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ABSTRACT 

Conventional theoretical predictions for hadronic production of 
heavy quarks <Q@ are reviewed and confronted with data. Perturbative 
hard scattering predictions agree qualitatively well with hidden QQ- 
production (e.g., +,x,'I') whereas for open Q&-production (e.g., pp -+ 
AEX) additional mechanisms or inputs are needed to explain the for- 
wardly produced IL: at ISR. It is suggested that the presence of 
cc-pairs on the l-2% level in the hadron Fock state decomposition 
(intrinsic charm) gives a natural description of the ISR data. The 
theoretical foundations of the intrinsic charm hypotheses together 
with its consequences for lepton-induced reactions is discussed in 
some detail. 

1. INTRODUCTION 

One of the most important results recently obtained at the ISR 
has been the observation of charm with remarkably high--cross sections 
(0.1-0.5 mb) and with momentum distributions indicating diffraction- 
like production mechanisms.1-8 This experimental fact is in contra- 
diction with what is expected from hard scattering mechanisms which 
predict a,-, Q 50 ub at ISR energies with soft xF-spectra for the ob- 
served charmed particles.g (It should be noted however that at SPS 
and FNAL energies these features of the ISR cc-production has not yet 
been settled.) As far as hadronic production of hidden charm is con- 
cerned (e.g., pp -+ $X) the predictions from hard scattering mechanisms 
seem to be confirmed by experiments.g In particular the leading sub- 
process gg + P-state + X has been observed explicitly by the 

experimental presence of accompanying photons.1° 
Although the nucleon is usually regarded as a threelquark bound 

state, its actual Fock state structure in Quantum Chromodynamics is 
expected to be more complicated. The proton has a decomposition of 
free Hamiltonian eigenstates11,12 

bud), bdg), luudq:), . . . . (1) 
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A nonnegligible luudcc) state in (1) (intrinsic charm) is expected to 
give fast A$' s in hadron-induced reactions since on a long time scale 
the five constituents should have the same velocity.13g14 
$-production from these luddcc) states should however be suppressed 
due to in particular small wavefunction overlap." A Bag calculation15 
of the cc-mixture gives P(luudcc)) = l%, which is compatible with the 
cross section for pp + AZX observed at ISR. It is of course crucial 
and of utmost interest to confront the amount of intrinsic charm with 
data on leptoproduction. 

+- 
Unfortunately measurement on F$jharm from 

uiN + u-p+X has not yet been performed for high enough XBj to provide 
a crucial test. Some indirect indications of intrinsic charm exist 
though: The different values of AQCD as measured in uN and vN at 
high 92 can in fact be explained by the onset of charm production 
which takes place differently in the two reactions.16 Also for the 
unexpectedly high rate of observed same sign dimuons in v-reactions 
the 1% intrinsic charm contributes substantially in the right 
direction.l* 

This talk is organized as follows: We first (Sect. 2) review the 
theoretical expectations for heavy quark production starting with 
estimates for "soft" production mechanisms and then elaborating more 
on what is expected from perturbative QCD both with regard to hidden 
and open heavy flavor production. Comparisons with experimental data 
on cf are found in Sect. 3. In Sect. 4 a general discussion of 
higher Fock state decomposition of hadronic states is given and in 
Sect. 5 we argue for the existence of luudcc) or the 1%.level and 
compute the resulting c(x) distributions. Hadronic production of 
charm is discussed in Sect. 6. In Sect. 7 our model for c(x) is con- 
fronted with data from leptoproduction experiments. 

2. "CONVENTIONAL" THEORETICAL EXPECTATIONS 
FOR HEAVY QUARK PRODUCTION 

The production of heavy quarks in hadronic collisions from soft 
mechanisms is normally expected to be very suppressed. As an 
example, when considering hadronic productions of particles as a 
tunneling phenomena one finds the probability to produce a qq 
(Qg)-pair17 

P(G) - exp(-:m;)l) (2) 

where ml= J p:+rnz and K is the string constant ~0.2 GeV 2 . Using 

mU 
= md = 0 MeV, m, = 100 MeV, mc 

gets from Eq. (2) 
= 1500 MeV and (~1) = 350 MeV one 

u:d:s:c = l:l:+:lO -10 
(3) 

(The s&suppression, l/3, agrees with data in a cascade picture.) 
The reason for the strong suppression of c-quark production 

is that it is very difficult to localize the energy of a substantial 
part of a string. Also in other pictures one obtains a strons 
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suppression. For example in the statistical modell* approach the 
probability for D-meson production is given by 

P A exp(-2mD/160 MeV) (4) 

which gives the ratio r:K:D = 1:0.13:3.10-5. 
However, since large masses are involved one expects that per- 

turbative QCD is applicable. In fact it turns out that the perturba- 
tive contribution strongly dominates over the soft one. This is in 
contrast to, for example, large pl-production where perturbative QCD 
is only responsible for the fall of the spectrum. 

We will divide the discussion of the perturbative QCD predictions 
into two parts--hidden and open heavy quark production: 

A. Hidden Heavy Quark Production _ 

Hadronic production of hidden heavy quark pairs, e.g., $, can 
take place through the following hard scattering subprocesses1g (see 
Fig. 1) 

94 + J, 

cc -f qJ 

(54 

(5b) 

gg -+ P-state + x + y (or 377) 

qi -f P-state -f j.~ + y (or 3~) 

. (5c) 

(5d) 

7 81 4149.41 

Fig. 1. Lowest order QCD sub- 
processes for hadron + hadron + 
$ + x. 

At high energies the gluon-gluon amalgamation process (5~) is the 
most important due to the abundance of gluons. In the case of cs- 
production the P-state in Eq. (5~) is x(3415) or x(3555). The cross 
section for, e.g., pp + $X with any of the subprocesses above is 
given by convolution integrals of the type 
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2 
O(PP + +X) = F F r(x + Ed 

-. MX 

dxldx2 Gg/P 1 (x ) Gg/P (x2> 6(xlx2s - + (6) 

where Ggip(x) are the gluon (or quark) distributions respectively 
and F is an undetermined "fudge"-factor representing uncertainty in 
color rearrangement, etc.20 

This hard scattering picture, where the gluon amalgamation 
process (5~) dominates, is supported by the fact that accompanying 
photons in connection with +-production have been observed (for 
details see Ref. 21) with the experimental values'O 

0.70 t 0.28 B(x -+ ~JY) .“x= 

% 
(7) 

0.48 2 0.21 

Furthermore, +'-productionseems to be suppressed in hadron-hadron 
collisions22 which also supports the gg + X + $y picture since 

< m 1. mX 4J Also o(s) and da/dxF from Eq. (6) agrees well with experi- 
mental data on pA + I/IX when using gluon distribution' 

Gg/P (x> -; (1 - x)5 (8) 

Similarly T production can be fitted by a steeper distribution 

G g/P(x) -; (1 - x)6 

as expected from QCD-evolution. 
At lower energies one expects for n-N and GN-reactions the qi- 

subprocesses to be more important. In fact, this is apparent from 
the p/p-ratio in $-production23 and the much larger cross section 
found for T with pion beams24 as compared to proton beams at the 
same energies. 

In summary, all the expected features from lowest order graphs 
Eq. (5) seem to be met by experiment. We now turn to the open 
charm production. 

B. -Open Heavy Quark Production - 

In the case of o en Qg production the following hard scattering 
processes contribute2' (see Fig. 2a,b) 

qi + Ql, (94 

gg -+ Q6 (9b) 

together with the flavor excitation processes26 (Fig. 2c) 

sQ(@ -f qQ(@ 

4 

(10) 



Fig. 2. Lowest order QCD sub- 
processes for hadron + hadron -f 
Qq + X. 

Predictions from the latter ones are uncertain since the heavy quark 
distribution Q(x) is not well known. 

Again the gluon amalgamation process (9b) is dominant at high 
energies due to the abundance of low-x gluons. The cross section is 
given by convolution of distribution functions-and the.subprocess 
cross section (8) 

a(h+h+QoX) = 
S min 

X1X2' Xmin = -s- (11) 

Before comparing resulting cross sections and distributions with data 
on charm, we comment on the theoretical uncertainties entering 
Eq. (11). 

i> The lower limit of Eq. (11). The true kinematical threshold 
is 2mD but 2m, is presumably more relevant since the charmed hadrons 
are formed in a fragmentation/recombination process, thereby gaining 
energy. 

ii) The value of mc. Most authors use m, = 1.6 GeV. A lower 
value like mc = 1.2 GeV, as obtained from potential calculations, 
would increase the cross section by a factor 4. 

iii) Higher order graphs are not yet included. 
iv) Higher twist contributions. These are unknown and could be 

important at such small masses as mc = 1.6 GeV. 

From Eq. (11) the cross section for cc and bb-production in the FNAL 
;CPS)-ISR energy range is given by (see Fig. 3) 
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a(&) = l-50 ub 
(12) 

-. a(bb) = 0.1-100 nb 

The energy dependence is logarithmic which is due to the l/x-behavior 
of the gluon distributions. The single particle spectrum for the ob- 
served charmed hadrons are expected to be soft, reflecting the incom- 
ing gluon distributions. 

3. COMPARISON WITH EXPERIMENTAL RESULTS 
ON OPEN CHARM PRODUCTION 

The experimental results on charm production are reviewed in 
detail in Ref. 27. Here we only briefly mention the most important 
results. They are: 

i> At ISR one observes a large cross section (0.1-0.5 mb) for 
the reaction pp + A3 (see Fig. 3b). 

ii) Moreover, the AZ seems to be produced diffractively in the 
forward region of phase space (see Fig. 4a,b). At least one of the 
experiments has an explicit diffractive trigger.2 

iii) At SPS/FNAL experiments the situation is not so clear. 
One experiment with a diffractive trigger,28 n-p + DDX, observes a 
forwardly oriented single particle spectrum. However, indirect 
information from beam dump experiments are consistent with the soft 
XF-spectra typical for hard scattering mechanisms. 27 . 

iv) Also recently signals from forwardly produced Ab at ISR 
have been reported.45 

1000 

100 

I , 1 , I 

0.1 I I I I I 

0 20 40 0 20 40 60 

7 81 J;; (GeV) 4149A3 

Fig. 3. a) a(vN + ccX> as a function 
of c.m.s. energy, from Ref. 9. 
b) a(NN + ccX> as a function of c.m.s. 
energy, from Ref. 9. 
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Fig. 4. 
63 GeV.' 

a) da/dlxl for A+ at 53 and 
The smooth curvg is a fit 

to the A0 data points. b) Unnormalized 
XL-distribution for AZ from ref. 8. 

Concerning the large cross sections observed at ISR, one could 
imagine to use a very low value for m, [Eq. (ll)] (mc = 1.2 GeV) and 
thereby approach the ISR data (see Fig. 3). This is however not an 
attractive solution, since the good agreement of the quark-gluon 
fusion model with yp -+ cCX data for mc = 1.5 GeV would then be 
destroyed. 

The other, and more interesting, discrepancy with the hard 
scattering approach is the xp-spectrum of A$ (see Fig. 4): From -- 
general grounds one would expect the A$ wave function to favor con- 
figurations where the c-quarks have the most momentum (see Fig. 5). 

On the other hand, the c-quarks 
produced in a hard scattering 

- PC - PC process have small x. Hence such 
- P" - p,, c-quarks would most unlikely end 

- Pd - ‘d 
up in a fast AZ. t A;. It is- tempting It is- tempting 

I-8, (0) 
to conclude that the only way to that the only way to 

(b) .I.PLI produce fast A$ is to have hard 2 Last A$ is to have hard 

Fig. 5. a) Typical quark momen- c(c)-quarks initially present in larks initially present in 

tum configuration in a AZ. the proton, i.e., luudcc) \+r\n i e . luudc:) 

b) Typical quark momentum configu- states. L.n,L 13,14 We will discuss this 4 We'will discuss this 

ration after a hard scattering 
intrinsic charm hypothesis in some sic c-harm hypothesis in some 

with a slow c-quark and two fast detail below. - below. - 

valence quarks. 
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4. HADRONIC FOCK STATE DECOMPOSITIONS 

>As mentioned in the introduction, the proton has a general de- 
composition in terms of color singlet eigenstates of the free 
Hamiltonian. The existence of higher proton Fock states like in Eq. 
(1) has as far as luudg) states some support from hadron spectroscopy: 
The p-A mass splitting (AE), which is believed to originate from the 
one gluon exchange graph, is by cutting the diagram in Fig. 6 related 
to the probability of having extra gluon states, (P(luudg))), through 
the relation 

AE = 
c p ( IU'Jdg)) (Euud - EUUdg) (13) 

gluon 
modes 

It has also been argued that extra valence gluons 
are needed in the D-meson in order to explain the 
D+ - Do lifetime difference. This lifetime dif- 

", 

ference can be due to the W-exchange graph possible I 

for Do (but not D+) provided the helicity suppres- 
sion is relaxed by the presence of extra valence 7-81 4149A5 

gluons? Fig. 6. One gluon 
Also in an analysis by Brodsky, Huang and exchange diagram 

Lepage,30 it is shown that rigorous constraints responsible for 
from TT -t vv and 71 + yy decays gives-a probability spin-spin split- 
~0.25 for having a pion in a pure qq-state for a ting of masses and 
large class of wavefunctions. the existence of 

In the next section we explore the conse- higher Fock states 
quences of heavy quark pairs Qq in the Fock state containing an 
decomposition of the bound state wavefunction of extra gluon. 
ordinary mesons and baryons. Although proton 
states such as luudcc) and I uudbg) are surely rare, the existence of 
hidden charm and other heavy quarks within the proton bound state 
will lead to a number of striking phenomenological consequences. 

It is important to distinguish two types of contributions to the 
hadron quark and gluon distributions: extrinsic and intrinsic. 
Extrinsic quarks and gluons are generated on a short time scale in 
association with a large transverse momentum reaction; their distri- 
butions can be derived from QCD bremsstrahlung and pair production 
processes and lead to standard QCD evolution. The intrinsic quarks 
and gluons exist over a time scale independent of any probe momentum, 
and are associated with the bound state hadron dynamics. In particu- 
lar, we expect the presence of intrinsic heavy quarks, cc, bi, etc., 
within the proton state by virtue of gluon exchange and vacuum 
polarization graphs as illustrated in Fig. 7. 

The *'extrinsic" quarks and gluons correspond to the standard 
bremsstrahlung and qq pair production processes of perturbative QCD. 
These perturbative contributions yield wavefunctions with minimal 
power-law fall-off 
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-0;g-yzj-p 
1-8, a .LlOB., 

Fig. 7. Diagrams which give rise 
to the intrinsic heavy quarks 
(Qo) within the proton. Curly 
and dashed lines represent trans- 
verse and longitudinal-scalar 
(instantaneous) gluons, 
respectively. 

IJ,(kli,xi) I2 - +- 
kl i 

(14) 

and lead to the logarithmic evolu- 
tion of the structure functions. 
In contrast, the intrinsic contri- 
butions to the quark distribution 
are associated with the bound 
state dynamics and necessarily 
have a faster fall-off in 
kl i(i - l/k: or faster12). The 

intrinsic states thus contribute 
to the initial quark and gluon 
distributions. A simple illustra- 
tion of extrinsic and intrinsic 
luudqq) contributions to the deep 
inelastic structure functions is 
shown in Fig. 8a and b. We see 
that existence of gluon exchange 
graphs, plus vacuum polarization 
insertions, automatically yield 
an intrinsic luudqq) Fock state. 

A complete calculation must take into account the binding of the 
gluon and q{ constituents inside the hadron (see Fig. 7) so that the 
analysis is necessarily non-perturbative. 

We also note that the normalization of the luudqq) state is not 
necessarily tied to the normalization of the luudg) components since 
the latter only refer to transversely polarized gluons; Fig. 7 shows 
that qq-pairs also arise from the longitudinal-scalar (instantaneous) 
part of the vector potential. 

Fig. 8. a) Example with contribution 
to the deep inelastic structure func- 
tions from an extrinsic quark q. 
b) Example with contribution to the 
deep inelastic structure functions 
from an intrinsic quark q. 



5. INTRINSIC HEAVY QUARK STATES 

-.The intrinsic heavy quark states exist on a long time scale. 
Hence, an estimate of the mixing probability should be possible in 
the static bag model.31 Such a study has been done by Donoghue and 
Golowich15 in the rest frame of the proton. More precisely they 
consider states 

IP) = U(0, - 41P)0 (15) 

where Ip)O is a proton 3-quark state and U(0, - m) is the time de- 
velopment operator in the presence of a QCD interaction 

U(O, - m) = T exp -ig [ j-&j- d3x i(x) yl-' $ +(x) A;(x)] (16) 

To second order in the coupling constant 
g, quark pairs are produced according to 
Eq. (16) via the mechanism in Fig, 9. 
The probability of a particular qq- 
component in the proton is obtained by an 
overlap of the wavefunction (Eq. (15)) 
with itself. Using bag wavefunctions 
as inputs in Eq. (16) and summing over 
the lowest states the authors of Ref. 15 
obtain the result 

P(luuduu)):P(luuddd)): 

P(juuds~)):P(luudc:)> (17) 

Fig. 9. A cc pair produced = 0.20:0.15:0.09:0:0.01 
by the action of a gluon 
through the interaction which, as far as charm is concerned, is 
given in Eq. (16). in agreement with the order of magnitude 

of the charm cross section observed at 
the ISR. It should also be remarked that the results of Eq. (17) are 
still consistent with previous bag calculations for the static 
quantities like magnetic moments and average square radii. For our 
purposes it would be desirable to have the calculation of the in- 
trinsic charm content of the proton performed in the infinite momentum 
frame. This is presently being investigated.32 

We now proceed to discuss the c-quark momentum distribution in a 
luudcc) state. The general form of a Fock state wavefunction is 

r <kl i ,Xi) 

i 

(18) 



where p is the truncated wavefunction or vertex function. The actual 
form of F must be obtained from the non-perturbative theory, but 
follewing Ref. 30 it is reasonable to take F as a decreasing function 
of the off-energy-shell variable 

Independent of the form P(g), we can read off some general features 
of the quark distributions: 

(1) In the limit of zero binding energy $ becomes singular and 
the fractional momentum distributions peak at the values Xi = mi/M. 
More generally, ~7 is minimal and the longitudinal momentum distri- 
butions are maximal when the constituents with the largest transverse 
mass m l = l/x- + kf have the largest light-scone fraction xi. This is 
equivalent to the statement that constituents in a moving bound state 
tend to have the same rapidity. 

(2) The intrinsic transverse momentum of each quark in a Fock 
state generally increases with the quark mass. In the case of power 

law wavefunction J, - (8) 2 

wavefunction $ - e 
+3&m 

-' we have (kf) = mQ ; for an exponential 

, the dependence is (k:) = rnQ!- 

In the limit of large kI one can use the operator product ex- 
pansion near the light cone (or equivalently gluon exchange diagrams) 
to prove that, modulo logarithms, the Fock state wavefunctions fall 
off as inverse powers of k21.12 For our purpose, which is to illus- 
trate the characteristic shape of the Fock states containing heavy 
quarks, we will choose a simple power-law form for the Fock state 
longitudinal momentum distributions 

PCn)(Xl......Xn) = NCn) (19) 

where the fi? are identified now as effective transverse masses 
A2 m. i2 

1 = rn: + (kl)i and the (kf) are average transverse momentum. With 

this choice, single-quark distributions have power--law fall-offs 
(1 - x)2 and (1 - x)3 for mesons and baryons, respectively. 

For example, consider a \qQ) state, e.g., a D-meson. Here the 
momentum distributions of the 2 quarks are according to Eq. (19) 
given by 
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P(xl,x2) = N 
6(1 - x1 - x2) 

(20) 

From this expression we obtain the charmed quark distribution 

l-x1 

P(x,) = P(xl,x2)dx2 = N' 
1 

2 (21) 

where N' = I+, E = fi2/m2 2 2 
u D and we take m = 6 D c' 

We see from Fig. 10 

that the c-quark tends to carry 
I most of the D-meson momentum 

3- ((x1) = 0.73). This leading 
feature of the c-quark is due 
to the fact that the quarks 

2 
2- _ should have roughly the same 

ay 
velocity in order for the had- 
ron to "stay together." This 

I - _ can be seen more explicitly by 
minimizing the off-shellness, . . the denominator in 

0 
iqe-'i20) 

0 0.5 1.0 
XC A2 

I-8, 4008*B m fi2 
U 

Fig. 10. The x distribution of the 
-$Zl (22) 

charmed quark in a D-meson. x1 x2 

keeping the transverse masses fixed. (A related idea has previously 
been considered by Bjorken and Suzuki33 in the context of charm 
fragmentation into hadrons.) 

We now turn to the discussion of luudQ0) and lu8Qo) states. 
For a luudcc) proton Fock state the momentum distribution is given by 

/ 5 \ 

p (x1 ,....,x5) = N- \ i=l '/ 

1.‘ 

\ 

P /1 x. 
i=l ' / 

(23) 

In the limit of heavy quarks 62 ,2 =m 
get 

5 = I$ 2 >> m ii?2 (i = 1,2,3) we p' i 

12 



22 

p (x1 
x4x5 ,....,x5) = N 

5 (x4+x512 
(24) 

where N5 = 3600 P5 is-determined from /dxl...dxgP(xl,...,x5) = P5, 
where P5 is the 1 uudcc) Fock state probability. Integrating over the 
light quarks (xl, x2 and x3) we get the charmed quark distributions 

22 
1 

P(x4,x5) = 2 N5 
x4x5 -----2 (1 - x4 - x5)2 . (25) 

(x4 + x5) 

By performing one more integration we obtain the charmed quark dis- 
tribution 

1 
P(x5) = 2 N5x5 2 Ql- 

[ 
j- x5)(1 + 10x5 + x;, - 2x5(1 - x5) log $ 

5 3 
(26) 

which has average (x5)= 217 and is shown in Fig. 11. This is to be 
contrasted with the corresponding light quark distribution derived - 

from Eq. (13) and shown in 

1 Fig. 12 I 

c-quark in a P(x,> = 6(1 - xl)5P5 . (27) I uudcc >state 

The corresponding c- and u-quark 
distributions in a Iu;ic,) are 
obtained in the same way.14 
In order to see the contribu- 

0 tion of the intrinsic cc-pairs 
0 0.5 1.0 to the proton structure function 

,--II x5 1001*9 we use the value for P5 = 0.01 

Fig. 11. The x distribution of the 
from the bag model calculations 

charmed quark in a luudcz) state. 
discussed above. The magnitude 
of the charm cross section at 
ISR (0.1-0.5 mb)l gives for P5: 

% 

p5 = 2aine1 
250 ub = __- = 0.004 2.30 mb (28) 

If the production mechanism is @elastic and 

P5 = 
% Z= 250 ub --- = 2adiff 2.10 mb 0.01 (29) 
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6 if it is diffractive. These -a 
two possibilities will be dis- 

-_ cussed in the next section. We 
u -quark in a 

4 conclude that the charm cross 
IuudcF > state 

x7 section at ISR is compatible 
cr with P5 = 0.01. 

2 
The charmed quark distri- 

bution c(x) = P(xg) should be 
measurable in lepto-production 

0 for high enough Q2 and 
0 0.5 1.0 25 GeV2. Hence to 

a--11 XI 
w2 > w:h = 

4008.10 measure c(x) at, e.g., x = 0.5 

Fig. 12. The x distribution of a requires Q2 = 25 GeV2 (x = 
light quark in a luudcc) state. Q2/(Q2 + W2)>. We emphasize 

I that the intrinsic charm sea 
c(x) is "rare" but not "wee" 
as is clear from Fig. 13. A 
discussion on comparing c(x) 
with lepto-production data is 
found in Sect. 6. In order to 
obtain intrinsic u, d and s- 

I distributions (luuduz) states, 

0 0.5 I .o 
etc.) the wavefunction in Eq. 

7 81 X .1*9*10 (19) needs a minor modification. 

Fig. 13. Comparison of the in- 
trinsic charm sea xc(x) (dashed 
line) with2the total sea at 
zef= i4GeV as parametrized by 

. . 

5. HADRONIC PRODUCTION OF CHARM 

Hadronic production of multiparticle final states occurs in two 
different ways, diffractive dissociation and nondiffractive in- 
elastic production. Although at least one experiment on A&-production 
has an explicit diffractive trigger, the situation for charm produc- 
tion is far from settled. We will discuss the two production mecha-. 
nisms below in the light of intrinsic charm. 

A. Diffractive Dissociation - - 

Diffractive production of high M2-states can be interpreted as a 
short distancephenomenondue to the large masses involved. Thus 
perturbative QCD should be applicable to some extent. This idea was 
first considered in Ref. 35 in the context of charm production. 
Recently these questions have been studied in more detail for high 
mass diffraction in general in terms of so-called "transparent 
states."36-3g 

-~-- 
The idea is simple and appealing: when the valence 
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quarks of a hadron are close together the net color extension is 
almost zero and the hadron does not interact with other hadrons. 
Hence the absorptive cross section is small and the hadron scatters 
diffractively off the target which then appears to be transparent. 
This situation is, as pointed out by Ref. 37, very similar to an 
analogous process in QED: when e+e--pairs are produced in very high 
energy emulsion experiments, they can only be separated by distances 
smaller than atomic sizes. The e+e- has net charge zero-it is not 
"seen" by surrounding atoms and hence it does not ionize and give 
rise to visible tracks. In Ref. 39 the authors explore the knowledge 
of the pion wavefunction in QCD at short distances in this context 
and derive interesting results for the jets emerging from the "trans- 
parenttl target. 

As was discussed in connection with Eq. (18) one expects intrin- 
sic heavy quark states to have large (~1) and consequently small 
transverse dimension. It is therefore tempting to assume that the 
intrinsic heavy quark states scatter diffractively. With that 
assumption the authors of Ref. 39 obtain in the case of 1% intrinsic 
charm on a nuclear target 

odiff 
charm = 0.01 l uel x 0.5 mb . A2j3 (30) 

This high value is encouraging as far as production of b- and t- 
quarks are concerned. A diffractive production mechanism of heavy 
quarks is also very favorable as far as the combinatorial background 
is concerned. 

For the charm case the AC and D-spectra can be calculated in 
principle from the strong overlap between the 5-quark and the charmed- 
hadron state wavefunctions, allowing for decays of excited state, 
etc. For the purpose of obtaining the xF-distributions we shall use 
a simple recombination mechanism for the quarks involved in the 
states. Neglecting its binding energy, the AC spectrum is given by 
combining the u, d and c-quark in luudcc) to obtain 

/ 
15 

p(x&) = N5 l-l dxid(x,, 
C 

- x2 - x3 - 

0 i=l 

(3la) 

(see Fig. 14) with (xA~) = l/7 + l/7 + 217 = 417. The ISR data for 
da/dx (pp -+ A,X) (see Fig. 4) are consistent with the prediction from 
Eq. (31) that charmed baryons are produced in the forward fragmenta- 
tion region, although the existing data are too scarce for a 
detailed comparison. We expect that the low x region for charm 
production will be filled in by both perturbative and higher Fock 
state intrinsic contributions. The corresponding distribution for 
D-(cd) is given by 
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I- 1.5 
P (x,,> = N5 

l-l 
dxib(xD- - x3 - 

-'O i=l 

0 . 0.5 1.0 

Fig. 14. The x distribution of the 
AZ from the intrinsic charm com- 
ponent of the proton. 

2 

, 
E 
a I 

0 
0 0.5 I 

I-8, XD- 4008A16 

Fig. 15. The x distribution of 
the D- from the intrinsic charm 
component of the proton. 

I 

(31b) 
with (xD-) = l/7 + 217 = 317, 
and is shown in Fig. 15. The 
D+(ca) distribution would, in 
principle, be obtained from the 
luudccda) Fock state of the 
proton, where the da could be 
extrinsic or intrinsic. As- 
suming that the 2 momentum is 
small, the D+ distribution 
should be close to that of the 
c-quark shown in Fig. 11. 
These predictions apply for 
forward production (XF 2 O.l>, 
where perturbative contribu- 
tions and higher Fock state 
contributions can be neglected. 
Spectra for pion induced re- 
actions are obtained in the 
same way. 14 

In addition..to charmed 
mesons and baryons, the J/Q may 
also be produced diffractively 
from the intrinsic charm com- 
ponent of the proton. Compared 
to the charm production cross 
section at FNAL energies27 

o(nN t DX) = 20 ub , (32) 

J/Q production data around 200 
GeV give4' 

~(TN + $X) u 100 nb . 

Further, the observed xF-distribution appears to be more strongly 
peaked near x 5 0 compared to what would be expected from-the in- 
trinsic charm distribution. Evidently most of the + production comes 
from other central production mechanisms such as gluon and qq 
fusion.lg In order for the intrinsic charm model to be consistent, 
there must be a large suppression factor for the J, production from 
the intrinsic charm compared to the D production 

a(aN + $X) 
O(ITN +- DX) 

-5 ~5x10 . 
intrinsic charm 

16 

(33) 



In fact, there are a number of factors which act to suppress the 
production of forward $ from the intrinsic charm 

(1) In the decay of thz (uudcc) state, the probability that the 
c quark combines to form a cc system is about l/4 (flavor suppression). 
Similarly, the flavor suppression factor for the IudcZ) state is about 
l/2. 

(2) A cc system can be formed in either a color octet cc or 
singlet cF state. The color octet cc state should interact with 
other colored particles and is most likely to decay into open charm 
particles such as D's. Therefore, we can take only the color singlet 
combination of cc for $ production. This occurs only l/9 of the time 
(color suppression). 

(3) If the color singlet cc system has a mass larger than the 
DE threshold, it will decay strongly into charmed particles rather 
than Q production. Therefore, we have to require that the invariant 
mass Mcc is below the DE threshold (masssuppression) -- -___ 

2mc < M 
CF 

-c 2m D * (34) 

In Ref. 14 the Mz=-distribution (see Fig. 16) was calculated from 
Eq. (25). From fkat distribution one obtains 

I 
dM2- -i!-- 5 10-2 - (35) 

4iii2 
Cc dM;; 

C 

. 

(4) Even if the cc sys- 
tem is below DE threshold, it 
may be realized as x, n, and 
$' states which do not decay 
into $'s. We estimate this 
suppression factor as l/3 

1-81 GE 4008A24 

(channel suppression). If we -__ Fig. 16. The cc mass spectrum in the 
combine the factors in (l)- intrinsic charm state Iuudc?) . The 
(4) we obtain the very rough 
theoretical estimate 

shaded area corresponds to the x, II,, 
I/J and +' production. 

O(TN + +X) -5 -___- 51 
a(rN -+ DX) 

5x10 . 
intrinsic charm 

(36) 

Despite these uncertainties, it is clear that although the intrinsic 
charm model does predict $ production in the forward fragmentation 
region, the rate is at a very suppressed level. 

B. Inelastic Nondiffractive Production 

In Ref. 41 a perturbative analysis was carried out using the 
graphs of Fig. 2c. For the charm quark distribution c(x) the 
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authors use essentially that from the intrinsic charm. 47 As is seen 
from Fig. 17, the final charm 
x-spectra get contributions from 
both the spectator c and the one ;;lOOt I 1 I , , , , , , z 
participating in the Fig. 2c 5 
subprocess. 

We end this section by dis- 
cussing the energy dependence 
for heavy quark production. 

For perturbative heavy quark 
production mechanisms,25 the 
energy dependence of the cross 73 
section essentially comes from the I I I I I j , I f 

lower limit 9/(2/Z) of convolu- 0 0.2 0.4 0.6 0.8 ' I.0 

tion integrals, and gives rise to '-" XL 4149A8 

a logarithmic-energy dependence. Fig. 17. Longitudinal momentum 
To study the energy dependence of distributions from Ref. 41 for 
the "diffraction" mechanism with charm in pp -f cCX based on the 
"intrinsic" heavy quarks we will diagrams of Fig. 2c. The input 
use the empirical formula for high charm distribution is essen- 
mass diffraction48 tially that of the intrinsic 

charm. 
da=a - 1 

dM2 ' M2 
(37) . 

. 
valid for M2 L 2 GeV2. The integrated charm cross section is given 
by 

cl=0 
(38) 

where in this case M2 
9 

is the threshold value for associated produc- 
tion of a pair of ha rons containing charmed quarks. The upper 
limit M$ is determined from the kinematical relation Mf = ~(1 - xl> 
where xl is the lower fractional momentum cut on the recoiling 
proton. In the ISR pp -f plA,X experiment2 one triggers on events 
with xl L 0.8. If we assume that essentially all the charm cross 
section oc - 300 ub is due to diffractive production, then we can de- 
termine og = 77 ub. From this we predict that at SPS andFNAL energies 
(s r 400-600 GeV2), the total pp -f charm cross section should be of 
the order of 150 ub. Clearly this prediction is larger than present 
experimental data at SPS/FNAL with both pion and proton beams.27 
The energy dependence thus seems to be stronger than what is implied 
by Eq. (38). 

Concerning production of heavy quarks on nuclear targets one 
expectsanA2/3-dependence from the intrinsic charm model. This is 
in contrast to the perturbative hard scattering cross section, which 
should be proportional to A. 
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As far as the production of b- and t-quarks are concerned, one 
can argue on general grounds that the probability of a hadron to 
contain an intrinsic heavy quark pair should fall as 

a2 
pQG -& 

Q 

(39) 

where R is a hadron size parameter. Using the same (l-x)-cut as in 
Eq. (38) and mt = 20 GeV one obtains the cross sections for b- and 
t-quark production as shown in Table I. 

Table I. Cross section for b- and t-production at ISR and 
Tevatron energies from Eq. (38) and (39). The numbers in 
parentheses are the conventional perturbative QCD-predictions. 

ISR (& = 63 GeV) Tevatron (& = 2000 GeV) 

b 15 ub (0.5) 70 l.lb (2) 

t 
Cm t = 20 GeV) 0 3 ub (0.1) 

7. THE INTRINSIC CHARM AND LEPTOPRODUCTION EXPtiRIMENTS 

As is clear from Fig. 13, the intrinsic charm sea is very small 
compared to the total sea. However, it should be visible in experi- 
ments explicitly looking for leptoproduction of charm. This is the 
case in dimuon production (Fig. 18a) 

Fig. 18. Lepto-production of charm 
from the intrinsic charm sea and 
via the proton-gluon fusion model, 
respectively. 

where one of the final state 
muons originates from charm 
decay. However, there exists a 
competing process with similar 
experimental signature, photon- 
gluon fusion42 (Fig. 18b). The 
two processes should-be additive. 
Analyses of reaction (40) is 
somewhat model dependent as far 
as the charm fragmentation 
function, D$j(z,k12)is concerned. 
The EMC-collaboration has ex- 
tracted the charm structure 
function F; from the data43 and 
the result is shown in Fig. 19. 
Unfortunately the data only ex- 
tends to XBj = 0.24 so it does 
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not provide a crucial test for intrinsic charm on a 1% level but it 
is clear from Fig. 19 that the intrinsic charm saturates the highest 
Q2 data point. However, at high Q2 one expects the QCD-evolution to 
have changed the initial c(x)-distribution. In fact it turns out 
that 

(x(200>)c = J1 xdx,Q2 = 200 GeV2)dx = 0.20 (41a) 
0 

as compared to 

(x(9;)), = /,' xc(x,Q;)dx = + = 0.29 

using Q2 = (l.+ l.52) GeV with 
A = 0.1 !! -0.4 GeV. 0.1 

Although the intrinsic charm 
contribution to the total struc- 
ture function F2 is small 
globally, it is substantial at 
large x (-10% for x M 0.5). D. P. 
Roy16 has used this feature to ac- 

0.01 

count for the anomalously small 
scale breaking (A = 0.1) observed 
in PN-data without affecting the G 

SLAC-MIT or CDHS results (A = 
O-3-0.4 GeV). The idea is the 0.001 
following: The value A = 0.4 GeV 
corresponds to a 30% decrease of 
FyN at large x and Q2 = 20-200 
GeV2. Correspondingly A = 0.1 GeV 
represents a 20% decrease. Since 

(41b) 

I I 

l < y > = 130 GeV 

I I 

the charm threshold occurs in uN- I 
reactions for Q2 2 20 GeV, the 

IO 100 
7-81 02 4l49A9 

intrinsic charm (-10% for x = 0.5) 
increases FyN in this region Fig. 19. F;(v,Q2) = xc(x,Q2) as 
thereby lowering the apparent extracted from ~.IN + ~uX in Ref. 
value of A. (In the F$N-case 43. The full curve is the ex- 
this effect is very small since petted contribution from intrin- 
(1) only half of the charm quarks sic charm and the dashed curve 
are excited, and (2) the rise oc- 
curred already at Q2 < 20 GeV2). 

is the prediction from the photon- 

The amount of intrinsic charm re- 
gluon fusion model with us = 0.42. 

quired to account for the discrepancy between u- and v-experiments 
for different values of A is shown in Table II. 

A very interesting implication of intrinsic charm for vN and 3N 
charge current reactions is the production of beauty quarks (<c + u*b 
and vc + n-b).14 The subsequent leptonic decay of the b and 6 then 
leads to same-sign muon pairs (see Fig. 20). The experimentally ob- 
served rate of same-sign muon pairs is unex ectedly high, although 
the different experiments do not all agree. L The c + b process 
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Table II. QCD induced decrease of Fy" (x = .5,Q2) over 
Q2 = 20 -f 200, for various values of A. Also shown are 

-. the corresponding magnitudes of the intrinsic charm com- 
ponent, required to reproduce a net decrease of 20%, as 
observed by EMC. 

A(GeV) .lO .17 . 25 .32 .4 

F2 (20) - F2(200) 

F2(20) 
19.6% 22.4% 25% 27% 29.4% 

Required size of 
the intrinsic 
charm component 

0% 0.5% 1% 1.5% 2% 

works in the right direction, but with 
present limits on the standard left-handed 
c-b coupling the theoretical prediction 
from intrinsic charm is below some experi- 
mental data. However, in the context of 
topless models right-handed couplings, 
(c,b)R, have been suggested which in-- 
creases the same sign dimuon production 
from the intrinsic charm.46 

Fig. 20. Same sign di- 
muon pair production 
from the intrinsic charm 
component of nucleons. 

8. CONCLUSIONS 

We conclude with the following remarks: 

l Perturbative QCD with conventional inputs works well for 
hidden heavy quark production (e.g., +,T). The dominant 
subprocess is gluon-gluon fusion. 

l For open heavy quark production the predictions from 
perturbative QCD are in conflict with, in particular, data 
on pp -t 11:X. 

l It is found that higher Fock cc-states in the proton on the 
1% level, as suggested by bag model calculations, gives a 
natural explanation of the open charm production data. 

l These intrinsic charm states, luudcc), are believed to have 
small transverse extension. Hence they could materialize 
diffractively in the context of "transparent states." 

l Since the intrinsic heavy quark states scale with m2 one 
expects nonnegligible cross sections for hadronic p s oduction 
of b- and t-quarks. Furthermore, in diffractive configura- 
tions the combinatorial background is less serious r;lan the 
central collision processes. 
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9. 

10. 
11. 

12. 

13. 

14. 

Much more theoretical and experimental work is needed, in 
particular: 

-_ 
l Better understanding of higher Fock states in general; perform 

refined calculation in the.bag model in infinite momentum 
frame. 

8 Is charm produced diffractively or not? 
l Measurement of c(x) at large xBj in leptoproduction 

experiments. 
0 More experimental study of charm production in the FNAL/SPS 

energy region. 
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