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Intrinsic charm component of the nucleon
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Using aD̄ meson cloud model we calculate the squared charm radius of the nucleon. The ratio between this
squared radius and the ordinary baryon squared radius is identified with the probability of ‘‘seeing’’ the
intrinsic charm component of the nucleon. Our estimate is compatible with those used to successfully describe
the charm production phenomenology. However, because of the lack of relevant experimental information, a
large uncertainty in our result is unavoidable.@S0556-2821~96!02811-1#

PACS number~s!: 14.20.Dh, 14.20.Lq, 14.40.Lb
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In the early 1980s there was the hope that one could
derstand charm production solely in terms of perturbat
QCD. In spite of all the uncertainties in defining the scale
would be in any case of the order of a few GeV and theref
the coupling constant would be smaller than one. As m
and more data became available it became clear that pe
bative QCD alone was not enough to properly account
the measured differential cross sections. Higher-order cor
tions @1# improved the results but did not solve the problem
The main difficulty was that the produced charmed partic
were too fast. In other words, there was a remarkable ex
of particles with large Feynmanx (xF). In addition a ‘‘lead-
ing particle’’ effect has been observed@2#: i.e., charmed me-
sons carrying one of the valence quarks of the projectile
faster than those carrying no projectile valence quark. Th
very hard to explain on the basis of parton fusion alone
is considered as evidence of some nonperturbative pro
tion mechanism.

Already over ten years ago, the idea was advanced@3#
that the hadron wave function contains a charm compon
even before undergoing collision. This component is ori
nated in higher-twist QCD interactions inside the hadr
The so-called ‘‘intrinsic’’ charmed pairs produced by the
interactions are different from usual sea quark pairs. T
crucial difference between them is that the intrinsic charm
part of the valence system and therefore very fast in cont
with the sea charm, which is slow. During the last years,
intrinsic charm component was added to the perturba
QCD component in a quantitative and systematic way@4#.
As a result, a very good description of data was achieved
order to obtain such good agreement with experimental d
the crucial point was the normalization of the intrinsic cha
components ic of the hadron1nucleon→c2 c̄X cross sec-
tion. The quantitys ic is related to the probability of observ
ing the intrinsic charm component of the hadron,Pic @5#. It is
very difficult to calculate this quantity from first principles.
was estimated from a phenomenological analysis to be
than 1%@6#. In fact,Pic50.3% seems to be the best value
describe recent data on charm production@4#.

A very important question is, of course, whether th
1% of intrinsic charm can be supported by any model-ba
calculation. In Ref.@7#, such a calculation was done usin
the MIT bag model. It was found that the probability
finding a five-quark componentuuudcc̄& configuration
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bound within the nucleon bag is 1 or 2%, in good agreeme
with the above-mentioned phenomenological estimate.

In this paper we calculatePic using an approach that is
completely different and independent from that used in Re
@3–7# and can therefore be used as a cross-check to th
estimates.

The existence of intrinsic charm is here associated w
low momentum components of a virtualc-c̄ pair in the
nucleon. At low momentum scales, the virtual pair lives
sufficiently long time to permit the formation of charm had
ronic components of the nucleon wave function. It is th
component that, when the nucleon is boosted, will move
fast as the valence quarks.

Generally speaking, we can say that the proton is a flu
tuating object, being sometimes a neutron plus a pion, som
times a strange hyperon plus kaon, and so on. It can be
combination of virtual hadrons possessing the right quantu
numbers. In particular, if charmed pairs preexist inside t
nucleon, it can fluctuate into a charmed hyperon plus aD̄
meson, as e.g., by the process

p→Lc1D̄→p. ~1!

We calculate the intrinsic charm contribution to the ma
trix element^Nuc̄gmcuN& arising from this virtualD̄ meson
cloud. The idea that intrinsic quark contributions to nucleo
matrix elements can be given by meson clouds is not new
was used in Refs.@8–11# to estimate the intrinsic strangenes
content of the nucleon and it was suggested in Ref.@3# as a
picture to understand the existence of intrinsic charm in t
nucleon.

As in Ref. @8#, we compute theD̄ meson loops using an
effective meson-nucleon vertex characterized by a monop
form factor

F~k2!5
m22L2

k22L2 , ~2!

and we introduce ‘‘seagull’’ terms in order to satisfy th
Ward-Takahashi~WT! identity. In Eq. ~2! m is the meson
mass andL is the effective cutoff. The inclusion of the
meson-nucleon form factors is important to properly tak
into account the underlying nucleon structure and its spat
extension. As shown in Ref.@10#, when the substructure of
842 © 1996 The American Physical Society
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54 843INTRINSIC CHARM COMPONENT OF THE NUCLEON
the nucleon is considered, it is the size of the proton, rath
than the masses involved in the loop, which determines t
effective momentum cutoff. We expect therefore the effe
tive cutoff in the D̄ meson-nucleon form factor to be ap
proximately the same used in the pion-nucleon or kao
nucleon form factors.

The pseudoscalar meson-baryon coupling for extend
hadrons is schematically given by

LBBM52 igBBMC̄g5CF~2]2!f, ~3!

whereC andf are baryon and meson fields, respectivel
F(k2) is the form factor at the meson-baryon vertices, an
k is the momentum of the meson. The fact that the nucleo
D̄-Lc coupling constant is not known is not important her
because we are primarily interested in arriving at some upp
limit to the intrinsic charm content of the nucleon and not a
definitive numerical predictions. Accordingly we will use the
pion-nucleon coupling constant as an upper limit to th
nucleon-D̄-Lc coupling constant.

We employ pointlike couplings between the current an
the intermediate meson and baryon. For the vector curre
one has

^Lc~p8!uc̄gmcuLc~p!&5Ū~p8!gmU~p! ~4!

and

^D̄~p8!uc̄gmcuD̄~p!&52~p1p8!m ~5!

in a convention where thec quark has charm charge511.
The effective Lagrangian Eq.~3! is nonlocal and this in-

duces an electromagnetic vertex current if the photon
present. In order to maintain gauge invariance we have
take into account the ‘‘seagull vertex’’
r
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iGm~k,q!56gNLcD̄
g5~q62k!m

F~k2!2F„~q6k!2…

~q6k!22k2
, ~6!

which is generated via minimal substitution@12#. The upper
and lower signs in Eq.~6! correspond to an incoming or
outgoing meson, respectively.

The three distinct contributions to the intrinsic form fac
tors, associated with processes in which the current coup
to the baryon line (B) @Fig. 1~a!#, to the meson line (M )
@Fig. 1~b!# or to the meson-baryon vertex (V) @Figs. 1~c! and
1~d!# in the loop are given by

FIG. 1. Diagrams which contribute to the calculation of the
vertex function. Solid external lines represent the proton and so
internal lines represent theLc . Dashed and wavy lines represent
the D̄ and the vector current, respectively.
Gm
B~p8,p!52 ig

NLcD̄

2 E d4k

~2p!4
D~k2!F~k2!g5S~p82k!gmS~p2k!g5F~k2!, ~7!

Gm
M~p8,p!5 ig

NLcD̄

2 E d4k

~2p!4
D„~k1q!2…~2k1q!mD~k2!F„~k1q!2…g5S~p2k!g5F~k2!, ~8!

Gm
V~p8,p!5 ig

NLcD̄

2 E d4k

~2p!4
F~k2!D~k2!F ~q12k!m

~q1k!22k2
@F~k2!2F„~k1q!2…#

3g5S~p2k!g52
~q22k!m

~q2k!22k2
@F~k2!2F„~k2q!2…#g5S~p82k!g5G . ~9!
In the above equations

D~k2!5
1

k22m21 i e
~10!

is the meson propagator and

S~p2k!5
1

p”2k”2ML1 i e
~11!
is theLc propagator, andp85p1q with q being the photon
momentum. In Fig. 1 we show all momentum definitions.

With these amplitudes it is easy to show that the Ward-
Takahashi identity

qm@Gm
B~p8,p!1Gm

M~p8,p!1Gm
V~p8,p!#

5Qc@S~p!2S~p8!# ~12!

is satisfied. In Eq.~12! Qc is the nucleon charm charge,
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844 54NAVARRA, NIELSEN, NUNES, AND TEIXEIRA
Qc50, andS(p) is the self-energy of the nucleon related
the D̄-Lc loop. The sum of the three amplitudes also ensu
charge nonrenormalization~or the Ward Identity!:

~Gm
B1Gm

M1Gm
V!q505QcS 2

]

]pm S~p! D50. ~13!

The intrinsic charm form factors are obtained by writin
these amplitudes in terms of the Dirac and Pauli form fa
tors:

Gm~p8,p!5gmF1
c~q2!1 i

smnq
n

2MN
F2
c~q2!. ~14!

The intrinsic squared charm radius of the nucleon is
fined as

r c
256

]GE
c ~q2!

]q2
U
q250

, ~15!

whereGE
c (q2) is the electric form factor introduced by Sach

@13#:

GE
c ~q2!5F1

c~q2!1
q2

4MN
2 F2

c~q2!. ~16!

The numerical results forur c
2u are shown in Fig. 2, as a

function of the form factor cutoffL. The value of the cou-
pling and masses used areMN5939 MeV, MLc

52285

MeV, mD̄51865 MeV, and gNLcD̄
/A4p5gNpN /A4p

523.795.
As can be seen the results depend very strongly on

value ofL. The region of very small values ofL does not
give realistic results forur c

2u because it corresponds to a ve
large proton size. The region with values ofL around the
meson mass is also not reliable because it gives results
are just an artifact of the parametrization of the form fact
The asymptotic region of largeL is interesting because i
provides results which are weakly dependent on the cuto

FIG. 2. The intrinsic charm mean square radius of the nucle
as a function of the cutoffL in the baryon-meson form factor.
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The intensity of a given proton fluctuation is associated
with its average squared radiusur 2u. The largerur 2u, the
more frequently we will find the proton in that particular
fluctuation and the greater the probability will be of
‘‘seeing’’ it.

We shall assume that the average baryonic radius of th
proton (r p5@^r B

2&#1/2,;0.72 fm! associated with the isosca-
lar part of the electromagnetic current is a good measure
the proton ‘‘total size,’’ i.e., the size that takes into accoun
all possible fluctuations that couple to isoscalar currents. Th
intrinsic charm probability is then given by

Pic5
ur c
2u
r p
2 50.9%, ~17!

whereur c
2u50.0047 fm2 is the average charm squared radius

calculated above with a cutoffL51.2 GeV.Pic is the ratio
between the charm ‘‘area’’ and the total proton ‘‘area.’’

We want to compare our results with those obtained b
Donoghue and Golowich in Ref.@7# for the five quark com-
ponents of the proton wave function,uuudss̄& and
uuudqq̄&, whereq represents a light quark. We repeat then
the calculations for kaon and pion loops~with the same cut-
off L), obtaining the average strange radiusur s

2u50.025
fm2 and the average light quark radiusur q

2u50.130 fm2. Di-
viding these radii by the baryonic squared radius used abov
we obtain the probabilitiesPis55% andPiq525%. The cal-
culations done in Ref. @7# arrive at Pis516% and
Piq531%. The discrepancy in the strange sector sugges
that the vector-meson dominance model contribution comin
from thev-f mixing ~see Ref.@11#! is really important. In
fact, it will change the result fromPis55% to Pis510%
@11#. As there is no experimental evidence for av-J/c mix-
ing, the vector meson model will not contribute in the charm
sector. With the inclusion of thev-f mixing our results
agree with those obtained in Ref.@7# within 6%.

The charm squared radius increases withL ~as can be
seen in Fig. 2! reachingur c

2u50.016 fm2 at asymptotically
large values ofL. In this limit we would havePic53.0%.
Considering that we are overestimating the coupling consta
in the charm loop, this number can be taken as an upper lim
for the intrinsic charm probability in the context of our cal-
culation scheme. Our result seems to be consistent with pr
vious estimates@3–7#.

As a further point we would like to compare our predic-
tions for thexF distributions ofLc andD̄ in the meson cloud
model with distributions obtained by Brodsky and collabora
tors. Following Ref.@3# we make a Fock-state decomposition
of the proton. The difference is now that instead of, for ex
ample, five quarks (uudcc̄) our state will contain a baryon
plus a meson (D̄-Lc). The probability distribution corre-
sponding to this two-particle Fock state is, as in@3# and@5#,
assumed to have the form

P~xLc
,xD!5

Nd~12xLc
2xD!

Smp
22

m̂Lc

2

xLc

2
m̂D
2

xD
D 2 , ~18!

on
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54 845INTRINSIC CHARM COMPONENT OF THE NUCLEON
where m̂i
25mi

21^kT& i
2 are the effective transverse masse

with ^kT& being the average transverse momentum. Si
mLc

2 ,mD
2 @mp

2 ,^kT&
2 we can write

P~xLc
,xD!5

N8xLc

2 xD
2 d~12xLc

2xD!

S xLc
1SmLc

mD
D 2xDD 2 , ~19!

whereN8550.68 is determined by imposing a normalizatio
condition onP(xLc

,xD). Integrating the equation above i

xD (xLc
) we find theLc (D̄) xF distribution, which is shown

in Figs. 3 and 4~solid lines!. For the sake of comparison w
also show in these figures the corresponding distributi
obtained in Ref.@3# for Lc and D̄ ~dashed lines!, by com-
bining respectively theu, d, andc, and theu and c̄ quarks
in the uuudcc̄& Fock state. It is interesting to notice that th
xF distributions look very similar in the two approaches. T
results obtained here have a mass scale whereas there
information about theLc andD̄ masses in the calculations o
Ref. @3#. The existence of mass scales is responsible for
slight differences between thexF distributions. From the
phenomenological point of view the differences will not b
noticeable. The resemblance between these curves is a s

FIG. 3. Feynmanx distribution ofD̄ mesons in the meson clou
model ~solid line! and in the intrinsic charm model~dashed line!.
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indication that the idea of intrinsic charm can be well unde
stood in terms of the meson cloud model.

Another straightforward extension of our calculations
the estimate of the botton content of the proton. Assum
gNLbB

5gNLcD
5gpNN , the only differences will be the

masses of the baryon and meson. In the asymptotic limit
get Pib /Pic;1/3, which is different from the scaling pro
posed in Ref.@3#: Pib /Pic;(mc /mb)

2;1/9. However, this
should not be taken as a discrepancy between the two
proaches, since a very strong approximation of the value
the coupling constants was done by us to get the va
Pib /Pic;1/3.

In this work we have only considered loops involving th
particular combinationD̄-Lc . In principle we could include
loops withD̄-Sc and also with vector mesons. However, du
to the lack of knowledge of the relevant couplings and c
offs, no attempt is made to go beyond theD̄-Lc loop. We
expect this contribution to be the most significant, especia
in view of the very large values of the coupling constant a
cutoff used here. This might be sufficient for an estimate
the order of magnitude ofPic .

This work was partially supported by FAPESP-Brazil an
CNPq-Brazil. It is a pleasure to thank R. Vogt for fruitfu
discussions.

FIG. 4. Feynmanx distribution of the charmed baryonL in the
meson cloud model~solid line! and in the intrinsic charm mode
~dashed line!.
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