark and antiquark distributions.

o Drell-Yan : In the lowest order Drell-Yan process (DY) the quark from
one hadron combines with the antiquark from the other hadron to form
a virtual photon which decays into a lepton pair. Higher order processes
involve the quark or antiquark from one hadron interacting with the gluon
from other. Using deep inelastic uyp data to constrain the valence quark
contribution the sea quark distribution can be extracted from pp scattering
DY data. Present DY data and the theoretical calculations are both not
very accurate as compared to the DIS data [26].
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Figure 1.6: The Feynman diagrams for direct photon productions

DY is the only procéss which can can be used to determine the structure

functions of unstable hadrons like pions.

Proton-Antiproton collisions : At the CDF energy (1.8 TeV) W pro-
duction is dominated by the annihilation of valence quarks and sea quarks.
- From the asymmetry in W~ and W+ production, the d/u ratio can be de-
termined [27]. Given the energy of the preton/anti proton beam, this can
be evaluated only at single z;; point (0.05 at CDF).

Direct Photon Production : The QCD compton scattering (Fig. 1.6)
is directly related to the gluon distribution in the nucleons. Recently di-
rect photon production data (WAT70) in pp — 4X and the pup scattering
data (BCDMS) have been analysed fogether to extract the gluon distribu-
tion function of the proton [28]. This analysis is done in two steps. The

parametric dependence of gluon distribution functions is assumed as
zG(z) = Ag(l — z)" (1.111)

Keeping 7, fixed, the QCD scale parameter A, the valence and sea quark
distributions are determined from BCDMS data. These fitted parameters
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are used to predict the direct photon data and its compatability with exper-
imental measurement is checked. The best gluon distributions are obtained
which fit both the DIS and direct-photon data. The power 7, is mainly de-
termined by direct photon data and the A by deep inelastic data. In other
words the x? contribution from the BCDMS data is not sensitive.to value
of , and the x? contribution from the WAT70 data are not sensitive to the
value of A.

1.11.1 Muon and neutrino scattering comparison

The DIS muon experiment has advantage over the neutrino data because 1) the
energy of the beam particle is determined more accurately and 2) the flux of
incoming beam can be directly measured. The neutrino experiment have unique
advantage of measuring q and G separately because neutrino and antineutrino cou-
ple to different sets of quarks and antiquarks. Combining the different structure
functions from v and 7 events the contribution from the different flavour quarks

can be separated.

1.12 Present Experimental Status of F,

1

E665 is the third generation experiment to measure nucleon structure. The pre-
vious experiments include the classic SLAC-MIT experiment, the Fermilab Muon
experiments (E98 and E398) [58] and the two very high statistics experiments at
CERN, EMC [56, 32] and BCDMS [57, 33]. More recently the NMC Collaboration
has measured the A-dependence of the structure functions. The NMC Collabora-
tion has also measured the neutron to proton ratio with very high statistics over
a wide range of kinematic variables [23]. Moreover the effect of a nuclear environ-
ment on structure functions of nucleons has been studies by EMC-NA28 [59] and
E140 at SLAC.

The high statistics muon scattering data from EMC and BCDMS are in con-
tradiction exhibiting different z3; behaviour and absolute normalization and have
been subject of a lot of discussion. As the BCDMS and EMC experiment used
the same beam line at CERN, the kinematic regions of the two experiment al-

most overlap. However, the experimental design of two experiments differs and

e



33

Table 1.2: The experimental values for Gottfried sum

Experiment | z;; range Q? Ig

EMC 0.020-0.8 — 0.197 £0.011 £0.087
BCDMS 0.060-0.8 | 20 GeV | 0.197 £0.006 +0.036
NMC 0.004-0.8 | 4 GeV | 0.227 +0.007 £+0.014

thus the BCDMS kinematic region extends to higher Q? and higher z;. The two
data sets may be in disagreement because of systematic problems in the exper-
iments or because of different assumptions made in the extraction of Fp(z,Q?)
from the measured cross sections. The original analysis of EMC data was done
using R(z,Q?) = 0. The radiative correction were performed using the Mo and
Tsai program [29]. The BCDMS data were analysed using Rgcp and the radia-
tive correction using the Bardin formalism [30]. The SLAC data overlap with
the CERN experiments in the medium z;; range but are disjoint in Q? range.
Therefore they can be used to resolve the discrepancy only when extrapolated in
@?. This extrapolation can be done either using phenomenological fits or using
the QCD evolution of structure functions. ’

A recent study [31] using data from three experiments, shows that the SLAC
data are in agreement with both the BCDMS and EMC data after renormalization
of EMC data by +8 £+ 2% and of BCDMS data by —1 & 1% for hydrogen and
—1 £ 1% for deuterium. After renormalization the EMC and BCDMS data are
in agreement at small zp; but the disagreement is enhanced at high zy;. QCD
inspired phenomenological fits were used to extrapolate the SLAC data.

The EMC data have been reanalysed after above study using a different radia-
tive correction scheme and Rgcp(z, @?) instead of a constant value of zero. This
reanalysis has reduced the discrepancy between BCDMS and EMC data but has

not not completely eliminated it.

1.12.1 Experimental value of Gottfried Sum

The Gottfried sum rule has been measured by EMC [32], BCDMS [33] and
NMC [34] collaborations. The z range and the sum as defined in section 1.7.1 is
given in the Table 1.2 All the measurements are less than 1/3, the expected value
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if the sea quark distributions are assumed to be isospin symmetric. The NMC
results are most precise and cover a wider range of kinematics: The contributions
in the unmeasured region in the NMC data are estimated by extrapolating the

measured data and the total Gottfried sum is
1.0 dg
/ &2 (F2(z,Q%) — Fi(z,Q%)} = 0.240 £ 0.016. (1.112)
00 T

The difference from the expected value can be translated into the flavour sym-
metry breaking of the sea quarks. The NMC collaboration has reported that the

difference implies that
. |
[ @-dds = 0142002 (1.113)
1]

In fact the failure of the Gottfried sum was noticed Feynman [35] in earlier less
precise SLAC data and he suggésted that the 4 quarks are suppressed in proton
due to Pauli exclusion principle. ' '

The NMC data have been analysed by Martin et. al. {10] in conjunction with
BCDMS data and they find that Gottfried sum as measured by NMC is in good
agreement with the expectation. Three different parton distribution functions
are used. In KMRS(B,) and KMRS(B_) the sea quark and gluon distributions
are constrained to behave as 2% z1/2 as  — 0 at Q%= 4.0. In HMRS fit the
sea quarks distributions are determined from data alone. The sea distributions
are assumed to be SU(2) flavour symmetric. The results from all three fits are
consistent with NMC data and the Gottfried sum is consistent with 1/3. This
would imply that the sea quark distributions in the proton is symmetric in up
and down quarks.

The difference in the conclusions by the NMC collaboration and the Martin
et. al. can be traced to the contribution from the small z;; region. The NMC
collaboration assumed a functional form of az® to characterise the behaviour of
F} — F7 in the unmeasured low z;; region. This form is motivated by the expec-
tation that at low z,; the parton distributions are described by Regge trajectory.
The total contribution from the z}; region 0.0-0.004 to the Gottfried sum as eval-
uated by NMC is 0.011£0.003 whereas the same region contributes to ~0.10 to
the sum in analysis by Martin et.al. This difference can only be resolved by a

direct measurement at low z,;.
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Figure 1.7: The value of R(z,Q?) for a fit to world data

1.13 Experimental Issues

In this analysis the ratio of the z;; dependence of the structure functions of proton -
and neutron is determined from the muon scattering data from the hydrogen and
deuteron targets from E665. In this section, some of the issues relating to the
extraction of this ratio from the data are discussed.

For experimental analysis it is useful to write the double differential cross

section as

do dra’ {1 e Mzy  y*(1 +4M?*2?/Q?)

) 2E  2(1+ R(z,Q%)) }F’(”Q’)- (1.114)

drdQ? ~ Q4r

In this equation all the quantities except F3(z,@?) and R(z,Q?) are experi-
mentally measured. Given the fact that E665 data were taken at one beam energy,

E, only one of the structure functions can be extracted.

1.13.1 Role of R in extraction of F}/F}
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Figure 1.8: @? variation of the FJ}'/F] ratio

The ratio FJ'/F} is equal to the ratio of the cross sections as long as the R(z,Q?)
is same for the proton and deuteron. Previous experiments have shown that the
value of R is small and is independent of the target used. In particular the SLAC
data on proton and deuteron [36] show that the R? = R” with total experimental
error of £0.013. This is true at all Q2 measured so far.

Theoretically the non-zero value of R arises from the finite transverse momen-
tum (k) of the partons in nucleon and QCD effects. Both of these effects are
same for the proton and neutron and hence the value of R is expected to be same
for both targets as is experimentally found (36].

To determine the structure functions R and F, simultaneously, one needs data
sets at least two different energies. The data set from E665 1987-88 run is limited
to single beam energy and therefore one can not determine R. The value of
R(z,Q?) was taken from [36]. The functional form used is a phenomenological
fit to the data from SLAC, BCDMS, EMC and CDHSW. The parameterization
is motivated by QCD and is shown in Fig. 1.7. The R(z,Q?) is shown for two

different values of Q2.

It is found experimentally that the ratio F*/F} depend on the Q? weakly.
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The Gottfried sum rule (Ig) as described in section 1.7.1 is evaluated at fixed
@?. In a given experiment, the mean Q? increases with increasing z;. Therefore
extrapolation must be used to evaluate the Fi/F} ratio at fixed @? from which
the I can be calculated. The Q? variation of the ratio is shown in Fig. 1.8. At
low Q? the variation is small and therefore is ignored in this analysis. Note that
the distributions used have not been corrected for Fermi motion (see 1.13.2) and
the strong ? dependence at high z,; is reflection of that effect. The Fermi motion

corrections are important only at high z;; and low z;; results are not effected.

1.13.2 Fermi Smearing

The deuteron is a weakly bound composite object and hence the proton and neu-

tron in it are neither on mass shell nor at rest. The kinematics of the interaction
depend on the Fermi motion of the nucleons in deuteron. The change in kinemat-
ics is called Fermi smearing. Knowing the deuteron wave function, the smearing
effects can be calculated. Fermi smearing is expected to be large only at very large
xp; where the struck quark carries a large fraction of the nucleon momentum. The
procedure to extract the free neutron structure function from ud scattering data
are described in [37, 38]. These models give insignificant corrections in the kine-
matic region of this analysis [36]. No corrections have been made for this effect.
Stated in another way, the ratio of structure functions presented in this analysis

1s the ratio of smeared structure functions.

1.13.83 Nuclear Effect in Deuterium

The decrease of the cross section at low z;; (shadowing) in nuclear targets com-
pared to the deuteron fully established experimentally but what happens to the
proton and neutron structure functions when they are confined in the deuteron
is not completely known. However, some estimates of such an effects have been
made.

The E665 data is concentrated at low @?. The virtual photon data (uN) data
should smoothly cross over to real photon data. For a real photon (@?=0) the
ratio of the vd to yp cross sections varies from 0.915 to 0.812 when photon energy
is changed from 50 GeV to 400 GeV [55).

The shadowing of the hadronic component, if any, of the virtual photon is
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related to the shadowing of pion scattering. The ratio of the nd to wp cross
section varies from 0.991 to 0.963 for pion beam energy from 50 GeV to 400
GeV [55].

An estimate of the shadowing in deuteron can be made using the v and
data as is done by Bodek et. al. [48]. They estimated the up and down quark
distributions in the proton assuming that only valence quarks contribute to the
cross section. Using isospin symmetry between proton and neutron, the structure
functions for deuteron are completely determined. They find that the shadowing
in the deuteron is consisted with zero within large errors (& 5%). In other words
no EMC effect (shadowing) is observed in deuteron. The assumption that only
valence quarks contribute to the scattering is valid only at relatively large zp;. No

such conclusion can be made at very small z,; where shadowing is relevant.

1.13.4 Target Mass Corrections

In the definition of the momentum fraction carried by a struck parton, z;; the
mass of the parton was completely neglected. At very low Q? this approximation
may lead to large difference between the z;; and the actual momentum carried -
by the parton. Various modifications to the z;; have been suggested to take into
account the so called target mass effects. Georgi and Politzer [45] predict that
the structure functions should scale in variable ¢ defined as

_ 2z
14+ (14Q2/v?)2

£

At small Q? and large v, the denominator can be expanded and the variable
£is |
T

T 1+ Q4

At @? equal to 1.0 and v equal to 100, ¢ differs from z by less than 1% which is a
negligible effect and will be ignore. Note that the mean Q? in the lowest z; bin
in the E665 data used in the analysis is 1.5 GeV?2. '

This variable is called the Nachtmann variable { and commonly written as

¢ (1.115)

2z

¢= 14 (14 4M222/Q?)z

(1.116)
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The power corrections O(1/Q?"*) to the quark-parton model also arise from
QCD effects [47]. These QCD corrections contribute to order (A?/Q?), where A
is related to the QCD coupling constant a,. The QCD O(1/Q?) corrections may
not be negligible in the Q? range of the E665 data. These corrections are ignored

in this analysis.

1.13.5 Radiative Corrections

The cross section measured in the laboratory includes not only the first term
in the QED perturbation expansion (Born term) but also all the higher order
terms. It may also include the various other background processes which are very
difficult to separate in an inclusive measurement. To compare the experimental
result with theoretical predictions, it is a common practice to reduce; the measured
cross section to the single-photon exchange cross section (Born term). These extra
contributions to the Born term are called radiative corrections.

Fig. 1.9 shows the various Feynman diagrams which contribute to the mea-

sured cross section.

¥

V=2

e

™~

Figure 1.9: Leading and higher order electroweak radiative processes contributing

to the observed deep inelastic cross section

The radiative effect can be categorized into::
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the vacuum polarization and vertex corrections
emission of real photons on the lepton lines

Z° exchange

emission of real photons on quark lines

two photon exchange and higher order processes
elastic scattering from the nucleus

NSOk N

quasi elastic scattering from the protons and neutrons

It is well known that to get rid of unphysical infinities in the QED predictions,
extra terms should be added to the QED lagrangian (Renormalization). These
extra terms not only subtract out the unwanted infinities but leave a finite part
which modifies the physical predictions. To get the single. photon interaction cross
section given by Fig. (1.9 a), the contributions from the vacuum polarization (1.9
b) and vertex correction (1.9 c) diagrams should be subtracted even to lowest
order. The procedure for the subtraction is well understood and can be easily
implemented at muon-quark level.

The vertex correction at the lepton vertex is independent of the quark vertex.
The vacuum polarization correction depends only on the fermion mass (primarily
the lightest fermion, electron) in the internal loop and does not depend on the
flavour of lepton or quark. Therefore these corrections are the same for both
neutrons and protons..

The Fig. (1.9 d,e) show the emission of a real photon from the lepton. These
photons are real and can be observed in the detector if they have enough energy.
The lower limit of the energy of these photons is zero leading to infra-red singular-
ity. Fortunately the singularity in the real photon emission amplitude is cancelled
by the virtual photons diagram (1.9 b,c).

The hadronic radiative corrections (corrections associated with the hadronic
vertex) are model dependent as the exact form of the hadronic current is not
known. These corrections can be calculated in the framework of the naive quark
parton model. In this calculation quarks are assumed to have a finite mass. The
electroweak contribution to the cross section from Z° exchange is small within the
E665 kinematic range.

The second order QED contribution is represented by two photon exchange
diagram (1.9 f) The contribution of two photon exchange term has the opposite

sign for I*p and l‘z; scattering and therefore its magnitude can be estimated



41

experimentally. The contribution was found to be less than 2% [50]. These
corrections are called internal Bremsstrahlung corrections.. ‘

Experimentally, it is difficult to separate up, un or uA elastic events from the
deep inelastic events over all kinematic regions. Fortunately, the elastic form fac-
tors (Gg, Gp) of the proton and neutron are known. The (quasi)elastic scattering
from the proton or neutron can be calculated and therefore subtracted.

The emission of the real photons when the lepton passes through the target
is called external Bremsstrahlung. For electrons this correction is the same order
of magnitude as the internal Bremsstrahlung contribution discussed above [94].
For muons the correction is smaller by a factor of (m./m,)? =~ 1/40,000 and be
safely neglected as is done in previous muon DIS experiments. This effect is called
straggling.

The calculation of the radiative corrections used in this analysis are described
in Chapter 4.



Chapter 2
DATA ACQUISITION HARDWARE

The E665 spectrometer[62] is a general purpose detector based on two super-
conducting dipole magnets arranged in focussing geometry. The incoming muon
is detected by the beam tagging system. The beam interacts with the target lo-
cated inside the CVM, a dipole magnet. The scattered muon and the produced
charged particles are detected by the forward spectrometer built around a dipole
magnet CCM. The muon is identified by a set of scintillator and proportional
tubes planes behind a hadron absorber. In this chapter the E665 spectrometer,
the muon beam, targets used in 1987-88 run and the data acquisition system
are described. The main components of the forward spectrometer are shown in
Fig. 2.1.

The E665 coordinate system is a right handed system (x,y,z) with +x axis
oriented along the beam line and +z axis pointing up. The Z(Y) chambers measure
z(y) coordinate and hence the wires are horizontal(vertical). The vector +u lie
in (+y,+2z) quadrant and +v in (-y,4z). The units used in the plots are meters,

radians and GeV for distance, angle and momentum respectively.

2.1 Muon Beam

"The NM beam line in the Neutrino area at Fermilab transports the world highest
energy muon beam[66]. The 800 GeV proton beam extracted from the Tevatron
is incident on a 48.5 cm long beryllium target. The hadronic interaction between
protons and Beryllium produces pions, kaons and other particles. The primary
protons are separated by magnetic deflection from the secondary hadrons and
are dumped into an absorber. The secondary hadrons are momentum selected
and are transported through 1097 m using a focussing-defocussing arrangement
of quadrupole magnets (x-K FODO). During this distance about 5% of the pions
decay into muons. At the end of 7-K FODO, there is a 11 m long beryllium ab-
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sorber. Almost all the charged particles except muon are stopped by this absorber.
The muons are transported by a ~ 360 m long 4 FODO to the experimental hall.

The decay muons are spread over wide area, some of them even outside the
beam pipe. The muons outside the useful beam?! are defined to be halo. A special
feature of Fermilab muon beam is the use of the Mupipe. Mupipe is a toroid
magnet with the beam pipe going through the magnet. The toroidal field spreads
out the muons outside the beam pipe radially, thus decreasing the halo around the
beam. The number of halo muons was about 20-30% of the useful beam during
1987-88 runnihg period. About 50% of halo was within 20 cm radius of useful
beam region.

The rhuon yield per proton, u/p ratio, depends on the definition of useful
beam and on the beam tune. For standard beam tune and beam definition during
1987-88 run the muon yield per proton was ~ 0.55x10~%. The muons coming
from decay of pion are naturally polarized. .The polarization factor depends on
the momentum of the muon. The mean helicity of muon beam used in 1987-88
was calculated to be —0.83+0.13 [67].

The Muon beam purity was checked during-a special run. During this run
the interaction rate was measured as the function of the length of the Beryllium
absorber located at the end of 7-K FODO in the beam line. The hadron contami-
nations of beam was determined to be 0.879x10~6 [68]. The hadrons in the beam
do not effect the final event rate as an identified muon is required in the recon-
structed event. The hadron contamination has a negligible effect of the incident
muon beam flux.

The nominal Tevatron beam cycle time was 57 second. The beam spill was
22 second long. A 1024 Hertz clock was used to record the “real time” of the
event. The elapsed time between the first and the last event in the same spill
was measured to be 21.714 seconds with a spread of 0.156 seconds. The time
between first events of two consecutive spills was 56.338 with a sp