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Chapterr 1 

Deepp inelastic scattering 

1.11 Introduction 

Thee internal structure of the proton can be investigated by exposing protons to a bombardment 
withh pointlike particles. This bombardment can lead to a process called deep inelastic scattering 
(DIS).. At the HERA collider in Hamburg DIS is realised by colliding highly energetic protons 
andd positrons. In these collisions the positron and the proton interact via the exchange of 
aa gauge boson. As a result the proton breaks up into a large number of particles and this 
debriss can, in principle, be measured, together with the scattered positron. Two main types of 
interactionss can be distinguished: 

ee++ p^ep^e++ XX and e+p-+veX (1.1) 

wheree X denotes the hadronic particles that result from the break-up of the proton. The first 
processs is referred to as neutral current (NC) DIS as the exchanged gauge boson has no charge, 
beingg either a photon or a Z particle. In the second process a W boson is exchanged and the 
initiall  state positron yields a final state antineutrino. This process is called charged current 
(CC)) deep inelastic scattering. 

Inn figure 1.1 a schematic diagram is shown of the deep inelastic scattering process. The 
incomingg positron e+ with four-momentum k and the incoming proton p with four-momentum 
PP interact via the exchange of a gauge boson (7, Z, W*). In the interaction the gauge boson 
doess not couple to the proton as a whole but to one of its constituents. The other constituents 
inn the proton do not participate in this part of the collision process. Therefore, the interaction 
cann be regarded as elastic scattering between a positron and a parton in the proton. After 
thee pointlike interaction the final state will contain a positron or an antineutrino, depending 
onn the charge of the mediating gauge boson. The parton that was hit by the boson will be 
knockedd out of the proton and hadronise into the so-called current jet. The other constituents 
off  the proton that did not take part in the interaction will also hadronise and form the proton 
remnant. . 

Thee scale of the interaction, Q2, is given by the square of the four-momentum q of the gauge 
boson: : 

Q22 = _q2 = _(fc _ ky = _ ( p / _ py > 0 (L2j 
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F i gu ree 1.1: a schematic view of a deep inelastic scattering event. 

Heree k' is the four-momentum of the final state lepton and P' is the four-momentum of the 
hadronicc final state consisting of the proton remnant and the current jet. The variable Q2 sets 
thee length scale A at which the proton is probed: 

A ~ ^ == (1.3) 

Heree results wil l be presented that correspond to Q2 values up to 20000 GeV2 or, equivalently. 
too distances of the order of 10~3 fm, about one thousandth of the radius of a proton. 

Thee measurements that wil l be presented are restricted to inclusive deep inelastic scattering. 
Thiss means that no attempt is made to identify individual particles in the hadronic final state 
X.X. The kinematics of an inclusive DIS event are described by two independent variables, one 
off  which is the scale Q2. The second, independent, quantity that is often used is Bjorken-a-
whichh is defined as 

*=Sr*=Srqq (") 
Notee that both Q2 and x are Lorentz-invariant quantities and thus valid in every reference 
frame.. In the "infinit e momentum" frame of the proton in which the masses and transverse 
momentaa of the partons can be neglected, x can be identified as the fraction of the momentum 
off  the proton carried by the struck parton. In the proton rest frame the variable y which is 
definedd as 

iss equal to the fraction of the energy of the positron that is transferred to the proton. The 
threee kinematic variables x, y and Q2 are related as 

QQ22 = sxy (1.6) 
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wheree the square of the centre-of-mass energy y/s is given as s = {P + k)2. This relation is only 
validd if s > m2 with mp the mass of the proton. 

Thee invariant mass W of the hadronic final state X and thus the centre-of-mass energy of 
thee V*p system (V = 7, Z, W*) is given by 

WW22 = (Pff = Q 2 )  ̂ + m2
p (1.7) 

1.22 Cross sections 

Thee electroweak Born cross section for the neutral current DIS process e p  ̂ e  X can be 
expressedd in the following form 

d<Td<T"" C{C{/n2/n2P)P) = 2JTÏ lY+  *?(*,Q2) - y2m*.Q2) =F y-**?{*,Q 2)]  (1-8) 
dxdQdxdQ11 xQ4 

wheree  = 1 -y)2 and a is the QED coupling constant which equals 1/137 at Q2 = 0. The 
partonicc content of the proton that enters the cross section is parametrised by three structure 
functionss Ft. In the quark-parton model (see section 1.4) they are given by 

*?(*.Q 2)) = 5 > « ( Q2 ) {xq(x,Q2)+xq(x,Q2)]  (1.9) 

22)) = ^B9(Q2) [ ^ (x ,Q2) -xg- (a ; ,Q2) ] (1.10) 

Ff{x,QFf{x,Q22)) = 0 (1.11) 

wheree the sum runs over all quark flavours q in the proton. The functions q(x, Q2) describe the 
densityy of quark flavour q inside the proton. The xF3 term only has contributions due to pure 
ZZ exchange and due to the jZ interference. The structure function FL arises from the exchange 
off  longitudinal photons and is thus absent in the quark-parton model. The coefficients Aq and 
BBqq contain the dependence on the vector and axial vector couplings of the photon and the Z 
particlee to the scattered lepton and quark: 

MQMQ22)) = e2
q + 2elvleqvqV(Q2) + (v? + a2)(v2+a2)V2(Q2) (1.12) 

BBqq{Q{Q22)) = 2elaleqaqV{Q2) + AvlalvqaqV
2{Q2) (1.13) 

Thee three terms in Aq describe the pure photon exchange, the 7Z interference and the pure Z 
exchange,, respectively. The latter two are heavily suppressed at low Q2 due to the propagator 
functionn V{Q2) given by 

11 Q2 

V{Q2)V{Q2) = 4 sin2 9W cos2 9WQ2 + M\ ( L 1 4 ) 

whichh contains the ratio of the photon propagator to the Z propagator. Likewise the xF3 

contributionn to the cross section at low Q2 is negligible. 
Thee vector and axial vector couplings Vf and a f can be expressed as 

vvff = T3f-2efsm20w ; af=T3f (1.15) 
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InIn these equations e ƒ is the charge of fermion ƒ in units of the proton charge. T3f is the third 
componentt of the weak isospin vector: T3{ — 1/2 for v, u and Ty = -1 /2 for e~, d. Under 
chargee conjugation it changes sign so that T3f = - 1 /2 for P, ü and 1/2 for e+, J. 

Thee double differential electroweak Born cross sections for the charged current DIS processes 
e~e~ p —> ue X and e+ p —> PeX are given by 

-^W-^W11 = i^wrkr[Y+ wf{x'Q2) ~y2wt{x'Q2) T Y- xW> 'Q2)] (116) 

wheree W* are structure functions analogous to the Ft that appear in the neutral current DIS 
crosss section, formula 1.8. The mass of the W boson is 80.41 GeV and the factor GF is the Fermi 
couplingg constant, equal to 1.6639 x 10"5 GeV-2 [1]. Note that in the absence of electroweak 
radiativee corrections the following relation holds 

2 7 r ^ - 4 s i n4 ^^ ( L 1 7 ) 

Thee charged current structure functions Wx are given by 

W+(x,QW+(x,Q22)) = Y, *«/(*,Q2) + E *Q(x>&)  (1-18) 
q=d,s,bq=d,s,b q=u,c,t 

xW+(x,QxW+(x,Q22)) = Y, X(lM2)- E xï(x><?)  (1-19) 
q—d,s,bq—d,s,b q=u,ctt 

WW22-(x,Q-(x,Q22)) = Y ^ ( x , Q2 ) + Y ^ ( ^ ,Q2) (1-20) 
q=u,c,tq=u,c,t q=d,s,b 

xW,{x,QxW,{x,Q22)) = Y W^Q2)- E *ï(x><?)  (1-21) 
q=ii,c,tq=ii,c,t q=d,s,b 

whilee Wf;{x,Q2) = 0 in the quark-parton model. The contributions from bottom and top to 
thee structure functions can safely be neglected in charged current scattering at HERA energies. 
Notee that in neutral current scattering all quark and antiquark flavours contribute to the cross 
sectionn while charged current scattering is only sensitive to certain combinations of quark and 
antiquarkk densities. Substituting the structure functions into equation 1.16 yields 

dodocccc(e(e++ p)p) G2 A/4 r, x9, 

^x~W^x~W  = ^WTMÏV 2^- y)ixd+xs) + xü + x^  (h22) 

duducccc{e-p){e-p) Gl M*  r, ,„ , -

^x~W^x~W = ^xW^MÏ)~ 2[{1~y){xd+Xë)+XU + Xc] (L23) 

Thee factor (1 - y)2 is a direct consequence of the V - A structure of the weak interaction. 
Measurementss of the charged current cross section and structure functions have been re-

portedd from neutrino scattering experiments on hydrogen, deuterium and other nuclear tar-
getss [3]. These fixed target experiments typically explore the region 0.1 GeV2 < Q2 < 200 GeV2 
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andd 0.01 < x < 0.7. First measurements of the charged current cross section at higher values 
off  Q2 have been presented previously by the ZEUS and HI collaborations [4, 5, 6]. These 
measurementss comprise both e~p and e+p scattering and extend the kinematic range by about 
twoo orders of magnitude in Q2. 

1.33 Electroweak radiative corrections 

Thee expressions 1.8 and 1.16 for the neutral current and charged current DIS cross sections 
havee to be modified to account for the presence of higher order electroweak interactions. In 
thee analysis of the experimental data this additional contribution to the cross section has to be 
separatedd from the lowest order electroweak Born cross section in order to get the most direct 
informationn on the structure of the proton (see also section 7.3). 

Thee electroweak radiative corrections for the charged current process have been calculated 
byy two independent groups [7] and agree within 1%. The corrections can be divided in two 
classes.. Firstly, there are corrections involving fermionic or bosonic loops and corrections due to 
thee exchange of multiple intermediate vector bosons. The size of these corrections is dominated 
byy the W self-energy and is of the order of a few percent and increases to about 10% at high 
yy for x > 0.9. 

Secondly,, there are contributions due to the emission of a photon from either the lepton 
orr the quark legs and due to photon emission from the exchanged W boson. These three 
contributions,, however, cannot be separated as such in a gauge invariant way. Therefore, in 
theoreticall  calculations they are rearranged according to their dependence on the electrical 
chargee of the incoming particles. This yields three terms that are referred to as the quarkonic 
part,, the leptonic part and the interference term. 

Thee quarkonic contributions contain terms proportional to log(Q2/m/) with mj the mass of 
thee incoming or outgoing quark. As discussed in the next section similar divergences appear in 
thee QCD radiation of gluons, which are absorbed in the quark distribution functions. Therefore, 
alsoo the quarkonic QED radiative corrections are chosen to be absorbed in this way. The 
interferencee term can be neglected as it only gives a contribution less than 1% for x < 0.5. 

Thee leptonic part of the purely photonic radiative corrections contains terms proportional 
too log(<52/me) w ^ n me the electron mass. This part dominates the size of the total electroweak 
radiativee corrections to the charged current cross section. For x around 0.1 the correction 
rangess from —20% at low y to 10% at values of y close to 1. 

Currently,, two programmes incorporating the full 0(a) electroweak corrections, EPRC [8] 
andd HECTOR [9], are available. They have been compared in [10] and the agreement between 
thee two is satisfactory except in the region where x < 0.01, y < 0.05 and in the region 
abovee x = 0.9 for all y where a maximum difference of 2% is observed. The drawback of 
thesee programmes, however, is that they are not suitable for experimental applications since 
thee possibility to apply experimental cuts has not been implemented. Moreover, they can 
onlyy use kinematic variables calculated with the information from the scattered lepton while 
inn the experimental analysis of charged current DIS the hadronic side of the event has to 
bee used (see also chapter 6). These two restrictions are circumvented in the Monte Carlo 
programmee HERACLES [11]. This programme, however, uses an approximation of the radiative 
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correctionss as it neglects the interference and the quarkonic terms in the photonic corrections. 
Ann agreement with EPRC is achieved at the level of 1% at low x but a difference of the order 
off  3% is observed at x = 0.4 [12]. 

1.44 Quark-parton model 

Inn the naive quark-parton model the proton is regarded as a collection of non-interacting partons 
whichh can be identified with the quarks. The lepton-proton scattering cross section is then an 
incoherentt sum over all elastic lepton-parton scattering cross sections. For neutral current 
scatteringg in the absence of Z exchange this yields 

wheree the sum runs over all quark flavours ƒ in the proton with charge e/. The probability 
densityy to find a quark in the proton with a fraction £ of the total proton momentum is given 
byy <?(£) It can be shown that in this model the longitudinal structure function Fi vanishes as a 
consequencee of the spin-1/2 nature of the quarks. The model also predicts that the momentum 
distributionn functions q/ and thus the cross section only depend on one dimensionless variable. 
Thiss is called Bjorken scaling and is indeed observed in the data at x ~ 0.1. 

Forr lower and higher values of x severe violations of Bjorken scaling are observed and 
thee cross section shows a dependence on the scale Q2 of the interaction. The quark-parton 
modell  can explain these scaling violations if interactions between the quarks in the proton are 
allowed.. The quarks are confined to the proton by the strong interaction as described by the 
non-Abeliann gauge theory QCD. In this theory the interaction between quarks proceeds via 
thee exchange of gluons and is described by a Lagrange density that is invariant under local 
SU(3)SU(3) transformations. This SU(3) invariance reflects the three varieties, or colour charges, 
withh which quarks occur in nature. Local invariance necessitates the introduction of eight gluon 
fields.fields. As the gluons themselves carry a colour charge they can interact mutually. This property 
off  QCD can be traced back to the non-Abelian nature of the theory. In QED, the theory that 
describess electromagnetism using an Abelian gauge theory, the photon has no self-interactions. 

Anotherr consequence of the non-Abelian nature is the effect of antiscreening. In QED the 
effectivee electrical charge of an electron increases when the cloud of virtual charges around 
thee electron is penetrated. This leads to a stronger coupling a if the scale Q2 of the inter-
actionn increases. In QCD, however, the observed coupling to the quarks is reduced when the 
colourr charge cloud is penetrated. This antiscreening effect is usually referred to as asymptotic 
freedom:: the interaction becomes weaker at higher Q2 or, equivalently, at shorter distances. 

Antiscreeningg is quantified by calculating virtual corrections to the gqq vertex which is 
basicallyy the value of the coupling constant as. To regularise the singularities a renormalisation 
scalee (i2R has to be introduced. As physical observables cannot depend on an arbitrary scale 
itit  follows, via the renormalisation group equations, that the effective couplings as at different 
valuess of the scale ^t2R are related. In DIS this scale is usually chosen as Q2. The running 
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couplingg constant as can then be expressed as 

47T T 

a* (C?2)) = (11-2^/3)108(0*/A2) ( 1 '2 5) 

wheree n/ is the number of quark flavours. A is a parameter that sets the scale above which 
perturbativee QCD can be applied. Measurements indicate a value of A between 200 MeV and 
4000 MeV. 

Althoughh the coupling of the probing gauge boson to the quarks is now dependent on the 
scalee of the interaction incoherence between the partons in the proton is still assumed. This 
leadss to the important principle of factorisation: the cross section for lepton-proton scattering 
cann be written as a convolution of universal parton density functions describing the structure 
off  the proton and a hard scattering process that describes the interaction between the lepton 
andd the quarks in the proton 

*{x,<?)*{x,<?) = YÏ f1 -*&<?>&)*&&>  &  (1-26) 

,, Jx Z Z 

Heree o is the hard scattering cross section calculable in perturbation theory. The soft par-
tonn density functions qj describe the non-perturbative part of the interaction and have to be 
measuredd experimentally. Via a redefinition of the parton densities collinear divergences orig-
inatingg from gluon radiation off quarks are absorbed in </ƒ. The factorisation scale (i2F defines 
thee boundary between hard and soft physics. In deep inelastic scattering this scale is usually 
chosenn as fj?F = [i?R = Q2. Factorisation implies that the structure functions F{ and Wi can be 
writtenn as a convolution of parton density functions and a hard interaction which is denoted 
byy the coefficient function C,j: 

F,(*,QF,(*,Q22)=)=  £ (^ r1) " " ' £ f~C$(z,Q*)q,(-z,Q
2) (1.27) 

n=i,.... ^ / f=q,q,9 x 

andd similarly for Wi(x, Q2). Here n represents the order of perturbation theory in the strong 
couplingg constant as(Q

2). Beyond the lowest order the parton densities and coefficient functions 
becomee specific for the factorisation scheme that is used. The MS scheme is favoured in the 
theoreticall  literature. For deep inelastic scattering, however, the DIS scheme is sometimes 
moree convenient. In the latter scheme the coefficient functions for the purely electromagnetic 
structuree function F2 are zero in second and higher orders in perturbation theory. 

Too first order in as the processes responsible for parton interactions are gluon radiation 
qq -»  qg from quarks or antiquarks, gluon pair production g -> g g and quark pair production 
gg —  qq. The observed scaling violations can be explained intuitively by these processes. Con-
siderr a photon (or a Z or W  particle) at a certain scale Ql (figure 1.2). At this scale the 
photonn probes the proton, with a finite resolution proportional to 1/i/Qoi  a nd s e es f° r example 
aa gluon but no interaction takes place. At a higher scale Q2 » Ql the proton is probed with 
ann improved resolution. If there would be no QCD radiation the photon would still see the 
samee gluon distribution leading to exact scaling. However, due to radiation there is a certain 
probabilityy that the photon will interact with one of the quarks from a virtual quark-antiquark 
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Figuree 1.2: an illustration of the Q2 dependence of the observed proton structure. In the left 
plotplot the proton is probed by a photon at a scale Ql but no interaction takes place between the 
photonphoton and the gluon. As the scale increases to Q2 3> Ql as in the right plot the photon sees 
aa virtual quark-antiquark pair into which the gluon might fluctuate. The dotted circles indicate 
thethe minimum length scale that can be resolved by the photon. 

pairr in which the gluon fluctuates. Thus a Q2 dependence is introduced which gives rise to 
scalingg violations. 

Thee evolution of the quark and gluon densities qj(x,Q2) and g(x,Q2) in the proton as a 
functionn of Q2 is governed by the DGLAP equations [13]: 

'I'lfU-Q'I'lfU-Q 22) ) 
dlogQdlogQ2 2 

dg(x,Qdg(x,Q22) ) 

dlogQdlogQ2 2 

aass(Q(Q2 2 

a.(Qa.(Q22) ) 
2?r r 

KK Jx 

[ [ 

dz dz 
[q[q ff(z,Q(z,Q22)P)Pqqqq{^)+g(z,Q{^)+g(z,Q22)P)Pqgqg(^)](^)]  (1.28) 

,Q,Q22)P)Pgqgq{^)+g{z.Q{^)+g{z.Q22)P)Pgggg(^) (^) (1.29) ) 

Equationn 1.28 expresses the fact that a quark with momentum fraction x could have originated 
fromm a quark with a larger momentum z that radiated off a gluon or from a gluon with momen-
tumm z that produced a quark-antiquark pair. Analogously, the second equation describes the 
changee in the gluon density due to gluon radiation from quarks or gluons. The functions Pab 
aree so-called splitting functions that are calculable from perturbativc QCD [14]. For a variation 
perr unit logQ2 the quantity (as(Q

2)/2-K)Pttb(x/z) is the probability density of finding a parton 
aa originating from a parent parton b with a fraction x/z of the momentum of the parent parton. 

Inn the region of low Q2 and high x, i.e. the region where W2 is small, the structure functions 
gett extra contributions originating from so-called higher twist effects. These originate from non-
perturbativee interactions between the scattered quark and the proton remnant. Usually these 
termss can be neglected as they vanish like (1/Q2)k

: k > 1. 

1.55 Parametrisation of parton densities 

Thee variation of the parton densities with the scale Q2 is described by the DGLAP equations. 
Thuss if the parton densities are known at some initial scale Ql they can be predicted at any 
valuee of Q2 in the region where perturbative QCD is applicable. The x dependence of the 
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partonn densities, however, is not predicted by QCD. Usually a functional form is assumed for 
thee parton densities at QQ that describes the behaviour as a function of x. This functional form 
iss then fitted to a wide variety of data including the fixed target and HERA data on structure 
functions,, the inclusive jet production measurements of Tevatron and data on Drell-Yan and 
WW production at hadron-hadron colliders. 

Onee of the groups that perform this kind of global fits is the CTEQ collaboration [15]. At 
ann input scale Q\ = 2.56 GeV2 this group uses the following functional form to parametrise the 
gluonn density g(x,Q2): 

xg{x,Qxg{x,Q22)) = A0x
Al{l  - x)M{\ + A3x

M) (1.30) 

withh five free parameters A{. The valence quark densities uv — u — ü and dv = d — d, the sea 
quarkk density and the ü + d density are parametrised similarly, each with five parameters. The 
dd — ü density is parametrised differently as 

d-ud-u = A0x
Al{l  -x)A2(l + A3^/x + Aix) (1.31) 

Somee of the free parameters are constrained when the momentum sum rule and valence quark 
summ rules are imposed. Two sets of parametrisations that are frequently used are the so-called 
CTEQ4MM and CTEQ4D parametrisations which are obtained as a result of a full NLO QCD 
fitfit  to the data in the MS and DIS scheme, respectively. Also the CTEQ4L parametrisation will 
bee used which is an identical analysis in leading order QCD. 

Inn figure 1.3 the u valence and d valence quark distributions uv and dv, the sea quark dis-
tributionn and the gluon distribution are shown as a function of x at Q2 — 100 GeV2 and at 
QQ22 = 30000 GeV2. Note that the variation in the parton densities with Q2 is only weak, illus-
tratingg that the DGLAP evolution is a function of \ogQ2. Around x — 0.5 the uv distribution 
iss dominating, being about an order of magnitude larger than the d valence distribution. The 
seaa quark distribution is on its turn an order of magnitude smaller than the dv distribution 
whilee the magnitude of the gluon density is comparable to the sea quark distribution. The 
neutrall  current DIS cross section in the high x region is therefore expected to be dominated 
byy the u quark distribution, also because |eu| = 2|e<j|. The e+p charged current cross section 
iss dominated by the d quark distribution as the u quark does not contribute. On the other 
hand,, the e~p charged current cross section is dominated by the u quark density yielding a 
crosss section that is about an order of magnitude larger than for e+p scattering. 

Twoo other groups also perform global fits to the data. The MRS group uses very similar 
functionall  forms to parametrise the parton density functions (PDFs). Here the rather old 
MRSAA and MRSH and the more recent MRST parametrisations will be considered [16, 17]. 
Thesee parametrisations use an input scale somewhat different from CTEQ, Ql = 4 GeV2 for 
MRSAA and MRSH and 1 GeV2 for MRST. 

Thee GRV group [18] has a different approach in determining the parton densities. The 
originall  idea behind these parametrisations is that at some very low scale Q2, around 0.30 GeV , 
thee proton consists only of valence quarks. As Q2 increases the gluons and sea quarks are 
generatedd dynamically through gluon radiation and splitting. It turns out, however, that it 
iss not possible to describe all relevant data with these assumptions only. To obtain a good 
descriptionn it is necessary to introduce a valence like gluon and sea quark density at the initial 
scalee <3o-

17 7 



ChapterChapter 1. Deep inelastic scattering 

*&&  ' 
K--
Ö,, -1 
HH 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

Q2=100GeV2 2 

Q2=30OOOO GeV2 

:: \ 

-- \ . sea 

dv v 

gluon n 

\ \ 

0.20.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 

Figuree 1.3: several parion density distributions as parametrised by the CTEQ4D set as a 
functionfunction of x for Q2 = 100 GeV2 and Q2 = 30000 GeV2. Shown are the valence u and valence 
dd quark distribution, the sea quark distribution and the gluon density. 

1.66 NLO QCD fit 

Thee standard parton distribution sets of the CTEQ, MRS and GRV groups do not provide 
informationn on the uncertainties in the parton densities and thus on the predicted cross sections. 
Thiss information is crucial to judge possible deviations of the data from the Standard Model 
expectations.. A NLO QCD fit to HERA and fixed target data has been performed [19] which 
doess contain estimates of the uncertainties in the extracted parton density functions. This fit 
takess into account the statistical and systematic errors on the data and all correlations. 

Thee data that go into the fit are in the first place the measurements of the proton structure 
functionn F% from ZEUS [20] and HI [21]. To constrain the fit at high x also the fixed target 
measurementss of the proton and deuteron structure functions F% and F2

d by E665, NMC, 
BCDMSS and SLAC [22] are included. Furthermore, the NMC measurements [23] of the ratio 
F2

d/F2
pp are used as well as data on xF£Fe from CCFR [24]. Finally, the data of E866 [25] on 

x(dx(d — u) in the range 0.02 < x < 0.345 are included in the fit. This asymmetry is obtained from 
measurementss of Drell-Yan production in pp and pn collisions. These data are particularly 
interestingg as they provide a constraint on the d density at high x, a region that is also probed 
byy the charged current DIS measurements at HERA. Note that the results of the measurements 
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off  the charged current cross section that will be presented are not included in the fit. 
Thee data on xF3, Ff and F^/Ff are corrected for nuclear effects [19]. In addition, the 

protonn and deuteron structure functions are corrected for higher twist (HT) contributions which 
becomee important at high x and low Q2. The effect of higher twist contributions to the leading 
twistt (LT) structure functions F2

LT which obey the DGLAP evolution is parametrised as 

FF22
HTHT = F2

LT [1 + H(x)/Q2]  (1.32) 

wheree H(x) is a fourth degree polynomial depending on x. It is assumed that H{x) is the same 
forr proton and deuteron which implies that Ff/F  ̂ is not affected by higher twist contributions. 
Noo separate corrections for target mass effects are applied so that they are effectively included in 
H(x).H(x). To reduce the sensitivity to the higher twist and target mass effects a cut W2 > 7 GeV2 

iss applied to the data. 
Thee QCD evolutions as governed by the DGLAP equations and the structure function 

calculationss are performed with the programme QCDNUM [26]. The fit uses 28 free parameters 
thatt are evaluated at an input scale Q2, chosen as 4 GeV2. A x2 minimisation is used to find 
thee best values of these parameters yielding a minimum x2 = 1540 for 1578 data points. The 
estimatedd error on the results of the fit comprises the statistical and systematic errors on the 
measurements,, but also errors originating from the uncertainties in the strong coupling constant 
as(M§),, the nuclear corrections and the charm threshold. Additional errors are included as the 
envelopp of the results of the nominal fit and various alternative fits. These alternative fits use 
e.g.. a different input scale (Q2, — 7 GeV2) or different cuts on the invariant mass W. 

Figuree 1.4 shows the prediction of the fit for the ratio d/u, or rather (d+d)/(u + u), together 
withh the estimated error. The ratio as obtained in the fit shows a behaviour d/u —» (1 — x)"1 as 
xx approaches 1 in contrast to the CTEQ group that finds d/u —>  0 at large x. The possibility 
off  a larger d/u ratio than previously assumed has been of interest in recent years, see for 
examplee [27] and [28]. In [27] a reanalysis of deuteron data is presented that takes into account 
thee most recent knowledge of Fermi motion, nuclear binding effects and nucleon off-shell effects 
inn the deuteron. This analysis yields a non-vanishing d/u ratio as x approaches 1. In [28] a 
NLOO analysis is performed on the NMC F2/F2 data [23] to extract d/u. From these data the 
ratioo F2+n/F  ̂ is extracted by applying the nuclear binding correction F*/F !%JrV that has been 
extractedd emprically from SLAC data [29]. At high x this corrected Ff+"/F% is not described 
byy the standard parton density parametrisations of MRS and CTEQ. Since the u density is 
relativelyy well constrained by the HERA measurements a correction term is added to the d 
densityy which is parametrised as 

xd'xd' = xd + B(x + l)xu (1.33) 

withh B = 0.1  0.01. This modification also yields a finite d/u ratio of 0.2  0.02 when x 
approachess 1 as illustrated in figure 1.4. However, the NLO QCD fit [19] obtains a similar 
resultt without any modification. If a term as in equation 1.33 is added in the fit  with B as a 
freee parameter a value B = —0.02  0.01 is found, thus close to zero. Of course, in view of the 
largee uncertainty in the d/u ratio at high x it is not possible at present to discriminate between 
thee various scenarios. 
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Figuree 1.4: the ratio (d + d)/(u + u) as a function of x at Q2 = 1000 GeV2 as predicted by the 
NLONLO QCD fit (full line). The shaded band shows the uncertainty on the predicted ratio. The 
otherother curves show the LO CTEQ4D prediction (dot-dashed curve), the LO CTEQ4Mprediction 
(dashed(dashed curve) and the prediction of CTEQ4M modified according to [28] (dotted curve). 
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