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Abstract. The perturbative properties of parton distribu- 
tions generated radiatively from a valence-like input at 
some low resolution scale are discussed with the aim of 
explaining the physical aspects underlying the reliability 
of the predicted distributions in the small-x region. As- 
pects of higher-twist (shadowing) effects as well as small-x 
resummations are discussed. Utilizing recent improved 
data at x > 10- 2 and a factorization scheme in which the 
heavy quarks c, b, . . . ,  are not entailed among the intrinsic 
(massless) parton distributions, we readjust our valence- 
like input and provide parametrizations of the slightly 
modified dynamical LO and NLO (MS,  DIS)  predictions 
for parton distributions. 

1 Introduction 

The original attempt [1] to generate purely dynamically 
all gluon (9) and sea (cj = ~, d, g) distributions merely from 
measured valence densities was based on the extreme 
boundary conditions at Q2 = #2 with # = O(A), 

2) = 2) = 0 (1) 

in order to avoid any free additional parameters and 
assumptions in the perturbative renormalization group 
(RG) evolution to Qz > #2. This approach works qualitat- 
ively well and yields, in particular, the remarkable 
parameter-free prediction [1] for the momentum fraction 
carried by gluons, lloxg(x, QZ)dx~'0.45 at  Q 2 =  
1 - 5 GeV 2. Quantitatively, however, the resulting predic- 
tions disagree with experiment since the detailed x-de- 
pendence of 9(x, Q2) and cj(x, Q2) turns out to be much 
too steep in the small-x region [2,3] and thus too soft 
at larger values of x in disagreement with constraints 
imposed, for example, by the data on direct-photon 
production. 

* On leave of absence from Sektion Physik, Universit~it M/inchen, 
D-80333 Munich, Germany 

This purely dynamical approach based on (1) would be 
indeed physically compelling if the valence distributions 
q~(x, Q2), qo _ q _ (1, were identified with the constituent 
quarks in the proton. However, partonic quark distribu- 
tions should rather be identified with the current quark 
content of hadrons. Therefore (1) is not expected to be 
adequate and is replaced by the assumption that the sea- 
quarks and gluons follow the valence-quarks [3] at some 
low resolution scale #, or more generally [4 6] 1 

xg (x ,#  a) = Axe(1 - x) ~, xci(x,# 2) = A'x~'(1 - x) ~' (2) 

representing some valence like (~ ,~ '>  0) structure at 
Q = #. Note that the valence-like ansatz is in fact dictated 
by the obvious positivity requirement for the parton distri- 
butions down to the low Q 2 =  #2~_(3A)Z. Here the 
gluonic and antiquark (sea) partons are conceived as be- 
ing frozen upon the valence current quarks 2 (the shapes of 
their x-dependence, in particular the one of the dominant 
gluon, turn out to be indeed very similar [4,5]) at the 
scale Q = # dividing the non-perturbative regime (Q < #) 
from the perturbative one (Q > #). They are thus supposed 
to share the momentum distribution features of the (cur- 
rent!) valence-quark patton distributions. 

Experience supports this latter view since the almost 
unique radiative (dynamical) predictions [4, 51, resulting 
from the valence-like input in (2), being mainly due to the 
QCD dynamics and independent of any free (fit) para- 
meters in the small-x region, x < 10-2, seem to be con- 
firmed, for the time being, by all present experimental ep, 
7P and 77 data [8-11]. Due to this, several questions were 
raised recently (see, for example, the review and summary 
talks in [12]) concerning the reliability of this somewhat 
"unbelievable" approach and the reasons for its seeming 

i Due to the gluonic hyperfine interaction (~Z-diagrams' in which 
gluons connect one quark to another), intrinsic (input) gluon and 
sea-quark distributions are expected to be always non-vanishing [7]. 
In the next-to-leading order (NLO) (2) was implemented in the MS 
factorization scheme 
2 These stuck-together objects form the constituent quarks! 
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Fig. 1. Representative dynamical LO and NLO 
GRV predictions [4] for F~ p. Some recent 
HERA data [8, 10] are shown as well. The LO 
and NLO heavy quark (charm) contributions 
have been calculated via the 7*9 --+ cd and 7*9, 
7"q(s --* c8X fusion subprocesses [15, 16], 
respectively, using m~ = 1.5 GeV. These LO and 
NLO charm contributions, F~ , are shown 
separately as well 

success which we attempt to further clarify in Sect. 2. In 
Sect. 3 we discuss the implications of some moderate  
modifications of the valence-like input which are based on 
improved data at x >~ 10-2 but do not significantly affect 
the (steep) radiative predictions at x < 10- 2. This is a con- 
tinuation and completion of the work started in [3] and 
generalized to a valence-like input in [4], which has been 
improved in [5], except that now we adopt  a factorization 
scheme in which the heavy quarks (h = c, b, ... ) are not 
included among the massless par ton distributions of the 
nucleon. Finally we present simple analytic parametriz- 
ations of the resulting theoretical (dynamical) predictions 

for the parton distributions in LO and N L O  (MS,  DIS)  in 
the Appendix. 

2 Qualitative properties 

As stated in the Introduction we now list the qualitative 
properties characterizing the radiatively generated ('dy- 
namical') parton distributions based on a valence-like 
input, as exemplified in (2), and their successful predictions 
in the small-x region: 

(i) Perturbative reliability. Since the radiative RG-evolu- 
tion starts at a low evolution scale Q = #  with #-~  3A 
(typically #Lo -~ 0.5 GeV and #NLO -~ 0.55 GeV where the 
gluons and antiquarks in the nucleon are valence-like 
[4, 5]) one may wonder whether a perturbative treatment 
at such low momentum scales is admissible and reliable. 
Superficially such an objection is seemingly correct, but so 
far no one really knows 3 the range of validity of pertur- 
bative QCD. This can be studied, as usual, only by a prag- 
matic approach trying to find out by methods of trial and 
error where this perturbative limit actually is. For the 
present case we find that the perturbative expansion para- 

3 Recent lattice calculations of ~ fi'om first principles [13] confirm 
the perturbative NLO (2-loop) predictions for cq(Q 2) down to 
Q -~ 0.55 GeV -~ # 

meters are indeed sufficiently small by comparing the 
perturbative stability of our predictions in the leading 
(LO) and next-to-leading (NLO) order. This stability re- 
sults not only from ~s(/~2)/rc = 0.2 ~ 1, but also from the 
particular shapes of the 1- and 2-loop splitting functions 
p(O)(x ij , ) and P}~)(x), respectively, as well as from the par- 
ticular (different) shapes of the LO and N L O  input pat ton 
distributions f ( x ,  #2) where f =  q, c7, 9. These pertur- 
batively stable predictions refer always to measurable 
quantities like F2 (x, Q2) etc. rather than to the auxiliary, 
not directly measurable, N L O  parton distributions 
f ( x ,  Q2) as illustrated in Figs. 1 and 2. The 'pertur- 
bative instability' of the latter quantities, i.e. fLo (x, Q 2) # 
fNLo(x  ' Q2) as exemplified in Fig. 2, should be expected 
and even tolerated: Despite the sizeable difference of LO 
and N L O  sea and gluon distributions in the small-x 
region 4 in Fig. 2, the sea (~i) dominated structure function 
F~ p in Fig. 1 and its gluon dominated (~ '9 ~ c6, etc.) 
heavy quark contribution F~ show a remarkable pertur- 
bative stability, which will be even improved in most cases 
by our slightly modified analysis to be discussed in Sect. 3. 
A similar (even more pronounced) perturbative N L O  
stability is also obtained for other directly measurable 
quantities such as for example --2,~b --L~~ (FL -- F2 -- 2xF1), 
~(pp--+ c8X)  and ~(pp ~ bbX)  all the way up to multi- 
TeV energies [15]. 

It should, however, be remarked that the (finite) per- 
turbative small-x predictions for 9(x, Q2), s Qa), 

4 It has been speculated [14] that this difference might become even 
more pronounced if one goes beyond the NLO, using rudimentary 
(partly guessed) NNLO (~) and NNNLO(c~) asymptotic (x -~ 0) 
expressions for the P~/s and the same input parton distributions at 
each perturbative order. Apart from this incorrect treatment of the 
input distributions and the inadequacy of the asymptotic " l /x  
approximation" for the presently attainable small-x region (see 
point (v) below), such an approach is likely to be misleading because 
of our ignorance of full NNLO and NNNLO perturbative expres- 
sions for all splitting functions Pij as well as of the corresponding 
Wilson coefficients. Thus, for the time being, a full perturbative 
analysis can only be performed up to NLO (e~) 
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Fig. 2. Dynamical LO and NLO GRV 
predictions [4] for the light sea (g) and gluon 
distributions 

Fi(x, Q2), etc., are strongly varying for Q2 in the vicinity of 
//~o, Ho and thus depend critically on the precise choice of 
//2 which in turn can be fixed, by present experiments, only 
to within about  10% [5]. Since Q2 < //2 ~.~ 0.3 GeV 2 re- 
fers to the manifestly non-perturbative regime, it is not  
unlikely that  also for Q 2  ~ / / 2  non-per turbat ive  contribu- 
tions (higher-twists, etc.) remain relevant. Therefore, only 
well above the valence-like input  scale //, Q2> 
0.5-0.6 GeV 2 say, will our  dynamical  perturbative predic- 
tions become reliable and experimentally relevant. 
(ii) Specific dynamical predictions. Due to the valence-like 
structure of the input distributions in (2), our  radiative 
predictions [-4] at Q > / / a r e  rather unambiguous  [5], i.e. 
parameter-free in the smaIl-x region, x < 10 -2. At larger 
scales Q 2 ~  5 GeV 2 structure functions like F2(x, Q2) and 
the singlet par ton  distributions xg(x, Q2) and x~t(x, Q2) 
are predicted to be steep at small-x, as can be seen in 
Figs. i and 2: Typically, at Q2= 10 100GeV 2 F2, 
x g ~ x  -~ with 2NLO--~0.3--0.4 for 1 0 - 5 < x < 1 0  -3, i.e. 
these distributions posses a 'Lipatov'- l ike (2 # 0) behav- 
ior, which has been confirmed by H E R A  [-8, 10]. At 
smaller scales Q2 ~ 1 GeV 2, however, F2 and x f a r e  pre- 
dicted to be almost  fiat [4, 5] at small-x, i.e. develop the 
'Regge (Pomeron) '- l ike x-dependence ( ~ x ~  Al though 
such a trend towards  a small-x flattening of F~P(x, Q2) for 
decreasing Q2 is indicated by the recent H E R A  data  [8] as 
well as [-5] by the E M C  and N M C  data  [17], this latter 
prediction has to be still confirmed by future H E R A  
measurements  - it will constitute a fundamental  test of the 
correctness of the radiatively (dynamically) calculated 
par ton  distributions. 5 It should be fur thermore empha-  
sized that  these scale dependent  unique small-x predic- 
tions are not  only a consequence of the ' s tandard '  R G  

5 It should be noted that such tests are not feasible for the alterna- 
tive standard fits of parton distributions where an ansatz for the 
input distributions xf(x, Qo 2) with an assumed (flat or steep) small-x 
behavior is fitted to the data at Q2 = 4 GeV 2 for example (see, e.g., 
[18]). In this case the highly unstable 'backward' evolution to 
Q2 < Qg would lead to negative parton distributions [19] 

evolution equat ions (due to the large radiative evolution 
'distance'  ~(Q2) __ In [~s(//2)/cq(Q2)], but  follow in par- 
ticular also from our  valence-like gluon and (light) sea 
content  in (2), xf(x,//2) ~ 0 for x --+ 0, of the nucleon at 
a low resolution scale 6 / / -~  3A. Both ingredients, as well 
as the specific shapes of the perturbatively calculable 
splitting functions p!O, i)(x ) and of  the Wilson-expansion 
coefficients, seem to provide the correct small-x behavior  
of F2(x, Q2) as measured at H E R A  [8, 10]. (Here no 
further assumptions or small-x extrapolat ions o f f (x ,  Q2) 
at, say, Q2 = 4 GeV 2 - usually implemented in all alterna- 
tive, mainly fit-inspired, parametr izat ions  of par ton  distri- 
butions [18, 20] - are needed or employed.) 
(iii) Higher-twist ('shadowing') effects. At the low scales 
Q > / /h igher - twis t  r > 2 effects, suppressed by powers of 
1/Q ~-2, might  a priori become quite important ,  as com- 
pared with the dominan t  twist r - dimension - spin = 2 
effects considered thus far. Here one should clearly distin- 
guish between two different matters: (a) the possible high- 
er-twist contr ibutions to measurable quantities like 
F 2 (x, Q2) and (b) their strict decoupling ~ from the underly- 
ing QZ-evolution equations for the s tandard covariant 
twist-2 par ton  distributions f (x ,  Q2) utilized in all our  
subsequent physical applications. 8 Covar iant ly  defined 

6 Note that there is only one scale g where such a valence-like 
structure can exist, which is fixed by experiment in order to obtain 
a large enough amount [-4,5] of q(x,Q 2) and g(x,Q 2) at Q; > ]~2 

(and x >0.01). Present experimental uncertainties would allow our 
#Ho ~ 0.55 GeV to be increased by at most about 10%[5] 
7 This is essential for obtaining universal, i.e. process independent 
parton distributions f(x, Q2) which can be used for studying any 
other hard scattering process - the main virtue of the entire funda- 
mental concept of the parton model 
s Strictly speaking our structure functions and parton distributions 
should be expressed in terms of the ~-scaling variable [21 ], instead of 
the Bjorken-x. This becomes particularly relevant in the low-Q 2 
region and at large x where, among other things, higher-twist contri- 
butions are essential [21] also for satisfying the energy threshold 
constraints. In the small-x region such subtleties are of no import- 
ance 
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operators of different twists do not mix under renormaliz- 
ation! This should be distinguished from approaches 
[22, 23] referring to kT-cutoff regulated 'parton distribu- 
tions' f(x, Q2) which, being non-covariant, may mix with 
higher-twist-like distributions 9 leading to possible 
"shadowing" (or "screening") effects of the non-standard 
"twist-2"f(x, Q2) in the low-x region. Here these nonlin- 
ear shadowing effects ( ~  - C / R ; Q  2 with R being the 
proton radius, R-~ 5 GeV -1, or a smaller 'hot-spot' 
screening parameter, R ~- 2 GeV - 1) cause a flattening of 
originally steep input distributions xf(x, Qg) in the small- 
x region. The recent steep HERA results [8, 10] apparent- 
ly do not support this approach. (It is interesting to note 
that, prior to HERA measurements, it has been anticip- 
ated [25] that a consistent treatment of the nonlinear 
GLR-equations [22, 23] leaves little room for shadowing 
effects in the kinematic region attainable by HERA, pro- 
vided structure functions are steep in the small-x region at 
a typical input scale of Q2 ~ 4 GeV2.) 

Shadowing-like effects appear in our standard 
covariant twist-diagonal approach merely via the chosen 
valence-like input xf(x,/~2) in (2) as well as due to the 
particular influence of the two-loop splitting functions 
P}J)(x) in the NLO evolution which reduce [4] the naive 
LO results in the small-x region. 1~ The remaining possible 
influence of higher-twist contributions on, say, F 2 (x, Q2) 
at low Q2 can only be inferred phenomenologically: Com- 
paring our predicted results for FZ(X , Q2) with, say, the 
EMC-NA28, NMC and SLAC/~(e)d data we note [4, 5] 
that higher-twist contributions at x<0.01 are at most 
marginal even at  Q 2 ~  1 GeV 2, as long as Qz>/~2 ~ ~ 
0.3 GeV 2 (cf. Fig. 11 below). On the other hand, nonper- 
turbative effects, as eventually also required by unitarity, 
will be essential for Q2 < #2, since in the photoproduction 
limit, F2(x, Qe ~ 0) ~ 0 is not reproducible within a per- 
turbative parton model. 
(iv) No strong kr-ordering in ladder summations, i.e. in 
QZ-evolutions. The leading logarithms resummed by the 
Altarelli-Parisi RG evolution equations at the LO corres- 
pond to a summation of quark and gluon ladders with 
strongly ordered transverse momenta in the n rungs 
(Q2 > k2T > .. .  > kl2T > Qo2). For small x but moderate 
Q2 this simple and naive LO approach is expected to 
break down since ladder contributions with no strong 
kr-ordering will obviously become important and one 
clearly has to integrate over the full kr phase space 
[26, 22]. Such contributions have been formulated (BFKL 
summation) and calculated just for gluon ladders in the 
LO resulting in a steeper small-x 'Lipatov'-like gluon 
distribution xg ~ x -~ with 2 _< )~,~ = (3~jTr)41n 2 - 0.5 
as already referred to in (ii). Unfortunately the detailed 
BFKL results strongly depend on the specific choice of the 
various infrared kr-cutoffs required for explicit calcu- 

9 The twist concept is unambiguously defined only in covariant 
formulations of deep inelastic scattering which requires fermionic 
and gluonic Wilson operators of definite spin (i.e. traceless) and 
dimension (see, for example [24] and the appropriate discussion on 
pp. 442, 443 of [23] 
10 This should also apply to nuclear shadowing still to be studied 
within our dynamical approach 

lations [27J and thus carry little overall predictive power. 
They furthermore only represent the LO 'asymptotic' 
small-x behavior of the gluon distribution. 11 It is thus 
certainly true that the LO QZ-evolution based on P!~ 
becomes unreliable in the small x-region due to the sum- 
mation of just strongly kr-ordered ladders, but non-or- 
dered kr ladder contributions are involved as soon as 
NLO Q2-evolutions, containing the two-loop (1) Pij (x), are 
considered. These, moreover, are treated in a strictly 
covariant way in contrast to the kr-regularized distribu- 
tionsf(x, Q2) in [22, 23, 26] which, as mentioned before in 
(iii), should not be directly compared with our strictly 
covariantly evolved f (x ,  Q2). 
(v) Resummations of small-x singularities of splitting func- 
tions? It has been frequently claimed [29, 14] that the 

p(o)~ - singular behavior of ij tx) and Ply) (x) in the small-x 
region requires a resummation of leading small-x singu- 
larities in 

PiJ(X,Q 2) _ ~s(Q2)P(~ (~(Q2) ~2 p(1) . ,  ' J ' ' + \  2~ / ,j(~,+...  (3) 

before performing any (reliable) Q2-evolution analysis in 
the small-x region. However, as noted recently [15], this 
seemingly alarming danger disappears as soon as one 
recognizes that the Pij's always appear in the Q2-evolu- 
tion equations convoluted with some very specific parton 
distribution functions and that the question of the low-x 
perturbative stability of the investigated Q2-evolutions 
crucially depends on the particular shapes of the involved 
LO and NLO parton distributions. As already noted in (i) 
our particular radiatively generated LO and NLO parton 
distributions do not give rise to physically relevant pertur- 
bative instabilities for directly measurable quantities in 
the small-x region despite of the noted [29, 14] bad con- 
vergence of Pij(x, Q2) itself as x ~ 0. 4 This implies in 
particular also that one has always to perform a full NLO 
analysis (i.e. to keep the full (') . Pij (x) and the appropriate 
Wilson coefficients) for obtaining perturbatively relevant 
and reliable results. Recent studies of NLO and NNLO 
contributions [30] have explicitly demonstrated that the 
" l / x  approximation", used in most small-x studies 
[14,23,26,29], is insufficient even down to x = 10 -5 and 
thus that resummations of 1/x and l n x / x  terms are not 
very useful and even misleading. This further demon- 
strates the care needed before making any general state- 
ments concerning perturbative stability [14,29], non- 
physical small-x behavior [22,26], etc. 
(vi) Possible implications for lattice calculations. It is more 
than surprising that the 'quenched' or 'valence' approx- 
imation, where the effect of virtual qcj-excitations on the 
lattice is ignored for technical reasons, works that well in 
describing the observed hadron mass spectra (for a recent 
review, see [31]). It is tempting to speculate that our 
dynamical valence-like parton model [3-5] offers some 
rationale for this success since at a length scale 

11 It is difficult to envisage how the conceptionally important NLO 
contributions, which are essential for establishing the reliability of 
the LO BFKL-results, can be calculated within the non-covariant 
kr-cutoff regulated ladder approach [28] 



#-1  _~ (0.55 GeV) 1 _~ 0.5fro the proton consists domi- 
nantly of valence quarks and valence-like gluons, i.e. with 
only about 10% qc~-excitations (sea quarks). The latter 
become important  only at perturbative length scales less 
than/~-  ~ but appear  to be negligible at scales larger than 
/~- ~ -~ 0.5 fm typical for lattice calculations. It would be 
interesting to see whether the non-perturbative valence- 
like distributions at Q2 : #2, which we have determined 
purely phenomenologically, can be obtained, in some 
forthcoming lattice Q C D  analysis, from first principles. 
(vii) Universality. Finally we emphasize the universal 
character of our radiative (dynamical) valence-like parton 
model approach which allows for its application also to 
other objects such as the pion [-32] and the photon [33] ~2 
where it enables one to explore the almost unknown 
photonic gluon distribution g~(x, Q2). These predictions 
seem to lie in the right ball park of preliminary LEP, 
TRISTAN (e+e -)  and HERA (ep) measurements 
[,9-11]. a3 Furthermore the dynamical radiative concept 
also provides us with access to the time-like region 
( Q 2 _  _ q 2 <  0), e.g. for analyzing the fragmentation 
functions of partons into photons [34] which have so far, 
however, not been measured but play a crucial role in 
understanding and explaining prompt  photon rates at 
small to medium values of p~ as observed at high energy 
p/5 colliders [35]. 

3 Improved quantitative results 

As exemplified in Fig. 1 the small-x predictions of our 
radiative (dynamical) parton distributions [4, 5], derived 
from valence-like input densities, are confirmed by recent 
HERA measurements [8, 10], in particular if the LO and 
NLO heavy quark (charm) contributions are calculated 
via the 7*g --' c6 and 7*g ~ c~g, 7*q(q) ~ c~q(Zt) fusion 
subprocesses [15, 16]. Moreover, according to the con- 
clusions of [15], a consistent and perturbatively stable 
treatment of heavy flavor contributions affords a choice of 
a factorization scheme in which the heavy quarks 
(h = c, b ... ) are not considered as (intrinsic) partons in the 
nucleon, but are treated in fixed-order perturbation the- 
ory as specified above, i.e. being produced via the intrinsic 
gluon a n d f  = 3 light flavor quarks (u, d, s) of the nucleon. 
Thus, in contrast to the conventional MS treatment 
[3-5, 18, 20] where 'heavy'  quark distributions h(x, Q2) = 
h(x ,Q 2) are radiatively generated using the massless 
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evolution equations for Q2 > m 2, we nowf ix  the number 
of flavors entering the splitting functions in (3), or more 
specifically in (2.3) and (2.4) of [-3], to b e f  = 3 and refrain 
from generating massless 'heavy' flavor distributions 
h(x, Q2). We consider this approach more realistic and 
reliable than the purely massless treatment of 'heavy' 
quark distributions. Our  renormalization scheme for the 
running coupling constant C~s(Q 2) will, however, be kept 
unchanged, i.e. including the contributions from heavy 
virtual quark flavors to the /Lfunction and the related 
matching conditions for A (f) [-3] at each ' threshold' 
Q = mh as required by the continuity of ~s(Q2). 1~ 

The second element entering our improved quantitat- 
ive results concerns minor modifications [-5] of the val- 
ence-like input at x > 10 .2  as indicated by the N M C  and 
BCDMS data [17, 36, 37] as well as a modification of the 

= J symmetry indicated [,,17, 36] by the violation of the 
Gottfried sum rule for F ~ -  F 2 and established by the 
Drell-Yan dilepton production measurements in pp and 
pd collisions of the NA51 collaboration [-38]. Here we 
adopt  the 'valence-like' parametrization of the MRS (A) fit 
[18] for A _-- c / -  ~ at Q2 = 4 GeV 2. Finally, the low input 
scale #2 of the valence-like input distributions in (2) which 
according to [,3-5] has to be optimized according to the 
data at x >  10 .2 was slightly changed in LO and N L O  as 
compared to [4, 5] so as to provide an even better agree- 
ment with the recent small-x (<10  -2) results of the H1 
and ZEUS collaboration at HERA [8]. 15 These latter 
modifications of/~2o and #~o are only at the 10% level [5] 
and do not affect our main observation in [-4, 5] that the 
predictions of the radiative (dynamical) parton distribu- 
tions in the small-x region, being mainly due to the QCD 
dynamics, are remarkably stable at x < 10 -2. 

The required valence and valence-like input distri- 
butions at Q2= #2 have been fixed as follows: For 
definiteness we have adopted the recent set of NLO(MS)  
non-singlet distributions, uv - u - ~, d,, - d - d and 
A =-c~ ,  as obtained by the MRS(A) fit [18] at 
Q2 = 4 GeV 2. For  our LO calculation we have derived 
corresponding distributions by demanding the same non- 
singlet (uv,d~,A) contributions to F~ '~ within 0.003 < 
x _< 0.9. For  the appropriate evolutions we used the A (I) 
values as specified below (eq. (11)). The LO and N L O  
valence-like gluon and sea input distributions have been 
obtained by using a simple ansatz, similar to the one in (2), 
with the parameters fitted to the N M C  [17], BCDMS 
[-37], (renormalized, as usual, by a factor 0.98) and SLAC 
[-39] F~ 'e data at x < 0.3 and Q 2 >  5 GeV 2 where of 

12 In NLO the valence-like hadronic VMD input was implemented 
in a specific factorization scheme (DIS~) chosen so as to minimize 
NLO corrections to measurable quantities such as F~(x, Q2), etc. 
This factorization scheme amounts to choosing a vanishing photo- 
nic Wilson coefficient, which contributes in NLO to F~, while 
keeping the partonic Wilson coefficients in the MS factorization 
scheme as in the corresponding hadronic case discussed so far 
13 Obviously there are inherent uncertainties due to the hadronic 
valence-like vector-meson-dominance input at Q2 = #2 which, how- 
ever, do not significantly affect our small-x predictions as in the 
corresponding case of the nucleon 

14 Although this matching of c~s(Q ~) is important for the LO and 
NLO evolutions of the light (u,d,s;g) parton distributions, their 
resulting x- and Q2-dependence is not very sensitive to whether 
h(x, Q2), h = c, b .... , is included [3-5, 18, 20] in their evolutions or 
not. In particular the results or physical quantities (F1,2,L(X ,Qa), 
cross sections, etc.) remain practically unaltered 
15 These modifications improve also the perturbative stability of the 
LO and NLO predictions for F2, etc.. Note that perturbative stabil- 
ity is mainly afforded for physical quantities like F 2 but not for the 
(auxiliary) parton distributions f(x, Q2), as has been discussed in 
detail in Sect. 2(i) 
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course the appropr ia te  L O  and N L O  Q2-evolutions [3] 16 
have been taken into account. The gluon distribution at 
larger values of x, 9(x _> 0.25, Q 2), has been constrained by 
the direct-photon results [40] as in our  previous analysis 
[4, 5]. These parameters,  in particular the ones of the 
gluon density, are furthermore constrained by the energy- 
m o m e n t u m  conservat ion relation 

1 
jx[u~(x,# 2) + d~(x, # 2) + 2tT(x, # 2) 
0 

+ 2d(x,#  2) + g(x,#2)]  dx = 1 (4) 

for the following input distributions. The resulting L O  
input at  Q2 2 = #Lo = 0.23 GeV 2 is then given by 

xu~(x,#2o) = 1.377x~ + 0 . 8 1 ~  - 4.36x 

+ 19.4x3/2)(1 - x)3.027 

xdv(x, 2 X0"366(1 1.14x/x 5.71x #Lo) = 0.328 + + 

+ 16.9x3/2)(1 - x)3.774 

xA(x,#2o) = 0.0697 x~ + 5.0x + 92x3/2)(1 - x) 7"ss 

x(/~ + d) (x ,#2o)  = 1.20x~ + 0.31x)(1 - x) 7~ 

xg(x,#~o) = 35.8x23(1 - x) *~ 

~(x, #~o) = ~(x, #~o) = 0 (5) 

with A - d - ~. The corresponding N L O  input in the MS 
factorization scheme a t  (22 2 = #HO = 0.34 GeV 2 is 

xu~(x,#2o) = 0.988x~ + 1 . 5 8 ~  + 2.58x 

+ 18.1x3/2)(1 -- x)3.380 

xd~(x,#2o) = 0.182x~ + 2.51xfx + 25.0x 

+ 11.4x3/2)(1 - x) 4-.113 

xA(x,#2o) = 0.0525 x~ +15.2x +132x3/2)(1 -- x) T M  

x(~ + d ) (x ,#2o)  = 1.09x~176 + 2.65x)(1 - x) s33 

xg(x,#2o) = 26.2xl-9(1 - x) ~-0 

s(x, #20) = g(x, #~o) = O. (6) 

16 It should be pointed out that we have (analytically) calculated all 
QZ-evolutions in Mellin n-moment space [3], which can be easily 
Mellin-inverted numerically [3] for obtaining the parton distribu- 
tions and structure functions in Bjorken-x space. Similar numerical 
inversion techniques have been used previously [2, 41], following the 
work in [42] which was carried further in [43]. The advantage of 
using the Mellin-inversion method is that it allows, among other 
things, for explicit analytical solutions of the LO and NLO evolu- 
tion equations which implies that for obtaining the results in x- 
space, only a single numerical integration is required. This is in 
contrast to the alternative method of iteratively solving the integro 
differential evolution equations directly in Bjorken-x space, and is 
particularly advantageous for calculating photonic patton distribu- 
tions [33]. All details for practical LO and NLO inversions, as well 
as the required analytic continuations in n of the moments of 
splitting functions and Wilson coefficients can be found in [3] 

It should be noted that we have assumed a vanishing 
strange sea at the input scale # in order  to comply with 
experimental indications [44, 45] of an SU(3)-broken sea 
as well as with recent measurements  [45] of s(x, (22 > # 2 ) ,  

which is thus generated purely dynamically (radiatively) 
and therefore constitutes an absolute, i.e. parameter-free 
prediction. It should, however, be kept in mind that  future 
precision experiments might  very well require a finite, 
valence-like, strange sea input a t  Q 2  = [/2 as is the case for 
the g and a distributions. 

The resulting L O  and N L O  par ton  distributions 
(u,d,s;g), as parametr ized in the Appendix, 17 are then 
directly related to the physical quantities such as structure 
functions where the N L O ( M S )  distributions have obvi- 
ously always to be used in conjunct ion with the corres- 
ponding  N L O  cross sections, i.e. Wilson coefficients, 
calculated in the MS scheme: 

1 F T ( x ,  Q2) e2( x 2 c~(Q 2) 
x = ~  q q( '(2 ) + c i ( x ' Q 2 ) +  2--~- 

q ~. 

1 
+ -F~(x,Q?,m~c) 

N 
(7) 

with 

1 : z 1 c ,2(z) = [ln + (9 + 5z) 
+ 

and the sum extends over all light quarks q = u, d, s. The 
convolut ions are defined as usual 

C*q = ~~ c q(y, (22) 
~Y 

(9) 

and the convolut ion with the [ ] + distribution in (8) can 
be easily calculated using, for example, (A.21) of [4]. 
Finally 

~s(Q z) 2 2fil ln ln((22/A 2) 
(10) 27r floln(QZ/A 2) /33o [ln(Q2/A2)] 2 

with/30 = 11 - 2f/3 and/31 = 102 - 38f/3.  The LO ex- 
pressions are obviously entailed in the above equations by 
simply dropping all higher order  terms (Ci 2,fii) in (7) 

( f 4) (4) _ and (10). Fur thermore we choose [46] Ai;~ =' = A ~  

200 MeV to conform with our  previous analyses of nuc- 
leonic, pionic and photonic  par ton  distributions 
[4 ,5 ,32,33]  as well as f ragmentat ion functions [34]. 
The matching of ~s(Q 2) at each ' threshold '  Q = mh, 

17 For situations, where the appropriate massive (NLO) sub- 
processes have not been calculated, a rough estimate (valid to within 
a factor of 2 to 3, say) of production rates involving heavy quarks 
(c, b, ... ) can be obtained with the help of the massless 'heavy' quark 
distributions c(x, Q2) and b(x, Q2) given in [4], for example 
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h = c,b . . . .  ,encountered in the QZ-evolutions, results 
in [4] 

A[364'5~ = 232,200,153 MeV 

A (3,4.5) = 248,200,131 MeV. (11) MS 

As has been discussed at the beginning of this section, 
a consistent and perturbatively stable treatment of the 
heavy flavor contribution F~ in (7) (we keep only the 
dominant charm contribution since the bottom one is 
marginal) is provided by fixed-order perturbation theory, 
according to the conclusions of [15]. Thus, for 
W 2 ~ Q2(1/x -- 1) _> (2m~) a, in LO 

!Fca(x, Q2,m2c) = 2e2 ~s(#,2 ) 1 dy (x  
7 

X _ _  ~ )  g ( y , # , 2 )  

(121) 

with a = 1 + 4m~/Q 2 and the LO fusion process y*q -~ c8 
gives 

__ _ / m~ , ~ { [  4 ~  z2 8m, j C ; , 2 ~ Z , ~ ) - ~ -  z Z + ( 1 - - z ) Z + z ( 1 - - 3 Z )  - 

, 1 + fi [ 4 m ~ l ]  
x m ~ + f i L  1+8z(1  z)-z(l-z)~]~(13) 

where f12= 1-(4m~/QZ)z(1--Z)  - 1 .  The factorization 
scale /f should be preferrably/y2 = 4m 2, irrespective of 
Q2 which results in a satisfactory perturbative stability 
when compared with the appropriate NLO contribution 
[15]. For definiteness we use m~= 1.5GeV. The 
NLO(MS) contribution to F~ has been calculated re- 
cently [16] and, for the time being, its quantitative evalu- 
ation is very cumbersome and time-consuming. It turned 
out, however, that numerically it is close [15] to the LO 
result in (12), although slightly smaller, in the kinematic 
region relevant for HERA. We therefore suggest, for any 
practical purpose, to use the much simpler LO result in 
(12) also for a NLO analysis of F~ p, as long as a numer- 
ically less complicated version of the NLO cross sections 
in [16] is not available. This represents a sufficiently 
accurate description of the charm contribution to the total 
F~ p in (7). We shall use the simple LO expression (12), 
utilizing of course cq and 9 in LO, also for our NLO 
analysis from now on. 

Similarly, the longitudinal structure function FL--= 
F 2 - -  2xF1 is given by 

.~(Q~)  
1/vLP(X, Q2) _ E e2 [Cq,L*(q + ~I) + 2Co ~*g] 
x 27z ' q 

1 
F ~ ~x n2 m 2) (14) 

X 

with the convolutions being defined in (9) and 

8 
QL(z) = ] z, QL(z) = 2z(1 - z). (15) 

Equation (14) refers to a NLO expression since the NLO 
coefficient functions are defined and obtained via 
CL =- C2 - 2C1. (It should be noted that in LO Fc(x, QZ) 

xf 
1 

' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' 

Q2= ~12 

0.8 ,~,~v NLO 

/ /  \~ - - -  LO 

0.4 i t ~'~ 

% 

0.2 0.4 0.6 0.8 
X 

Fig. 3. The valence-like input distributions :g (f = u~, d~, if, d, 9) at 
~2 2 = PLo = 0.23 GeV 2 and Q2 ___ ~ o  = 0.34 GeV z for our LO and 
NLO calculations. The strange sea s = g vanishes at the input scale 
Q2 = ~2 

vanishes (Callan-Gross relation) up to heavy quark cor- 
rections stemming from the LO fusion subprocess 
7"9 --+ h]i [15].) Therefore, the charm contribution in (14) 
should, for consistency, also be calculated in the NLO 
[15, 16]. Again it turns out that the much simpler LO 
expression (7"9 --+ c8) is quantitatively very similar to the 
far more complicated NLO one in the kinematic HERA 
region [15]. Hence we suggest to use, for practical pur- 
poses, just the LO expression for ~ 2 z FL(X , Q ,m c) in (14) 
which is formally identical to the LO expression in (12) 
but with 

[ m2~ zz4m~ 1 +fi  
c = - In ~ + 2flz(1 - z). (16) cg'LT'W) V 

The valence-like gluon- and sea-input and the valence- 
input distributions at Q2= #2 for the LO and NLO 
evolutions are shown in Fig. 3. It is perhaps worthwhile to 
mention that the large-x behavior of gluon distributions 
as derived in [7] happens to coincide with our input 
9(x, tt 2) ~ (1 - x )  4, eqs. (5) and (6), as determined from 
direct-r? results. It is instructive to follow first the Qa_ 
evolution of the total momentum fractions ~o xf (x ,  Q2) dx 
carried by quarks and gluons as shown in fig. 4. The 
perturbative stability of the LO and NLO results down to 
Q2 ~_ 0.3 GeV 2 is remarkable. Although our gluon distri- 
butions in (5) and (6), as shown in Fig. 3, carry about 30% 
of the nucleon's momentum at Q2 2 = ~LO,HO, 
I~xo(x,/~o)dx = o.25 and ~xg(x ,#~o)dx  = 0.28, they 
quickly reach about 50% for Qa>5GeV2 as experi- 
mentally required. Similarly, although we start with a van- 
ishing strange quark input, the strange sea (2g) carries 
already about 3% of the momentum at Q2 ~_ 10 GeV 2 
according to Fig. 4 in LO and NLO, in agreement [4] 
with measured values [44, 45]. The x-dependence of our 
NLO parton distributions at Qz = 10 GeV 2, in particular 
the typical radiative small-x predictions, are shown in 
Fig. 5 and compared with the latest MRS(A) fit [18]. Note 
that our strange quark distribution becomes similar to the 
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~ dax, (x, o5 ] - -  NLO ] 
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Fig. 4. The predicted QCevolutions of the LO and NLO total 
momentum fractions off  = u~ + d, g, 2(~ + d), 2g 

light sea at small-x, s(x,Q z) ~- O(x, QZ), which is in con- 
trast to MRS(A) where the input at Q~ = 4 GeV 2 has 
been constrained by 2s/(~ + d) = 0.5. Because of the long 
evolution 'distance' ~(Qz), this is a typical input-indepen- 
dent prediction of our dynamical approach. As mentioned 
already at the beginning of this Section, the symmetry 
breaking of the light sea, d > fi, complies [-18] with the 
Gottfried sum rule for F~ - F~ [36] as well as with the 
requirements from the asymmetry measurements [38] of 
Drell-Yan dilepton production in pp and pd collisions, i.e. 
~/ff~-0.56 at x = 0.18 and Q2 ~_ 30 GeV 2. Furthermore, 
our LO and NLO u and d distributions (at Q 2 =  M 2) 
result in predictions [47] ~s for the W • charge asym- 
metry, or more precisely for the asymmetry A(y~) of the 
charged lepton from the W • decay with rapidity y~ pro- 
duced in p/5 collisions, 

da(/+)/dy~ - da (1-)/d3h 
A(yz) = da(l+ )/dy ~ + da(l- )/d3h' (17) 

which are in excellent agreement with Fermilab measure- 
ments [49]. A similarly good agreement is obtained with 
our previous (~ = d) dynamical LO and N L O  distribu- 
tions [4, 5]. 19 

The typically steep radiative (dynamical) small-x LO 
and N L O  predictions for the gluon and sea (t~) distribu- 
tions are shown in Figs. 6 and 7, for representative values 
of Qa, where they are also compared with MRS(A) par- 
ametrization [18]. A comparison with our previous re- 
sults [4, 5], as illustrated in Fig. 2, shows that the present 
predictions are changed by less than 10% which is mainly 
due to [5] the slightly different LO and N L O  input scales 

2 and tX~o in (5) and (6). The effective slopes 2f(x, Q2) /2Lo 
for x ~ i, 

x f ( x ,  0 ~ ) ~ x - ~ ' ~ ,  ( 1 8 )  

s We thank Nigel Glover for providing us with the NLO DYRAD 
program [483. Furthermore we thank him as well as S. Kretzer and 
M. Stratmann for their cooperation in calculating the NLO 
W-asymmetry 
~9 It should be noted that the calculations for A(y~) presented in 
[49] for the GRV-NLO distributions are incorrect, being generally 
too large [47] 
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Fig. 5. A comparison at (2-' = 10 GeV 2 of the radiatively generated 
patton distributions and the MRS(A) set of partons [18]. The results 
for the gluon have been multiplied by 0.01 
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Fig. 6. The predicted small-x behavior of our radiatively generated 
gluon distributions in LO and NLO. For comparison we also show 
the MRS(A) gluon density [18]. The results are multiplied by the 
numbers indicated 

as predicted in Figs. 6 and 7, are shown separately in 
Fig. 8 as a function of (22 for three fixed values of x. This 
figure nicely illustrates the typical feature of the unam- 
biguous dynamical small-x predictions which are steep 
(21 > 0) at large values of QZ, whereas for decreasing 
values of Qz they become flatter ()of ~ 0) as can be di- 
rectly observed in F2(x, Qa). This latter feature is il- 
lustrated in Fig. 9 where, for comparison, we also show 
our previous not too different LO and N L O  results [4, 5]. 
It should be noted, in particular, that the perturbative 
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Fig. 8. Dynamical predictions for the effective slopes ,:t1(x, Q 2 )  a t  

small-x as defined in (18) for . /=  ~i,9 

stability of the experimentally observable F2 (x, Q 2) is con- 
siderably improved throughout the kinematic region rel- 
evant for HERA measurements, as compared to our pre- 
vious LO and NLO predictions [4, 5]. 

In Fig. 10 we compare our fitted LO and NLO results 
with the NMC, BCDMS and SLAC fixed-target data 
[17, 37, 39] for F~ (the agreement with F~ is equally good) 
where we show only the kinematic region which has been 
used to determine our valence-like gluon and sea (g + d) 
input distributions at  Q2 f12 = LO,HO as given in (5) and (6). 
In Fig. 11 our resulting leading twist predictions in the 
small-x region (x < 0.05) are then compared with the 
NMC [17] and the preliminary Fermilab E665 [50] data 
where the latter have been renormalized by a factor of 1.2 
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Fig. 9. Radiative LO and NLO small-x predictions for F~ p (x, Q2). 
For comparison we also show the results of our previous LO('92) 
and NLO('92) analysis [4, 5]. The (heavy) charm contribution has 
always been calculated according to (12) as discussed in the text. The 
marginal bottom-quark contribution to F 2 has been neglected 

taking into account their present systematic uncertainty 
[50]. It should be noted that in the small-Q 2 region for 
x > 0.01 higher twist contributions appear to be relevant 
(of the order of 10% at Q2 _ 1 GeV 2) for e(g)N data 
although they seem to be less pronounced in the corres- 
ponding vN measurements [46]. Our predictions for 
xs(x,Q 2) are compared with the CCFR data [45], as 
extracted in LO from dimuon events, in Fig. 12. It should 
be noted that our theoretical results can be understood as 
absolute dynamical predictions throughout the whole x- 
region shown, since we have started with a vanishing 
strange sea input in (5) and (6), xs(x,#2omo)= 0. For 
illustration we also show our NLO result in Fig. 12 but 
refrain from comparing it with the corresponding CCFR 
data [51] since extracting s(x,Q 2) in NLO is strongly 
model dependent. Our almost unique and perturbatively 
stable dynamical small-x predictions are finally compared 
in Fig. 13 with the most recent HERA F~ p data [8]. At the 
smallest values of Q2 we also compare our predictions 
again with the available (preliminary) E665 data [50] 
which appear to confirm the very typical radiative (dy- 
namical) predictions [3 5] that Fz(x, Q2) become flat at 
small-x for (22 ~- 1 GeV 2. 

For completeness we also show our predictions for 
FL(x, Q2), as given in (14), in Fig. 14. This quantity plays 
an important role for extracting F2 from cross section 
measurements da~ 2 in the small-x region as well 
as for extracting the gluon distribution from future 
measurements. 

All our NLO calculations done so far refer to the MS 
scheme. For completeness, we finally will also present our 
dynamical predictions for parton distributions in the oc- 
casionally used DIS factorization scheme [52,41] al- 
though the resulting sea and gluon distributions do not 
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Fig. 10. Compar i son  of our LO and N L O  fits to 
the fixed-target F~ data [17, 37, 39] in the 
medium-x  and large Q2 ( >_ 5 GeV 2) region which 
were used for determining the valence-like gluon 
and sea inputs in (5) and (6). The charm 
contr ibut ion has always been calculated according 
to (12) for the LO process ~/*g ~ c8  
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Fig. 11. Compar i son  of our  LO and N L O  small-x 
(leading-twist) predict ions for F~ in (7) with the 
N M C  [17] and preliminary E665 data  [50] in the 
low-Q 2 region, Q2 < 5 GeV a 

significantly differ [4] from the ones in the MS scheme 
throughout the relevant x-region, x < 0.3. In the DIS 
scheme the NLO(MS) light quark (u,d,s) and gluon 
contributions to F2  in (7) are absorbed into the quark 
distributions by demanding that F2(x, Q2) retains its LO 
form: 

-1F~p (x, (22) = ~, e 2 [qD,s(X, Q2) + ~DIs(X ' (22)] _~_ 1 F~. 
x x q 

(19) 

This, together with the energy momentum constraint 
(n = 2 Mellin moment), 

}Ix vf~ (q(x, Q2)+Fl(x, Q2))+g(x, Q2)]dx = 1, (20)  
0 q=u,d,,s 

can be satisfied by 
( - )  
q Dis(X, Q2) 

= q (x, Q2) + [cq,2 q + cg ,Fa~  + o ( ~ )  

~s((2 2) 
[cg, F ~ (q + ~) aD,s(X, (22) = a(x, (22) 2~ L q=,.~., 

+ 2fCg,2*9 i + O(~ 2) (21) 

with f = 3. The transformation of the gluon distribution 
in (21) is the one conventionally chosen [52,41] among 
the many possible solutions to the constraint (20) and is 
distinguished by being simple and smooth, i.e. analytic, in 
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Fig. 13. Comparison of our radiative LO and NLO small-x predic- 
tions for F~ in (7) with recent HERA (H1, ZEUS) data [8] and with 
the preliminary E665 data [50] at small Q 2. The charm contribution 
has always been calculated according to (12) for the LO subprocess 
7*9 --+ cc and the marginal bottom-quark contribution has again 
been neglected 

the Mellin n-moment space. Note that these transforma- 
tions imply a corresponding change of the N L O  splitting 

(1) functions P~j as specified, e.g. in [41]. The parametriz- 
ations of the resulting DIS parton distributions are given 
in Appendix A.3. 

4. Summary 

Utilizing recent improved data at x > 10- 2, we readjusted 
slightly our valence-like input distributions at a low res- 
olution scale. The heavy quark contributions (c, b, ... ) to 
structure functions are treated by the perturbatively stable 
fixed-order perturbation theory for the relevant photon- 
par ton fusion subprocesses. The resulting almost unique 
predictions of the radiatively generated (via LO and N L O  
renormalization group evolutions) par ton distributions, 
being mainly due to the underlying Q C D  dynamics in the 
small-x region (x<10-2 ) ,  are parametrized by simple 
analytic expressions in LO and N L O  in the MS as well as 
DIS factorization scheme. If the typical dynamical small-x 
predictions for sea and gluon distributions will continue 
to be in agreement with future measurements of structure 
functions, the fundamental twist-2 structure of nucleons 
appears indeed to be dominated by valence-like gluon and 
sea (current) quarks comoving with the valence current 
quarks at a low resolution scale of about 500-600 MeV, 
i.e. at a length scale of about 0.5 fm. These 'stuck-together'  
objects will eventually form the constituent quarks in the 
presently uncalcutable non-perturbative region below 
500 MeV (or at distances larger than 0.5 fro). This funda- 
mental partonic structure appears to be universal and is 
very similar for mesons and photons as well as in the 
time-like region for fragmentation functions of hadrons 
and photons. 
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Appendix 

A. 1 Parametrization of LO parton distributions 

In  o rder  to o b t a i n  p a r a m e t r i z a t i o n s  of the rad ia t ive  (dy- 
namica l )  L O  pred ic t ions  va l id  for Q2 > / 1 2 o  one  has  to 
genera l ize  the  s imple  a n s a t z  for the  i n p u t  d i s t r i b u t i o n s  in  
(5) as follows. Def ine  

, l n [ Q 2 / ( 0 . 2 3 2  GeV)  2] 
s -- in ~ [ ~  G ~ - ~ ]  (A.1) 

to be eva lua t ed  for #2o = 0.23 G e V  2. All fo l lowing  par -  
a m e t r i z a t i o n s  are t hen  val id  for 0.4 < Q2 < 106 G e V  2 (i.e. 
0.3 < s < 2.4) a n d  10 -  s < x < i.  The  n o n - s i n g l e t  d i s t r ibu-  
t ions  can  be p a r a m e t r i z e d  as 

XV(X, Q2) = Nxa(1 + Ax b + Bx + Cx3/2)(1 - x) D. (A.2) 

F o r  v = uv 

a = 0.590 - 0.024s, b = 0.131 + 0.063s, 

N = 2.284 + 0.802s + 0.055s 2, 

A = - 0.449 - 0.138s - 0.076s 2, 

B = 0.213 + 2.669s --  0.728s 2, 

The  g l u o n  

xw(x, Q2)= xa(A + Bx + Cx 2) In x + s  ~ 

x e x p ( - E + ~ ) ] ( 1 - x )  D. 

a n d  sea ~i + c /d i s t r ibu t ions  are  p a r a m e t r i z e d  as 

F o r  w = g 

= 0.524, fl = 1.088, 

a =  1 . 7 4 2 - 0 . 9 3 0 s ,  b =  - 0 . 3 9 9 s  2, 

A = 7.486 - 2.185s, 

B = 1 6 . 6 9 - 2 2 . 7 4 s  + 5.779s 2, 

C = - 25.59 + 29.71s-7.296s 2, 

D = 2.792 + 2.215s + 0 . 4 2 2 s 2 - 0 . 1 0 4 s  3, 

E = 0.807 + 2.005s, E '  = 3.841 + 0.316s, 

a n d  for w = a + d 

= 1.451, fl = 0.271, 

b = 0 . 5 3 4 - 0 . 4 5 7 s ,  

B = --  0.981, 

a = 0 . 4 1 0 - 0 . 2 3 2 s ,  

A = 0.890 - 0.140s, 

C = 0.320 + 0.683s, 

D = 4.752 + 1.164s + 0.286s 2, 

E = 4 . 1 1 9 + l . 7 1 3 s ,  E ' = 0 . 6 8 2 + 2 . 9 7 8 s .  

(A.6) 

(A.7) 

(A.8) 

C = 8 . 8 5 4 - 9 . 1 3 5 s  + 1.979s 2, 

D = 2.997 + 0 . 7 5 3 s - - 0 . 0 7 6 s  2, 

for v = d~ 

a = 0.376, b = 0.486 + 0.062s, 

N = 0 . 3 7 1  + 0.083s + 0.039s 2, 

A = - 0.509 + 3 . 3 1 0 s - l . 2 4 8 s  2, 

B = 12.41 - 10.52s + 2.267s 2, 

C = 6 . 3 7 3 - 6 . 2 0 8 s + l . 4 1 8 s  z, 

D = 3.691 + 0.799s - 0.071s 2, 

a n d  for v = A 

a = 0 . 4 0 9 - 0 . 0 0 5 s ,  b = 0 . 7 9 9  + 0.071s, 

N =  0.082 + 0.014s + 0.008s 2, 

A = - 38.07 + 3 6 . 1 3 s -  0.656s 2, 

B = 90.31 - 74.15s + 7.645s 2, 

C = 0, 

D = 7.486 + 1.217s - 0.159s 2. 

(A.3) 

(A.4) 

(A.5) 

The  s t r ange  sea d i s t r i b u t i o n  is p a r a m e t r i z e d  as 

xw'(x,Q z) - (ln~)a 1 + A , /~  + Bx (1 -- x) D 

(A.9) 

i.e. for w' = s = g 

= 0.914, B = 0.577, 

a = 1 . 7 9 8 - - 0 . 5 9 6 s ,  

A = - 5.548 + 3 . 6 6 9 ~  - 0.616s, 

B = 18.92 --  16.73x/~ + 5.168s, 

D = 6.379 - 0.350s + 0.142s 2, 

E = 3.981 + 1.638s, E '  = 6.402. (A.10) 

The  c o n t r i b u t i o n s  of heavy  q u a r k s  (h = c, b , . . .  ), be ing  no t  
a n  in t r ins ic  pa r t  of  the p r o t o n ,  shou ld  be ca lcu la ted  via 
(12) which  der ives  f rom the  7 * [ / ~  hh fus ion  subprocess .  
R o u g h  es t imates  (val id to w i th in  a factor  of 2-3, say) of 
heavy  q u a r k  effects can  be easier  ob t a ined ,  also for m o r e  
i nvo lved  subprocesses ,  wi th  the help of  the  massless  
' heavy '  q u a r k  d i s t r i bu t i ons  c(x,Q 2) a n d  b(x,Q 2) given  
in  [4].  
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A.2 P arametrizations of N L O  (MS) parton distributions 

In  o rder  to o b t a i n  p a r a m e t r i z a t i o n s  of the r ad ia t ive  (dy- 

namica l )  N L O  pred ic t ions  in  the M S  scheme which  are 
va l id  for Q2 ) [./20 one  has  to genera l ize  the  s imple  a n s a t z  
for the i n p u t  d i s t r i b u t i o n s  in  (6) as d o n e  in  the  L O  case. 
Def ine  

, l n [ Q 2 / ( 0 . 2 4 8  G e V )  2] 
s - m - -  ~ ~ (A.11) 

In [#Ho/(0.248 G e V )  ] 

to be  eva lua t ed  f o r / ~ o  = 0.34 G e V  2. All  fo l lowing par-  
a m e t r i z a t i o n s  are t h e n  val id  for 0 . 4 < Q 2 <  106 G e V  2 (i.e. 
0.1 < s < 2.3) a n d  10 -  s < x < 1. The  n o n - s i n g l e t  d i s t r ibu-  
t ions  are  p a r a m e t r i z e d  as in  (A.2) where  for v = u~ 

a = 0.558 - 0.020s, b = 0.183s, 

N = 1.304 + 0.863s, 

A = - 0.113 + 0 . 2 8 3 s -  0.321s 2, 

B = 6.843 - 5.089s + 2.647s 2 --  0.527s 3, 

C = 7.771 - 10.09s + 2.630s 2, 

D = 3.315 + 1.145s - 0 . 5 8 3 s  2 + 0.154s 3, (A.12) 

for v = d~ 

a = 0.270 - 0.019s, b = 0.260, 

N = 0.102 - 0.017s + 0.005s 2, 

A = 2.393 + 6.228s - 0 . 8 8 1 s  2 ,  

B = 46.06 + 4.673s - 14.98s 2 + 1.331s 3, 

C = 17.83 - 53.47s + 21.24s 2, 

D = 4.081 + 0.976s - 0 . 4 8 5 s  2 + 0.152s 3, (A.13) 

a n d  for v = A 

a = 0.409 --  0.007s, b = 0.782 + 0.082s, 

N = 0.070 + 0.042s - 0.011s 2 + 0.004s 3, 

A = - 29.65 + 26.49s + 5.429s 2, 

B = 90.20 - 74.97s + 4.526s 2, 

C = 0 ,  

D = 8.122 + 2.120s - 1 . 0 8 8 s  2 + 0.231S 3. (A.14) 

The  g l u o n  a n d  sea d i s t r i b u t i o n s  are p a r a m e t r i z e d  as in  
(A.6) where  for w = 9 

= 1.014, /~ = 1.738 

a = 1.724 + 0.157s, b = 0.800 + 1.016s, 

A = 7.517 - 2.547s, 

B = 34.09 - 52.21x/~ + 17.47s, 

C = 4.039 + 1.491s, D = 3.404 + 0.830s, 

E = - 1.112 + 3.438s --  0.302s 2, 

E '  = 3.256 -- 0.436s, (A.15) 

for w = ~ / + d  

= 0.877, /3 = 0.561, 

a = 0 . 2 7 5 ,  b = 0 ,  

A = 0.997, B = 3 . 2 1 0 - 1 . 8 6 6 s ,  

C = 7.300, 

D = 9.010 + 0 .896x/~ + 0.222s 2, 

E = 3.077 + 1.466s, 

E '  = 3.173 - 2 . 4 4 5 ~  + 2.207s, 

a n d  for w' = s = ~ in  (A.9) 

(A.16) 

c~ = 0.756, ~ = 0.216, 

a = 1.690 + 0 .650xfs  - 0.922s, 

A = - 4.329 + 1.131s, B = 9.568 - 1.744s, 

D = 9.377 + 1 . 0 8 8 ~  --  1.320s + 0.130s 2, 

E = 3.031 + 1.63%, E '  = 5.837 + 0.815s. (A.17) 

The  c o n t r i b u t i o n s  of heavy  q u a r k s  (h = c,b,  ... ), be ing  
n o t  a n  in t r ins ic  pa r t  of  the p r o t o n ,  der ive  f rom the a p p r o -  
pr ia te  p h o t o n - p a r t o n  fus ion  subprocesses  as ca l cu la t ed  in  
N L O  fixed o rder  p e r t u r b a t i o n  t heo ry  [15, 16]. Since the  
q u a n t i t a t i v e  N L O  ana lys i s  is very  c u m b e r s o m e  a n d  t ime 
c o n s u m i n g  one  can,  for the t ime  being,  for all  p rac t ica l  
pu rposes  use the  m u c h  s imple r  L O  express ion  in  (12) as 
discussed in  Sect. 3 a n d  used t h r o u g h o u t  in  this  paper .  F o r  
m o r e  genera l  s i t ua t ions  a n d  processes,  where  the  a p p r o -  
pr ia te  mass ive  N L O  subprocesses  have  n o t  yet  been  cal-  
cula ted ,  a r ough  es t imate  of p r o d u c t i o n  rates i n v o l v i n g  
heavy  q u a r k s  can  be easily o b t a i n e d  wi th  the he lp  of the 
N L O  mass less  ' heavy '  q u a r k  d i s t r i bu t i ons  c(x,Q 2) a n d  
b(x, Q2) g iven  in  [4]. 

A.3. Parametrization of NLO(DIS) Parton Distributions 

In  o rde r  to o b t a i n  p a r a m e t r i z a t i o n s  of the  rad ia t ive  
(dynamica l )  N L O  pred ic t ions  as ca l cu la t ed  in the  MS 
scheme b u t  t r a n s f o r m e d  to the D I S  fac to r i za t ion  scheme 
acco rd ing  to (21) we use the  same  ana ly t i c  express ions  as 
in  (A.2) a n d  (A.6) wi th  s be ing  g iven by  (A.11). All fol low- 
ing  p a r a m e t r i z a t i o n s  are  aga in  val id  for 0.4~<Q2~< 
106 G e V  2 a n d  10 -  s < x  < 1. The  va lence  d i s t r i b u t i o n s  are 
p a r a m e t r i z e d  as in  (A.2) where  for v = u~ 

a = 0.563 - 0.025s, b = 0.054 + 0.154s 

N = 2.484 + 0.116s + 0.093s 2 

A = - 0.326 - 0.058s - 0.135s 2 

B = - 3.322 + 8.259s --  3 .11% 2 + 0.291s 3 

C = 11.52 - 12.99s + 3.161s 2 

D = 2.808 + 1.400s - 0 . 5 5 7 s  2 + 0.11% 3 (A.18) 
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for  v = dr 

a = 0.299 - 0.022s, b = 0.259 - 0.015s 

N = 0.156 - 0.017s, 

A = 3.445 + 1.278s + 0.326s 2, 

B = - 6.934 + 37.45s --  18.95s 2 + 1.463s 3, 

C = 55.45 - 69.92s + 20.78s 2 

D = 3.577 + 1.441s - 0.683s 2 + 0.179s 3, (A.19) 

and  for v = A 

a = 0.419 - 0.013s, b = 1.064 - 0.038s 

N = 0.099 + 0.019s + 0.002s 2, 

A = - 44.00 + 98.70s - 14.7% 2, 

B = 28.59 - 40.94s - 13.66s 2 + 2.523s 3, 

C = 84.57 - 108.8s + 31.52s z, 

D = 7.469 + 2.480s - 0.866s 2. (A.20) 

T h e  g luon  a n d  l ight  sea d i s t r i bu t ions  a re  p a r a m e t r i z e d  as 
in (A.6) whe re  for  w = 9 

= 1.258, fi = 1.846, 

a = 2.423, b = 2.427 + 1.311s - 0.153s 2, 

A = 25.09 - 7.935s, 

B = - 14.84 - 1 2 4 . 3 ~  + 72.18s, 

C = 590.3 - 173.8s, D = 5.196 + 1.857s, 

E = - 1.648 + 3.988s - 0.432s 2, 

E '  = 3.232 - 0.542s, (A.21) 

f o r w = ~ + d  

~, = 1.215, fi = 0.466, 

a = 0.326 + 0.150s, b = 0.956 + 0.405s, 

A = 0.272, B = 3.794 - 2 .359, , fs ,  

C = 2.014, 

D = 7.941 + 0 . 5 3 4 ~  - 0.940s + 0.410s 2, 

E = 3.049 + 1.597s, 

E '  = 4.396 - 4 .594xfs  + 3.268s, (A.22) 

and  for  w' = s = g in (A.9) 

= 0.175, /~ = 0.344, 

a = 1.415 - 0 .641x/s ,  

A = 0.580 - 9 .763x / s  + 6.795s - 0.558s 2, 

B = 5.617 + 5 .709x/~  - 3.972s, 

D = 13.78 -- 9.581s + 5.370s 2 -- 0.996s 3, 

E = 4.546 + 0.372s 2, 

E '  = 5.053 -- 1.070s + 0.805s 2. (A.23) 

It  s h o u l d  be  n o t e d  tha t  in ce r ta in  k i n e m a t i c  r eg ions  (me- 
d i u m  to  large  x and  smal l  (22) whe re  g l u o n  a n d  sea 
d i s t r i bu t ions  are  neg l ig ib ly  small ,  the  t r a n s f o r m a t i o n  (21) 
to  the  D I S  s c h e m e  invo lves  differences of  smal l  bu t  a l m o s t  
e q u a l  t e rms  wh ich  s o m e t i m e s  give rise to instabi l i t ies .  
O u r  p a r a m e t r i z a t i o n s  s m o o t h l y  a p p r o a c h  ze ro  f l 'om 
a b o v e  in these  regions.  In  the  r e l evan t  k i n e m a t i c  
r eg ion  ( x < 0 . 3 ) ,  as s h o w n  in [4],  these  D I S  g l u o n  a n d  sea 

d i s t r i bu t ions  are  ve ry  s imi la r  to the  ones  in the  MS 
scheme.  

A c c o r d i n g  to o u r  specif ic  p a r a m e t r i z a t i o n s ,  the  indi -  
v i d u a l  (anti) q u a r k  d i s t r i bu t i ons  are  o b v i o u s l y  g iven  by  

I 
u=uo+C~, a=~[(a+d)-~] 

1 
d = d ~ + d ,  d=~[(~+a)+A]. 

A c o m p u t e r  s u b r o u t i n e  of  o u r  p a r a m e t r i z a t i o n s  is ava i l -  
ab le  u p o n  request .  
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