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Abstract 

Parton distributions play an essential role in the QCD parton model in studies of all high 
energy processes in physics of the 1990’s. The primary source of information on parton 
distributions is from structure functions measured in deep inelastic scattering experiments. 
In this report we: (i) review the current status of deep inelastic scattering experiments; (ii) 
closely examine common experimental practices and diverse analysis assumptions; (iii) 
evaluate the efficacy of currently used parton distribution parametrizations; (iv) report on 
our efforts to compile an extensive database on structure functions and to initiate a 
comprehensive study of the extraction of parton distributions from them; (v) present 
preliminary results and conclusions from this study; and (vi) discuss the important roles that 
current and near-future experiments (especially at the colliders) can play in the complete 
determination of parton distributions. Particular attention is placed on the gluon distribution 
and on the small-x extrapolation problem. A concise summary of precise definitions of 
parton distributions and QCD parton model formulas are included in the introductory section 
to meet the increasing need of next-to-leading order applications of QCD. 

t To appear in the Proceedings of the 1988 Summer Study on High Energy Physics in the 
1990’s, Snowmass, Colorado. 
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I. INTRODUCTION 

The QCD Parton IModel provides a comprehensive framework for describing general 
high energy processes in current and planned accelerators and colliders. In this framework, a 
typical hadron-hadron collision process A + B - C + X. where C represents a final state of 
physical interest. can be expressed in terms of more basic processes involving the elementary 
constituents (partons) of the fundamental theory as depicted in Fig.1. 
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FigI-1: The QCD Parton Model 
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The physically measured cross-section for such a process is written in terms of a convolution 
of Parton Distribution functions f da(“,Q) and Hard cross-secrions Gab which represent the 
fundamental physical processes initiated by the partons: 

u&p. .I = <(x1 ..) 8 $@, Q ..I @ ~'xr..' (I-1) 

Here s is the squared energy of the overall processes, 2 is the corresponding quantity for 
the parton-parton subprocess, Q is an appropriate energy scale characteristic of the hard 
process (usually of the order of Jg) and x1 z are the fractional longitudinal momenta 
carried by the partons relative to the parent hadrons. 

It is obvious from Fig.I-1 and Eq.(I- 1) that the partoa distributions /Aa(.r.Q) play a key 
role in any serious study of high energy process. All quantitative relations bet ween measured 
cross-sections and fundamental interactions of the theory require precrse knowledge o/ these 
(universal) distribution functions. The main source of information on the parton distributions 
come from deep inelastic scattering Structure Functions. The Grouo on Structure Functions 
and Parton Distributions at this Workshop was set up to review the current status of and to 
identify outstanding issues confronting the determination of the parton distributions for the 
study of physics of the 1990’s, and to address these issues as much as possible. 

The QCD Parton Model picture suggests that the kinematic variables (x.Q) are important 
in considering the physics potential of current and planned high energy facilities. In Fig.I-2, 
we show a Road Map of HEP for the 1990’s which indicates the regions in the x-Q plane of 
the physics reach of current and planned accelerators and colliders. The shaded region in the 
lower left corner represents that covered by current fixed-target deep inelastic scattering 
experiments where extensive information on structure functions are, in principle, available. 
It is clear from this map that extrapolations from this kinematic range to those of physical 
processes at the Tevatron and SSC are enormous in both Q and x variables. The theoretical 
tool for effecting the extrapolation to large Q (horizontal direction in Fig.I-2) is the QCD 
evolution equation which describes well the Q-dependence of structure functions within the 
range of available energies. On the other hand. much less is known about the extrapolation 
to small x (vertical direction in Fig.I-2). Available theoretical guides are qualitative and are 
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s,ubject to change when further progress are made. Hence. it 1s particularly important to 
acquire experrmenral information on parton distribution functions in the small x region. To 
this end. increasing reliance mm be placed on srudvmg hadron coilider processes rvhich are 
sensitive to parton distributions at small x - at least before the e-p collider at HERA comes 
on line. (For practicai purposes. “smail x” means here x vaiues below currently measured 
range, say less rhan 0.05. cf. FigI-2.) 
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Fig.I-2: Road Map of High Energy Physics in the 19903. 

Recent developments in high energy jet physics, heavy-flavor production, lepton-pair 
production. direction-photon production, . . . all point to the importance of including higher 
order effects of the QCD parton model, Eq.(I-I), if quantitative QCD analyses are to be 
made.’ This requires not only the calculation of higher order hard cross-sections, as usually 
emphasized, but &so the use of parton distribution functions derived with evolution kernels 
to the corresponding order in the QCD coupling parameter CY~. For this reason, any serious 
study of parton distributions must spell out the precise definitions of these distributions, 
their relations to the measured structure functions, and their proper use in the general 
formula Eq.(I-1) which are valid beyond the leading order in QCD. With this in mind, the 
summary of the basic formalism given in Sec.11 of this report serves as a guide to contempo- 
rary practicers of the QCD Parton Model who are not necessarily experts of perturbative 
QCD. 



:;. BASIC DEFINITIONS IWD FORMALISM 

For modern applications of the QCD Parton Model. it is essential to clearly distinguish 
rhe universai Parton Distributions from the Structure Functions measured in the specrfic 
Deep Inelastic Scattering experiments. The relation between the two is intimate, but by no 
means trivial beyond the leading order. Fig.II- 1 illustrate this relationship: 

Fig-II- 1: Deep inelastic Scattering in the QCD Parton Model. 

part (a) represents the physicaffv measurable structure functions (to be denoted by WAi.FAi); 
part (b) represents the corresponding QCD Parton Mode! expression for these, in terms of a 
convolution of a parton distribution function (jAo) (soft wave function) and a ~Bn 
structure function (wa’) (hard scattering of the vector boson probe V off the parton). 

In the naive partoa model, wa’ ’ is represented by simple constant point-couplings of the 
partons, as shown in FigA-2a. In this approximation, the gluon does not contribute to the 
scattering in any direct way (all its couplings vanish); and the quarks do not couple to the 
longitudinal structure functions (the gauge coupling of the quarks are pure transverse). 
Beyond the leading order, the perturbatively calculable w4 1 become non-trivial (Fig.II-Zb,c); 
the gluon will contribute directly (Fig-II-2c); and the longitudinal structure function is 
predicted to be non-vanishing. In fact, this leads to the most direct way to measure the 
gluon distribution, cf. Sec.1I.C. 

(a) Leading Order; (b) 1st Order Quark; (c) 1 st Order Gluon. 

- - + + 

Fig.II-2 Perturbative series .for the (hard) Parron Sfrucrure Function w 

Figs.II-I ,2 should make it clear that the very definition of the parton distribution functions 
fAa depends on the approximation adopted for wcl’ - as the product must remain the same as 
the physical structure function. Beyond the leading order, (w,‘) are necessarily renormal- 
ization-scheme dependent: hence. so are the parton distributions (j.4a). The following 
subsections are devoted to the definition of the physical structure functions, the leading 
order parton formulas and the next-to-leading order QCD parton formulas in turn. 



.A. STRUCTUREFC'NCTIONSINDEEP~NELASTICSCATTERING 

The generic deep inelastic scattering process depicted in FigX-1 are characterized by the 
well-known kinematic variables: 

:< = & . ; Q’ = qt (2 - 2y-1 
7 7 

v=- q*pjM = E - E'; y-s - pf-= k?- Q2+ 2Mu 

y = q.p / 2.p = (E - E') / E 

(II-l) 

where E and E’ are the laboratory energies of the leprons .! and C respectively, and the 
Lorentz metric is (- 1 , 1, I, 1). 

Taking into account the known lepton vertex in FigII-1. the cross-section for the 
overall process can be written in terms of Structure Functions (Wi, i = 1, 2. 3) as follows: 

doPA 
dxdy = Iv,"IZW~~x,Q)sin2(0/2) -t W~(x,Q)cos'(s/Z) 

+ Wy(x.Q) ' i E' sin2(O/2)] 
(II -2) 

where fW,A) are labels for the (beam) lepton, the (exchanged) vector-boson and the (target) 
hadron respectively; the (2) signs are associated with (V = W’), i.e. V- and anti Y- scattering; 
and 0 is the laboratory scattering angle. The process-dependent normalization constant NV in 
(11-2) is given by: 

for electron and muon scattering, and 

Y,U 
NW = na2yEE '/2 sin4Bw(q2+ 

(II-3) 

(II-b) 

for charged current neutrino- and antineutrino-scattering. When neutral-current weak 
interaction becomes important, the Z-exchange amplitude contributes by itself as well as 
throzgh an interference term with the r-exchange amplitude. The formulas for NZY and 

NZ are not given here explicitly. 

The structure functions WjYA are fundamental physical quantities for lepton-hadron 
scattering. They are proportional to the total cross-section of the relevant vector-boson - 
hadron scattering, hence (by the Optical Theorem) represent the imaginary part of the 
forward Compton scattering amplitude of Y on A. The fundamental significance of the 
structure functions makes them the natural meeting ground between experiment and theory. 
In principle, the measurement of these structure functions in lepton-hadron scattering is 
independent of further theoretical assumptions, including the QCD parton model. 

An alternate set of structure functions, commonly called Fi (or F’), is motivated by the 
discovery of (approximate) scaling and the subsequent successes of the parton-model 
interpretation of deep inelastic scattering. The new structure functions are related to the W’s 
by the following relations. 
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(II-5) 

where the left-hand sides define f’ [i = 1.2.4 in the tensor basis while the right-hand sides 
define Fx [A = L lleft-handed), R lrighr-handed), and Long (longitudinal)] in the helicity 
basis. The boson and hadron indices as well as the arguments of the functions have been 
suppressed. It is seen that f 1 represents the transverse amplitude. f* the sum of helicity 
amplitudes. and F3 the parity-violating amplitude. For reference, the inverses of the above 
relations are: 

(II-6) 

Since neutrinos carry definite heiicities, the cross-section formula Eq.(Zf-2) takes on a 
siyple form in terms of the helicity structure functions in the deep inelastic scattering limit 
w/q2 <c 1: 

dauA 2 - = y- MEx dxdy [ (II-7a) 

where the top line (with structure function boson sub-index +) applies to neutrino-scattering, 
and the bottom line (with structure function boson sub-index -) applies to anti-neutrino 
scattering. This is to be compared with the more often seen formula in terms of the tensor 
structure functions, 

daVA 
i2 - = ;;-MEx[ dxdy (II- 7b) 

where + refers to neutrino and anti-neutrino scattering respectively. 

It is to be noted that the above definitions of Fi with the tensor index (i) are slightly 
different from the original definitions of the scaling structure functions found in the earlier 
literature and in experimental papers: 

F1 = 2 .Fyrg; 2 = F;=/ x ; 2 = $=g (II-8) 

More and more recent theoretical papers use the new set defined by Eq.(II-5) because of the 
simple relations to the helicity amplitudes and to the parton model expressions for these 
quantities (cf. next section). It shouid be emphasized, however, that all sers of strucfure 
functions are mere redefinitions of Wi; and, as such, they are just as fundamental and free 
from dynamical assumptions as the fatter. This fact is, unfortunately, not observed and 
respected in some experimental “measurements” where model-dependent (usually parton- 
model inspired) “corrections” were applied to the structure functions analyses. (Cf. Sec. 1II.B) 
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8. PARTONDISTRIBUTIONS INTHE NAIVE PARTONMODEL 

In general. quarks of different generations couple identicaily to the electro-weak gauge 
bosons and the gluon does not couple directly to them. To leading order in the QCD 
coupling, the parton structure functions w,! are just (squares) of these electro-weak coupling 
constants. Denoting by ti/x) and Dl.u/ the generic up-like (u.c.r) and down-like (d.s.b) 
quark probability distributions inside the target hadron (A), respectively, the electromagnetic 
structure functions are given by: 

+Lonqx) = (1 
-tA 

+ 7A (xl = $j 5 c [uA(x)+vA(x)] + + c [DA(X)fDA(X)l 

where the first sum (over the generations) includes all up quarks and anti-quarks, and the 
second sum includes all down and anti-down quarks. The charged-current weak structure 
functions are simplest when written in the helicity basis because of the basic left-handed 
weak coupling: 

FL +A(x) = 2 C DA(x) , fA(X) = 2 c V,(x) 
(II-IO) 

FL -,(x) = 2 c U,(x) , 

Thus, these measured structure functions neatly sort out the up-quarks, down-quarks and the 
corresponding anti-quarks. We have, of course, again the result that the giuon distribution 
does not contribute to the structure functions; and that the longitudinal structure vanishes in 
this approximation: 

ti vyqx) = 0 for all V (II-H) 

For isoscalar targets (normalized to per nucleon cross-section and denoted by A*N), we 
define 

F+) = $ I ‘& (xl + Ft, (x) I (II-12) 

Invoking strong iso-spin invariance, and singling out the first generation up and down 
quarks, we use the abbreviations: 

f pu’dix) = fyyx) = u(x), d(x) 

f s,c,b 
P 

(x) = f;‘C’b(x) = s(x), c(x), b(x) 

(U-13) 

Eq.(II-9) becomes 
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(II-14) 

> z-2 1 
‘8 

(q + (?I i- - C'(U - D) 
3 

Where Cq indicates the sum over all quark flavors, and C’ denotes the sum over all 
generations beyond the f‘irst. In the third line. one makes the additional assumption that at 
all values of x. 

U(x) = V(x) ; D(x) = D(x) (II-15) 

for ail higher generations. 

For neutrino scattering on isoscalar targets, we obtain: 

FL +./(X) = d(x) + u(x) + 25-(x) + 2b(x) 

fN(X) = U(x) + i?(x) + 2C(x) 
(II-16) 

and for anti-neutrino scattering: 

FL -,(x1 - u(x) + d(x) + 2c(x) 
(II-17) 

fl -,(x) = ;I(x) + G(x) + 22(x) + 26(x) 

Note that the corresponding neutrino and anti-neutrino structure functions for iso-scalar 
targets differ only in the higher generation parton contents which are in general small at 
moderate values of x. The left-handed and right-handed structure /unctions separately 
measure the quark distributions and the anti-quark distributions. 

Now, consider the tensor structure functions for neutriao scattering: 

+2 +N ix) = u i ; + d + ;1 + 2s + 2b + 2: ‘I C(q + 4) 

2 +N(x) = u - ; + d - a + 2s + 2b - 2; 

= C (q - 4) + 2(s+b-c) = C q,+ 2(.s+b-c) 

(X-18) 

where Cq (x) [ IX:4 (x) ] represents the sum over all quark [anti-quark] flavors and q,(x) is 
the valence quark distribution. For anti-neutrino scattering, we obtain: 

+2 
-N ix) = u + ; + d + ;I + 2s + 2b + 2c = C(q + 4, 

2 -,(x) = u - ; + d - 2 - 2; - 26 + 2c 

= c 4, - 2 (s + b - c) 
(II-19) 
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Note that FfiVi zre dominated by their t’irst term which is basically (u,.+(iy/ where u 
and d,! denote the “valence” up and down quark distributions. The residue pieces in FkLV 3’ 

does &ot have definite flavor quantum numbers. Hence F+,V3 is, strictly speaking, not “non- 
singlet”. That distinction applies to the combined neutrino and anti-neutrino structure 
function. 

Neutrino and anti-neutrino structure functions are, a priori, different quantities. In the 
parton model they are closely related as shown above. It is common practice to form sums 
and differences of neutrino and anti-neutrino cross-sections within one experiment and 
extract the resulting structure functions. We begin with the case of iso-scalar target then 
consider the single hadron results. In the parton model, from the sum of the cross-sections, 
one obtains: 

r; f Ff Ty(x) = 2 -I = c 14(x) + q(x)1 9 

= 2 [s - c + b] 

(II-201 

Thus the sum of cross-sections is dominated by the F’ (Fl) structure function. 

From the difference of the two cross-sections, one obtains: 

2 
?-ix;= $, -Nas-g- c+:+b-6=0 

(II-21) 

= uV+ d V 

Hence the difference of cross-sections is dominated by the F3 structure function which 
measures the valence quark content of the (iso-scalar) hadron target. 

For the general case of non-isoscaiar target (e.g. the proton), we obtain, for the sum of 
cross-sections: 

< 
(x) = c [D(x) + B(x) + U(x) f U(x)] 

(II -22) 
(x) = C [D(x) + I?(X) - U(x) - o(x)] 

where the sum is over the flavor generations, and (U, D) denote the up and down quark 
distributions of any generation as before. For the difference of cross-sections, one gets: 

<- (xl = C [Dv(x) - uv(x)l 

gA- (xl = C [DJx) + uvWl 
(II -23) 

where D, = D - D, and similarly for U,(x). We see that neither FA3+ nor FAJ- are 
necessarily small in general, being in each case related to the difference in the up and down 
quark distributions. 
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C. QCD PARTON MODEL FORMULAS 

To leading order in the QCD running coupling, all naive parron model formulas given 
zbave remain valid in form with the proviso that all parton distribution functions acquire a 
Q-dependence dictated by the first-order QCD evolution equation (the Altarelli-Parisi 
Equation): i.e. /.d’(.~) 7 f,4a(.~sQ). 

Going beyond the leading order, as is increasingly necessary in current QCD parton 
model analyses, one must use the perturbatively calculated parton structure /unctions ual (cf. 
Fig-II-l) and the corresponding parton distribution junctions fAa(~.Q) generated with evo- 
lution kernels of the next order in QCD coupling. Thus in the next-to-leading order, the 
formula corresponding to Fig.II- 1 reads: 

(II-24a) 

where @ indicates a convolution integral over the parton fractional momentum variable < (x 
< ( < I ), i.e. 

(II -24b) 

The parton structure functions wa ’ in Eq.(II-24) are no longer simple constant coefficients, 
but are calculated in perturbative QCD to a given order in the effective coupling cu&~): 

&,Q,d = w;W-2) + Q.4 +.Q/p) (II-25) 

In Eq.(II-24), p is a renormalization scale parameter which necessarily arises in 
perturbation calculations beyond the tree approximation. In practice, ~ is usually chosen to 
be the physical variable Q, which then simplifies the expressions for wnl to a perturbation 
series in which the coefficient function in each order depends only on one variable (cf. 
Eq.(II-27) below). 

The functions wal have been calculated to one-loop order in the MS-bar subtraction 
scheme2. A well-known result is that the longitudinal structure function is no longer zero: 
both quarks and gluons give non-vanishing contributions to the sum over parton label (a) in 
Eq.(II-24) to this order. We have: 

w,(z) - 2 Nf- TR . 42(1-z) (gluon) 

wq(z) = CF’ 22 (quarks) 

Here CF and TR are the usual QCD group factors and N / is the number of quark flavors. 
Since the quark distributions can, to a large extent, be determined from the leading-order 
analysis of F2 and F3, the first-order QCD relation between Flong and the parton 
distributions, Eq.(11-25). can therefore be used to precisely define, and to determine the gluon 
distribution. This is extremely jmportant because knowledge on the gluon distribution is 
crucial in understanding the quantitative features of most hadronic processes at high energies, 
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2nd that direct handles on the giuon distribution are very hard to come by. We shall come 
back to the above equations in a later section on HERA. 

In addition to their dependence on the renormalization scale p as indicated above, the 
perturbative expressions lor wai are also renormalization scheme dependent. Although they 
are usually calculated in the MS-bar scheme, other schemes have been advocated in various 
applications as being more practical. Since the physical structure functions (the left-hand 
sides of F&II-1 and Eq.(II-24)) must be independent of renormalization schemes, the 
scheme-dependence of w necessarily implies that the Darton distributions f,4a(.x.Q) are also 
renormalization-scheme-deoendent constructs beyond the leading order in QCD. This fact is 
becoming increasingly relevant because most recent “QCD analyses” by both theorists and 
experimental groups use the next-to-leading order formalism. Although some of these 
analyses explicitly specify the choice of renormalization scheme, others implicitly use a 
scheme which may be different from the commonly accepted ones. (Cf. Sec.II1.B) Hence, it 
is desirable to describe here explicitly the definitions of these schemes. 

The MS-bar scheme does not require further elaboration; one simply apply Eqs.(II- 
24,25) with the published MS-bar l-loop parton structure functions w (Wilson coefficients).:! 
In this scheme, all structure functions F’l.r.Q) acquire 1st order corrections of the form given 
ilz Eq.(IZ-241. The alternative schemes (to be called DIS schemes from now on) take advan- 
tage of the freedom to shift finite terms between the two factors in Eq.(II-24), and choose to 
define parton distributions such that one of the deep inelastic scattering structure functions 
retains its simple leading order relationship to these distributions. Because F2~-r.Q) is the 
best experimentally measured structure function, it is common in theoretical papers which 
elect to use this approach to choose this structure function for simplification. Explicitly, we 
have, for neutrino scattering off iso-scalar targets, as an example, 

and 
$ (x,Q) = C (qc2) + St’)) 

Fl(x,Q) = F'(x,Q) - 2 +O”g(x,Q) 
(II-28) 

to l-loop order, where FLong(x,Q) is given by Eq.(II-26). The superscript in parentheses 
makes explicit the scheme dependence of this definition of the parton distributions and 
identifies F(2) as t e e ining structure function. h d f’ 

There is an obvious alternative choice which picks the pure transverse structure function 
F’CXQ) (Cf. Eq.(II-5) to retain its simple relationship to parton distributions. In that case, 
Eq.(II-28) becomes: 

and 
Fl(x,Q) = C (q(l) + i(l)) 

F2(x,Q) = Fl(x,Q) + 2 FLo"g(x,Q) 
(U-29) 

We shall call these two schemes DIS-2 and DIS-1 respectively. Note that these differing 
schemes result in different definitions of parton distributions (distinguished by the superscript 
in parentheses); the physical structure functions must remain the same. 

In both of the above schemes, #~.x,Q) acquires a non-trivial l-loop correction (similar 
to the expression for FLong 

FR*L 
(x,Q)) which we shall not reproduce here. Since the helicity 

structure functions (x.Q) are linear combinations of F1P3(x,Q) (cf. Eq.(II-6)), they both 
have non-trivial corrections in these schemes. It is however possible to define two more 
distinct schemes (say, DIS-R and DIS-L) such that either FR(x,Q) or FLcx,Q) is given 
simply as sums of anti-quark or quark distributions respectively. This is an important point 
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in the experimental determination of anti-quark distributions in neutrino scattering because 
the “leading” term and the 1st order “correction” can be numerically comparable, as we shall 
see in Sec.II1.B. 

It is worth noting also that. irz contrast to the situation with the MS-bar scheme, Eqs.(II- 
J8.29) and variations rhereoy cannot be used to define “DIS schemes” beyond the I-loop order. 
Both FfCx.Q) and F’Ix,Q) must acquire higher order corrections beyond 1st order. In 
Sec.II1.B we shall review the conventions used by the major experimental groups, and in a 
later section on parton distributions (Sec.1V.C) we shall discuss the numerical differences 
between the MS-bar-scheme distributions and their counterparts in the DIS-2 scheme. 

Because of the inter-dependence of fAai .u.Q) and the parton cross-section i, Eq.(I-l), 
and structure functions ua’, Eq.(.II-24), any meaningful application of the QCD Parton Model 
to high energy physical processes beyond the leading order must use parton distribution 
functions defined in the same scheme and calculated to the corresponding order in 
perturbation theory as the latter. In particular, to match next-to-leading hard cross-sections 
in Eqs.(I-1) and (II-24), one must use Q-dependent parton distributions derived with two- 
loop evolution kernels. Otherwise, the formulas will not be consistent. New results on next- 
to-leading order parton distributions will be reviewed in Sec.IV.C. 

13 



III. REVIEW OF MEASUREMENTS OF STRUCTURE FUNCTIONS 

Major strides have been made in the last few years in obtaining very high statistics data 
on deep inelastic scattering structure functions from electron-, muon- and neutrino- 
experiments on a variety of targets. In spite of this impressive progress, however, some 
noticeable differences remain which have caused a great deal of attention and concern. This 
section briefly reviews the status of the experimental measurements of structure functions 
and highlights any significant disagreements. In section V, we will comment on the 
implication of these differences on the extraction of parton distributions. 

A. REVIEW OF RECENT EXPERIMENTAL RESULTS 

Table III-l: Major recent Muon Experiments. 
---- 

NEUTBINO EHPERIMENTS 

Table W-2: Major recent charged-current Neutrino Experiments. 
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Tables III-1 and III-2 summarize some key features of the more recent high statistics 
muon and (charged-current) neutrino experiments, including their kinematic ranges and 
important corrections applied. An understanding of the latter is extremely important if 
results from these experiments are to be combined in any quantitative model analyses, as 
there exist considerable differences in definitions and practices among the experiments. The 
second part of this section addresses some of these practices. 

It is obvious from the above tables th’at these experiments are very extensive in their 
coverage. The cross-section measurements furnish, in principle, detailed information on the 
structure functions F 293f~,Q) and F 
structure functions &!‘“F 

‘““gc~,Q) (cf. Sec.1I.A). The best determined 
2 which cor&ipond to combinations of the sum of quark and 

anti-quark distributions it??he parton model. Unfortunately, because Fv3 and F+, ,,long are 
determined by differences of cross-sections (Eqs.(II-5,6), hence the errors hre more 
substantial. Similar limitations have so far discouraged efforts to separate the helicity 
structure functions which contain much more specific information on the parton content of 
the hadron. (Cf. Eq.(II-10)) 

Before comparing these measurements, it should be noted that differences are expected 
due to systematic effects, which are experiment dependent, and due to the different 
kinematical regimes covered by experiments. The impact of this last point is shown in 
Fig.III- 1. Note that at the same value of x the average value of Q2 can differ by as much as 
an order of magnitude between various experiments. Care must be taken to remove this 
“natural” difference before comparing measurements. 

q BFf 
. BCDMSC 
n EMC-FE 
0 CCFRR 
m cDHsw 
0 MM 
A tzluRM-WB 
a WA59 

1 l WA25 

0.1 0.2 0.3 0.4 OS 0.6 0.7 0.8 
xw 

Fig.III-I: The dependence of <Q2> on x for the various experiments. 

F2( x,Q): Heavy Targets Experiments 

Because of the relatively small neutrino cross+ection, most of the high statistics 
experiments have used heavy targets (i.e. iron) detectors. Muon experiments, on the other 
hand, can get sufficient statistics even with hydrogen or deuterium targets. We will discuss 
the relation between heavy and light target results - the “EMC-effect” - shortly, but first 
we examine the ratio of the structure function F2(x.Q) as measured by the heavy target 
experiments. The black points on Fig.iII-2 represent this ratio between the two high 
statistics muon experiments, EMC on iron3 and BCDMS on carbon4. 
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I i 
0.b 0.11 

FigJII-2: The Ratio of F2fx.Q) measured by 
BCDMS and EMC on heavy targets (see text). 

The error bars on the individual points are statisticai and the systematic error from each 
experiment is shown in the cross-hatched area. The black/white points on the plot show the 
effect of a 5% change in relative normalization between the two experiments. There are no 
low x points since the high minimum Q of the BCDMS carbon experiment translates to a 
minimum x of about 0.2. The first thing one notices is the x-dependent trend of the ratio. 
However, the sum of systematic errors also depends on x. As illustrated by the black/white 
points, a 5% normalization change brings the “disagreement? within the band of systematic 
error. We note that, even though both experiments were done in the same beam at CERN, 
each measured the flux independently so a relative offset is possible. 

‘2’ The following set of figures show the ratib of F (x.Q) measured by the other heavy 
target experiments BFP’, CCFRR6, and CD’HSW.7, aliays with respect to EMC. 

--- - 
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Fig.III-3: Ratio of BFP and EMC structure functions. 
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Fig-III-4: Ratio of F2(x,Q) CDHSW and EMC experiments. 
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Fig.III-5: Ratio of F2(x.Q) CCFRR and EMC experiments. 

When comparing neutrino to muon results, a well-known parton-model motivated constant 
5/18 has been applied, hence neglecting the small-x contribution from the strange and charm 
sea quarks to this factor (cf. Eqs.(II-14,18)). The systematic errors for the CCFRR and BFP 
points are not shown (they should be camparable to the EMC error shown in the plots). In 
all cases, a shift in scale of a few percent statistically eliminates any discrepancy. 

This report will concentrate on charged-current structure functions where detailed 
measurements exist. We shall only mention here that there is one new result from the 
Fermilab-MIT-MSU neutrino collaboration (E594)8 which measures the neutral-current 
structure functions and compares the resulting quark distributions with those found in 
charged-current experiments. The comparison bears out the consistency of the quark parton 
model. 



. 
FL( x,Q): Hydrogen Targets Data 

Fig.III-6 shows the ratio of F”(x.QI as measured by the two muon experiments BCDMS’ 
snd EMC” using a hydrogen target in each case. ‘There is a pronounced x-dependent trend 
in this ratio similar to the heavy target case shown earlier. 

I.2 
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Structure 
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/ 0.0 0.2 0.4 0.6 

x Sj 

Fig-III-6: The Ratio of F’(x.Q) measured by 
BCDMS and EMC on hydrogen target (see text). 

However, in this case, no shift in relative normalization can eliminate the differences; there 
is clearly a statistically significant difference between these two high statistics experiments. 
The curve drawn represents an attempt by R. MountI to simulate the ratio by assuming a 
10% relative normalization mismatch and an assumed error in the BCDMS muon energy 
measurement of 0.5 GeV + 0.6% EP. We see that even these extreme assumptions cannot 
force an agreement between the two sets of data. 

Status of the “EMC-Effect” 

New data on non-trivial x-dependence in the ratio of F’(x, 
ei targets and that on light target (deuterium)12 come from SLAC El40 

new results are plotted along with earlier ones in Fig-III-7. They confirm the general feature 
that the ratio is below 1 at very low x, rises above 1 toward a maximum around x = 0.15, 
and then steadily decreases until x a 0.7 before rising again. 

There have been many attempts to explain this effect. It is generally agreed that 
shadowing effect is important below x = 0.1; and nuclear effects are responsible for the 
observed effect above 0.1. For detaiied rnP;r$ studies and earlier references, we refer the 
reader to two recent papers on this subject. * From a phenomenological point of view, it 
is obvious that this experimental ratio must be taken into account in any serious QCD parton 
model analysis which makes use of heavy target data on structure functions. 
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FigJII-7: Combined data on the ratio FZ(nucleus)/F2(D2) 

ln contrast to the generally a reed x-dependence, experimental evidence bn possible Q- 
dependence is unclear. F. Taylor A recently tried to fit current data to the ansatz: 

d (FE;” / FzDl 
d (h Q2 1 

= (.077+.023+.047) - (.25f.09+.14) x 

(2 statistical + systematic). The data and fit are shown in FigJII-8. 
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Fig.III-8: Possible Q-dependence of the EMC ratio. 
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The Longitudinal Structure Function 

There have been numerous experiments attempting to measure the ratio R(x.Q) = 
Fiong( T Q)/F’(.x,Q). An indication of the accuracy of the current measurements is shown in - . 
Fig.III-9. 
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Fig-III-g: R(x) as measured by CDHSW, EMC and BCDMS. 

A new impressive effort by the SLAC El40 experiment obtained very good data in the 
low-Q region. The measured ratio is much larger than that given by the QCD formula 
Eq.(II-26). as is known for a long time. Any understanding of these data must go beyond 
the traditional twist-2 perturbative QCD, as mass threshold and other “higher-twist” effects 
still play an important role. Unfortunately, there is no real theory on these effects. An ad 
hoc prescription for including the so-called target mass effect seems to fit the data quite 
well, as seen in Fig.III- 10. l8 

Fig.III-IO: Q-dependence of the Ratio R. 
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Q-dependence of F*(x,Q) and QCD 

The Q-dependence of the structure functions is usually characterized by their 
logarithmic derivative, e.g. d(Ln F’(x.Q))/d(Ln Q2). It is well known that this slope 
function has a definite x-dependence which is often taken as a good test of QCD predictions 
on the Q-evolution of structure functions. In the last two years, a lot of attention has been 
drawn to the fact that this measured slope function from the EMC and CDHSW experiments 
do not agree well with QCD.lg Fig.III- 11 shows the comparison between the experimental 
values and “the best fit” to next-to-leading order QCD. It has been pointed out 2o that as the 
minimum Q of the data is raised, the quality and the stability of the fit improve 
dramatically. 
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Fig.III-11: Slope of Q-dependence: EMC & CDHSW vs. QCD. 

In contrast to the above, the recent BCDMS carbon and hydrogen data yield slope 
functions perfectly consistent with QCD. The result is reproduced in FigIII-12. 
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Fig.III-12: Slope of Q-dependence: BCDMS vs. QCD. 
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The BCDMS group obtained good fits to QCD formulas (cf. Sec.II.B,C) with QCD coupling 
parameter A 

F 
D slightly over 200 MeV in the MS-bar scheme. Consistent values were 

obtained by itting to data above x = 0.25 using the non-singlet formui;lwithout the gluon 
and by fitting to the data over the entire x range including gluon effects. 

A possible way to reconcile the QCD slope predictions with the EMC and CDHSW data 
was suggested by F. Taylor: if one applies a Q-dependent heavy-target correction to the 
structure function, as mentioned in the section on the “EMC-effect”, one can write, 

a Ln l$e ati< a in ZeiD 

a L.n Q2 aL‘RQ2 
+ 

a Ln Q2 
(III-Z) 

Then the QCD fit to the EMC data is improved as shown in Fig.III- 13. A similar 
improvement was found for the BFP fit. d 
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Fig.III-13: QCD fits to the EMC Fe data with and without the Q-dependent heavy-target 
correction. 
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B. REVIEW OF ANALYSIS ASSUMPTIONS AND CORRECTIONS 

General Remarks 

As seen in the previous section, the statistical power of the world’s data on deep 
inelastic scattering structure functions has increased enormously. Because of the diminishing 
statistical error, correlations, systematic errors, and small differences in analysis assumptions 
become the dominant factors in the comparison of experimental data. 

The major sources of systematic error - beam flux, energy calibration and detector 
acceptance - are strongly correlated from (x, Q) bin to bin. Thus, strictly speaking, they 
cannot be simply added to the statistical errors as they are not independent. For most of the 
recent experiments (but not all), information on separate systematic errors, including the sign 
of the effects, are available. In neutrino experiments, the statistical errors on F’cx,Q) and 
F3cn,Q) are also correlated for each bin. Thus, the correlation coefficient is needed in a 
comprehensive global fit. 

Each major experiment adopts a unique procedure to extract structure functions from 
measured cross-sections. In order to make meaningful use of the published results, close 
attention must be given to the analysis assumptions used in the various experiments as they 
are often not the same. In this section, we briefly review procedures and pratices used by 
the major experiments which are most relevant to QCD parton model analyses, and critically 
examine some of them. 

When individual experiments perform a “QCD analysis” of their measured structure 
functions, most of the experimental considerations mentioned above are, of course, taken into 
account. There is, however, the question of definitions which are not standardized. In 
particular, the precise meaning of “AQCD ” and the definition of anti-quark distributions vary 
in the published papers when “2nd order QCD analyses” are involved (Cf. Sec.1I.C). The 
experimental considerations become a real problem when data sets are combined to make 
global fits by third parties. Since a lot of the relevant information are not even available in 
published form, the common practice is, more often than not, to ignore them. This clearly 
can lead to problematic results with uncertain errors. 

In principle, measurement of the deep inelastic scattering structure functions should be 
independent of any theoretical model assumptions, a,s emphasized in Sec.1I.A. For instance, 
six independent structure functions could be separately measured from the y-distributions of 
neutrino and anti-neutrino scattering for fixed (x,Q). In practice, because experiments have 
limited coverage and/or efficiency over the kinematic range, only two combinations of cross- 
sections (roughly speaking, the sum and differences of neutrino and anti-neutrino cross- 
sections) are normally used to extract the published structure functions F2(x,Q) and F3(x,Q) 
respectively. When doing this, parton-model based expressions for the other four structure 
functions are introduced as corrections. Since the structure functions are, in turn, used as 
the main source of information to determine parton distributions, this is at best an iterative 
procedure. For serious QCD analyses, it clearly raises the concern of being a circular 
process. An open question is: which of these corrections are really necessary, and which are 
used because of “accepted practice” and of over-reliance on the parton model. 
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“Strange Sea” and “Isoscalar” Corrections 

Specifically, the structure functions usually quoted in the literature correspond to, in the 
notation of Sec.11, F2’=(F2++F2-)/2 (Eqs.(II-20,22)) and F3-=(F3,-F3-)/2 (Eqs.(II-21,23)). 
In order to extract these functions, the following procedure is usually adopted to treat the 
other combinations: ‘(i) FLong(x,Q) is estimated from independent experimental 
measurements (y-distribution) or from the QCD formula Eq.(II-26) usin assumed F’(x,Q) 
and G(x,Q) functions, or is set equal to some small constant; (ii) since F 4- is given by (dv- 
UJ in the parton model (Eqs.(II-21,23)) it is expected to vanish for iso-scalar targets. Hence 
for targets close to being iso-scalars, it is assumed to be small; and an estimated iso-scja+lar 
correction is used to account for its contribution to the cross-section; (iii) the function F is 
related in the parton model to the difference between all down-like quarks and up-like 
quark distributions (Eq.(II-22)), hence is proportional to the difference between the strange 
and charm quark distributions for iso-scalar targets (Eq.(II-20)). Since this is again expected 
to be small, an estimated strange-sea correction is applied to the cross-section to remove its 
effect. Using these (model-dependent) assumptions, no information on the y-distribution is 
needed for the determination of the two main structure functions. 

“Slow Resealing” Correction and Charm Threshold 

The QCD parton model provides an unambiguous formalism only when Q is much larger 
than the mass scales of the relevant process. For charged-current neutrino scattering, the 
production of charmed particles introduces a mass-scale at the charm threshold, which leads 
to complications in the parton-model interpretation of the structure functions for Q values of 
a few GeV. It is important to emphasize that this complication only arises in the parton 
picture, it is not intrinsic to the determination of structure functions as basic physical 
quantities as underlined in Sec.1I.A. Hence there is no comoelline. ohvsical reason to make a 
correction for this effect when structure function are measured. 

In neutrino scattering, charm production is 510% of the total cross-section. There are 
two ways to confront the charm threshold problem when one makes a QCD parton analyses 
of charged-current structure functions. Either one imposes a Q2-cut sufficiently above the 
charm quark mass so that the charm quark behaves as a light quark, threshold effects (this is 
one *form of “higher-twist” effect) can be neglected, and the QCD formalism applies 
unambiguously; or one can apply a charm-mass correction to the structure functions with the 
purpose of preserving the parton language even at low Q but at the risk of working with 
highly model-dependent parton distributions. The choice between these two alternatives is 
clearly subjective. The analyses to be presented in later parts of this report use Q2-cuts in 
the selection of data, and closely monitor the dependence of the physical output on the 
choice of the cut. . 

CCFRR and BEBC22 choose to “correct” their measured structure functions for the 
charm-mass effect. The most often used method is termed the slow resealing correction. As 
this ‘directly affects the comparison of published e%yrimental results, we give a brief 
summary of the commonly used procedure to do this. First, in order to ensure that the 
final-state (charm) quirk in the parton structure function wal (Fig.II-2a) be an “on-shell” 
parton, the momentum fraction of the initial parton (s or d) becomes 

5 - x (1 + M 2/Q2) 
C 
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rather than the familiar Bjorken x. Parton distribution functions are written as functions of 
([,Q) instead of (x,Q). Secondly, to take into account the existence of a minimum energy for 
charm production, a threshold multiplicative factor of e(Z-xyMc2/[Q2) is introduced for 
those terms leading to charm production in the parton formulas for the structure functions. 
For example, the normal parton expression x s(x,Q) is replaced by 

cos2fJc t s(E,Q) e(l 
xrM,* --) + sin*8, x s(x,Q) 

<Q2 

and similarly for the other flavors. 

CCFRR and BEBC correct for charm-mass effects to arrive at structure functions 
“F2(c,Q)” and “F3([,Q)” which, according to this procedure, are interpreted as the equivalent 
zero-charm-mass structure functions (which have the usual simple relations to the “parton 
distributions” f(E,Q) in this scheme). CDHSW, on the other hand, defines their structure 
functions in the standard model-independent way as formulated in Sec.11. Vallage3’ made 
an explicit comparison of these two different definitions of structure functions. His result is 
shown in Fig-III-14. The differences at low Q2 are obviously significant! 
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Fig.III-14: Comparison of F’(x,Q) and “slow-resealing corrected” F’(x,Q). 
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Because there is no reliable quantitative theory for threshold effects (these are 
fundamentally non-perturbative), and because the significance of structure function 
transcends the parton model, it is clearly desirable to retain the model-independent 
definition. Without standardization, published data on “structure functions” from different 
experiments actually correspond to different quantities, hence cannot be used in a 
meaningful way by anyone except the original experimental group. Thus, the potential 
usefulness of the laboriously obtained experimental data can be severely limited by model- 
dependent corrections. We stronalv recommend that all exoeriments oublish the standard 
structure functions without the slow-rescalinn correction. 

It is, needless to say, interesting and tempting to explore parton-model interoretations of 
the measured structure functions even to low Q values, but that exercise should be conceptually 
distinguished from structure function measurements. In this case, the charm threshold 
problem must be faced and some form of slow-resealing correct has to be applied. Since this 
correction usually requires information on the beam spectrum and the weighting of events 
which go beyond the structure functions, it would be extremely helpful if the published 
experimental papers also include tables of the measured cross-sections. This will maximize 
the usefulness of the experimental results, clarify the parton model analysis by the 
experimental groups (and others using their results), and minimize the possibility of 
unnecessary confusion and controversy. 

Conventions on Quark Distributions 

Most major experiments perform some form of QCD analysis and determination of 
parton distributions with their data. There are many subtleties and potential sources of 
confusion both due to intrinsic ‘physics considerations and due to the different procedures 
and definitions used by different groups. 

One problem concerns thfo;;atment of the longitudinal structure function. Most 
experiments either measure F (x,Q) independently or use an estimate for it in their 
determination of the other structure functions. 
are not equal: they differ by 2*FLong(x,Q). 

Thus, experimentally Fl(x,Q) and F’(x,Q) 
In leading order QCD, on the other hand, 

FLong vanishes and F2 and F1 are supposed to be equal. Thus parton model analyses at this 
level has an inherent ambiguity in their determination of the parton distributions, depending 
on which of these experimental structure functions is used in the calculation. This results in 
real differences in that the muon experiments (BCDMS, BFP, and EMC) and CHARM24 
identify the sum of quark and anti-quark distributions with F’(x.Q) whereas CCFR and 
CDHSW identify this combination of parton distributions with Fl(x,Q). 

To avoid this ambiguity, one must go beyond *the leading order in QCD. Then the 
relationship between the structure functions and the parton distributions are no longer 
simple, and careful attention must be given to the explicit definition and the consistent use 
of a renormalization scheme, as explained in Sec.1I.C. Since this level of the QCD parton 
model has not yet become a part of the folklore, confusion frequently arise when 
experimental results and naive parton model parlance are freely used in some detailed QCD 
analyses. 

A specific case in point is the determination of the “anti-quark distribution” in neutrino 
experiments. The measured physical quantity is the coefficient of the (l-~)~ term in the 
neutrino cross-section which, according to Eq.(II-7), is just the right-handed helicity 
structure function FR(x,Q). Experimentally, this quantity is relatively small compared to 
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F’(x.Q); it is numerically comparable to FLong(x,Q) at low values of Q. However, in the 
Q$Dgparton model formalism, FR(x.Q) is formally of leading order, in contrast to 

(x,Q). To this order, it is simply proportional to the sum of anti-quark distributions 
as given by Eqs.(II-10,16). The ambiquity described in the previous paragraph now comes 
into full play when one tries to determine the quark distributions by combining FR(x,Q) 
with F2(x,Q) or F’(x,Q) -- the ambiguous term (i.e. 2*F LOng( x,Q)) is numerically 
comparable to FR(x.Q), supposedly the “anti-quark.distribution” one is trying to subtract. 

As mentioned earlier, the obvious way out of this dilemma is to go to the next order in 
QCD where this ambiguity is absent. In that case, however, one must accept the fact that 
the direct relationship between FR(x,Q) and the anti-quark distributions is drastically 
modified in general - the 1st order “correction term” to the naive parton formula which links 
the two may be comparable to the “leading term” because the latter starts numerically small 
(cf. Eq.(II-28,29) and the two paragraphs following these equations). One can, as explained 
in Sec.II.C, choose a convention (i.e. the DIS-R scheme) in which the anti-quark 
distributions are still simply related to FR(x.Q). In doing so, however, all other structure 
functions acquire non-trivial corrections. 

For next-to-leading order QCD analyses, all muon experimental groups use the DIS-2 
scheme definition of parton distributions (in the terminology of Sec.1I.C) for which F2(x.Q) 
retains its simple interpretation as the sum of quark and anti-quark distributions, but all 
other structure functions acquire non-trivial corrections to 1 -loop order. The CHARM 
collaboration also explicitly use this scheme in their QCD analyis. The other neutrino 
experiments have not yet presented full next-to-leading order QCD analyses. To the extent 
that they usually identify F’(x,Q) with the sum of quark and anti-quark distributions, they 
are effectively using the DIS-1 scheme defined in Sec.1I.C As pointed out in the previous 
paragraph, the relationship between the anti-quark distribution and the measured FR(x.Q) is 
not simple in either of these schemes. Users of the quark and anti-quark distributions 
extracted by the experimental groups should be very careful in ensuring that the convention 
used in the experimental analysis is consistent with the applications. 

We close this section on review of experimental practices with one more observation. In 
view of the observed target-dependence of the structure functions (i.e. the EMC-effect, cf. 
Sec.III.A), the CHARM collaboration makes a correction to their measured structure functions 
based on the measured A-dependence from the muon experiments.12 None of the other 
experiments adopt this practice. This appears to be wise, for the same reasons as those 
described in the section on charm mass corrections. Such corrections are best applied at the 
time of specific applications. 

C.DATABASEONSTRUCTUREFUNCTIONS 

One of the main purposes of this study group is to compile a consistent database of 
measured structure functions which can be used in further quantitative QCD analyses. The 
work on extracting parton distributions, to be reported in Sec.V, is an example of such a 
analysis. Our goal is to produce computer readable files with structure functions and error 
estimates for all recent experiments in a common format for easy access and to have 
available other relevant information on analysis methods for easy comparison. 

We would like to include in the data base: the structure function values, the statistical 
errors, any statistical correlation with other values (e.g. F’(x,Q) and F3(x,Q)), and separate 
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error estimates for each of the major sources. of systematic error for each data point. Each 
file will be accompanied by a list of the analysis assumptions used (such as those discussed in 
previous subsections) in the extraction of the structure functions. 

As noted above, in structure function measurements, the major sources of systematic 
error are often calibrations, acceptance, or normalizations which are highly correlated from 
point to point. With separated systematic errors, one can better assess the effect of 
experimental uncertainties (say, a 1% shift in beamline energy calibration) on the determina- 
tion of physical quantities (such as A QCD). 

We currently have essentially complete files for some experiments (BCDMS, CDHSW, 
and EMC). Information on the other experiments are not complete because they are not 
published and are not yet accessible to us. We strongly urge experimental groups to publish 
their data and to include as much complete information on systematic effects and cross- 
sections as possible. 



IV. REVIEW OF PARTON DISTRIBUTION FUNCTIONS 

Deep inelastic scattering Structure Functions are the primary source of our knowledge on 
the Parton Distribution Functions inside a hadron. The extraction of the latter from the 
structure functions is based on the QCD formula (11-2-l) (c_f: Fig.II- 11. The extensively used 
parton distribution functions of Gluck-Hoffman-Reya,” Duke-Owens.‘6 and Eichten- 
Hinchliffe-Lane-Quigg (EHLQ) ” were deduced from experimental data available up to the 
early 1980’s; they were based on the leading order approximation to the QCD formula plus 
specific assumptions about the form of the initial distributions at a given QO. Recently, two 
new sets of distributions, based on next-to-leading order QCD calculations and on 
comparison to newer experimental data, have been made available to the high energy physics 
community. :8,29 

In order to assess the reliability of these distributions as input to quantitative QCD 
Parton Model applications and as tools for extrapolation from the measured fixed target 
energy range (the shaded area in the x-Q plot of Fig-I-2) to the kinematic region of current 
and future collider processes (cf. Fig.I-2), we examine: (i) how well do the available parton 
parametrizations reproduce the measured deep inelastic scattering structure functions (as 
reviewed in Sec.111); (ii) what are the important factors which must be considered in a 
meaningful fitting program to extract the parton distributions from DIS experiments, and 
whether they have been taken into account in existing fits; and (iii) whether the existing 
next-to-leading order calculations are consistent and reliable, especially in the small-x region 
where the evolution kernel has a singular behavior. These points have not been 
systematically studied in the published literature so far. All of them have significant bearing 
on the central question of concern: how much does current data constrain the behavior of the 
parton distributions in the extrapolation to small-x and large Q? The small-x question is 
especially important because of the dearth of firm theoretical knowledge on this issue, and 
because all interesting high energy cross-sections depend sensitively to this extrapolation. 

A. COMPARISON OF KNOWN PARTON DISTRIBUTIONS WITH DATA 

We have systematically compared recent data on structure functions with parton model 
calculations based on the standard parton distribution functions mentioned above. Space 
limitation only permits the presentation of typical results from representative data sets a;{ 
parton parametrizations. In Fig.IV-1 we show the high statistics BCDMS-H2, CDHSW-Fe, 
and EMC-H2 structure functions F2(x,Q) plotted against Q for various different x-bins. For 
each experiment, data are divided into two plots: those with x < 0.3 and with x > 0.3. To 
avoid overlapping data points and for clarity of display, the small x plots correspond to 
F2(x.Q)/x in log scale, whereas the large x plots correspond to xF2(x,Q) in linear scale. 
The 4 curves shown on each plot are obtained from the parton model formulas, Eqs.(II-14) 
and (II- 18), using the parametrizations of EHLQ- 1, Duke-Owens-l, MRS-E, and DFLM- 
FXAVR respectively. We see significant departure of some of these curves from the 
experimental data, for small-x in general, and for moderate x as well in the case of the 
BCDMS data. Not shown here are the corresponding results for F3(x,Q). The agreement 
between data and existing parametrizations there is much better, although the error bars on 
the experimental data points are considerably bigger. 
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experiments with calculated values from representative parton distribution sets: Duke-Owens- 
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Since the curves shown above are obtained the same way most “predictions” of the QCD- 
parton model are calculated. these graphs give a reasonable over-all picture of the quality of 
existing parton distributions in the current/-v accessible energy raupe. (.Extrapolation is not 
involved here!) It is not possible to discuss here in detail the sources of the observed 
disagreement. The main factors are: (i) most standard parametrizations were obtained by 
fitting only one, or few. set(s) of data: (ii) in some kinematic regions, the new data sets are 
different from those of the early 1980’s on which -the first-generation parametrizations were 
obtained; and (iii) most authors allow a relative normalization scale between data points from 
different experimental sets in the fitting procedure, which cannot be included in the above 
comparison or any practical application. A notable example of how the discrepency arises is 
given by the widely used EHLQ distributions which were derived primarily from the 1983 
CDHS data. The latter were obtained using values for the total cross-section which later 
mearsurements have determined to be around 10% too low. 31 Thus the EHLQ distributions 
lead to structure functions conspicuously away from the new data points as shown in Fig.IV- 
1. 

The above comparison makes the need to determine more up-to-date parton distributions 
obvious. Also apparent from the plots is the fallacy of the often used statement to the effect 
that parron model predictions based on different existing parton parametrizations should 
bracket the true answer and give an estimate of the theorerlcal uncertainries. 

B. EXPERIMENTALISSUESONTHEEXTRACTIONOFPARTONDISTRIBUTIONS 

In order to extract reliable parton distributions (inside the proton) from the measured 
structure functions in a quantitative analysis, it is, in principle, necessary to take into 
account: (i) systematic errors of the experimental data used, (ii) corrections due to 
differences of structure functions on heavy targets from those on light targets (the “EMC 
effect”), (iii) significant correlations of structure functions measured in the same experiment, 
and (iv) the variety of “corrections” applied by the experimental groups in extraction of the 
structure functions (which are often different from experiment to experiment). (Cf. Sec.111) 
In practice, a review of the original papers reveal that previous efforts to extract parton 
distributions, with few exceptions, mostly ignore these considerations. A necessary condition 
for incorporating all relevant factors is to have a comprehensive data base which include 
these details. Our effort to compile such a database has been described in Sec.1II.C. 

C. NEXT-TO-LEADINGORDEREVOLUTIONCALCULATIONS 

Nominally, the inclusion of the second-order evolution kernel in the calculation of the 
scale-dependent parton distribution functions yields order as/a (about 10%) corrections to 
the leading order results. However, this is not necessarily true over all kinematic regions. 
Just as in the case of hard scattering cross-sections,’ there are circumstances under which the 
higher order kernel can be significant, or even dominant, compared to the leading one. This 
consideration is especially relevant for small-x because, in many respects, the region of small 
x is exceptional.32 (For instance, the evolution kernel is singular at x = 0. Certain elements 
of the second-order kernel, in fact, is more singular then the leading-order one; hence they 
can become quite important.) It is extremely important to determine how the rapid growth 
of the parton distribution functions with the energy scale in the small-x region (on which 
projected large cross-sections for physical processes in future colliders are based) is affected 
by the inclusion of second order effects. 



The implications ot‘ t2e second order kernei on the preamed behavior ot’ carton 
tistribu$ns, especially in the smail-n region has been recently studied in a systematic 
mariner.... This investigation confirmed and quantified the significance of the 2nd order 
:ifecr. Fig.IV-2 illustrates the difference between 1st and 2nd order evolution of the parton 
distributions. Shown are the momentum distribution of the u-quark and the gluon at Q = 15 
GeV. obtained from 1st and 2nd order calculations which start with the same set of distri- 
butions at Q. = 3 GeV and which use the same effective coupling strength. We see 
significant differences in the small-x region but only small variations above x = 0.05. The 
Ind-order u-quark distribution is j5% higher than the Ist-order one at x = lo-’ because of 
the dominance of the Znd-order quark-quark evolution function at small-x (which comes 
about because the lst-order kernel happens to be unusually regular at x=0). The gluon 
distribution in the 2nd order calculation, on the other hand, is lower than that in 1st order at 
small x by about 15% at the same x, due to the fact that the 2-100~ evolution kernel is large 
and negative at small x. Details of this study can be found in Ref.33 
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Fig.IV-2: Comparison of 1st and 2nd order evolved u-quark and gluon distributions at Q = 
15 GeV. 

Most recent parton distribution calculations include 2-100~ evolution effects. Ref.33 
made direct comparisons with the two widely distributed sets in order to check the consis- 
tency of these (relatively complicated) calculations. 
published set (DFLM)26 

Agreement was found with one 

( MRS)27 
but substantiai disagreement emerged in comparison to the other 

in the small-x region. Fig.IV-3 shows the comparison, along with the 
corresponding 1st order results. The latter has since been found to contain a programming 
error34 and agreement is obtained after correction of the error. Previous calculations of 
cross-sections based on the these distributions below x < 0.01 must be revised. 

For quantitative applications of the QCD parton model incorporating next-to-leading 
effects, one must also, in principle, take into account the scheme dependence of the parton 
distributions (cf. SecI1.C). Ref.33 also compared parton distribution functions in the MS-bar 
scheme to those in the DE scheme. The numerical difference is of the order of 10% at 
Q = 4 GeV. It decreases steadily as Q increases. Since the Wilson coefficient connecting the 
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F&IV-3: Comparison of 2nd order calculations with MRS distributions. 

V. PROGILW TO EXTRACT PARTON DISTRIBUTION FUNCTIONS 

We have started a program to utilize the data base described above to extract parton 
distribution functions suitable r”or quantitative applications of the QCD parton model and for 
studying the range of possibilities involved in extrapolation to the small-x region beyond 
directly measured range. For this purpose, we would like to include a wide range of data 
sets, and to take into consideration as many as possible the relevant experimental factors 
described in Sec. 1V.B. This work is still underway. Here we describe our particular 
approach and give a progress report on preliminary results. 

A. DESCRIPTION OF METHODS 

The first phase of this analysis will be concerned mainly with the latest major 
experimental data on structure functions measured in high-energy muon- and charged 
current neutrino-hadron scattering processes for which we have obtained detailed 
information on -- EMC, CDHSW, and BCDMS. Because of the unresolved discrepancy 
between some of these experiments, especially in the BCDMS and EMC hydrogen data, it is 
important to analyze the dependence of the parton distribution parameters on the choice of 
data. We have systematically evaluated the quality of the fit for various combinations of 
experimental data sets and compared the parton distributions extracted from these combina- 
tions. We will try to answer the question of general concern: Is the well-publicized BCDMS- 
EMC discrepancy a major hindrance in the determination of a set of good parton distri- 
butions? At a later stage, data from other charged current (BEBC, BPF, CCFRR, CHARM, 
,..) and neutral current experiments (FMM, . ..) will be taken into account as well. 
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In practical appiications of the QCD Parton IModel. both leading order and next-to- 
leading order caicuiations are widely used. .-4ccordingly, our program is set up to perform 
fits to each of these orders and to compare the results. Discussions given in Sec.iV.C 
indicate that these fits will result in different extrapolations to the small-x region even if 
they are fitted to the same data in the currently available energy range. Thus. confronting 
predictions on hadron collider processes (which typically involve partons with smaller frac- 
tional momentum x than fixed-target ones) based-on these distributions may provide good 
tests of the next-to-leading order QCD Parton Model. Although one expect to be able to fit 
data with either the 1st or the 2nd order formulas, an interesting question is: whether the 
2nd order fits will lead to more stable (hence unique) parton distribution parameters - as 
they should if the QCD perturbation series indeed makes sense? We shall try to answer this 
question. 

In addition to effects due to experimental systematic errors, heavy-target corrections (the 
EMC effect), and correlations among measured structure functions, experience shows that the 
quality and the outcome of a QCD analysis of the parton distributions can also depend on the 
choice of cuts in Q and W in data selection. If the model is applicable in the region where 
this analysis is made (hence the results are to be trusted), this cutoff dependence must be 
negligible. Our study includes investigations on this dependence. 

One of the most important motivation for undertaking this investigation is to study the 
range of possibilities of the small-x behavior of parton distributions. Traditional assumptions 
of the functional form for the initial distributions (at some arbitrarily chosen QO) over- 
restrict this behavior. It is important to recognize, for instance, that QCD evolution itself 
alters the effective functional form assumed for the initial distribution at small-x as soon as 
the evolution is turned on. 35 Since no particular value of QO is a priori special, it is not 
natural to assume a specific form for the small-x behavior at a given Q. Consequently, in 
our study this junctional form is left open, to be determined by the fit to data. We will try to 
delineate the range of possibilities in the extrapolation of parton distributions to small-x, 
given all the current data. 

An interesting idea about the choice of QO and the associated initial distributions is that 
of “dynamically generated parton distributions”: one assumes that there is some QO, pre- 
sumably of fairly low value, at which the only effective parton content of the hadron 
consists of the valence quarks and allow the 
of Q be generated solely by QCD evolution. P 

arton distributions at physically relevant values 
6 In practice, the value of QO in this scheme 

has to be so low (certainly below 1 GeV) that the perturbative formalism is not applicable at 
that scale. Therefore, this parametrization of the initial condition can, at best, be regarded 
as an effective one chosen for its simplicity. We use this method along with the conventional 
one for comparison. Our implementation of this approach is somewhat different from the 
usualone: we include an initial gluon distribution along with the valence quarks; and, instead 
of arbitrarily fixing QO, we allow its value to be determined by ‘the fit. We can get 
reasonable fit to data, comparable to other methods, in our preliminary studies. Because this 
approach starts the evolution at very low QO (our fits typically yield values of about OS-O.6 
GeV), and because the QCD evolution rapidly accumulates partons at small x, this approach 
tend to yield parton distributions at a physical value of Q which rise more rapidly toward 
small-x than the conventional approach. (Cf. Ref.36) 

With the above considerations in mind, our study is organized in a way best described as 
a multi-dimensional grid. In the first direction, we have the various factors described above 
which need to be incorporated in any given fit: (i) heavy target correction (EMC-effect), (ii) 
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rxperimental systematic errors. (iii.1 correlations in the measured structure functions . . . etc. 
In another direction. we have the possible choices of data sets which include different 
combinations of experiments as well as different kinematic cuts on the data sampie. In the 
third direction. we have the choices of theoretical schemes which encompass Ist/2nd order 
QCD formalisms and \.arious possible functional schemes for the parametrization of the 
initial parton distributions. , We have being performing fits on this grid and systematically 
recording the results for detailed study. In an ideal world. one should obtain good fits 
yielding parton distributions stable against the various choices represented in the second and 
third directions if all the relevant factors listed in the first direction are properiy taken into 
account. The fitting is done with the full MINUIT program and the QCD calculations are 
zarried out with a fast evolution program by WKT’-I (the same as the one used in the 
investigation of small-x behavior of 2nd order QCD parton distributions described in 
Sec.1V.C). 
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Fig.V- 1: Organizational scheme for PDF-study. 

8. PRELIMINARYRESULTS 

To date, about one hundred different fits to data, exploring the dependence of extracted 
parton distributions on most of the factors exhibited in the matrix of Fig.V-1 have been 
carried out. The most extensive studies were done with conventional parametrizations of the 
initial parton distributions where we allow more freedom in the behavior of these 
distributions at small-x and in the flavor-dependence of the sea-distributions then allowed in 
the existing distributions. In order to restrict ourselves to a manageable number of para- 
meters while doing this. we adopt the following procedure: we use as initial distributions at a 
chosen Q2 those from an established set (mostly MRS-E, for the results presented below) 
multiplied by appropriate factors of the form C * xA * ( l-x)B to render the desired 
flexibility and then fit data to extract these (A,B,C) (as well as AQCD) as the fitting 
parameters. One experimental factor - correlation of errors - have been left out of these 
preliminary studies because time constraint does not allow its proper treatment. We now give 
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3 brief discussion of some preliminary results and tentative conclusions. Details wiil be 
described in a forthcoming publication.” 

Data Set Selection: So far the only extensive data sets for which we have detailed 
information on are: EMC (iron. hydrogen & deuterium), CDHSW (iron) and BCDMS 
[hydrogen & carbon). We have carried out fits to these data sets individually and in various 
combinations in order to check the discriminating. power of the data sets, the consistency 
between them. and to determine the stability of the extracted parton distributions and the 
QCD coupling scale parameter (A CD) against the choice of data sets. We obtain very good 
fits to the combined CDHSW & % MC and for the combined CDHSW & BCDMS data sets, 
typically x2 per dof of 1 or less (for details, see dependence on QZ-cut below); and we also 
obtain reasonable fits to the combined data sets of all three experiments with slightly higher 
~2 (1.0 to 1.3 per dof depending on Q2-cut). Fig.V-2 gives a global view of the quality of 
a typical fit to the full combined set. The format of this rather busy figure follows that of 
Fig.IV-1 in Sec.IV. We shall come back to discuss the some features of this fit after 
examining the Qt-cut dependence. 

Systematic Errors: For most of our fits, the systematic error is added in quadrature to the 
statistical error point-by-point. Correlation of errors have not yet been taken into account, 
as explained earlier. Separate fits have been done with systematic errors ignored (as done by 
most previous studies) in order to assess their effect on the results. We found the qualify of 
fit depends critically on whether the experimental systematic errors are included, in 
particular when multi-sets of data from different experiments are used. The x2 per degree 
of freedom typically jumps from around 1 to 3 - 5 (depending on the Q2-cut used) when 
systematic errors are left out. Also, the shapes of the extracted distributions are modified, 
and the value of QCD-lamda becomes rather unstable against changes in other variables such 
as Q2-cut. 

Heavy Target (EMC-effect) Corrections: Since the objective is to extract parton 
distributions inside the proton, we apply a heavy target correction to the iron and carbon 
data before combining these in a fit with hydrogen and deuterium data. The x-dependent 
correction factor is taken from an empirical formula derived from the measured ratio of 
F2(iron)/F2(deuterium) (EMC) and F2(carbon)/F2(deuterium) (BCDMS). No Q-dependence 
of this factor is included as there is no clear experimental evidence for it. Leaving out this 
correction (as some existing parton distribution analyses have. done) typically does not affect 
the quality of the fit (as measured by the chi-square per dof) by much. However, the shapes 
of the extracted parton distributions are clearly changed. 

1st vs. 2nd Order QCD Evolution: We have tried to extract parton distributions from the 
same set of data using both the 1st order and the 2nd order QCD parton model formulas (cf. 
Sec.II.B,C. We find satisfactory fits in each case. This is expected, as the discussion in 
Sec.1V.C indicated that the 2nd-order evolution differs little from the 1st order one for x > 
0.01, provided the value of QCD-A is appropriately adjusted. The shape parameters of the 
parton distributions extracted from these analyses are close to each other, as they should be. 
The parameters obtained with the 2nd order fits are somewhat more stable against changes in 
other variable (cf. the paragraph on Q2-cut below). 
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Fig.V-2: Sample fit to combined data sets of CDHSW (F‘ & F3), BCDMS (C & H,), and 
EMC (Fe & H2). The Q2-cut used is 6.25 GeV2. The Dashed lines represent the fi;. The 
top six plots are for x < 0.3. The bottom six plots are for x > 0.3. The specific values of x 
for the data points are the same as those shown in Fig.IV-1. 
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@-cut Dependence: ii !.ve are III the kinematic region where perrurbative (twist-Zl-QCD is 
a good approximation. the resuits ol‘ our iits should not depend on the choice of Q&-cut in _I 
our selection of data. In practice. :he question of Q--cut is important for at -least two 
reasons: (ij twist-4 as weil as non-perturbative effects come in at low values oi Q’. We do 
not know a priori when do these effects set in: (ii) the discrepancies between existing data 
sets. especially that between EMC and BCDMS are x- and Q-dependent. For fits to the 
three different combinations of data sets described in a previous paragraph and for 
calculations performed with both 1st and 2nd order QCD formulas, we have systematically 
varied the Q’-cut in the range 6.0 to 25 GeV2 to observe its effect. 

The stability of the shape parameters and AQCD against the Q’-cut can depend on the 
choice of the parametrization scheme. The following summary only applies to the relatively 
economical parametrization scheme described earlier in this section. We found the value of 
AQCD to be relatively stable against variations of Q2-cut in a series of fits for a given 

choice of data set and calculational scheme. Some typical results are presented in Fig.V-3 

0.4 

0.3 

Fig.V-3: Value of AQCD vs. Q2-cut obtained in various fits. Points connected by 
the top three curves are from 1st order fits to BCE, CE, and BC data sets in 
desending order: those connected by the bottom three curves are from the 
corresponding 2nd order fits. (Here BC = BCDMS + CDHSW; CE = CDHSW + 
EMC; and BCE = all three.) 

Since the meaning of A is ambiguous, depending on the number of active flavors and on the 
order of perturbation used, we have converted all A values to their 1st order 4-flavor 
equivalent (so that the QCD couplings are the same) for this comparison. For the 2nd order 
fits, the true 2nd order 4-flavor A value, h(2,4), is related to the equivalent 1st order value, 
A( 1,4), given above by a very accurate formula LoglO A(2,4) = 0.156 + 0.81*LogloA(1,4). We 
will comment more on these results in the discussion section. 

The parameters which characterize the initial parton distributions at a given QL (say 
Qo2=10 GeV2) are also found to be generally stable against variations in Q2-cut, although 
some more so than others. A detailed description will necessitate a full discussion of our 
parametrization formulas which space does not allow here. We give as an example the most 
Q2-cut-dependent parameter we found which is the exponent B to the (l-x) factor in the 
gluon distribution. We see that this parameter depends rather sensitively on the choice of 
data set. This is one of the manifestations of the well-known fact that the shape of the 
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;luon distribution is siosea couoled to the value oi I ?,--, ,shich. as snow above. also differs 
in the various fits. \L’ithin a given data set. the vaiue obtained t’or BG is rather stable. . 
especially for ;Ind-order iits and for Q&-cut above 15 GeV’. 

Fig.V-4: Gluon B-parameter vs. Q’-cut from various fits. The B-paraqeter is 
normalized to 0 with respect to the MRS-E distributions at Q’=lO GeV’. The 

labelling of the points is the same as in Fig.V-3. 

C. TENTATIVEOBSERVATIONSANDCONCLUSIONS 

Do disagreements between existing experiments preclude a meaning/u1 parton distribution 
analysis? 

The answer is not an obvious yes. A meaningful QCD parton model analysis must 
invoke a reasonable Q2-cut in the selection of data to minimize higher-twist and non- 
perturbative effects. With increasing Q2-cut, the well-publicized disagreements between 
BCDMS and EMC experiments become less significant. Therefore, we have been able to 
obtain reasonable QCD fits to the combined BCDMS-CDHSW-EMC data above Q2 lo-15 
GeV’. Perhaps somewhat unexpectedly, in a typical fit, points which contribute the most to 
the x2 turn out to come from the two lowest x bins and the highest x bin of the new 
CDHSW experiment and the EMC-Fe experiment rather than from the BCDMS and EMC 
hydrogen data points, as illustrated in Fig-V-2. This is due to the statistical weight of the 
hydrogen data (with very small errors), and due to the fact that an overall normalization 
factor for each experiment is allowed as a fitting parameter. We found that these fits favor 
a normalization factor of * 0.95 for the BCDMS data points, and a factor of = I.03 for the 
EMC points, both with respect to those of CDHSW. 

We do get better fits with combined data from only two out of these three experiments - 
- BCDMS-CDHSW or CDHSW-EMC -- as compared to the all-inclusive fits discussed above 
(x2 per dof 0.7- 1.0 compared to l.O- 1.3). And the fitting parameters from the these fits also 
seem to be a little more stable than from the grand combined fits, as one may see in Figs.V- 
3 and V-4. However, the difference does not seem to be very significant. We emphasize 
that it is oossible to reach this conclusion oniv if rhe svstematic errors of fhe exDeriments are 
,fullv taken into account and if a healthv 02-cut is imuosed. To illustrate this point, a sample 1 
fit with QL-cut = 20 GeV’ is shown in Fig-V-5. The quality of this fit is clearly better than 
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Fig.V-2: Sample fit to c,ombined data sets of CDHSW (F’ & F3), BCDMS (C & Hz), and 
EMC (Fe AL H,). The Q&-cut used is 20 GeV2. The Dashed lines represent the fit. The top 
six plots are fir x < 0.3. The bottom six plots are for x > 0.3. The specific values of x for 
rhe data points are the same as those shown in Fig.IV-1. 
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that shown in Fig.V-2. The improvement almost exclusiveiy come the exciusion oi the low 
Q points. 

What do existing data tdi us about the smail-.r behavior of parton distributions? 

The answer is: not very much. The lowest values of x included in our analyses are in 
the range 0.03 - 0.05, depending on Q2-cut. The small-x extrapolation of the fitted parton 
distributions is mainly controlled by the parameter A which is the exponent in the standard 
factor xx in the distribution function (at the initial Q2, usually chosen to be 10 GeV2 in our 
calculations). The values of A for (x times) the gluon and the sea-quark distributions we 
obtain are very stable within a given set of fits. but differ from set to set. The results are 
summarized in the following table. 

BCDMS CDHSW All 
CDHSW EMC Combined 

1st Order 0.303 -0.05 0.305 

2nd Order 0.340 -0.01 0.085 

Table V-l: Exponent parameter A obtained in various fits (normalized to 0 with respect to 
the MRS-E distributions at Q2 = 10 GeV2). 

The different values will give rise to very different small-x extrapolations to small-x values 
below 1 Om3. However, we can also get acceptable fits to each set of data by fixing this 
parameter at any value close to the range above. For instance, if the BCDMS-CDHSW set is 
fit with fixed A = -0.2, the x2 per dof only increases from I .06 to I .17. Of course, when 
this is done, some of the other parameters (e.g. “QcD ) also change from their best-fit values. 

How well can one determine AQcD and the initial parton distributions from the DIS data? 

We confirm the known answer: the u- and d-quark distributions are fairly well 
determined, but the other parameters are correlated and not so well constrained. We have 
seen from Figs.V-3 and V-4 and the last paragraph that the extracted values of AQCD and 
parton shape parameters do vary from one set of fits to another. In this regard, the 
“stability” of the fitted values for some parameter within a given set of fits can be 
misleading. The range of variation spanned by the various sets of fits is a better indication 
of the uncertainties involved. A reliable way to determine the uniqueness of the extracted 
parameters is to perform a full error analysis in the fitting process (e.g. by invoking MINOS 
inside MINUIT). We found that MINUIT will not yield meaningful error quotes on AQCD 

and the gluon distribution parameters unless most other parameters are artificially fixed. 

To conclude: many uncertainties on the parton distributions in QCD fits to current deep 
inelastic scattering data are intrinsic to the problem because the number of combinations of 
these distributions measured by the structure functions are limited. This is especially true 
for the gluon since it does not couple directly to the electroweak currents, and also for the 
anti-quarks since they contribute only a small part to the measured cross-section. These 
uncertainties can make a fitting program ambiguous. The only way to remedy this problem 
is to supplement deep inelastic scattering with complementary processes which involve gluons 
and anti-quarks in a direct way. Well-known examples are Drell-Yan processes (W-, Z- 
production, as well as continuum lepton pairs), direct-photon production, heavy-flavor 
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grociuction. . . . etc. .iny serious study of the parton distributions must take these processes 
into account. W’e certainly plan to incorporate these processes in our analysis at a later stage. 

VT. ROLEOFCURRENTANDFUTUREEXPERIMENTSINTHEDETERMINATIONOFPARTON 
DISTRIBUTIONS 

In the continuing effort to determine the parton distributions in the QCD Parton Model 
beyond the currently available energy range, we must have more and better experimental 
data in a variety of processes. As illustrated on the map of kinematic variables, Fig.I.2, we 
must use available hadron collider processes (at the SppS and the Tevatron) to extend the 
coverage to smaller x, in addition to supply information on the gluon and anti-quarks. 
Eventually, HERA will expand the kinematic range by two orders of magnitude when it 
becomes operative. This section summarizes the opportunities offered by the various 
forthcoming experiments and facilities. 

A. FIXEDTARGETLEPTON-HADRON~CATTERING 

Although extensive data on deep inelastic scattering structure functions from fixed- 
target experiments already exist, the glaring discrepancy between major high-statistics 
experiments, especially for hydrogen target, cries for a resolution by further accurate experi- 
ments. In the years ahead, we can look forward to: 

* The CCFR Collaboration at Fermilab have a sample of 250,000 anti-neutrino and 
1,500,OOO neutrino events for energies in the range O-600 GeV from their 1985 and 
1987 runs. Structure functions are expected in early 1989. 

* The NMC collaboration (an upgraded version of EMC) currently underway at CERN; 

* The Fermilab Muon collaboration (Expt. E665). This Tevatron Muon collabation at FNAL 
have several million deep inelastic scattering events recorded during their 1987 run at 
500 GeV. Their data extend to x of 0.001. However, the experiment is not designed 
to optimize the measurement of structure functions. 

In addition,. some entirely new experiments are being considered at Fermilab and UNK. 

B. HERA 

HERA, projected to come into operation in 1990, will extend measurement of the 
structure functions to about 0.0001 in x and about 1,000 GeV2 in Q2, as shown in Fig.I-2. 
Since the event rate is very high for small x, the structure functions can be measured with 
good accuracy in this important region. In view of the lack of reliable experimental data 
below x k: 0.05, and the importance of this information for the study of physics in future 
colliders, the importance of the HERA measurements cannot be over-emphasized. The capa- 
bilities of HERA have been extensively documented in various HERA study reports3’ For 
the purpose of this review, we shall only highlight its unique potential to measure the gluon 
distribution. 

The definitive method for determining the gluon distribution is to measure the 
longitudinal structure function (the difference between F2 and F1, Eq.(II-6)). The basic 
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t‘ormula in the QCD parton model which defines the gluon distribution inside the hadron in 
terms of Fiong ’ 1s given by Eqs.(II-26). (Cf. also Figs.II-lb and II-“<.) This method requires 
the measurement of the cross-section at several collision energies. FL0ngix.Q) is determined 
from the slope of a straight-line plot of the cross-section versus a suitably chosen variable 
(commonly called E) for fixed cx,Q) -- the classic “Rosenbluth Plot”. 40 

In order to gain some feeling on what can be achieved, we give a brief description of 
some relevant experimental details. For definiteness, we consider here a specific detector, 
namely ZEUS.” The overall kinematically accessible x and Q2 range is shown in Figure 
VI- 1, bounded by the curve labelled “before cut”. Several cuts must be applied to simulate 
detector acceptance: 

0 a 200 mrad cut is applied on the angle of the scattered electron with respect to the 
beam to ensure that it will enter the rear detector. 

0 the electron is required to have a transverse momentum of at least 3GeV/c for it to 
be well separated from the fragmentation jet; 

0 a cut of y c 0.83 is applied to stay away from regions where radiative corrections are 
changing rapidly. 42 

x 

Fig.VI-1: Available low x and Q range in the ZEUS detector. 

The resultant x and Q” range available after the cuts is bounded by the curve labelled “after 
cut” in Fig.VI-1. The PT cut places the largest restriction on x while the angle cut has the 
largest effect on the minimum Q2. 

Fig.VI-2 shows the antici ated ability to resolve between two representative gluon 
distributions4’ at p 2 = 50 GeV 4 for initial gluon distributions of the form: A) xG(x, Q2) = 
0.676~-~‘~( 1 - x) and BI xGlx. Q’) = 5( 1 - x)‘. The error bars indicate the size of the 
statistical error expected for lOOpb-1 of luminosity, and the shaded band shows the expected 
size of systematic errors, which include a 5O/6 luminosity error and systematic errors on N 
(the number of events in an x. Q2 bin) and l? due to resolution effects. Note that the 
relative luminosity errors for different E can be removed by using high x data. According to 
this study, these distributions will be easily distinguishable. 
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Fig.VI-2: The anticipated resolving power on the small-x behavior of the gluon distribution 
at HERA. 

An alternative method to measure the gluon distribution at HERA has been proposed. 43 

This utilizes the cross-section foi4Jl$ production and assumes that it is dominated by the 
photon-gluon fusion mechanism. Details can be found in ref.43. Whereas this certainly 
provides an interesting window to test the gluon distribution, it cannot provide a true mea- 
surement for the latter because of the uncertain theoretical basis for the underlying 
interaction mechanism. There is no unambiguous order-by-order perturbative QCD formula 
for this process. 

With results now available from the detailed parton distribution analyses described in 
Sec.V, we plan to investigate the resolving power of the HERA experiments concerning the 
major remaining uncertainties on the parton distributions: the shape of the gluon distribution 
and on the extrapolation to small-x. 

C. DRELL-YANPROCESS 

Next to deep inelastic scattering, the production of lepton-pairs (via a virtual T), and W- 

. and Z-production by the Drell-Yan mechanism (and its higher order generalizations) are 
the cleanest in terms of its QCD parton model foundation. The basic processes involved are 
shown in Fig.VI-3. It is very important to measure the cross-section for these processes at 
the current and future colliders for two major reasons: (i) as is apparent from Fig.VI-3, these 
processes receive substantial contribution from the gluon through the quark-gluon “Compton 
scattering” mechanism, hence provide a much needed handle on the gluon distribution; and 
(ii) the continuum lepton-pairs probe an x-range much lower than that given by fixed target 
DIS experiments, hence furnish us with valuable information on the trend of small-x 
extrapolation of the parton distributions. Specifically, since x1x2 = Q”/s, one can reach 
below x = low3 at the Tevatron for lepton-pairs produced away from the central region. 
This is to be compared to x > 0.05 in existing deep inelastic scattering. 

Drell-Yan cross-section from fixed-target experiments have been used in the extraction 
of parton distributions in some of the sets reviewed in Sec.IV. The sensitivity of the 
projected cross-section, both total and differential, to different assumptions about the small- 
x behavior of the parton distributions have been systematically studied during the 1987 
Madison Workshop4’ in the context of a general survey of all promising “small-x processes”. 
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It was found, by a leading order Monte Cario study, that in addition to the obvious 
dependence of the total cross-section on the assumed parton luminocity at small-x. the shape 
of the differential y-distribution of the Drell-Yan process is extremely sensitive to the small- 
x behavior of the parton distributions. 

Fig-VI-3: Leading and Next-to-leading Drell-Yan processes. 

In view of recent awareness of the importance of higher order calculations, in particular 
for small-x, we have carried 
section during this Workshop. 

;;t a next-to-leading order calculation of the Drell-Yan cross- 
The results confirm the conclusions of the previous study. 

In Fig.VI-4a we show the next-to-leading order results on this _y;distribution at the Tevatron 
energy obtained by using parton distributions with assumed x behavior (solid curve) and 
with assumed x -IS behavior (dashed curve) at Q = 3.0 GeV and evolve with 2-100~ 
evolution kernel to Q = 15.0 GeV. In Fig.VI-4b, we show the corresponding results at the 
SSC energy. We see that the shape of these curves provide a good handle on the assumed 
small-x behavior. Even without measuring the full y-range, the ratio between the cross- 
sections at the central region and some forward region can already yield valuable information 
on the behavior of parton distributions at small-x. More detailed study of the discriminating 
power of this type of measurement starting from the results of Sec.V is clearly worthwhile. 

0 1 2 3 4 0 2 4 6 

RAPIDITY RAPIDITY 

- 

Fig.VI-4: Next-to-leading order y-distr. of Drell-Yan Cross-section for two assumed small-x 
extrapolations: (a) Tevatron I; (b) SSC 
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D. DIRECT-PHOTON PRODUCTION 

Details on direct photon production is covered in another contribution to these 
proceedings.47 It is worthwhile mentioning, however. that this process can have an 
important role in the overall scheme of determining the parton distributions. The basic 
underlying mechanism is very similar to the case of Drell-Yan processes discussed above. It 
is sensitive to the gluon distribution. And 2nd order QCD formulas for the cross-section do 
exist. 

VII. SVY 

In this report we reviewed the current status of deep inelastic scattering structure 
functions and parton distributions in the QCD parton model. We spelled out explicitly the 
necessary theoretical framework for QCD analyses in the leading and the next-to-leading 
order. Likewise, we discussed important experimental analysis issues in the measurement of 
structure functions and in the subsequent process of extracting parton distribution functions. 

In order to make maximum use of recent experiments with vastly increased statistics, it 
is important to have a data base with complete information on all existing data in easily 
accessible form and in a common format. We have been working to assemble such a 
complete database. An important part of this effort consists of incorporating detailed 
information on systematic errors and analysis assumptions which will allow better estimates 
of the errors on physical quantities extracted from these data. 

We also presented a review of widely used parton distributions and showed the need for 
a more up-to-date analysis using current data and incorporating significant experimental and 
theoretical considerations relevant for contemporary applications of the QCD parton model, 
particularly attention to the small-x behavior and next-to-leading order effects. We reported 
on our own program to carry out such an analysis and presented preliminary results and 
conclusions from this extensive work. 

We underlined the important roles that current collider processes and upcoming HERA 
measurements can play in complementing the structure function analysis for the complete 
determination of. the parton distributions. We highlighted the Drell-Yan process and direct 
photon production at the colliders as the most crucial in providing information on the gluon 
distribution in general and all parton distributions in the small-x region in particular. This 
will be important for its own sake as well as for providing a vital constraint in the 
extrapolation to even smaller x needed for the study of most SSC physics processes. 
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