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I. INTRODUCTION

Although the nucleon is usually regarded as a three-quark bound
state, its actual Fock state structure in quantum chromodynamics must be
much more complicated. If we define the state at equal time on the
light-cone (equivalent to the infinite momentum frame) then the proton

has a general decomposition in terms of color-singlet eigenstates of the

1,2

free Hamiltonian®:»

|uud> , luudg> |luudqq> , ... (N

Since hadrons are color singlets, all infrared divergences cancel and each
of the amplitudes <pluud>, etc., have a well-defined probab:l'.ln'.ty.z’3

In this paper we shall explore the consequences of heavy quark pairs
Qa in the Fock state decomposition of the bound state wavefunction of
ordinary mesons and baryons. Although proton states such as ‘uuch) and
qudb5> are surely rare, the existence of hidden charm and and other
heavy quarks within the proton bound state will lead to a number of
striking phenomenological consequences.

It will be 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 asso-
ciation with a large transverse momentum reaction; their distributions
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 particular, we expect the



presence of intrinsic heavy quarks cE, bE, etc., within the proton state
by”virtﬁé of gluon exchange and vacuum polarization graphs as illustrated
in Fig. 1, where all the colored particles are confined by the effective
QCD potential. 1In fact, by using such a mechanism in the MIT bag model,
Donoghue and Golowich® have estimated that the probability of finding a
five—-quark |uuch> configuration bound within the nucleon bag is at the
order of 1 to 2%; i.e., the mean number nc/p of intrinsic charmed quarks
within the proton is 0.0l to 0.02.

For heavier Qa configurations the vacuum polarization mechanism of

Fig. 1 evidently leads to the scaling

o (5 (03)
2
S

: (2)
t)

i.e., nb/nC ~ 0.1 and nt/nC ~ 0.005 for m_ = 20 GeV.

The most striking property of an intrinsic heavy quark state such as
[uudQQ> is that the heavy constituents tend to carry the largest fraction
of the momentum of the hadron: <xQ> > <xq>. This general feature fol-
lows simply from the fact that the constituents in a moving bound state
tend to have the same velocity; thus to first approximation the quark

p. + E
momentum pQ = E v and x . = —SL———9~scale with its mass. In contrast, the

Q Q pt+E
perturbative production of extrinsic quark pairs occurs dominantly at
wee x ~ 0; the extrinsic quark distribution falls even faster than the
gluon distributions at large x.

The existence of the intrinsic charm component in the proton wave-

function then leads to the following consequences:



(1) The deep inelastic structure functions of nucleons (and other
iightq;adrons) contain charm quarks at large XBj'
(2) Intrinsic charm states will be diffractively dissociated in
high energy hadron collisions, producing open charm (pN - AcX’ pN - DX,
ete.) in the large Xy beam and target fragmentation regions. The recent

observation of such processes at the ISR and FNALS™13 gives a strong
confirmation of this picture. We also predict that hidden charm states
Yy X, nc, etc., will also be diffractively produced in the fragmentation
region, but at much lower rates compared to open charm. As we discuss
in Sec. 9, the standard "fusion'" subprocesses gg - Neo qq ~ ¥, etc.,
undoubtedly dominate hidden charm production in hadron collisions.

(3) Entirely new types of charged current reactions become possible
using the intrinsic charm components of nucleons.  For example, the

reaction ve + u b _ illustrated in Fig. 2 yields a source of same-
wX _ o _

sign dimuon pairs VN -+ 1 u X (with the second p in the current fragmen-

tation region). Our predictions for these reactions are consistent with

recent data (see Sec. 7). These events can occutr on c quarks with large

XBj and are accompanied by charm particles produced in the target frag-

mentation region.

The existence of intrinsic charm quarks in the proton wavefunction
gives a new perspective on ordinary hadron structure. It must then also
follow that instrinsic gluons, uu and dd sea quarks, and strange quarks
exist in the hadron Fock state,!" apart from distributions generated by

QCD evolution. The assumption that the nucleon wavefunction can be re-

garded as a simple 3-quark amplitude at some fixed scale Q0 thus becomes



untenable.

The most important phenomenological consequences of the intrinsic
heavy quark components are the implications for beauty and truth hadron
production in p5 collisions at SPS and FNAL collider energies. If our
prediction, Eq. (2), for heavy quark probabilities is correct then the
diffractive cross sections for open beauty and truth at large energy

(Ys > 1 TeV) will be surprisingly large

2
m
o(pp + QGX) ~ —5 o(pp + ccX)
m
Q (3)
70 pb (beauty) with m = 5 GeV
3 pb (truth) with m_ = 20 GeV

using an extrapolated value 700 ub for o(pp »> ccX) (see Sec. V). Fur-
thermore, since the intrinsic transverse momentum associated with the
{uudQ§> states tends to increase monotonically with the quark mass (see
Sec. III) the Q and Q hadron jets are expected to be produced at rela-
tively large transverse momentum.

This paper is organized as follows: in Sec. II we briefly review
the experimental results on charm production and discuss how conventional
models fail to explain the data. Section III contains a general discus-
sion on non-perturbative properties of hadronic wavefunctions, and model
distributions for IqquQ) and lq&Qé) states are derived. In Sec. IV we
calculate inclusive hadron spectra for open charm production and the
energy dependence is discussed in Sec. V. Section VI contains predictions

for top and beauty cross sections at ISR and Tevatron energies. Conse-



quences of the intrinsic charm pictures for neutrino production of same-
sign dimuons and "wrong-sign' muons are derived in Sec. VII and VIII,
respectively. Several important factors of Y-suppression relative to
open charm productions are given in Sec. IX and finally Sec. X contains

the conclusions.

II. CHARM PRODUCTION AT HIGH ENERGIES

One of the most important results obtained at the ISR has been the
observation of charm production in pp collisions with remarkably large
cross sections and quite unexpected momentum distributions:6—12

(1) The cross sections observed for pp + AZX and pp D+X at
Vs = 53 and 63 GeV are of the order of 0.1 to 0.5 mb.

(2) The charmed hadrons are produced abundéntly in the forward
regions of phase space (see Figs. 3-5), contrary to standard expectations.
In particular, the D+, which shares no valence quarks with the proton,
would have been expected to be suppressed in the proton fragmentation
region. In fact, its Feynman-x distribution seems to be roughly flat in

the measured region (0 < x_ < 0.4) and relatively flat in pT. Moreover,

F
at least one experiment;7which triggers a single proton in the other CM
hemisphere, strongly suggests a diffractive dissociation mechanism for

13 More recently, the I11linois-Fermilab-Harvard-Oxford-

the production.
Tufts collaboration at Fermilabl? has observed the reaction ﬂ—p -> DﬁpX
at Elab = 217 GeV (Vs =20.2 GeV) with a slow recoil proton trigger. The

diffractive m p ~ DDpX cross sections are of order 10 ub. The

+
charged D~ production again shows abundant production of charm at large



Xy peaking at x_ ~ 0.4 (see Fig. 5).
2

F

It is difficult to understand the physics of these charm production
cross sections from the standpoint of conventional dynamical mechanisms.!3
Although it is expected that perturbative QCD should be applicable to
heavy quark production, the predicted QCD cross sections are of order
10-50 ub at ISR energies22 and fall steeply with Xps certainly féster than
the gluon distributions. In triple-Regge models, charm production at

large x_, is strongly suppressed by the low intercept of the charmed

F
particle trajectories. In models based on conventional soft hadronization
mechanisms, charm pair production is strongly suppressed by factors like
exp[—waéMé]. Most important, it is impossible to explain the observed
forward produced D+ in pp collisions from any valence quark recombination
or quark fragmentation model, since none of the proton valence quarks

are contained in a D+.

It is evident from the accumulating data that a new dynamical me-
chanism is involved in open charm production. Since the experiments in-
dicate that a short time scale perturbative picture of charm production
is not adequate, we shall explore the consequences of the existence of
"intrinsic" (long time-scale) charm components in the proton bound
state.l® As discussed in the introduction, we assume that the number of
charmed quarks per nucleon is at the 1 to 2% level.

It is clear that intrinsic charm states are easily dissociated into
open charm hadrons at high energy collisions (see Fig. 6). The production
can be diffractive at high energies since only small momentum transfers

are needed. In fact, a 300 pb charm production cross section can be

easily understood if ~ 1% of all pp inelastic events involve dissociation



of the intrinsic charm state.

Since the mass of the diffractively excited state M should be much
larger than the heavy quark mass one does not expect cross sections at

this magnitude until high energies. A detailed discussion of the energy

dependence is given in Sec. V.

ITI. HADRONIC WAVE FUNCTIONS

As we have discussed in the introduction, the hadronic wavefunction
in QCD has a well-defined Fock state decomposition at equal time on the
light cone in terms of quark and gluon momentum states." The wave-

function amplitude for each Fock component has the form

>
w(n)(kli,xi) , 0O<=x, <1, 4i=1,...,n (4)

n n
where by momentum conservation E: X, = 1 and 2:

k . = 0, The x, are the
l.Ll 1

i=1 i=
light-cone (infinite momentum frame) momentum fractions

(kO + k3)/(pO + p3) for each constituent. (Spin labels are suppressed.)

The state is off the p- = po—p3 mass shell
2 2
n . /k”+m
- QT (Ve L
P'Zk_+M'Z( X > : (3)
i=1 p i=1 L

The standard quark and gluon distributions are obtained from integrating
the square of the wavefunctions up to the momentum scale Q of the probe

and summing over all Fock states

Q
2 2 2
Gq/p(x,Q ) « 2 :f[d k 10dx1s (x—xq)\w(n) (kli,xi)l . (6)
n



The "extrinsic'" quarks and gluons correspond to the standard brems-
strahlung and qq pair production processes of perturbative QCD. These
perturbative contributions yield wavefunctions with minimal power-law

fall-off

2 1
[pCk, x| vy )

11

and lead to the logarithmic evolution of the structure functions. In
contrast, the intrinsic contributions to the quark distribution are as-
sociated with the bound state dynamics and necessarily have a faster
fall-off in kLi W ~ l/kf or faster?). The intrinsic states thus con-
tribute . to the initial quark and gluon distributions. A simple illus-
tration of extrinsic and intrinsic luudqa> contributions to the deep in-
elastic structure functions is shown in Fig. 7a and b. W; see that
existence of gluon exchange graphs, plus vacuum polarization insertions,

automatically yield an intrinsic iuudq&) Fock state.l!™

Even if we imagined
that in the nucleon rest frame there are effectively only 3 quarks in the
nucleon, the gluon exchange diagrams automatically generate |uudg> and
luudq&) components when boosted to infinite momentum or the light cone.

In fact, the magnitude of the P - A hyperfine splitting due to transversely
polarized gluon exchange must yield a lower bound on the intrinsic gluon

and qa components.17

A complete calculation must take into account the
binding of the gluon and qq constituents inside the hadron (see Fig. 1)
so that the analysis is necessarily non-perturbative.

We also note that the normalization of the ‘uudqi) state is not

necessarily tied to the normalization of the [uudg) components since the
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latter only refers to transversely polarized gluons. Figure lb shows
that qa pairs also arise from the longitudinal-scalar (instantaneous)
parts of the vector potential,

The general form of a Fock state wavefunction is

F(kli’xi)
bk Lox) = > 5 (8a)
9 n (m + kl>
D D
i=1 * A

where T is the truncated wavefunction or vertex function. The actual
form of T must be obtained from the non-perturbative theory, but follow-
ing Ref. 4 it is reasonable to take I as a decreasing function of the

) a m2 + K2
off-energy-shell variable & = M~ - E: —~—§—4£ 5 Independent of the

form I (&), we can read off some gQSZfal features of the quark dis-
tributions:

(1) 1In the limit of zero binding energy y becomes singular and the
fractional momentum distributions peak at the values X, = mi/M. More
generally, & is minimal and the longitudinal momentum distributions are
maximal when the constituents with the largest transverse mass
m = v m2+ kf have the largest light-cone fraction X, - This is equiva-
lent 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 wave-

function ¢ ~ (1?)_8 we have <kf> « <mé>; for an exponential wavefunction
1 . -— 1
i P~ e Bé?i the dependence is <kf> « mQ.

In the limit of large kl one can use the operator product expansion
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near the light cone (or equivalently gluon exchange diagrams) to prove
that, modulo logarithms, the Fock state wavefunctions fall off as

2
inverse powers of k._L.2 For our purpose, which is to illustrate 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

(8b)

where the &i are identified now as effective transverse masses
&% = mif+ <kf>i and the <kf> are average transverse momentum. With this
choice, single—quark distributions have power-law fall-offs (l—x)2 and
(1—x)3 for mesons and baryons, respectively.

For example, consider a ]EQ) state, e.g., a D-meson. Here the mo-

mentum distributions of the 2 quarks are according to Eq. (8b) given by

§(1 - x, - x2)

_ 1
P(Xl’XZ) = N &2 53 . (9
(mlz)__c_“i>
1 *
From this expression we obtain the charmed quark distribution
l—Xl
1
= = 1
P(Xl) ~/. P(Xl,xz)dx2 N (1 T . )2 (10)
0 xl 1 xl

N ~
where N' = AR and we take mﬁ bt mi . We see from Fig. 8 that

)

Frole™
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the c—quark tends to carry most of the D-meson momentum (<x1> = 0.73).
Thié leaaing feature of the c-quark is due to the fact that the quarks
should have roughly the same velocity in order for the hadron to "stay
together". This can be seen more explicitly by minimizing the of f~

shellness, i.e., the denominator in Eq. (9)

=14

=
NNNIC-‘ [\

ool
= N0 N

(11

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

We now turn to the discussion of |uudQ6> and IuﬁQQ) states. For a

luuch) proton Fock state the momentum distribution is given by

i
= 12
P(Xl"""XS) N 5 55 . (12)
2 ml
(mp ) ZT>
i=1"1
. "2 ~2 2 ~2 .
In the limit of heavy quarks m, = mg >m , m, (i =1,2,3) we get
xixé 5
P(Xyyenee,k) = Np —2— 81 - D x, (13)
1 5 5 2 . i
(x4 + XS) =1

where N5 = 3600 P5 is determined from ~fdxl...dXSP(xl,...,x5) = PS’ where

P5 is the {uuch) Fock state probability. Integrating over the light

quarks (xl, X, and x3) we get the charmed quark distributions
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2 2
- R N i T S
P(x4,x5) =3 N5 5 Q1 x, XS) . (14)
(x4 + XS)

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

N S I e 2y _ - 1
P(XS) = NSXS [3(1 x5)(1 + 10x_ + x5) 2x5(1 xs)log.x ] (15)

> 5

which has average <x5> = 2/7 and is shown in Fig. 9. This is to be con-
trasted with the corresponding light quark distribution derived from Eq.

(13) and shown in Fig. 10

- 5
P(x)) = 6(1L - x,)" P, (16)
We estimate P5 from the magnitude of "diffractive' production of
6
Ac(pp > pACX)
A
P = P(|uudced) = —S ~ 300 HB 4 5 o3 (17)
5 Tiot 40 mb

in agreement with the bag model estimate.® The charmed quark distribution
c(x) = P(XS) should be measurable in lepto-production for high enough Q2

and W2 > Wih = 25 GeVz. Hence to measure c(x) at, e.g., x = 0.5 requires
2 5 2, 2 .2 . ' i

Q" = 37.5 GeV™ (x=Q /(Q°+W")). In Fig. 11 we show the same quantity,

both c¢(x) from the intrinsic sea and the one calculated from perturbative
QCD19 at Q2 = 50 GeV2. We have neglected the small Q2 evolution of the

intrinsic charmed sea.

From Fig. 11 we see that intrinsic charmed quarks in the proton are
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"rare" but not "wee'. Needless to say, high Xps lepto-production data
would p;bvide a most crucial test of the intrinsic idea. At present,
data only exist for small x < 0.13 and seem to be adequately described
by the photon-gluon fusion model.20 Note that the intrinsic charm
component gives single charm quark jets in the current fragmentation
region, whereas the photon-gluon fusion mode12! gives two jets (charm
and anticharm), (see Fig. 12).

We next compute the corresponding x-distributions for meson Fock
states, e.g., Iu&cE). Again neglecting meson and light quark masses com-

pared to the heavy quark mass, we get

x3x4 >2 >
N 1 - (18)
4<;3 + X, 3;

where x3 = Xc’ X, = XE and N4 = 600 P

we obtain the single quark distribution

P(Xl""’XA)

4" By integrating over X5 X5 Xg

P(x ) = N,x 2 [ (1 + 4x SXZ) + x4(2 + x4)log XA} (19)

which is shown in Fig. 13 and has <x4> = 1/3. The corresponding light

quark spectrum from Eq. (18) is given by
P(x,) = 5(1 - x )4 P (20)
1 1 4 _

with <Xl> = 1/6 is shown in Fig. 14,

It should be remarked that the m, - « approximations used above are

Q

quite accurate. It turns out that keeping the masses implies that the

denominator (x3 + x4) in Eq. (13) above is just replaced by
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2

m
(x3 + x4 + €X3X4) where e = 7%'leading to only a few percent corrections.

-

The light quark distributions (Eqs. (16) and (20)) will be hidden in the
perturbative extrinsic sea of the hadron in large momentum transfer

experiments.

IV. INCLUSIVE CHARM PRODUCTION AND HADRON-HADRON COLLISIONS

As was discussed in Sec. II it is reasonable to assume that the in-
trinsic heavy quark states, Iqqch> and [q&cE), should be "fragile' and
can be materialized into open charm hadrons in high energy, low momentum
transfer reactions. In principle, the Ac and D spectra can be calculated
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 x_-distributions we shall use a simple Fecombination

F
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

|uudec> to obtain

1

5 X% 2 5
P(xA ) = N5 jr IT dxid(xA - Xy = X3 = x4)<gzj;§g 6<l—§:xi> (21)
¢ 0 i=1 ¢ ’ i=1
. - _1,1,2_4 do
(see Fig. 15) with <xA > = 7 + 7 + =7 The ISR data for dX(pp - ACX)

c
(see Fig. 3a) are consistent with the prediction of Eq. (2I) that charmed

baryons are produced in the forward fragmentation 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 perturb-
ative and higher Fock state intrinsic contributions. The corresponding

distribution for D (cd) is given by
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1 5 %% \2 5
P(XD—) = NS,I. dxid(xD_ - Xy - XS) P 6(1— Xi> (22)
i=1 4 5 i=1
0
2

with <xD—> = %—+-7-= %—, and is shown in Fig. 16. The D+(ca) distribution
would, in principle, be obtained from the luuchd&) Fock state of the
proton, where the dd could be extrinsic or intrinsic. Assuming that the

d momentum is small, the D+ distribution should be close to that of the
c~quark shown in Fig. 12. These predictions apply for forward production

x

F 2 0.1), where perturbative contributions and higher Fock state con-
tributions can be neglected.
For the m-fragmentation region in the reaction np ~ DDX the

xF—distribution of the D's is obtained in the same way:

4 x,%, \2 4 -
P(XD) = N4~l‘ TI dxiG(xD - % - x3) g 8 l-§: X, (23)
. 3 4 i=1

i=1
with <xD> = %—. P(xD) is shown in Fig. 17 and again we observe that the

intrinsic model gives a consistent picture of the forward nature of the

charm production data. (Compare Fig. 5.)

V. ENERGY DEPENDENCE OF HADROPRODUCTION OF HEAVY QUARKS

For perturbative heavy quark production mechanisms such as the gluon-
gluon fusion model?? the energy dependence of the cross section essential-
ly comes from the lower limit mQ/(Z/E) of convolution integrals, and gives
rise to a logarithmic energy dependence. To study the energy dependence

of the "diffraction' mechanism with "intrinsic" heavy quarks we will use

the empirical formula for high mass diffraction??



2 0.2 (24)

-

" 2 .
valid for M° > 2 GeV®. The integrated charm cross section is given by

2
Ml
2 (1 - x,)s
o =g° L log — (25)
0 2 0 2
M M + M
2 A D
MO c

where in this case MS is the threshold value for associated production of
a pair of hadrons containing charmed quarks. The upper limit M? is de~
termined from the kinematical relation Mi

lower fractional momentum cut on the recoiling proton. In the ISR

= g(l - xl) where X, is the
pp > plAcX experiment7 one triggers on events with Xl > 0.8. If we as-
sume that essentially all the charm cross section cc ~ 300 ub is due to
diffractive production, then we can determine 00 = 77 ub., We thus predict
that at SPS and FNAL energies (s = 400-600 GeVZ),'the total pp - charm
cross section should be of the order of 150 ub. The beam dump experi-
ment (model dependent),z“ which can be interpreted in terms of charm
production gives cross sections of up to 80 * 40 pb. The pion~induced
diffractive charm cross section at FNAL at s = 416 GeV2 is ~ 10 pb. This
could imply that the probability for intrinsic charm is smaller for the
pion than the proton.

We also note that concerning production of heavy quarks on nuclear
targets one expects a A2/3—dependence from the intrinsic charm model.
This is in contrast to the perturbative hard scattering cross section,

which should be proportional to A.

VI. PRODUCTION OF b~ AND t-QUARKS

We now estimate the associated production of beauty and truth hadrons

from the intrinsic sea from Eq. (24). As discussed in the introduction,
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we expect a ~ l/mg dependence for the suppression of intrinsic heavy

quarks. The prediction for the diffractive beauty cross section at the

ISR (Vs = 63 GeVz) is

Lom 2 O'zzMz
o =<Jﬁo;j~—3-m15 ub (26)
N o M
b

using the value for og determined from charm production. The Ab spectrum
should have the same shape as the AC. This cross section should be com-
pared with those predicted from perturbative mechanisms?? for the central
region: ob = 0.1 uyb. 1If m > 20 GeV, then t-quark hadron production is
kinematically suppressed at ISR energies. At Tevatron collider energies

(Vs = 2.103 GeV) we expect for b-production with Mi = 0.25s

Q
1l

73 ub

and for t-production (assuming m

]

20 GeV)

2s

0.
ot<>8f-l12—~3pb i (27)
(2m )

The corresponding values from hard mechanisms?? at these energies are

o® % 2 b and ot %~ 0.1 ub.

Not only are the intrinsic cross sections larger than perturbative con-
tributions, but also the combinatorial background is reduced in diffrac-
tive configurations. In addition, since the transverse momentum of heavy

quarks in the intrinsic state generally increases with the quark mass
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(see Sec. 1I), the heavy quark hadrons are produced at relatively large

transverse momentum.

VII. SAME-SIGN DIMUON PRODUCTION

The presence of intrinsic charm in the protom at the 1 and 2% level
makes possible a number of new charged and neutral weak current inter-
actions. We will consider neutral current phenomena in Chap. VIII.
Perhaps the most interesting implication of intrinsic charm for vN and
VN charge current reactions is the production of beauty quarks (ve > u+b
and vc + u b). The subsequent leptonic decay of the b and b then leads
to same-sign muon pairs (see Fig. 2). We will also briefly discuss t-
production via b + t charged currents.

In principle, charged current b-production can proceed via the
process vu -+ u+b, ve - u+b and vt ~+ u+b. The t-quark intrinsic sea is
negligible in this connection (P(uudtt) ~ (mi/mi)P(uuch); see Eq. (2)).
For the first two reactions we need the u-b and c~b couplings. From a
recent analysisZ5 of the K~M matrix elements3? we learn that the u > b
coupling is small (0.004 + 0.004). TFor the ¢ =+ b charged current coupling
there exist two solutions: VCb = 0.48 GF and 0.22 GF’ where GF is the

standard weak coupling constant. The differential cross section for

- + -
vp > u b (see Fig. 18a) or vp »~ p b is given by

do mNEv

dzxdy 4w

X
(226 v_ Pema - p? . (28)

The integrated cross section GC 5 b(Ev) as a function of beam energy is

obtained by using the kinetical restriction 2mN\)—Q2 > ?.mNmb + m§.26
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In Fig. 19 we show SN b(Ev) for the two Vcb—solutions. The subsequent
deéay ofhthe produced b-quark as in b » ¢ =~ su+v gives rise to same-sign
muons (see Fig. 18b). The resulting same-sign muon production cross
section is given by oc N b(Ev)B(C -+ u) where the branching ratio B(c - )
is =~ 0.15.27 1In Fig. 18 the ratio uiui/p is plotted for isoscalar targets
and compared with the experimental results. In fact, the measured?? ratio
(uiui)/u+u—) is as large as 0.1, an order of magnitude larger than what is
predicted from first-order perturbative QCD associated charm production29
(see Fig. 18). Intrinsic charm, however, is seen to give a good expla-
nation of the large same-sign dimuon rate. In addition, in the BEBC
experiment30 a correlation of pu+ and total hadronic energy is observed;
this could perhaps be interpreted as the production of a bottom baryon.
It should be remarked, however, that the approximate agreement in Fig. 20
for same-sign dimuons is not very sensitive to the xBj distribution of the
intrinsic charm sea, but only depends on its magnitude. Further experi-
ments which can discriminate the x-distribution of c(x) are necessary.
The b(b) quark production in the charged current fragmentation region
should be accompanied by associated charm c(e) production in the target
fragmentation region.

Finally we consider the production of t-quarks through the b > t

mechanism of Fig. 21. 1In Fig. 18 the result for ¢ t(E) is displayed

b >
. . -2
assuming the mass suppression m
The occurrence of intrinsic states such as |uudssd> and |uudcc) in
the proton also allows the possibility of producing rather exotic baryons

in exclusive charged-current reactions. Two examples are shown in Fig.
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22, in which strange/charmed baryons and charm/beauty baryons are pro-
duced. The process illustrated in Fig. 22b would not be expected for the

standard perturbative sea since the formation of the final baryon requires

b-quarks with large x.

VIII. WRONG-SIGN MUON PRODUCTION

The intrinsic charm component in the proton can give abundant "wrong
. , = . + - - .
sing" single muon v(v) reactions, WN -+ u X and vN » p X. There is a
rather stringent experimental bound on this ratio from the CDHS experi-

ment 30

4

+
- oW >y X) < 1.6 x 10” . (29)

expt a(WN >y X)

We will show that the intrinsic charm model gives a cross section con-
sistent with this bound after taking into account an estimate of the
experimental cuts.
N . . +
Intrinsic charm contributes to the reaction vN + u X through the
neutral current interaction depicted in Fig. 23. The cross section for

vN » vcX is given by32

E x 2 2 :
S TN NN e i

If there were no experimental bias, we could obtain its ratio to the
normal charged-current cross section in Eq. (30) by simply integrating

over y
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do
- — (VN -+ vecX)
& - ~ 0.135 ﬁ—% (31)
— (WN -+ u X)
dx

uncorrected

. 2
where we used sin ew ~ 0.229.33
An important constraint of the CDHS experiment comes from the cut in

the total visible energy: E + Eu+ > Ecut' The probability

vis Ehadron

for the neutral current event to survive the experimental cut is less than

1 1
do do
f dy dxdy/fdy Txdy <1 - Y. (32)
Y. 0

where y_ = Ecut/Ev‘ (We have overestimated this probability by neglecting

Vthe energy carried by the neutrino from the decay of the c—quark.) The

narrow band beam of the experiment has an approximately flat energy

34

spectrum®’ extending up to EO' Therefore, the correction factor due to

the cut is on the average

E ut 0
I-y>=1-3—5—m (33)
0 cut cut

=~ (.29

where we used E0 =~ 190 GeV, ECut ~ 100 GeV. If we combine the factors

(31), (32) and (33) with our estimate <c(x)/d(x)> = ].0_2 and the branch-

. . +
ing ratio B(c » p X) = 0.15, we obtain

_ (VN ~» vt
o(WN > u X)

5

~0.135 <) 0.15%0.29 ~ 5.8x 10”

o) (34)

expt



~23-

consistent with the experimental bound, Eq. (29).3%

-

IX. HADRONIC J/y PRODUCTION

In addition to charmed mesons and baryons, the J/¢ may also be
produced diffractively from the intrinsic charm component of the proton.

Compared to the charm production cross section at FNAL energiesll
o(nN » DX) =~ 20 ub , (35)

J/¥ production data around 200 GeV give3®
g(mN » ¢X) =~ 100 ndb

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

production

g(mN_» yX) -5
ag(mN > DX) . e £5 x 10 ) (36)
intrinsic charm :

Our general picture is as follows: after the incoming proton is
diffractively dissociated, the luuch) system can form either open or
hidden charm states with roughly the same energy dependence. The proba-

bility of ¢ production then depends on color and flavor combinatorics
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and the "semi-local duality" probability of forming the color singlet
state in the right mass range. In fact, there are a number of factors
which act to suppress forward ¢ production compared to open charm.

(1) 1In the decay of the |uudc€> state, the probability that the

¢ quark combines to form a cc system is about 1/4 (flavor suppression).

Similarly, the flavor suppression factor for the |chE> state is about 1/2.

(2) A cc system can be formed in either a color octet cc or singlet
cc 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 1/9 of the time (color suppression) .

(3) If the color singlet cc system has a mass larger than the DD
threshold, it will decay strongly into charmed particles rather than ¥
production. Therefore, we have to require that the invariant mass McE

is below the DD threshold (mass suppression)

2mc < MCE < ZITLD . (37)

If we neglect transverse momenta, the simplified model of the intrinsic

charm state ]uuch> gives a mass spectrum [see Eq. (14)]

L2\ 1 _
__Clg._ = %(—;—) f dx(1 - x)2 /x (38)
dM - m ‘M - 2 4m
cc c cC 4 c
_c xX-
2_ Moz
cc
2 2



L

=4
[

3600

which is shown in Fig. 24. The approximate mass spectrum near threshold

is given by

2 2\5/2
dp lé_(McE - 4mc>

— =~ . (39)
dM2_ 32 m7
cc

[l

In addition, the transverse momenta of c—quarks suppress the mass spectrum

near threshold even more strongly. We shall simulate this effect by ef-

fectively increasing m (m2 > m2 = m2 + <k2>).37 If we take m =~ 1,7 GeV
c c c c 1 c
for instance, we obtain
2
AmD 2 d 2
jr aw’- 2~ 10 . (40)
r4 aM -
4m ce
c

(4) Even if the cc system is below DD threshold, it may be realized
as X, n, and y' states which do not decay into ¢'s. We estimate this

suppression factor as 1/3 (channel suppression). If we combine the

factors in (1)-(4) we obtain the very rough theoretical estimate

o (TN » X)
o(mN » DX)

~5x 107 . 41)

intrinsic charm
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.
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X. CONCLUSION

The postulate that ordinary hadrons contain intrinsic charm states!®
at the 1% level can explain two sets of unexpected experimental results:
(1) the copious diffractive production of charmed hadrons at large
longitudinal momentum in high energy proton-nucleon and pion-nucleon
collisions, and (2) the anomalously large number of same-sign dimuon
events observed in deep inelastic neutrino reactions. Clearly, much more
experimental work is necessary to verify and test the model and its pre-
dictions. Most important, it will be crucial to verify that the charm

quark distribution c(x) in nucleons is appreciable at large x,. in deep

Bj
inelastic lepton scattering.

The concept that the wavefunction of an ordiﬁary hadron has finite
mixing with virtual bound states containing heavy quark pairs is a new
dynamical concept and is somewhat at variance with standard parton model
ideas. Nevertheless, as we have discussed in Sec. I, there is no reason
in the context of QCD why this probability should be zero. In fact, bag
models indicate that the mean number of charm quarks in the proton is of
order 1%.5 More generally it may be possible that in lattice calculations
or other non—perturbative approaches one may be able to calculate such
probabilities (e.g., the mixing of cc states in a glueball) because of
the heavy quark mass parameters.

We emphasize that although the virtual heavy quark states in a pion

or proton are far-off shell, all of the constituents are bound within

the hadron because of color forces. This leads inevitably to the pre-
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diction that the heavy quarks carry the largest fraction x of the
haaronigxmomentum in the infinite momentum frame for the heavy quark
Fock states. This is in striking contrast to the x distribution of
heavy quarks created in a high momentum transfer collision by per-
turbative mechanisms.

The suppression mechanism (described in Sec. IX) for hadronic ¢
production at large Xp presumably also has consequences for the decay of
the B-meson (bq) into YX where the b-quark decays into ccs. Taking
into account all possible decay modes and kinematical suppression one
gets in the free quark model T(b + ccX)/T(b + all) ~ 14-20%.38 According
to the discussion in Sec. IX we expect a strong suppression (fv10_3) when
instead considering I'(B - yX). Generally speaking, the decay of hadrons
into hidden heavy quark states is expected to provide a pawerful probe
into non-perturbative hadron dynamics.

We have argued on general grounds that the probability of a hadron
to contain an intrinsic heavy quark pair should fall as
uZ(QZ)

@ Rzmécqz)

P (42)

where m (Q2) is the heavy quark running mass at the scale Q2 ~ mé, and R

Q

is a hadron size parameter. If this very slow fall-off in m, is correct,

Q
there will be copious diffractive large X production of heavy quark

(b, t) systems in very high energy hadron collisions. Because of the
large cross section and the large luminosity possible in hadron-hadron

collisions, diffractive production of heavy quarks could become an im-

portant method for the discovery and measurement of heavy quark systems.
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The presence of intrinsic charm in nucleons makes possible a new
array of charged and neutral weak current interactions, the most dramatic
one being the charged-current interaction which changes the intrinsic

charm quarks into bottom quarks at large x In particular we predict

Bi'
large neutrino-induced cross sections for b-quark production in the

current fragmentation region with c-quark production in the target frag-

mentation region.
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FIGURE CAPTIONS

Diagrams which give rise to the intrinsic heavy quarks (QQ)
within the proton. Curly and dashed lines represent transverse
and logitudinal-scalar (instantaneous) gluons, respectively.
Same sign dimuon pair production from the intrimsic charm
component of nucleons.

dc/dlxi for A° at 53 GeV and A: at 53 and 63 GeV.’»&5?

The smooth curve is a fit to the A° data points.

do/dx forl? D' and!l D° at /5 = 53 Gev.

Xp - distribution of events in D - peak found in 7-p interactions
at Vs = 20 Gev.l3

Diffractive production of open charm from the intrinsic charm
component of nucleons.

a) Example with contribution to the deep inelastic structure
functions from an extrinsic quark q; b) from an intrinsic
quark q.

The x distribution of the charmed quark in a D-meson.

The x distribution of the charmed quark in a |uudcc) state.
The x distribution of a light quark in a [uuch) state.
Comparison of the x-distribution of the charm quark in the
intrinsic sea (solid line) and the sea calculated from
perturbative QCD!% at Q2 = 50 GeV2 (dashed line).
Lepto-production of charm from the intrinsic charm sea and via
the photon-gluon fusion model, respectively.

The x distribution of the charm quark in the [uac5> state.

The x distribution of the light quark in the |uacE> state.
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The x distribution of the Ac from the intrinsic charm
component of the proton.

The x distribution of the D from the intrimsic charm
component of the proton.

The x distribution of the D meson from the intrinsic

charm component of the pion.

a) Production of b-quark from the intrinsic charm component
of the proton; b) Decay of b—quark into u+.

Energy dependence of the production cross section of b quarks
(so0lid and dashed lines corresponding to two Vcb-solutions)
and t—-quarks (dotted line).

The ratio of the same sign dimuon events to the normal charged
current events. The solid and dashed—dotted lines are
theoretical prediction from the intrinsic charﬁ'component for
u+u+ and u_u—, respectively using VCb==O.48. Data from Ref. 28.
Also shown (dotted line) is the QCD first-order prediction.29
Production of t-quark from the intrinsic b component of hadron.
Exclusive production of strange/charm baryons and charm/beauty
baryons.

Wrong sign single muon production from the intrinsic charm
component.

The cc mass spectrum in the intrinsic charm state4|uuch>.

The shaded area corresponds to the ¥, Ne» Y and y' production.
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