11 IntroductionThe science of physics is the study of matter in the universe. Broadly speaking, this studyis divided into two tasks: identifying what kinds of matter exist, and understanding theproperties of the different types of matter. This thesis presents a study of one of the mostcommon particles of matter in the visible universe: the proton. Specifically, it addressesan important relationship between the components of matter that make up the proton: thequarks and the gluons.The physical process on which this analysis is based is called �neutrino-nucleon deep-inelastic scattering.� In a scattering experiment, a target composed of one type of particleis exposed to a beam. The particles in the beam are said to �scatter� off of the particlesthat make up the target. The formula that describes this interaction is

n m m + fi +NX

(1.1)The symbol n refers to the neutrino, which is a light, neutral, weakly-interacting particle;the subscript m implies that the neutrino is of a particular type: the muon neutrino. Thesymbol N represents a nucleon, either a proton or a neutron, in the nucleus of an atom.One product of this interaction is a muon, designated by the symbol m. It is thetransformation of the neutral neutrino to a charged muon that labels the event as a�charged-current� event; if the charge of the neutrino remained unchanged as a result ofthe interaction, it would be a �neutral-current� event. The other result of the interaction isa shower of particles known as hadrons, which result from the break-up of the proton dueto the energy transferred to the proton by the incoming neutrino. It is the �hadron shower�that labels the event as �deep-inelastic scattering,� since in elastic scattering the protonremains intact.

2Chapter 1

This introductory chapter provides the context for the rest of the thesis. The StandardModel of particle physics is described, introducing the quarks and leptons�theconstituents of all matter�and the forces by which they interact. The kinematic variablesthat define the interaction of Equation 1.1 are described. Next, the formalism of deep-inelastic scattering is discussed, starting with the definition of the structure functions interms of the Standard Model of electroweak interactions, and then connecting themeasured structure functions with the theory of Quantum Chromodynamics. The chapterconcludes with an overview of the structure-function analysis and this thesis.1.1 The Standard ModelOver the last three decades, experimental and theoretical efforts in the field of particlephysics developed a paradigm known as the Standard Model, which includes the unifiedtheory of electroweak interactions [Wei67, Sal68] along with Quantum Chromodynamics(QCD) [Ynd93], the theory of strong interactions. The sample of charged-current eventspresented in this thesis are analyzed using the Standard Model, and the theory is shown tobe consistent with the data. A fundamental parameter of the Standard Model, the strongcoupling constant

aS

, is measured in this analysis.In the Standard Model, all fundamental interactions occur between quarks and leptons,which are fermions, through the exchange of gauge particles, which are bosons. Thistheoretical edifice has been successful in explaining the ever-growing number ofexperiments that have been performed to study it. A complete introduction to theStandard Model may be found in textbooks [Per82, Hal84] and only a brief description ofthe Standard Model follows.

Introduction3

Table 1.1: The quarks and leptons, constituents of matter.Charge (units ofelectron charge)FirstGenerationSecondGenerationThirdGeneration

Quarks+2/3up (u)charm (c)top (t)

—1/3down (d)strange (s)bottom (b)

Leptons—1electron (e)muon (m)tau (t)

0e-neutrino (

ne

)m-neutrino (

nm

)t-neutrino (

nt

) The fermions of the Standard Model are listed in Table 1.1, where they are grouped intothree generations. Each entry in Table 1.1 represents a different �flavor� of particle.Ordinary terrestrial matter is made of particles from the first generation: protons andneutrons carry net up and down quantum numbers, electrons orbit the nuclei of atoms,and electron-(anti)-neutrinos are emitted in nuclear beta decay. The higher-mass fermionsof the second and third generations are present in the high-energy environments producedby cosmic rays and particle accelerators. All of the fermions have antimatter partners,which have the same mass but opposite quantum numbers. Of the particles listed, onlythe

has not yet been directly observed through their interaction with other matter.The fermions interact through the exchange of gauge bosons. The mediators of each ofthe four forces are listed in Table 1.2. All the fermions interact weakly, through theexchange of the

Z0

and

W–

bosons, known as the intermediate gauge bosons.Electrically-charged particles�that is, all fermions other than the neutrinos�interactelectromagnetically, through the exchange of photons. Finally, quarks alone interactstrongly and therefore they alone are the fermions that carry strong (or color) charge.Quarks interact strongly by exchanging gluons. Gravity affects all particles, and its carrieris assumed to be the graviton. However, when considering interactions of elementaryparticles, the effects of gravity are negligible, and gravity is not discussed further.

4Chapter 1

Table 1.2: Interactions in the Standard Model. The relative strengths of theforces are roughly indicated, for short distance scales of a few GeV.InteractionRelative strengthMediatorParticipating fermions

strong1gluon (g)quarks

electromagnetic

102-

photon (g)quarks and charged leptons weak

10^{5-}Z^0

and

W–

all gravitational

1042-

graviton (G)all

The ultimate validity of the Standard Model rests in its ongoing confirmation byexperimental data. Up to now, the confirmation has been excellent, and there is nocompelling evidence for physics beyond the Standard Model. However, the StandardModel leaves some questions unanswered. For example, the Standard Model has 19 inputparameters, which are listed in Table 1.3. Precise measurements of these parameterscheck the self-consistency of the theory, but offer no insight into the parametersthemselves. Physicists expect that an elegant theory beyond the Standard Model wouldnot require such a large number of parameters. Furthermore, the Standard Model does notexplain the number of fermions or the generational hierarchy of the quarks and leptons,nor offers any reason for the symmetry that seems to exist between the quark and leptonsectors. And although the Standard Model accommodates CP (charge-conjugation andparity) violating interactions, it offers no explanation of them.A few mandatory empirical tests of the Standard Model are yet to be completed, mostnotably the detection of the Higgs particle. Precise measurements of Standard Modelparameters may uncover the first discrepancy between the model and observation.However well-established our current Standard Model, there is a need to go beyond it, toexplain the questions it cannot answer. New physics may emerge as new generations of

Introduction5

Table 1.3: The number of parameters in the minimal StandardModel. The neutrinos, photons, and gluons are massless.Type of parameterNumber of parameters quark masses6 charged lepton masses3

CKM mixings4 Z 0 and

W –

masses2

Higgs particle mass1 a em electromagnetic coupling1 G F weak coupling1 a S strong coupling1

TOTAL19 accelerators probe shorter distances and higher energies, or as experiments push existinglimits with more precise measurements.1.2 Neutrino-Nucleon ScatteringNeutrinos make excellent probes for studying the structure of hadrons. They arestructureless particles and their electroweak interactions are well understood. Neutrinosare always polarized, and are therefore uniquely suited for studies of the helicity-dependent dynamics of the nucleon constituents.The Standard Model describes the phenomenology of deep-inelastic scattering well. Athigh energy, deep-inelastic neutrino-nucleon scattering is interpreted as elastic neutrino-parton scattering. Nucleon structure at high momentum transfers is characterized byparton distribution functions, which describe the nucleon in terms of quarks and gluonsusing the factorization theorems of Quantum Chromodynamics (QCD) [Sop89]. This

6Chapter 1

Section introduces the formalism used to describe nucleon structure in terms of partondistributions.The process of probing the nucleon with neutrinos begins by using the inclusive charged-current data sample to measure the nucleon�s structure functions. The structure functionsare a complete set of Lorentz scalars that parameterize the unknown structure of theproton. The properties of the structure functions lead to the parton model, which proposesthat the nucleon is composed of point-like constituents, partons, that scatter elasticallywith the neutrino. Finally, the partons are identified with the quarks and gluons of QCD,and QCD describes the parton dynamics. A QCD analysis of the structure functionmeasurements provides a determination of the nucleon�s valence and sea quarkdistributions and gluon distribution, along with a determination of

aS

.1.2.1 The Kinematics of a Charged-Current Neutrino EventThree kinematic parameters provide a full description of a deep-inelastic scattering event.In this experiment, the three measured parameters of a charged-current event are themuon momentum,

pm

, the angle of the outgoing muon,

qm

, and the observed energy ofthe outgoing hadrons,

EHAD

. From these measured parameters it follows that the neutrinoenergy is E =

En

=

EHAD + m

. + M.The kinematic variables of deep-inelastic scattering are shown in Figure 1.1. The leptonis designated by four-momentum k, the hadron system by momentum p, and afterscattering their four-momenta are designated by

¢k

and

¢p

, respectively. In terms of theexperimental quantities each of these four-momenta in the lab system are (M is the massof the nucleon):

Introduction7

nucleon}HadronShower

nmnm()

W+W-()q()EHm-m+()

¢kq=k-k¢PxPpm mq,

Figure 1.1: Kinematic variables of deep-inelastic scattering. A point-like constituent ofthe nucleon, a parton, carries a fraction x of the nucleon�s momentum p. The measuredexperimental quantities are enclosed in rectangles.

kE= ( )n n, , ,0 0

(1.2)

¢=( )k E p p pm m m m m m m m mq f q f q, sin cos , sin sin , cos

(1.3)

pM= ( ), , ,0 0 0

(1.4)

¢=+=+¢( )p p q p k k

(1.5)Lorentz-invariant variables commonly used to describe deep-inelastic scattering arederived as follows.The square of the center of mass energy:

8Chapter 1

s p k M ME

= + = + ( ) 2 2 2(1.6)The energy transferred to the hadronic system (the mass of the unobserved baryon isneglected):

nn m= � = - =p qM E E E HAD

(1.7)The negative square of the four-momentum transfer:

QqkmEp2 2 2 2 2= - = - - ¢( ) = + -( )m n m m mqcos

(1.8)The invariant mass of the hadronic system:

WpqMQ2 2 2 2 22= ¢( ) = +( ) =+-n

(1.9)The Bjorken scaling variable, which represent the fractional momentum of the struckparton within the nucleon:

xqpqQM= - � =2 22 2 n

(1.10)The inelasticity:

ypqpkEHAD= � = n

(1.11)The inelasticity y is directly related to the lepton scattering angle

q*

in the center-of-mass frame:

y» - +( )1 121 cos*q

(1.12)

Introduction9

1.2.2 The Formalism of Deep-Inelastic ScatteringIn this section the relationship between the structure functions and the neutrino-hadroncross-section is derived. The matrix element for the neutrino-hadron interaction can bewritten as [Rob90]:

M = + ¢ ¢

( ) -( ) ()

G Q M u k s u k s XJ N p s

F W v CC 2 1 1 1 2 2 5 / , , ; ,

m ag g_{lepton hadron} 1 2 4 4 4 4 4 3

4 4 4 4 4 1 2 4 4 3 4 4

(1.13)where

GF

is the weak coupling constant,

MW

is the mass of the W-boson,

ks,( )

is thefour-momentum and helicity of the incoming neutrino,

¢( )k s,

is the four-momentumand helicity of the outgoing muon,

p s,( )

is the four-momentum and helicity of the targetnucleon, and

uμ

and

uv

are the lepton spinors. The inclusive, spin-averaged cross-sectionproportional to

M2

takes the form

dd dE Q M G mE mE E L W

N W F22 1 1 2 2 s p n m m n m m ab ab

W = +( ) ()

(1.14)where

En

and

Em

are the energies of the incident neutrino and final-state muon in the labframe (nucleon at rest), and

W

is the solid angle into which the scattered muon lies. Theleptonic tensor

La b

is given by

Luksuksuksuksmkgikks sab m a n n b mn m a b b a ab g d gdabg g g ge= ¢ ¢ - - ¢ ¢= ¢ + ¢ - � ¢ ¢[ ]¢� ( , ) ( ) ( , ) ( , ) ( ) ( , ), 1 12 5 5m

(1.15)where the —(+) term applies to incident neutrinos (anti-neutrinos). The hadronic tensor

Wa b

is a second-rank tensor that parameterizes the unknown structure of the boson-

10Chapter 1 nucleon vertex. There are only two independent vectors upon which

Wab

can depend: pand q. Therefore the most general rank-2 tensor that can be constructed out of these twovectors is

WgWpMWipqMWqMWpqpqMWipqpqMWab ab a b abgd g da b a b b aa b b a e= - + -+ + +( )+ -( )1 2 2 2 32 4 2 52 6 22

(1.16)where the structure functions

Wi

are real functions that depend only on

q2

and

pq�

. Inthe limit of negligible quark masses,

qLqLa a b b a b= = 0

(1.17)so that terms proportional to

qa

or

qb

in can be ignored; these are the coefficientsof

W4

,

W5

, and

W6

. After contracting the lepton and hadron tensors, Equation 1.14becomes (neglecting

Q M W2

and lepton masses):

dEGEWEMWN F N NN2 22 2 2 2 2 12 32 2 2 22s p q qqn nm m n n n nn m n n( ) ( ) ( )( )= +– +ØºŒ øßœW cos sinsin

(1.18)where the +(—) term corresponds to neutrino (anti-neutrino) scattering. In general, thestructure functions

Wqpqi 2 , �( )

depend on the target and may depend as well on theneutrino helicity. In terms of the absorption cross-sections for left-handed, right-handed,and scalar W bosons (

sL

,

sR

,

sS

) the structure functions can be written as:

Introduction11 W

K

G F

R L 1 2 = + ( ) p s s(1.19)

W

K

G

Q

Q F R L S

2 22 2_2 2 = + + + ( ) p n s s s

(1.20)

W

K

G

M

Q F R L 3

2 2 2 2= +-( )

p n s s

(1.21)where K represents the flux of virtual Ws. While there is some arbitrariness in thedefinition of K, the ratio of absorption cross-sections for longitudinally- to transversely-polarized bosons is well-defined:

RQWQST( , )n ss n2 21 21 1” = -�Ł� �ł� -

(1.22)In terms of the scaling variables x, y, and

Q2

, Equation (1.18) becomes

dxdQGxEyMxyEWyxWyxWF2 2 2 2 2 2 1 2 32 1 2 1 2s p nn n m n n n n n n( ) ( ) () ( )= - -�Ł� �ł� + – -�Ł� �ł�ØºŒ øßœ

(1.23)In the modern structure-function notation,

21 2 1 2xMW Q xF x Q( , ) ( , )n =

(1.24)

nW Q F x Q2 2 2 2( , ) ( , )=

(1.25)

xWQxFxQn n3 2 3 2( , ) ( , )=

(1.26)and so the differential cross-section takes the form

12Chapter 1 d dx dy

G ME y

Mxy

E

F

y xF y

y

F

F

2 2

2

2

1

2

3 1

2 2

2 1

2

s p

n

n n n n n n n n

( )

( ( ) ()

=--�Ł�ł�+–-� Ł� � ł� Ø º Œ Œ ø ß œ œ(1.27)and

RxQFxFQMx

( , )^{2 2}_1^2_2

2 1 2 1 = -

( ) �Ł� �ł�-

(1.28)Equation 1.27 is the master equation of deep-inelastic neutrino and anti-neutrinoscattering. It is the point where theory and experiment meet. That is, measurement of thedeep inelastic differential cross-section is equivalent to a measurement of the structurefunctions. The structure functions contain all that can be known about the structure of thenucleon from deep-inelastic scattering.R has been measured by other experiments and, in this analysis, the value of R usedcomes from a parameterization of the world�s available data [Whi90b]. Hence Equation1.27 can be expressed in terms of two unknown, measurable structure functions

F2

and

xF3

:

d dx dy G ME y MxyE y M x QR x Q F y y F

F231 2 2 1 411 2s p nn n n nn n( ) ( )( )= - - + + +�Ł� �ł�– -�Ł� �ł�ØºŒ øßœ( , )

(1.29)This is the form of the differential cross-section used to extract the structure functions.

Introduction13

1.2.3 The Parton ModelThe first experimental evidence that the proton is made of point-like constituents camefrom the large-

Q2

behavior of the structure functions. If two structureless particlesscatter, the point �structure functions� are

22121 2 2 2MW Q QM QMpoint ( , )n n d n= -�Ł� �ł�

(1.30)

nndnW Q QM2 2 21 2point( , ) = -�Ł� �ł�

(1.31)which have the property of being functions of a single dimensionless quantity,

Q M22 n

. Therefore, if large-

scattering begins to resolve point-like constituentsinside the nucleon, the structure functions will begin to depend on a single dimensionlessvariable:

lim(,)()Qx i iF x Q F x2 2fi ¥ =fixed

(1.32)This phenomenon is known as Bjorken scaling [Bjo69]. Early deep-inelastic scatteringdata verified that the structure functions become roughly independent of above =1˚

GeV2

, in sharp contrast to the elastic form factors, which are strongly

dependent,falling like

1 2Q

below

= 0.7

.Scaling of structure functions at high is explained by the parton model. In this model,the nucleon is assumed to consist of point-like constituent partons. The deep-inelasticscattering environment is described by a highly relativistic frame, the �infinitemomentum frame.� In this highly-boosted frame, quarks interact among themselves on a

14Chapter 1 time scale much longer than that of the collision, so the scattering is incoherent. Inelasticneutrino-nucleon scattering reduces to elastic scattering from free, individual partons. Thepartons are on-shell, the travel collinearly with the nucleon, and carry a fraction x of itsmomentum.Elastic scattering of point particles depends only on the center-of-mass energy and the netangular momentum of the system. Neutrinos are left-handed and anti-neutrinos are right-handed. Considering spin-1/2 and spin-0 constituents in the nucleon, the possible helicity-dependent cross-sections for elastic neutrino-parton scattering are given by

total spin 01

22 2 2

: cos cos * * d d dd G MEQ M

q q W

s q s q p

n n n

= = +_{( )}

(1.33) total spin 1112

22 2 2 2

: cos cos cos

* * *

dd dd G MEQ M

q q W

s q s q p q

n n n

= = +_{( )}^{+�}_Ł�^�_ł�

(1.34) total spin 12212

22 2 2 2

: cos cos cos

* * * d

d d

d

G ME

Q M k k W

sq sq p q

n n n = = +( )^�Ł�^�ł�

(1.35)where

q*

is the muon�s center-of-mass scattering angle. The superscripts identify thespin-1/2 partons with the quarks and anti-quarks. In principle, a spin-0 constituent mayalso be present, which is identified by the superscript k. As shall be seen, while theneutrino does not directly interact with a spin-0 component, the

p^

of the quark givesrise to an effective spin-0 component of the cross-section. The V—A structure of the weakinteraction causes parity to maximally violated, so for massless partons only left-handedparticles and right-handed anti-particles participate. Therefore, the four possible helicityconfigurations for high-energy neutrino-quark scattering are shown in Figure 1.2.

Introduction15 } nqTotalSpinqor q = 0n nTotalSpinqor q = 1n nq

Figure 1.2: Possible helicity configurations for high-energy neutrinosand anti-neutrinos scattering from quarks and anti-quarks.The probability of scattering from a particular type of parton is introduced with a partondistribution function

px( )

. The quantity

pxdx( )

is interpreted as the probability offinding a parton of type p in a hadron carrying a fraction x to x + dx of the hadron�smomentum. Then using the parton momentum distribution function xp(x), the differentialcross-section for scattering off one parton is

ddx dy G ME

Q M xp x

W221s p� +( ) ( )

(1.36)and gathering all contributions from the constituents of a target T, the cross-sections forneutrino and anti-neutrino scattering are

d dx dy G xsQ M q x y q x y k x

T W T T T22

1 1 2 1 s p n n n n

= +( ) + - + - [ ] ( ) ( ) ( ) ( ) ( )

(1.37)

16Chapter 1 d dx dy

G xs

Q M

q x y q x y k x

T

W

T T T

2 2

2 2

2

2

1

1 2 1 s p

n n n n

=

+ ( )

+ - + - [ ] ( ) ( ) ( ) ( ) ( )(1.38)The parton distributions are associated with the structure functions by comparing the ydependencies of the above formulas with Equation 1.27, yielding

221xF xq x xq xT T Tn n n n n n( ) ( )( )=+[ ]( ) ( )

(1.39)

FxqxqxkT T T T2 2 2n n n n n n n n( ) ( ) ( ) ( )= + +[ ]( ) ( )

(1.40)

xFxqxqxT T T3 2n n n n n n( ) ( ) ( )= -[ ]( ) ( )

(1.41)where the

Q M W2

and

Mxy E2

terms have been neglected. Thus, in the parton model,deep-inelastic structure functions are simply related to the momentum fractions of thepartons in the target.If the scattering were to take place exclusively from free spin-1/2 constituents, the Callan-Gross relation

21 2xF F=

(1.42)would be satisfied. However, at available energies, partons have non-negligibletransverse momenta, which gives them apparent spin-0 behavior in the infinite-momentum-frame formalism. This leads to a difference between

F2

and

21xF

thatdiminishes at higher

Q2

.The analogous expressions for electromagnetic charged-lepton scattering follow from thepure vector nature of the electromagnetic current. While neutrino scattering measures thehelicity content of the nucleon, electromagnetic scattering measures the charge content:

Introduction17

2_1^2

xF e xq xq T i i T i T i l l l

= + [ ] �

(1.43)

Fexqxqxk

T i i T i T i T i 2 2 l l l l

= + +

[ ]

�

(1.44)where

ei

is parton i�s electric charge. There is no equivalent to the

xF3

term inelectromagnetic interactions.Neutrino scattering has the ability to resolve the flavor of the nucleon�s constituents. Thecharge-current interaction changes the flavor of the struck quark, and conservation ofcharge at the quark vertex limits neutrinos to scatter from d, s,

u

, and

c

quarks, and anti-neutrinos to scatter from

d

,

s

, u, and c quarks. Considering a parton target, the quarkdensities that contribute to the structure functions are

qxdxsxp p pn ( ) ( ) ( )= +

(1.45)

qxuxcxp p pn ( ) ( ) ( )= +

(1.46)

(1.47)

(1.48)Strong isospin invariance demands a symmetry between the proton and the neutron lightquark densities:

dxdxuxp n( ) ( ) ( )” =

(1.49)

(1.50)

uxuxdxp n( ) ( ) ( )” =

(1.51)

(1.52)

18Chapter 1

Nucleons exhibit no net strangeness or charm, and these heavier flavors have isospin ofzero. For this analysis, the following symmetries are assumed:

sxsxsxp n( ) ( ) ( )” =

(1.53)

(1.54)

cxcxcxp n( ) ( ) ( )” =

(1.55)

(1.56)

sxsx( ) ( )”

(1.57)

cxcx( ) ( )”

(1.58)Using these symmetries, the quark distributions of the neutrino and the proton aredescribed in terms of the proton quark distributions. All the parton distributions thatfollow are those for the proton.

qxuxsxnn ( ) ( ) ( )= +

(1.59)

qxdxcxnn ( ) ( ) ( )= +

(1.60)

(1.61)

(1.62)Finally, the parton densities for an isoscalar nucleon, N = 1/2 · (proton + neutron), are

qxuxdxsxNn ( ) ( ) ( ) ( )= + +[ ]122

(1.63)

qxuxdxcxNn ()()()()=++[ ]122

(1.64)

Introduction19

q x u x d x c x Nn ( ) ( ) ( ) ( )

= + + [ ] 1 2(1.65)

q x uxdx sx

Nn_{( ) ( ) ( ) ( )}

= + + [ ]

1

2

2

(1.66)The quark content of the isoscalar structure function

21xF

for neutrino scattering isobtained by substituting these densities into Equation 1.39:

221 1xF x xF xxu x xu x xd x xd xxs x xs x xc x xc xN Nn n( ) ( )( ) ( ) ( ) ( )( ) ( ) ( ) ( )== + + ++ + + +

(1.67)The electromagnetic structure functions

21xF pl

and

21xF nl

are constructed from Equation1.43 using the same parton densities as above and including the quark charges:

213231 22xF xd x xd x xs x xs xxu x xu x xc x xc xpl = �Ł� �ł� + + +[ ]+�Ł�ł�+++[ ]( ) ( ) ( ) ( )( ) ( ) ( ) ( )

(1.68)

213231 22xF xu x xu x xs x xs xxd x xd x xc x xc xnl =�Ł�ł�+++[ ]+�Ł�ł� + + +[ ]()()()()()()()()

(1.69)Thus

21xF Nl

is given by

20Chapter 1

2 2 2 2 518 19 49

1 1 1

xF xF xF xuxuxdxd xsxs xcxc

N p n l l l = +

( ) = + + + ( )

+ +

( ) + + ( )

(1.70)Assuming that the value of

R L T= s s

is the same for the electromagnetic neutral-current and weak charged-current structure functions, the ratio of

2 2 1 1xFxFN Nl n

isequal to

F F N N2l n

:

FxsxsxcxcqN2 518 1 35ln = - + - -+�Ł� �ł�

(1.71)This relationship is known as the �5/18ths rule,� and will be used in Chapter 8 to comparethe charged-lepton structure functions to the results of this analysis.The structure function

xF3

, associated with the parity-violating weak interaction,represents the momentum density of valence quarks. Substituting the parton densities intoEquation 1.41 yields

xFxuxdxsxcxN V V3 2 2n = + + -( ) ( ) ( ) ( )

(1.72)

xFxuxdxsxcxN V V3 2 2n = + - +( ) ( ) ( ) ( )

(1.73)where

uV ” -

and

dV ” -

are the proton�s valence densities. The asymmetry ofthe s—c doublet results in

xFxFN N3 3n n„

. The method of extracting

, described inChapter 6, extracts the average of the neutrino and anti-neutrino distributions, so that

xF x xF x xF x xu x xd x

N N V V3 2 ( ) ( ) ( ) ( ) ( ) = + ( ) = + n n

(1.74)

Introduction21

1.2.4 The Theory of QCDThe parton model explains the scaling of the structure functions in terms of point-likeconstituents, but by itself offers no explanation for the dynamics between theseconstituents. If nucleons are made of quarks then how does one reconcile that quarks arenever observed in isolation, yet when quarks participate in high-

Q2

scattering theybehave like free particles? The need to refine the parton model was also apparent fromdetailed studies of structure functions, which found that scaling is only an approximation,and that logarithmic scaling violations are observed. QCD provides a consistent theory ofquark dynamics, explains the scaling violations of the structure functions, and providesthe detailed phenomenology of deep-inelastic scattering.The behavior of quarks as quasi-free particles in high-

processes is accommodated byQCD�s property of asymptotic freedom. Asymptotic freedom is a direct consequence ofthe non-Abelian structure of QCD. In a non-Abelian theory the gauge particles self-interact; that is, both the quarks and the gluon carry a color charge. Quarks are confinedto hadrons because the self-interactions of the gluons tend to anti-screen a color charge,so that the strong force between two quarks increases as the distance between the twoquarks gets larger. However, at shorter distances (equivalent to high

), the strongcoupling

aS

decreases, so that as

Q2 fi ¥

,

aS fi 0

.1.2.4.1 RenormalizationWhen perturbatively calculating a cross-sections, the inclusion of higher-order diagramsleads to terms that are ultraviolet divergent. The purpose of renormalization is to removethese infinities in a systematic way. Renormalization [Alt82] involves introducing a freeparameter

m2

, the renormalization scale, where m has dimensions of mass. This scale iscompletely arbitrary, and different choices of

in the perturbative expansion are

22Chapter 1 possible. The set of rules that specify the value of

m2

for each divergent diagramdescribes the renormalization scheme that is used. The most commonly-used scheme isthe modified minimum-subtraction (

MS

) scheme, and in a minimal-subtraction scheme mis chosen to be the same for every divergent integral.A calculation of an observable quantity, like a cross-section, must be independent ofthese arbitrarily-chosen renormalization schemes and scales. This requirement iscontained in the renormalization group equation

mdd M = 0

(1.75)the renormalization group being the set of all rescalings of

. To next-to-leading-order,the renormalization scale dependence of the strong coupling

aS

is given by the betafunction

mambpambpamd dS S S2 0 2 2 1 2 3 22 8( ) = - ( ) - ( )

(1.76)where the coefficients are given by

b 011 2 3= - n f

(1.77)

b 1102 38 3= - nf

(1.78)and

nf

is the number of quark flavors.Solving Equation 1.76 for

amS ( )2

introduces one constant of integration, which may bedenoted by

amS ( )02

. This constant is the one fundamental constant of QCD, and it isdetermined by experiment: by measuring the strong coupling at one reference momentum

Introduction23 scale

m_0^2

. QCD then predicts how the coupling runs to any other scale according toEquation 1.76.It is conventional to introduce the dimensional parameter L, and give the solution toEquation 1.76 in terms of it:

a m p b m bb mm

S ( ) ln ln lnln2021022 4 1 = ( ) · - ( ) [ ]

( ) Ø º Œ Œ ø ß œ œ L LL

(1.79)Therefore, the measurement of L is equivalent to measuring

amS( )02

. L effectively setsthe scale of the running coupling constant, and so it marks the boundary between quasi-free quarks and gluons and the hadronic bound states. Only for

Q2

values much largerthan L, where the effective coupling is small, do perturbative techniques with quasi-freepartons apply. If renormalization is carried out according to the

MS

scheme, then L isreferred to as

LMS

.1.2.4.2 FactorizationThe connection between the quarks and the gluons and the physically-observed hadronsis established by the factorization theorem of QCD [Sop89]. The factorization theoremstates that the structure functions can be decomposed into two parts, a parton distributionand a hard-scattering coefficient. The statement of the theorem is given by

WqpdzzqzMqzpMxi iN i Sab abw a m, , ^ , , ,( ) = ( ) ( )( )� 1

(1.80)The sum is over all partons i. The parton-level hard-scattering coefficient

ŵabi

is acalculable function describing the probability for scattering to take place. The parton

24Chapter 1 distribution function

q zM

iN ,^{( )}

is defined as before, where the index i indicates anindividual type of parton, N refers to a given hadronic target, z is the fraction of thenucleon�s momentum carried by parton i, and M is the factorization scale. Thefactorization scale M is distinguished from the renormalization scale m because inprinciple they can be different.The factorization theorem relies on QCD�s property of asymptotic freedom, whichpermits high-energy scattering to be calculated using perturbation theory. The partondistribution function includes all the incalculable phenomena that occur at low energyscales�the infra-red dominated contributions. These are the interactions that bind thequarks and gluons into hadrons and are not amenable to perturbative calculations. Thehard-scattering coefficient is sensitive only to momenta of order

Q2

and is ultravioletdominated. The hard-scattering coefficients are calculable using QCD�s Feynman rules.The scale

M2

, therefore, sets the separation between the long-distance and short-distanceparts of the process. A propagator that is off-shell by

or more will contribute to thehard-scattering coefficient, and below the scale will contribute to the parton distribution.The factorization

appears in the definition of the parton distributions in a similar wayto the appearance of the renormalization scale

m2

in the renormalization scheme.Using the factorization theorem, the parton distributions can be determinedexperimentally. The structure functions in the hadronic tensor

Wab

on the left-hand sideof Equation 1.80 are measured and the hard-scattering coefficients on the right-hand sideare calculated to a chosen order in perturbation theory, after making a choice ofrenormalization scheme. This way, the remaining unknown parton distributions areisolated. The parton distributions thus depend on the order and scheme used to determinethem.

Introduction25

1.2.4.3 Evolution EquationsThe parton distributions are infra-red dominated and perturbative QCD is unable topredict them outright. However, once the parton distributions are measured at onemomentum scale, QCD predicts how they revolve to any other scale. The evolution ofparton distributions is governed by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisievolution equations [Alt77, Dok78, Dok80, Gri72]:

dqxMdMdyyqyMPxyNS S NSx qq( , )ln ( ) ( , )22 2 212= �Ł� �ł�a mp

(1.81)

dqxMdMdyyqyMPxyGyMPxyS S S qqS qGx( , )ln ( ) ( , ) ( , )22 2 2 212= �Ł� �ł� + �Ł� �ł�ØºŒ øßœ�a mp

(1.82)

dGxMdMdyyqyMPxyGyMPxyS S Gq GGx( , )ln ( ) ( , ) ( , )22 2 2 212= �Ł�ł�+ �Ł�ł�ØºŒ øßœ�a mp

(1.83)where

qNS

=

qi ii -�

=

udV V+

(1.84)

qS

=

qi ii +�

(1.85)G is the gluon distribution, and the �splitting functions�

P x y

ij ()

are the probability thatparton j with momentum y will be resolved as parton i with momentum x˚<˚y. Thus theparton distributions evolve according to the radiative processes available to them. Notethat the evolution of the non-singlet quark distribution does not depend on the gluondistribution. The diagrams for the leading-order splitting functions are shown in Figure

26Chapter 1

1.3, and the diagrams for the next-to-leading-order splitting functions are shown in Figure1.4.

qgPGqgPGGqgPqqqgPqGFigure 1.3: The leading-order splitting function diagrams.

qPGqgPGGPqqqgqgPqGFigure 1.4: The next-to-leading-order splitting function diagrams.

Introduction27

1.2.4.4 Hard-Scattering IntegralsUsing the factorization theorem of Equation 1.80, the measured structure functions arerelated to parton distributions, which evolve according to the evolution equations. Thestructure functions are found by convoluting the parton distributions with the hard-scattering coefficients:

FxQdyCxyMqxMq NSx3 2 3 2 21( , ) , ( , )= �Ł� �ł�ØºŒ øßœ�

(1.86)

xFxQdyCxyMqxMCxyMGxMq S Gx- = �Ł� �ł� + �Ł� �ł�ØºŒ øßœ�1 2 2 2 2 2 2 2 21( , ) , ( , ) , ( , )

(1.87)where the

Ci

are the hard-scattering coefficients. The QCD behavior of the partondistributions�their evolution with scale�leads to the logarithmic scaling violationsobserved in the measurements of the structure functions.The general relations between the partons and the structure functions given abovesimplify considerably at leading order. At leading order, the hard-scattering coefficientsof the quark terms are proportional to

d 1-( )x y

and the coefficient of the gluon termvanishes. Hence, the leading-order quark assignments are simply

FqS2 =

and

xFqNS3 =

. At NLO the parton assignments for the structure functions become morecomplicated and gluons are also involved.1.2.4.5 QCD ScalesAs with all applications of perturbative QCD, a theoretical uncertainty is associated withthe choice of factorization and renormalization scales. A cross-section calculation done to

28Chapter 1 all orders in

a S

would be independent of scale. However, some scale dependence isunavoidable for any calculation done to finite order in

aS

.The choice of a scale when performing a calculation must be similar to a physical scalepresent in the process. In the case of deep-inelastic scattering, the

m2

scale should be oforder

Q2

, the momentum transferred in the hard scattering. This is necessary becausehigher-order terms include logarithms proportional to

ln Qm( )

, and an unsuitably smallchoice of scale will mean that truncating these terms from the perturbative expansion isinvalid. The convention is to choose Q = m so that the˚ terms vanish in allorders. It is also conventional to choose the factorization scale M = m = Q.The error in the measurement of

due to the choice of the renormalization andfactorization scales in deep-inelastic scattering has been investigated [Vir92, Mar91]. Theresults of those studies are included as a theoretical error in the measurement of

bythis experiment (see Chapter 7).1.3 Analysis Overview1.3.1 The Data SampleThe CCFR collaboration performed two neutrino deep-inelastic scattering experiments atthe Fermilab Tevatron. High-energy muon-type neutrinos and anti-neutrinos wereprovided using the Fermilab Quadrupole Triplet beamline, which focused pion and kaonsecondaries produced in collisions of 800 GeV protons on a BeO target, before allowingthem to decay in flight. Neutrino interactions were detected in the CCFR steel-scintillatortarget calorimeter, which was separated from the neutrino source by approximately onekilometer of earth and steel.

Introduction29

The unmagnetized CCFR target calorimeter is instrumented with liquid scintillatorcounters and drift chambers. In charged-current events, the angle of the muon and thetotal hadronic energy are measured in the target. The target is followed by a toroidalmagnetic spectrometer, which includes drift chambers and provides the muon momentummeasurement.Approximately 3.7 million charged-current event triggers were analyzed. Since the fluxof the neutrino beam cannot be directly measured, the flux is derived from a sample ofevents with low hadronic energy. From the flux and the number of observed events, thestructure functions can be determined; about 950,000 neutrino-induced and 170,000 anti-neutrino-induced events were selected for inclusive nucleon structure-functionmeasurements.Once the structure functions are known, their

Q2

evolution can be compared against thetheory of perturbative quantum chromodynamics. This yields a measurement of the QCDscale parameter L and hence the value of the strong coupling,

aS

. The coupled evolutionof the non-singlet and singlet quark distributions also yields a measurement of the gluondistribution.1.3.2 Synopsis of This ThesisThe chapters of this thesis are organized as follows: The experimental setup, includingthe accelerator facilities at Fermilab and the CCFR detector, is described in Chapter 2.The calibration of the detector and the principles of event reconstruction are described inChapter 3. Chapter 4 describes the corrections made to the data, including the correctionsfor detector acceptance and resolution. The flux extraction procedure is discussed inChapter 5. The procedure for extracting structure functions, including the statistical and

30Chapter 1 systematic errors, is described in Chapter 6. In Chapter 7 the structure functions arecompared against the theory of QCD, and a precise measurement of

aS ZM( )2

is made inthe context of that theory. The structure functions and the QCD measurements arecompared against measurements from other experiments in Chapter 8, which alsopresents the final conclusions of this thesis.1.3.3 Prior AnalysesThe structure-function analysis presented in this thesis is the latest in a series of analysesperformed on neutrino data collected by the detector in Lab E at Fermilab. FNALExperiment E616 [Mac84a, Pur84] used a narrow-band neutrino beam with a maximumincident proton energy of 400 GeV. The statistics of the experiment were limited by thelow flux of the beam and the use of spark chambers, which could only record oneneutrino event per �ping� in the accelerator cycle. E701 used the same beamline as E616,but added a second upstream detector to search for neutrino oscillations [Sto85]; astructure-function analysis on the combined E616/E701 data sample was also performed[Olt89].In contrast, FNAL Experiments E744 and E770 were performed using the Tevatron,which provided an 800 GeV incident proton energy. The Quadrupole Triplet beamlineprovided a wide-band high-intensity beam of mixed neutrinos and anti-neutrinos. Thestatistics were further increased by replacing the spark chambers with drift chambers inthe Lab E detector, which can record multiple events per ping.A structure-function analysis on the combined E744/E770 data sample has previouslybeen presented [Leu91, Qui92, Qui93]. The analysis in this thesis improves upon theprevious analysis in several respects:

Introduction31

¥The hadronic energy and muon energy calibrations now come directly from test beamdata accumulated during the E744 and E770 neutrino runs. In the previous analysis, atechnique called �relative calibration� was used to adjust the measured test beamcalibrations. This technique was dropped for this analysis, since the results wereshown to have large systematic uncertainties.¥The event analysis has been improved. In particular, the energy loss of the muon inthe calorimeter is now more accurately modeled.¥The previous analysis used the radiative corrections due to de Rujula [Ruj79], whichonly included the effects of energy loss due to electromagnetic radiation by theoutgoing muon. The present analysis uses the radiative corrections due to Bardin[Bar86], which includes the effects of electromagnetic interactions with the struckquark.¥In the previous analysis, the value of R used was that from a parameterization of datataken only at SLAC. The current analysis uses a value of R determined from a globalfit the world�s available measured data on R [Whi90b].¥The previous analysis used the strange sea determined from the E744 data only[Fou90]. The current analysis uses the strange sea determined from the combinedE744 and E770 data sample [Rab93].¥The earlier analysis only presented the results of a non-singlet QCD evolution. Thisthesis also presents the results of a simultaneous QCD fit to the non-singlet andsinglet structure functions, which not only reduces the statistical error on

LMS

, butalso provides information on the gluon content of the proton.

32Chapter 1

¥The previous analysis did not include higher-twist effects in the QCD fits, apart fromcorrection for target mass. These effects are accounted for in the present analysis.¥The systematic error study has been expanded from the study presented in theprevious analysis. In addition, the systematic errors have been incorporated into theQCD fits to produce a precise measurement of

aS ZM( )2

from deep-inelasticscattering.