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The consequences of calculating inclusive charm (or any heavy quark flavor) electroproduction are investigated using a
virtual Bethe —Heitler photon—gluon pair creation process. Implications for the light quark sea of the nucleon are studied
by comparison with recent up data in the small x region. Predictions for heavy quarkonium (J/y, T) electroproduction are
also given. For example, at 02 = 10 GeV?2 and x = 0.01 we find F§M3I™M ~ 0,08 and F2J/¢’ ~ 0.003.

Hadronic antiquark (sea) distributions are usually
expected to be concentrated in the small x region, in

contrast to the broader x distributions of the “valence”

quarks [1]. This is implied by the constituent count-
ing rules [2] as well as in a picture [3,4] where the
valence quarks of the hadron radiate gluons which in
turn materialize into quark—antiquark pairs: the sea.
These expectations are vindicated by recent neutrino
experiments where it is found [5] that the light anti-
quark distribution behaves like (1—x)®-7%0-5 to be
contrasted with the valence distribution proportional
to Vx(1-x)3-5£0-5 gt x ~ 1.

So far, no similar data are available on the heavy
quark (Q) distributions ¢ (x), b(x), ..., which are to be
considered as sea distributions in ordinary hadrons
like the proton or the pion. One usually assumes either
[6,7] that due to the heavy mass of these quarks their
dlstrlbutlon is zero at some low QO and that for
02> QO these distributions evolve according to the
(massless) renormalization group (RG) equations, or
[8] that the input distributions are nonzero but very
steep in x and that for Q2 > Q2 they again evolve
through the RG equations. In both cases the RG equa-
tions of a fully massless SU(4)41,y,, Symmetric theory
were used. This obviously overestimates the charm
development rate and, furthermore, the input assump-
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tion simulates the heavy quark mass only in a rather
ad hoc way which probably does not account correct-
ly for the heavy quark mass corrections at Q%% 4mQ
These are probably better reproduced by the lowest-
order virtual Bethe—Heitler process y*g - QQ which
is directly proportional to the gluon (g) content in the
nucleon (see fig. 1). Confining our considerations to
this amplitude we neglect, in fact, heavy quark prod-
uction via the electromagnetic current of light quarks
q=1u,d,s, where a QQ pair is produced by a brems-
strahlung gluon as for example shown in fig. 2a. This
latter process, although of order as , is non-negligible
since it depends on the valence quark distributions in
the proton rather than on the gluons there. However,
the leading-log, i.e., dominant piece of these graphs is
already contained (see, e.g., fig. 2b) in the RG im-
proved Bethe—Heitler process of fig. 1.
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Fig. 1. Bethe—Heitler process for heavy-quark pair QQ produc-
tion.
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Fig. 2. Higher-order contribution to QQ production.

Calculating the contribution of y*g - cc'to F and
F| = F,—2xF and convoluting with the RG improved
gluon distribution (fig. 1) yields for the foral charm
production

FS™ (x, 0) = f Y 160,00 11 1. 02),
M

where a = 1 +4m2/Q2, Q%= —q2 and
e (2, 02) = €2 (e (Q)/m)
X {v[4z2(1-2) — z/2 — (2m2[Q?) 22 (1-2)]
+[2/2 — 22(1-2) + (2m2)0?) 22 (1-32)
— (4mZ/Q*) 23] In [(1 +v)/(1-V)] 3,
FET(z, 02) = €2 (o (Q2)m) {222 (1-2)v
— (4m2Q*)z3 In[(1 + v)/(1 - )]}, (2)

with the ¢.m. frame velocity v of one of the heavy
quarks given by

v2=1—4m2/s=1—am?z/Q?(1-2), (3)

and ag = 127/25In(Q?/A?) with A = 0.5 GeV. Note
that the lower limit of integration in eq. (1) as well as
F5 harm (x> 1/a, Q2) 0 31mp1y derives from the con-
stramt v>0,ie. §> 4m . Similar expressions for

bl *8~ T 45 given in eq. (2) have been obtained by
Witten [9] and the implications of their nth moments
have been studied in ref. [10].

In neutrino scattering charm is already produced
by the weak current in zeroth order, in contrast to
electroproduction, via the naive quark—parton process
W*s > c. In addition, order o corrections can be cal-
culated [9,11] stemming from the virtual weak
Bethe—Heitler process W*g — cs. Such calculations,
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however, appear to be questionable since their re-
sults depend now critically on the light s-quark mass
chosen, because of the appearance of terms proportion-
al to In (§—mg)/m52. These terms should be absorbed
as usual into the RG improved strange quark distribu-
tion (s) of the zeroth-order W*s —> ¢ process.

Similarly, according to the ideas developed in ref.
[12], deep inelastic electro- or muoproduction of
heavy quarkonia (J/y, T, ...) should also be given by

Ff¥ (x,0%) = jy Y6 0,0 1E S (xly, 02),

4

withb =1+ 4mD/Q2, which follows from the con-
straint § < 4m]2), i.e., the region of integration extends
only up to the threshold of producing “open” heavy
quark flavors. The u]pper limit of integration in eq. (4)
obviously implies F Iy Y (x=>1/b, 0?)=0. The range
of integration as well as the factor 1/N in eq. (4) are
due to the duality arguments of ref. {12] which, in
agreement with experiment, indicate that the J/{ con-
tribution is finally obtained by division through the
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Fig. 3. Predictions for total charm and J/y production accord-
ing to eqs. (1)--(4). Solid curves correspond to the full QCD
predictions, i.e., using a RG improved Q% -dependent gluon
distribution, whereas the dashed curves refer to the Q2-inde-
pendent “naive” gluon distribution of eq. (5).
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number of charmonium states NV lying in the mass in-
terval 2m to 2mp, i.e. N = 8. Our quantitative results
on J/{ production are expected [12]to be correct
within a factor of about 2.

Note that in evaluating the Q2.dependence of
G(x, 0?) consistency demands application of the
SU@B)navor RG equations, since the heavy quark de-
velopment is now accounted for by the virtual Bethe—
Heitler cross sections in eq. (2). For our actual calcu-
lations we have used the fully RG improved gluon dis-
tribution of ref. [13] where a “counting rule-like” in-
put distribution,

xG(x,03) = 2.412(1—x)5 5)

has been employed at Q2 = Q% = 1.8 GeV2, For the
charmed quark mass we have taken m_ = 1.25 GeV de-
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termined from QCD dispersion sum rules [14]. The
resulting charmed quark distributions are shown in
figs. 3 and 4. From fig. 3 we observe a very steep and
non-negligible (for x < 0.01) contribution: charm
production increases rapidly not only for decreasing
values of x but also for increasing Q2. For example,

at 02 = 10 GeV2 and x ~ 0.01 we expect the total
charm and J/¢ production in F'5 to be about 0.08 and
0.003, respectively, which is about a 20% contribution
to the measured total value of F, effects which should
be observable in the forthcoming u-beam experiments
at CERN. This is about a factor of 2 smaller than the
RG predictions for massless charmed quarks [6,7].

To show the effects of scaling violations, we have also
plotted in fig. 3 the naive parton model predictions
{dashed curves) of egs. (1) and (4) by using the gluon
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Fig. 4. Predictions for the Q?-dependence of charm production for various fixed values of x. The solid curves correspond to those

shown in fig. 3.
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distribution in eq. (5) with all RG Q2-dependence
turned off. In the very small x region (x < 0.01) where,
for well-known reasons, the full RG improved calcula-
tion (solid curves) cannot be applied reliably anymore,
the naive parton model predictions should constitute
at least a lower bound for the observed charm effects.
The scale breaking effects should manifest themselves
by observing, say, for 0.01 S x < 0.1 a much steeper
increase of charm production in F, than expected on
grounds of naive parton models. In fig. 4 we show the
Q2-dependence of charm production for various fixed
values of x. Total charm production reaches its maxi-
mum around Q2 = 500 GeV?2 whereas the maximum
of J/{ production lies around Q2 ~ 10—20 GeV2. In-
creasing Q2 beyond these values, the production of

heavy quark flavors decreases rapidly due to the vanish-

ing Bethe—Heitler cross section for large § ~ Q2. Some
of these qualitative effects stemming from the lowest-
order Bethe—Heitler calculation may be altered for
0> 4mg where higher-order logs, i.e. RG-like correc-
tions, become important.

From figs. 3 and 4 it is clear that at low values of
x (=0.01) and Q2 (=~ 2 GeV2) the total charm produc-
tion in F. fha’m is negligibly small. Thus, mainly light
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SU(3) sea quarks have to account for the rather large
value of F4P (x ~ 0, 0% ~ 2 GeVZ) ~ 0.4 recently
measured at Fermilab [15]. The large sea distributions
suggested by this measurement can be reconciled with
FEN by taking into account SU(3) broken sea distribu-
tions %(x) = d(x) = 1 s(x), as suggested by recent neu-
trino experiments [5,16]. From ref. {17] Fz”N (x=~0)
=4xi7 ~ 1 below charm threshold (6, = 0), and [5]
F3N (x ~ 0) = 4xii + 2xs ~ 1.2 above charm threshold
we obtain

xit=xd~5(1-x)7, xs=x§~z(1-x)7, (6)

at 02 ~ 1—4 GeV? and where we have used a (1-x)7
dependence [2,5] for light quark distributions. The
sea in eq. (6) is larger than the “standard” value [1,6,
13] assumed for the SU(3) symmetric sea which yields
also values too low for the Drell—Yan cross section
[18]. Thus, eq. (6) will help to close the gap between
theoretical predictions for dimuon production cross
sections and the observed ones [19]. To illustrate the
size of F gha"" when compared with actual data, we
show in fig. 5 the predictions of eq. (1) on top of
FEP (x ~0.01) = (3 xu, + § xd,) + (5xid + 5 xs)
=(0.08) +(0.285) = 0.365, where we used eq. (6) and
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Fig. 5. Comparison of our QCD predictions for FSharm with the data of ref. [15]. The short-dashed curves refer to the @%-inde-
pendent base line of F%‘p {x =0.01) = 0.365 which consists of contributions from light quarks only. Adding to this base line the
full QCD prediction of eq. (1) yields the solid curves, while the long-dashed curves represent the corresponding results for the

naive Q2 4independent gluon distribution of eq. (5).
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the standard valence contribution at Q2 ~ 2 GeV2 of
refs. [6,13]. Needless to say that, because of scaling
violations, this naive estimate of 0.365 will be an un-
derestimate for F4P (x ~ 0) for 02 > 2 GeV2. We
leave these scale breaking effects in valence and light
sea distributions to a future detailed analysis. For

x < 0.01 we also show in fig. 5 the prediction corre-
sponding to the naive, Q2-independent gluon distribu-
tion of eq. (5) (long-dashed curves) which should yield
at least a lower bound for the observed charm effects.

It seems therefore appropriate to conclude that the
amount of charm produced by the process y*g = ¢€
accounts for all the charm component of F, (x, 0%
presently observed. This means, in the language of RG
improved Q2-dependent parton distributions that, due
to their large mass, c-quarks in the nucleon can exist
only as calculable quantum fluctuations at short dis-
tances and that no further “primordial” or initial
charm is needed to account for the data at small val-
ues of x. A natural test of this conclusion is to check
whether eq. (1) indeed accounts for all excess dimu-
ons and trimuons observed in high-energy up scatter-
ing experiments [20].

A detailed analysis [21,22] of dimuon and trimuon
electroproduction data is beyond the scope of this let-
ter and is, moreover, also strongly model dependent.
We notice, however, that if charmed quarks are indeed
produced by y*g — ct then their transverse momentum
g7 relative to the direction of the virtual photon is
large (v/—q2 2 (g R m.) which might explain the
abundance of secondary muons with large transverse
momenta k. In refs. [21,22] the charmed quarks had
no transverse momentum and the muons acquired their
their transverse momentum only in the fragmentation
and decay processes. The so predicted (k%) was too
small or differently said the predicted rates fell more
rapidly with ky than the data, where the discrepancy
showed up already at k% 2 1.2 GeV. This might further
indicate the relevance of the virtual Bethe—Heitler
charm production mechanism.

Using the same methods for open bottom and T
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production, the corresponding cross sections turn out
to be negligible. For example, even at 02 = 50 GeV2
and x =0.01 F. gottom is almost two orders of magnitude
smaller than F ghafm , and a similar suppression holds for
T production when compared with J/i.

We would like to thank M. Krammer for helpful
discussions on heavy quark masses.
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