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Chapterr 1 

Charged-currentt neutrino-nucleon 
scattering g 

Inn the standard model of electro-weak and strong interactions, the neutrino is an el-
ementaryy particle with no electric charge, no magnetic moment and zero mass [1]. It 
interactss with matter only via the weak interaction. The neutrino has a well-defined 
helicityy state: its half-integer spin is always aligned against its direction of motion, 
andd for anti-neutrinos along its direction of motion. Recent evidence for neutrino os-
cillationss [2] indicates a small but non-zero neutrino mass. However, for the neutrino 
scatteringg described here, a possible non-zero mass is small enough to be neglected. 

Neutrinoo interactions are classified as neutral current (NC) or charged-current (CC) 
reactions.. In a NC reaction, a neutral Z boson is exchanged between the neutrino and 
thee target. In a CC reaction, a charged W boson is exchanged, and the neutrino 
transformss into the corresponding charged lepton. 

Thee reactions studied in this thesis are the CC interactions of muon neutrinos (u^) 
andd muon anti-neutrinos (pp) with the nucleons of a lead target: 

i/„„  + JV - 1M-+X, (1.1) 

V^V  ̂+ N - / z+ + X , (1.2) 

wheree N is the target nucleon, either a proton or a neutron, /i~(/i+) a muon with a 
negativee (positive) charge, and X is the hadronic final state. The corresponding diagram 
iss shown in Figure 1.1. The energy and momentum of the neutrino, the nucleon, the 
muonn and the hadronic final state are written in four-momentum notation, indicated 
byy k, p, k? and pf, respectively. The transferred four-momentum k — kf = p' — p is 
indicatedd by q in Figure 1.1. If the nucleon is broken up in the reaction, the hadronic 
finall  state consists of a shower of hadronic particles, and the reaction is referred to as 
deepp inelastic scattering (DIS). If the target nucleon is left intact, the reaction is called 
quasi-elasticc (QE). 

Inn the analysis presented in this thesis, only the muon energy, the muon scattering 
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Figuree 1.1: Diagram of the charged-current interaction of a neutrino on a nucleon (left) 
andd the corresponding representation in the laboratory system (right). 

angle,, and the total energy of the hadronic final state are measured. This is referred to 
ass an inclusive study, in contrast with an exclusive study, where all final state particles 
aree analyzed individually. 

Thee inner structure of the nucleon can be studied by analyzing the differential 
cross-sectionn of the scattering process. It has been found that DIS can be described 
byy elastic scattering off the point-like constituents of the nucleon, namely quarks and 
gluons.. The dynamics of the quarks and gluons can be described by Quantum Chromo 
Dynamicss (QCD), the theory of the strong interaction. 

1.11 Kinematics of charged-current neutr ino inter-
actions s 

Inn the inclusive study of a neutrino-nucleon interaction, the kinematics can be fully 
describedd by a set of three independent variables, usually selected from: the energy 
off  the incoming neutrino in the laboratory system, E„,  the inelasticity, y = f2-, the 

squaredd four-momentum transfer, Q2 = -q  q, the Bjorken scaling variable, x = £ - , 
andd the invariant mass squared of the hadronic final state, W2 = p'  p'. 

Thesee variables can be reconstructed from three quantities measured in the labora-
toryy system: the muon momentum, p^, the scattering angle, #M, and the energy of the 
hadronicc final state, Ehad'-

EEuu = Ep + Ehad, (1.3) 



1.2.1.2. Neutrino structure Junctions 3 3 

yy = ^ , (1-4) 
EEvv ' 

E E 

QQ2 2 

QQ22 = 2E„{E ti - Vy. cos0M) - m2 « 4£„p„  sin2 -0M> (1.5) 

xx = - , (1-6) 
2Mjv£?ftod d 

WW22 = M2
N - Q2 + 2 M N E W , (1.7) 

wheree it is assumed that the target nucleon is at rest in the laboratory system, and 
thatt the measured energy of the hadronic final state does not include the mass of the 
targett nucleon. In this analysis, the energy of the hadronic final state is measured with 
calorimetricc techniques, which are not sensitive to the rest mass of the nucleon in the 
targett remnant. The approximation for Q2 holds for Q2 » m2. 

Thee kinematically allowed ranges for x and y are: 

00 < x < 1, (1.8) 

00 *  v* TTW-
 (L9) 

Thee upper limi t on y follows from the upper limi t on Q2, 4E„Eh at 0M = 180°. In 
practice,, the accessible kinematic domain is more strongly restricted by experimental 
acceptance. . 

1.22 Neutrino structure functions 

Inn the single W exchange approximation, the cross-section of neutrino-nucleon scatter-
ingg can be described in terms of three structure functions that depend on two variables 
only,, namely 2xFi{x,Q2), F2(x,Q2) and xF3{x,Q2) [3]. The differential cross-section 
ass a function of E„,  x, and y can be expressed as: 

d*ad*a GlMNEv f l  2 o r. . /i A^JVXJ/ . 1 ^ n 

dxTydxTy = ,(1 ÏWUW W  2XF>  + {1~y- -2E7)F> ~ 2 y )XF> 
 .(1-10) 

Inn the kinematic regime of this analysis Q2 < M& . Therefore, the factor (1 + Q2fMyV)~2 

wil ll  be omitted in the following. The parity violating contribution to the neutrino-
nucleonn cross-section, absorbed in xF3, changes sign between neutrino and anti-neutrino 
interactionss and contributes only in weak interactions. 

Thee structure functions are in principle different for the different types of beam 
particless (neutrino or anti-neutrino), yielding a total of 6 neutrino-nucleon structure 
functionss per target. 
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1.33 The quark-parton model 

Inn the description of the neutrino-nucleon differential cross-section in terms of struc-
turee functions, no assumption is made about the underlying structure of the nucleon 
involvedd in the interaction. It has been observed that structure functions depend only 
weaklyy on Q2, which is usually referred to as approximate scaling. This observation can 
bee understood in terms of elastic scattering off point-like constituents, called partons. 
Inn general, a parton carries a fraction £ of the nucleon four-momentum. If the mass of 
thee parton is small with respect to the energy transfer, (£p)2 « (£p + q)2 « 0, it follows 
thatt £ = ^- = x. 

Itt has been found that, to a good approximation, 2xF\ = F2, which can be at-
tributedd to the spin-̂  character of the partons. This is referred to as the Callan-Gross 
relation.. Consequently, the partons can be identified as the quark constituents of the 
nucleon.. The differential cross-section of neutrinos on free quarks is [1]: 

£ < * « > - J < » > - ^ .. (LI D 

.. <"»> 
wheree svq is the center-of-mass energy of the neutrino-quark system. The factor (1— y)2 

describess the suppression of the scattering cross-section in the weak interaction between 
twoo states of opposite helicity. The center-of-mass energy of the neutrino-quark system 
iss related to that of the neutrino-nucleon system, SVN, by svq = £siwv = 2MNEV^. 

Thee quarks are dynamic constituents of the nucleon and do not have a fixed four-
momentum.. This is described by the momentum weighted quark distribution function 
<?(£),, such that £-1<?(0 £̂ isthe number of quarks in the nucleon with a four-momentum 
fractionn between £ and £ + d£. 

Thee (anti-)neutrino-nucleon cross-sections can then be described in terms of quark 
distributions: : 

(Pa" (Pa" 
dyd£ dyd£ 

== ^ ^ ( 2 « ( 0 + 2? (? ) ( l - l / )2 ) , (1.13) 

g - ^ ( « 0 ( 1 - r ff  + * € > ) . > 
Comparingg these equations to Equation 1.10, it can be seen that the structure functions 
aree related to the quark distributions as: 

2xF2xF11=F=F 22 = 2(q + q), (1.15) 

xFxF33 = 2{q-q), (1.16) 

wheree the term 4^p has been neglected. In charged-current interactions, neutrinos only 
scatterr off quarks with negative charge (d, ü, s, and c), while anti-neutrinos scatter 
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onlyy off positively charged quarks (d, u, s, c). The two other known quark flavors, 6 
andd t, are too heavy to play a role in this study of neutrino-nucleon scattering. We 
thuss find that 

2xF?2xF? = F% = 2{d + ü + s + c), (1.17) 

2xFf2xFf = i f = 2{d + u + s + c), (1.18) 

xF%xF% = 2{d-ü + s-c), (1.19) 

xFfxFf = 2{-d + u-s + c). (1.20) 

Accordingg to the static quark model, a nucleon is composed of three valence quarks: 
thee proton has two u and one d, and the neutron has one u and two d. Dynamic 
processess in the nucleon account for the other constituents: gluons and sea quarks. 
Sincee the neutron and the proton form an isospin doublet, their parton distributions 
aree related: un = cP\ cT = up, ü*  = cf and <T = W. 

Itt is customary to define the isoscalar neutrino structure functions, 2xFf, F^, and 
xF$xF$ , which are the averages of the proton ancHhe neutron structure functions! 

2xF%2xF%NN = F%N = d? + ~tf' + vF vF + v? + 2sp + 2<?, (1.21) 

2xFf2xFfNN = FlN = d" + 7 + up + 1 / -I- 2^ + 2c", (1.22) 

z J ^""  = <P - 7 + v? - If + 2s" - 2* \ (1.23) 
xF%xF%NN = (F-T + up-vF-2sp + 2(f. (1.24) 

Assumingg a symmetric sea, s = s and c=c, it follows that 2xF£N - 2xF?N and F%N = 
F%F%NN.. The difference of the structure functions xF3 for neutrinos and anti-neutrinos, 
AxF^AxF  ̂ = xF%N - xFfN, is 4(s - c), which is in general non-zero. 

I tt has been observed that the Callan-Gross relation is not exact; violations are 
usuallyy expressed in terms of R: 

wheree R can be interpreted as the ratio of the longitudinal and transverse cross-section, 
O-O-LL/CTT-/CTT- Non-zero values of R can be attributed in large part to higher order scattering, 
involvingg gluons, and to intrinsic transverse momenta of the nucleon constituents, which 
aree not accounted for in the naive parton model. 

1.44 QCD and scaling violations 

Inn the naive parton model it is assumed that the nucleon constituents behave like free 
particless that interact only with the neutrino. The structure functions then depend 
solelyy on x. This is referred to as Bjorken scaling. Violations of this scaling behavior 
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havee been observed in earlier measurements of structure functions. Scaling violations 
cann be described in terms of Quantum Chromo Dynamics (QCD). In QCD, the massless 
spin-11 gluon is responsible for the strong force. 

Thee QCD evolution equations describe how the parton distributions evolve with the 
energyy scale, Q2. These equations are most transparently expressed when the parton 
distributionss are written as a gluon distribution G, a singlet distribution qs = Yl{q + <?), 
andd a set of non-singlet distributions qNS, for example the valence quark distributions. 
Inn neutrino scattering, F2(x, Q2) is closely related to the singlet distribution, whereas 
xFs(x,xFs(x, Q2) is a non-singlet distribution. The Q2 evolution of non-singlet distributions 
iss independent of the gluon distribution: 

dqdqNSNS(x,Q(x,Q22)) = o^Q2) fi dz 

dln(Qdln(Q22)) 2TT / y ^ ^ ^ ) ,, d-26) 

wheree as is the coupling strength of the strong interaction and Pqq is the quark-quark 
splittingg function. QCD predicts that as is large at small Q2, and becomes smaller 
towardss larger Q2. The singlet and the gluon distributions evolve according to a set of 
coupledd equations, which involve three more splitting functions Pqc, JP<39, and PGG-

dqdqss(x,Q(x,Q22)) as(Q
2) 

d\n{Qd\n{Q22) ) 

dG{x,QdG{x,Q22) ) 
2-n2-n Jx 

lldz dz 

z z 

idz idz 

qH^QqH^Q22)P)Pqqqq(f)+G{z,Q(f)+G{z,Q22)P)PqGqG(^' (^' (1.27) ) 

d\n(Qd\n(Q22)) 2TT II  ~ [QS(Z, Q2)PGq ( f ) + G(zt Q2)PGG ( f ) ]  (1-28) 

Thee splitting functions describe for example the gluon radiation off a quark. They 
correspondd to the probability that a parton carrying a four-momentum fraction x at 
loww Q2, may divide its four-momentum at higher Q2 over two partons, each carrying a 
smallerr four-momentum fraction. In general, the parton distributions evolve in such a 
wayy that they are more concentrated at low x when probed at higher Q2. 

Thee splitting functions can only be calculated as a perturbative expansion series 
upp to a finite order in a3. At low Q2, where a3 is large, the dynamics of the parton 
distributionss is poorly described by perturbative QCD. Deviations from perturbative 
QCDD at low Q2 are usually expressed as higher twist coefficients, which introduce terms 
h(x)/Qh(x)/Q2n2n in the structure functions. 


