
Technical Report 
RAL-TR-96- 1 03 

CLRC 

Consistent Treatment of Charm Evolution in 
Deep Inelastic Scattering 

A D Martin R G Roberts M G Ryskin and W J Stirling 

December 1996 

COUNCIL FOR THE CENTRAL LABORATORY OF THE RESEARCH COUNCILS 



0 Council for the Central Laboratory of the Research Councils 1996 

Enquiries about copyright, reproduction and requests for 
additional copies of this report should be addressed to: 

The Central Laboratory of the Research Councils 
Library and Information Services 
Rutherford Appleton Laboratory 
C h i I ton 
Didcot 
Oxfordshire 
OX1 1 OQX 
Tel: 01 2 3 5  445384 
E-mail libraryQrl.ac.uk 

Fox: 01 235 446403 

ISSN 1358-6254 

Neither the Council nor the Laboratory accept any responsibility for loss or 
damage arising from the use of information contained in any of their 
reports or in any communication about their tests or investigations. 



DTP/96/102 
RAL-TR-96-103 

December 1996 

Y 

Consistent Treatment of Charm Evolution 
in Deep Inelastic Scattering 

A. D. Martin", R. G. Robertsb, M. G. R y~k in~ ' ~  and W. J. Stirling"Sd 

a Department of Physics, University of Durham, Durham, DHl 3LE 
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX1 1 OQX 

Laboratory of Theoretical Nuclear Physics, St. Petersbufg Nuclear Physics Institute, 

Department of Mathematical Sciences, University of Durham, Durham, DH1 3LE 
Gatchina, St. Petersburg 188350, Russia 

Abstract 

We present a formulation which allows heavy quark (c, b, . . .) mass effects to be ex- 
plicitly incorporated in both the coefficient functions and the splitting functions in the 
parton evolution equations. We obtain a consistent procedure for evolution through the 
threshold regions for ci? and b6 production in deep inelastic scattering, which allows the 
prediction of the charm and bottom quark densities. We use the new formulation to 
perform a next-to-leading order global parton analysis of deep inelastic and related hard 
scattering data. We give predictions for the c h m  components of the proton structure 
functions Fa and FL as functions of z and Q'. We examine the Qz range of validity of 
the photon-gluon fusion model for ci? electroproduction. We emphasize the value of a 
precision measurement of the charm component Fl at HEM. 



1. Introduction 
A very wide range of deep inelastic scattering structure function data can be successfully 

described in terms of universal quark and gluon distributions satisfying DGLAP (Q2) evolution 
equations. While the formalism for light quarks (i.e. m, << A Q ~ O )  is on a sound theoretical 
footing, the treatment of heavy quarks (i.e. rn, >> is more problematic. The reason 
is that in practice one requires a consistent description which includes both the kinematical 
regions Q2 - m: and Q2 >> m:. 

The problem of how to treat heavy quark contributions to deep inelastic structure functions 
has been widely discussed, see for example [l]. It has been brought into focus recently by the 
very precise Fz"p(x, Q2) data from HERA. Both the H1 and ZEUS collaborations have measured 
[2, 31 the charm quark component Fi of the structure function at small x and have found it 
to be a large (approximately 25%) fraction of the total. This is in sharp contrast to what is 
found at large x ,  where typically Fg/F2 - 0(1OA2) [4]. Since the H E M  F2 data [6, 71 are 
a potentially valuable source of information on the gluon distribution, the value of as, and 
the relation between the non-perturbative (low Q2) and perturbative (high Q2) domains, it is 
important that charm component is treated correctly. 

In this paper we present a new, theoretically consistent method for calculating the heavy 
quark contributions to the deep inelastic electroproduction structure functions F2 and FA.' 
Our main focus is on the charm quark contribution, although our results apply equally well 
for bottom and top quarks. The most important feature of our analysis is that it is applicable 
both to the threshold region Q2 - 4m:, where phase space effects are important, and to the 
asymptotic region Q2 >> 4m:, where the charm quark assumes the role of a massless parton 
and the DGLAP resummation of leading (as In Q2)" contributions is necessary. 

Before describing our formalism and presenting quantitative predictions, we briefly review 
existing techniques for treating the charm quark contribution to Fz. The most simplistic ap- 
proach is to assume that a probe of virtuality Q2 can resolve a charm quark pair in the proton 
sea when Q2 2 m:. Since such pairs originate from fluctuations of the gluon field, g cz, a 
perturbative treatment should be valid as long as m: >> AbcD. As Q2 increases, O(mz/Q2) 
corrections to the standard DGLAP evolution become less important, and the charm quark 
can be treated as a (fourth) massless quark. These ideas are embodied in the 'massless parton 
evolution' (MPE) approach 

where pc = O(rn,). The charm contribution to the structure function is then 

F i ( x ,  Q2) = i x c ( x ,  Q2) 

'Note that we only consider here the case of neutral current deep inelastic scattering. The case of charged 
current scattering, e.g. W-c'-+ 8, will be somewhat different but can in principle be treated using the same 
techniques. 
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in lowest order. This is the approach adopted at NLO in the MRS (and CTEQ) global parton 
analyses, with pc chosen to achieve a satisfactory description of the EMC F' data [4]. For 
example, in the MRS(A) analysis [5] it was found that p: = 2.7 GeV2 and that this was to a 
good approximation equivalent to taking 

with 6 x 0.02 at the input scale QX = 4 GeV2. That is at the input scale, charm ( c  + E) 
was found to have approximately the same shape as the total quark sea distribution S, and 
moreover to form about 2% of its magnitude. The input parameter p: (or equivalently 6) was 
chosen to give a good description of the EMC F," data. 

Although phenomenologically successful, the MPE model clearly cannot give a precise de- 
scription of the charm contribution in the threshold region. Two-body kinematics imply that 
an on-shell cz pair c m  be created by photon-gluon fusion (PGF) provided 

1-2 W2 = Q2- 2 4m,2 
X 

(4) 

where W is the y*g + cE centre-of-mass energy. That is, at small x ,  cz production is not 
forbidden even at small Q2 < p," where the MPE approach gives zero2. In the PGF approach, 
which was used, for example, in refs. [9, 10, 111, F' is calculated using the exact matrix elements 
and phase space for the process 7*g -+ CEX. In leading order in as we have 

Note that the scale p2 at which the gluon distribution and the coupling as (in the coefficient 
function Cg) are evaluated is not specified at leading order, but one might guess that p2 = O(m:) 
was appropriate. We discuss a reasonable choice of p2 in more detail in section 3 together with 
the effects coming from next-to-leading order (NLO) corrections. In contrast to the situation 
for massless quarks, there is no collinear divergence in the leading-order 7*g  + cz calculation: 
the integral over the transverse momentum of the produced cE pair is regulated by the quark 
mass: Jdk$k$/(k$ + m:)2. However, this in turn means that at very high Q2 the leading- 
order contribution behaves as F' N as(p:) ln(Q2/m:). Higher-order corrections also behave 
as ( a ~ l n ( Q ~ / m : ) ) ~ ,  and fixed-order perturbation theory breaks down. In fact these large 
logarithms are precisely those which are resummed by the DGLAP evolution equations. Thus 
at large Q2 we have to include the charm quark as a parton in DGLAP evolution. The exact 
next-to-leading order corrections to the PGF structure function are known [12], but, of course, 
these are not sufficient to provide the whole (as 1n(Q2/m:))n resummation. 

Our goal is to include the charm quark in parton evolution in a consistent way. First, 
in section 2, we discuss how to include the heavy quark mass in the Altarelli-Parisi splitting 

'In Ref. [8] the MPE model was modified by the introduction of a smooth 'smearing' function which gave a 
gradual onset of the charm distribution from a low input scale Q;, namely Qi = 1 GeV'. 
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kernels in such a way as not to destroy the original parton interpretation, that is to ensure 
energy-momentum conservation etc. Interestingly we find that the threshold for the onset of 
the charm distribution is Q2 = 4m:. Then in section 3 we discuss the coefficient functions. 
The PGF contribution will be included in the coefficient function for the gluon distribution. 
Thus below the threshold of the charm distribution, Q2 < ern:, our result for CZ production 
will not be zero but will agree with the PGF approach. However, at large Q2, as was noted 
in ref. [13], part of the PGF cross section is automatically generated by the evolution of the 
charm distribution. To avoid double counting we must therefore subtract from the coefficient 
function given by PGF the contribution which is generated by evolution in this way. As a 
consequence, above the chasm threshold a smaller and smaller fraction of Fi will come from 
the direct photon-gluon fusion mechanism, and instead the main part will be generated by 
conventional parton evolution. In section 4 we use the new formulation to perform a NLO 
global analysis of deep inelastic and related hard scattering data. We find an excellent overall 
description with, in particular, a significant charm component of F2 in the HEM regime. The 
analysis allows us to predict universal charm and bottom quark distributions, c(z,Q2) and 
b(z, Q2). In section 5 we present the partonic decomposition of F," as a function of Q2 and, for 
completeness, compare the PGF model estimates. We also give predictions for F,b. In section 
6 we study the charm component of the longitudinal structure function FL.  Finally, in section 
7, we give our conclusions. 

2. The effects of the charm mass on evolution 
As mentioned above, our aim is to develop the appropriate formalism to describe deep inelas- 

tic scattering which incorporates the production of a heavy quark pair (which for definiteness 
we take to be CZ) and which allows a universal charm parton distribution to be obtained from 
an analysis of these and other data. We can identify the chasm mass effects in the structure 
functions Fi,L which describe such scattering from the following subset of integrations3 

where kTi are the transverse momenta of the t c h m e l  partons. The mass of the charm quark 
enters in the kgi integration which results from the g + cz transition, see Fig. 1. For the 
example of the parton chain shown in Fig. 1 it appears that m: should also have been retained 
in the integration over k&+l. However, we show below that this is only needed at next-to-next- 
to-leading order (NNLO) in as. 

First we recall the kinematic regime responsible for the leading-order (LO) result. LO evo- 
lution corresponds to the resummation of the leading logarithm terms, (as In Q2)", which arise 
when the n emitted partons have strongly ordered transverse momenta (. . . << k&-l << k& << 

3The general structure of the integrands is k$/(propagator)2, which for massless partons - 1/k$. The k$ 
in the numerator arises ikom the spin structure of the parton vertex. 
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k?j,i+l . . . ). If two of the partons were to have comparable transverse momenta, kTj N kTj+l, 

then we would lose a In Q2 and obtain instead a NLO contribution of the form crs(crs In Q2)"-l. 
We may write the Altarelli-Parisi splitting functions 

where P(O) is the LO form and P(l) gives the NLO correction. P(' ) includes virtual corrections 
to the vertex and propagators as well as the possibility of producing a second '9 channel' parton 
with comparable transverse momentum. 

2.1. LO evolution with charm 

On the scale of the Altarelli-Parisi evolution in In Q2, we see that to a good approximation 
1 I 

w e(& - m:), 
1 + m:/k& 

that is the presence of the charm mass simply cuts out the contribution from the region 
kgi 5 m:. To be more precise, as may be anticipated for g + cz production, it turns out 
that the threshold is better represented by 8(kii - 4m:), see section 2.2. Thus at LO accuracy 
we have massless three flavour evolution for Q2 < 4m; and massless four flavour evolution for 
Q2 > 4m:; that is due to strong ordering >> k&) we can neglect the charm mass in the 
Icgi+, integration of Fig. 1. Therefore at LO the singlet evolution equations have the symbolic 
form 

ii = P g g @ g  + Pg,@q + Pgc@c 

4 = pgg @ g  + Pgq @ q  (9) 
f5 = Pcg@g + P,@c 

4 

where q = u,d,s denotes the light quark density functions and c the charm density. We have 
abbreviated P(O) by P and f = (Z.lr/crs)af/81nQ2. At LO the quark mass effects are simply 
encapsulated by 

P& = Pk(mc = 0 )  8(Q2 - 4mx) (10) 
with i = 9 or c, and similarly for Pgc. Also the virtual contribution to Pgg must be modified 

1 
3 (11) Pgg = ... - - n f 5 ( 1 - z )  

with nf = 3 + e(Q2 - 4m,2), and, of course, we must allow for the increase in the number of 
active flavours nf in the running of 0s. 

Although we show in (9) only the equation for t ,  we note that each heavy quark ( c ,  b, . . .) 
requires a separate singlet evolution equation [14] since their splitting functions have different 
8 function contributions. 
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2.2. NLO evolution incorporating the charm mass 

At NLO the inclusion of quark mass effects is a bit more complicated, although it turns out 
that we only have to take m, into account in Pcg and then only in the LO part P$). (Of course 
as a consequence we must adjust the virtual corrections to Pgg). The argument is as follows. 

We have to improve on approximation ( 8 )  of the kgi integration in (6).  To do this we divide 
the integral into two parts 

where the first term gives the leading logarithm contribution that we discussed in section 2.1. 
To be specific we have 

IQ* d( k& + ml) =In- Q2 

k$i-i (k& + ,I) ml 

for k$i-l << m:, which is equivalent to the threshold factor t9(k+i - m:) of (8).  The second term 
in (12), which is concentrated in the region kgi - m:, gives a constant contribution. That is, it 
is a NLO contribution (containing a factor as without an accompanying In Q2). It means that 
the m: effects need only be evaluated in the LO pad, of the g + CE splitting function, Pi:). For 
instance consider the integration over kTi+l of Fig. 1 and the possibility of m: effects in P,. 
Clearly if k&+l >> m: then the mass terms m:/k$i+l can be neglected. If, on the other hand, 
k+i+l - m: then either k& << m: and c(z, kgi) = 0 or kgi - ml and we lose two In Q2 factors 
so that the contribution is NNLO, which we omit here. That is, at NLO there are no m, effects 
in P,. A similar argument shows that this is also true for Pg,. 

In summary ,  we have shown that at NLO.P, and Pgc remain as in section 2.1, whereas 

Pcg = P$"(mC) + as P$)(mc = 0) 0(Q2 - 4771%). (14) 

That is we need only evaluate the effect of the charm mass on the LO part of Pcg. As a 
consequence of the change in Peg, we have to adjust the virtual correction to Pgg by an amount 

see section 2.3. This adjustment also restores energy-momentum conservation. 

It is straightforward to extend the formalism to allow for charm mass effects in NNLO evo- 
lution. We simply need to evaluate the "blocks" gg + gg,'gg + ci?, qij --.) CE to O(ai) with m: 
included explicitly, but only in the region k& - m:. For example, for gg + gg we would need 
to evaluate the diagrams shown in Fig: 2. 

2.3. Evaluation of quark mass effects in PCg 

We note that heavy quark mass effects were studied in re&. [14,15] in terms of the anomalous 
dimensions of the moments of structure functions. However, it is difficult to apply the results 
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to parton evolution, since in these early studies the mass correction plays the role of a higher 
twist contribution. As a consequence it violates the sum rules which reflect energy-momentum 
and baryon number conservation. 

To restore the partonic picture we use “old fashioned” perturbation theory. That is we 
calculate the g -+ ci? splitting function Pcg in the infinite momentum frame with all three 
partons on-mass-shell. The parton four momenta are shown in Fig. 3. If the momentum of the 
gluon is large, pg >> kT and m,, then the quark momentum is given by 

and similarly for k’ with t + 1 - t and kT + -kT. We may write the probability of the g + c?? 

splitting in the form 

with colour factor TR = 
channel and one s channel quark lines shown in Fig. 3. The energy denominators 

and where the [. . .] contain the normalization factors of the two t 

play the role of the quark propagators and the numerator 

z2 + (1 - %)2 
= (m:+k$) + 4, 2 4 1  - t )  

where is the average over the two transverse polarizations of the (on mass shell) gluon and 
f(8 + m,) is the quark density matrix. The factor of 8 in (17) arises from the sum over two 
polarizations of both the c and and allows for the t channel parton to be either c or 1. 

To identify the splitting function we must rewrite (17) in the form 

where dkll = pgdz The outstanding problem is therefore to determine the scale Q2 appropriate 
for k;. The scale Q2 should be chosen so that it correctly reproduces the timescale of the 
fluctuations of the gluon into the cz pair, that is 

6 



where A E  is given by (18). It follows that the appropriate scale is4 

m: + k$ Q2 = 2pgAE = 
%(1 - %) 

and hence that 

2m: 
(z2 + ( 1 -  z) ' )  + -1 Q 8 (Q2 - a(1 - %) 

Recall that here PCg stands for the splitting into both C(T) and T(c). An adogous result for 
QED may be found in ref. [16]. The 8 function represents the threshold (k$ = 0) for observing 
the ci? pair. We see that even if at small z we have more than enough energy W to create a cT 
pair, W2 N Q2/z >> m:/z(l - z), then it is possible that the resolution Q2 will be insuflicient 
to observe the pair within the short fluctuation time At, that is when Q2 < m:/z(l- z). 

The complete effect of the quark mass in the NLO splitting functions which involve the 
charm quark is contained in (23). It leads to the following correction to Pgg 

see (15). 

3. Coefficient functions for deep inelastic charm production 
Just as for light quarks, the contribution of charm to the deep inelastic structure function 

F2 is obtained from a convolution of the parton distributions and the coefficient functions. We 
have 

where, due to the quark mass, the coefficient functions have an explicit dependence on Q2. The 
charm quark coefficient function in (25) has the form 

while for the gluon we have 

At NLO accuracy, to which we are working, we need only the coefficient functions that are 
shown explicitly in (26) and (27). 

We see that at low scales below partonic threshold, Q2 < 4m:, where c(z,Q2) = 0, the 
structure function F," is described entirely by 79 fusion, that is by the Cg @ g convolution. 

4The same scale was used in the computations of the NLO part of the splitting f u n c t i ~ ~ ,  f $ ) ,  for the light 
(massless) quarks. 
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However, we will find that as Q2 increases from the charm threshold the contribution from the 
yc interaction, C, @ c, increases rapidly and soon becomes dominant. Of course, as we have 
already mentioned in the introduction, when the number of active flavours increases from 3 to 
4 (as we pass through the threshold region) we must take care to avoid double counting. For 
example, if we were to take the limit in which charm is regarded as a heavy quark, and never 
a parton, then the entire contribution to F2 is 

We call this fixed (three) flavour approach the photon-gluon fusion (PGF) approximation. 
From the above discussion it might appear that the PGF approximation, which clearly gives 
the correct NLO answer for Q2 < 4m:, will dramatically undershoot the true prediction as Q2 
increases above the charm threshold. This is not so, since part of the Feynman'diagram which 
is responsible for the important C, 63 c parton evolution contribution is contained in CfGF 63 g 
in the PGF approximation [13]. Thus to avoid double counting we will have to subtract this 
contribution from CFGF @ g. The consistent treatment of charm mass effects will therefore 
allow us to quantify the accuracy of the PGF approximation to F," as a function Q2. 

3.1. The charm quark Coefficient function for Fi 

LO charm quark coefficient is given by 
We must specify the coefficient functions for Fi that we introduced in (25)-(27). First the 

where here J is defined with respect to the charm quark 

The last equality follows directly from the mass-shell condition (z'p + q)2 = m: where z' is the 
fraction of the momentum of the proton that is carried by the struck charm quark, see Fig. 4. 
The hal factor in (29) allows for the F' component of F2 = FT + FL where 

(31) uL/uT = 4mz/Q2. 

Inserting CAo) of (29) into (25) gives a contribution to F,"(z,Q2) proportional to zc(z',Q2) 
where here the true scale is p2 = Q2. Since we are working to NLO, we may use the massless 
quark expression for the coefficient CA1). 

3.2. The gluon coefficient function for F," 
We may write the gluon coefficient function, defined in (27), in the form 
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where the PGF expression for F2 is [17] 

4rnf l + P  
Q 2  Q4 1 - P  

C : G F ( ~ , Q 2 )  = { [.’ + (1 - z)’ + - ~ ( 1 -  3 4  - !% z2] In - 

,Ll is the velocity of one of the charm quarks in the photon-gluon centre-of-mass frame 

The 8 function in (33), 8(W2 - 4m,2), represents the cz production threshold, where W is the 
c.m. energy. Its presence guarantees ,L12 2 0. The AC, term in (32) is necessary to avoid the 
double counting of the graph that we have already used to compute Pi:), see section 2.3. That 
is we must subtract from CPGF the term Pi:) 8 C:O) that we already include in the parton 
evolution up to Q2. The z variable in the gluon coefficient functions is defined with respect to 
the gluon momentum fraction x,, 

(35) 
X z = - -  - a%’ 
2, 

where z’ = x’ /zg,  see Fig. 4. Thus the explicit form of the subtraction term is 

where the 8 function reflects the energy threshold W2 > 4m:. The lower limit of integration is 
given by the “resolution” 8 function which is hidden in Peg($, Qa). From (23) we have 

where x’ = z / a  = (1 + rnf/Q2)z. The integration in (36) may be readily performed to give 

where we require both Q2 > Qkin and Q2 > 4rnfz/(1- z). 

It is interesting to consider the mf -t 0 limits of CFGF and AC,. We have 

1 - z  Q2 
mc 

CpGF B + {z2 4- (1 - z ) ~ }  In ( y  T) + 8z(1- z)  - 1 (39) 
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as m, 
the argument of the logarithm. However, from (38) we see that 

0, which differs from the exact m, = 0 coefficient Cr) by the presence of Q2/m: in 

AC, + {z2 + ( l - ~ ) ~ }  ln ~ ( 1 - z ) ~  + ... ( :I 
as m, + 0, which removes the ln(Q2/m:) term in C:') = CPGF 9 - AC,. In C:GF the logarithm 
also comes after an integration over Qt2 but with a cut-off due to the 8(W2 - 4m3 function, as 
compared to the lower cut-off in (36) arising from the resolution 8 function, 8(Q2-m~/2(1-z')) .  
In the case of light quarks with m, + 0 neither of these 8 functions gives the lower limit; rather 
it is provided by the confinement scale Qt2 > Qg >> m:. 

We now come to the choice of the scale p2 in the gluon convolution contribution in (25). In 
the absence of a complete NNLO calculation, which would introduce terms compensating the 
variation with scale, we must attempt to identify the 'natural' scale for the process. We have 
already mentioned that the natural scale for the charm convolution is p2 = Q2. In the pure 
PGF approach the integration over dQ'2 starts from Qi2 N m: and so a reasonable choice of 
scale is p2 = m: [ l O ] .  However, the region Qt2 << Q2 in CgPGF is cancelled by the subtraction 
term AC, so the appropriate choice of scale in Cg @g is p2 N Q2. The O(cyi) corrections to PGF 
have been computed by Laenen et al. [12] and found to be significant, particularly at larger x 
values. In an attempt to roughly reproduce this NNLO contribution we find that it is better 
to take p2 N Q2/4. This is not unexpected since the Q2 of the photon probe has to be shared 
between the two vertices of the quark box. Of course at small Q2 when Q2/4 < m: we should re- 
vert to p2 = m:. Thus for the Cg@g contribution to F," we take the scale p2 = max {Q2/4, m:}. 

4. Charm as a parton in a global analysis 

The measurements of F2 at HERA have become much more precise with errors as small as 
&3% or less. Moreover, since the charm component F," of F2 is about 0.25 in the HERA regime 
it is important to improve the treatment of charm in the analysis of deep inelastic scattering 
data. This was the objective of sections 2 and 3 above. The new formalism incorporates 
the heavy quark masses in the parton evolution equations and allows a determination of the 
(universal) charm and bottom quark densities. Indeed we can predict c(x,  Q2) and b(x,  Q2), as 
well as the charm and bottom components of F2, directly from a knowledge of the gluon and 
other quark densities. There are no free parameters, although the results do depend on the 
values of m, and mb, and, as usual, on the truncation of the perturbation expansion. As in 
previous analyses, we work to NLO. 

The new framework is a significant advance on the existing treatment of charm in deep 
inelastic scattering. Recall that two different types of approach are used at present. In the 
first, charm is set to zero below some scale (c(x, Q2) = 0 for Q2 < p2) and for Q2 > p2 the charm 
distribution is evolved assuming that m, = 0. Although this procedure is clearly inaccurate 
in the cZ threshold region, the parameter p is chosen so that the fixed-target F," data are well 
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described. Secondly, we have the PGF approach [ l O ,  111 based on the calculation of 7*g + CZ 
with the correct kinematics, but in which c is not treated as a parton. As we have seen, this 
gives the correct description of F," for Q2 < 4mg and should remain a reasonable approximation 
to F," for Q2 2 4mg. However, the PGF model will inevitably break down at larger Q2 values 
when charm can no longer be treated as a non-partonic heavy object and when it begins to 
evolve more like the lighter components of the quark sea. 

Before we present our predictions for c(z, Q2) and b(z, Q2), we perform a NLO global analysis 
of deep inelastic and related data which incorporates the m, # 0 parton evolution procedure 
that we introduced in sections 2 and 3. This may be regarded as a small refinement of the 
global analysis determination of the gluon and light quark densities of ref. (81, but it does allow 
the gluon (and other parton) distributions to readjust themselves to accommodate the new 
treatment of c(z, Q2). Recall that the heavy quark distributions, c(z,  Q2) and b(z, Q2), do not 
contain any free parameters apart, of course, from m, and mb. Motivated by QCD sum d e s ,  
we take m, = 1.35 GeV and mb = 4.3 GeV [18]. We show the effects of varying the value of m, 
when we discuss the description of F,". In fact we find that the overall description of the data 
(and in particular of F2 in the HERA regime) improves compared to our previous analyses [8). 
The only change to the data set that we use is the addition of the final NMC data (191 for, F2. 

We shall present full details of the new global analysis in a future paper in which we will 
discuss the improvements of the deep inelastic data and their implications. However, in Table 
1 we illustrate the quality of the new fit relative to our previous fit that best described the 
HEM data, MRS(R2)  [8]. 

Experiment 

H1 Fz'p 
ZEUS Fz'p 
BCDMS F,fp 
NMC F!p 
NMC F P  
E665 F!p 

I SLAC Fz"p 

# data 
MRRS MRS(R2) 

204 280 308 
174 287 320 
130 145 134 
130 119 98 
53 60 62 
70 91  95 

Table 1: x2 values for some of the data [6,7,18,19,20,21] used in the global fit. Note the larger x2 
values for the E665 points [21] than those quoted in ref. [8] - these result fiom our correcting 
our previous incorrect treatment of the E665 experimental errors. 

'The FORTRAN code for this set of partons, MRRS, together with the code for computing each flavour 
component to FI , Fa and FL is available by electronic mail from U. J . S t  irlia@durham. ac .I&, or directly h m  
http://durpdg.dur.ac.uk/HEPDATA/WBS. 
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The HERA data lie in the region where F,"/F2 is largest and there is clear improvement 
in the new fit for these data. The value of as resulting from the new fit is as(Mi) = 0.1164, 
intermediate to the values 0.113 and 0.120 of MRS(R1) and (R2) and the lower x2 for the 
BCDMS data in the Table is due to this. Our prescription for as(Q2) across charm and 
bottom thresholds is to match the values at Q2 = 4mf, and again at Q2 = 4mi. Thus we define 

and take, for 5 flavours, 

while for 3 flavours we have 

In Fig. 5 we show the flavour decomposition of the sea as a function of Q2 for two different 
values of x. Recall that there are now no input parameters for the heavy quark distributions, 
c(x, Q2) and b(x, Q2), and that they are determined in terms of the gluon (and other parton) 
distributions. 

We show the description of both the fixed target and HERA data for Ft in thc next section. 
The charm data are not used in the global fit. However, when they become more precise these 
data should be included as they will provide a significant extra constraint on the gluon distri- 
bution. The gluon density from the new fit compares very closely with that of MRS(R2). The 
new gluon is more 'valence-like' at Qi = 1 GeV2, but for Q2 2 2 GeV2 both gluon distributions 
rise at small x and become increasingly similar as Q2 continues to increase. 

5. The structure.of F," 
Fig. 6 shows the partonic decomposition of F," as given by (25), which may be written in 

the symbolic form 

(44) F,C = C, @ c + Cg €3 9. 

The gluonic component gives the total production below the charm threshold, Q2 < 4m:. 
However, the component driven by the charm distribution rises rapidly above threshold and 
becomes dominant at larger Q2. We also show for comparison the photon-gluon fusion predic- 
tion CPGF @ 9. The PGF model and our prediction are identical below threshold, Q2 < 4mf. 
Above threshold we see that the rapid onset of the charm parton component C, €3 c is largely 
balanced by the subtraction AC, from the PGF result. Nevertheless, as we would expect, the 
compensation is not exact and the inclusion of the evolution of charm does result in a larger 
value of Ft above the threshold, see Fig. 6. By Q2 = 100 GeV2, for example, for x = 0.05 
(0.005) the improved description, in which charm is treated as a parton, lies some 33% (18%) 
above the PGF model. The approximately constant behaviour of Cg @ g seen in Fig. 6 for 
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Q2 2 50 GeV2 may be anticipated. In this kinematic regime the gluon is approximately scaling 
and the m:/Q2 terms in Cg are small. Moreover, there are no lnQ2/m: terms in Cg after the 
AC9 subtraction. The lack of smoothness in the prediction for F', apparent in Fig. 6 in the 
threshold region, is a consequence of assuming that the threshold for the resolution of charm 
can be exactly described by a 8 function. More realistically, the onset of charm will be smeared 
out around Q2 = 4m: leading to a much smoother behaviour, although such smeaxing will have 
a negligible effect on the global analysis. 

The comparisons of the predictions for F," with the EMC and the HERA data are shown in 
Fig. 7. The overall agreement over quite an extensive range of z and Q2 is good. The dotted 
and dashed curves in Fig. 7 show the effect of taking m, = 1.2 and 1.5 GeV respectively, rather 
than the central value, m, = 1.35 GeV, which we use throughout this paper. 

Fig. 8 shows the fraction of charm deep inelastic events as a function of Q2 for selected 
values of z. The strong production of charm at HEM is evident; moreover we see a sensitive 
dependence on z and Q2. If a significant fraction of the numerous charm events can be cleanly 
isolated in the experiments at HERA then the resulting precision measurement of F', coupled 
with the measurement of 3'2, will provide a powerful double constraint on the gluon distribu- 
tion, as well as offering a stringent scheme independent test of QCD along the lines of that 
using F2 and F' proposed by Catani [23]. 

6. Predictions for F' 
We may also use the new formalism which incorporates the quark mass to calculate the 

charm component Fi of the longitudinal structure function. We use expressions that are iden- 
tical to (25)-(27) and (32) but.with the coefficient functions Cq=. and Cg that are appropriate 
to Fi. For the quark coefficient we have 

(45) 

whereas for CL') we may use the massless quark expression, since we are working to NLO 
accuracy. For the gluon coefficient for F' we have 

where 

' (47) 
m,2 l + p  
Q2 1 - P  

C,'""(z,Q2) = 4p ~ ( 1 -  Z )  - 8z2 - In - 

with Q2 > 4m:z/(l- z), where the quark velocity P is given by (34). Here the subtraction 
term is 

ACg(%,Q2) = - 4m,2 [...I 
Q2 

where [. . .] is the expression in the square brackets in (38). For AC, to be non-zero we require 
Q2 > Skin and Q2 > 4rn:z/(1- z ) ,  where Qb, is given by (37). 
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In Fig. 9 we present the predictions for F L  in terms of the ratio R" = F i / F - .  Due to 
the factor 4m:/Q2 in the coefficient function of the LO charm component given in (45), we 
have a pronounced peak in R" just above the partonic threshold, Q2 = 4m:. Clearly R" will 
decrease at higher Q2. The NLO gluonic component gives a smaller value of R" than the charm 
component. Hence the peak is more pronounced at larger x when the gluonic component is less 
important. We also show in Fig. 9 the values of R = FL/F'. 

7. Conclusions 
We have determined the charm and bottom quark densities of the proton taking into ac- 

count the effects of their non-zero mass. In particular we have presented a formalism which 
incorporates m, and mb into the Altarelli-Parisi splitting functions and in the coefficient func- 
tions in a consistent way. We can therefore evolve up in Q2 taking proper account of the heavy 
quark thresholds. At NLO accuracy we show that the main effect of the quark mass is in the 
splitting function P::) (or ~ $ 1 ) .  

We showed that the threshold for the charm density, c(x, Q2), occurs at Q2 = 4m:. On the 
other hand we know that the threshold for deep inelastic cZ production is given by W 2  = 4m:, 
or equivalently Q2 = 4m:(1 - x ) / x ,  which for small x occurs below the partonic threshold 
Q2 = 4m:. This apparent contradiction has a simple explanation. In the region Q2 < 4m: we 
find that Q2 is too small to allow sufficient time to observe the g -+ ci? fluctuations which occur 
within the proton. Here the photon-gluon fusion mechanism, 7 * g  -+ ci?, gives the complete 
answer. For evolution above the partonic threshold the structure of F," is more interesting. 
The charm component 7*c  -+ c with a spectator i? quark (or vice-versa with c - i?) increases 
rapidly and soon exceeds the NLO part of the gluonic contribution 7 * g  -+ ci?. In the partonic 
description the LO part of the gluon now has the structure ( g  -+ cz) @ (7*c --$ c). To avoid 
double counting we must therefore subtract this LO contribution of the gluon and keep only 
the part coming from C;'). 

In addition to its importance in determining the charm quark density c(z,  Q2), the correct 
formulation of charm mass effects in evolution has become essential in order to obtain an ac- 
curate description of F2 in the H E M  domain. The reasons are that the charm component of 
F2 is appreciable (F,C/F2 - 0.25 for x - 0.001 and Q2 - 25 GeV2) and that the measurements 
of F2 at HERA are now much more precise. 
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Figure Captions 

Fig. 1 Part of the parton chain occurring in the description of deep inelastic scattering which 
contains the g + CE transition. 

Fig. 2 An example of a "block" diagram along the parton chain, which gives NNLO charm mass 
effects if the two s channel charm quarks have comparable transverse momenta. Then 
the charm mass should be retained for all the quark lines that are shown. 

Fig. 3 The diagram used to calculate the charm mass effects in P$). 

Fig. 4 The variables used in the discussion of the coefficient functions Cq=(z, Q2) and Cg(z, Q2). 
For the charm quark function the variable z = x/x',  while for the gluon function z = x/xg, 
see eq. (30) and (35) respectively; x is the usual Bjorken x z Q2/2p.q. 

Fig. 5 The flavour decomposition of the quark sea distribution of the proton as a function of Q2 
at two values of x.  The total sea is given by S = 2(% + 2 + s + c + b). 

Fig. 6 The partonic decomposition of F," as a function of Q2 for x = 0.05 and x = 0.005. 
For Q2 5 4m:/Q2 there is only the contribution from Cg = CPGF. 9 For larger Q2, 
Cg = Cg - ACg and the total F i  is the sum of this contribution and that from C,. 

Fig. 7 The description of the EMC and HERA measurements of F,". The solid line corresponds 
to our new fit with m, = 1.35 GeV. The dashed and dotted lines correspond to taking 
m, = 1.5 and 1.2 GeV respectively, with all other parameters unchanged. 

Fig. 8 The ratios F,"/F2 and at frxed values of Q2 resulting from the new global fit (in 
which we take m, = 1.35 GeV and mb = 4.3 GeV). The experimental data point shows 
the estimate from ref. [2] for F,"/F. in the HERA region. 

Fig. 9 The predictions for Rc = F i / F .  and R = FL/FT as a function of Q2 for z = 0.0005 and 
x = 0.05. 
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