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We propose a two-component model involving the parton fusion mechanism and recombination of aud
valence diquark with a seac quark of the incident proton to describeLc

1 inclusive production inpp collisions.
We also study the polarization of the producedLc

1 in the framework of the Thomas precession model for
polarization. We show that a measurement of theLc polarization is a sensitive test of its production mecha-
nism. In particular, the intrinsic charm model predicts a positive polarization for theLc within the framework
of the Thomas precession model, while according to the model presented here theLc polarization should be
negative. The measurement of theLc polarization provides a close examination of intrinsic charm Fock states
in the proton and gives interesting information about the hadroproduction of the charm quark.
@S0556-2821~97!04513-X#

PACS number~s!: 13.60.Rj, 13.87.Fh, 14.20.Lq

I. INTRODUCTION

The production mechanism of hadrons containing heavy
quarks is not well understood. Although the fusion reactions
gg→QQ̄ and q q̄→QQ̄ are supposed to be the dominant
processes, they fail to explain important features in hadro-
production such as the leading particle effects observed in
D6 produced inp2p collisions @1#, Lc

1 produced inpp
interactions@2–4# and other baryon containing heavy quarks
@5#, the J/c cross section at largexF observed inpp colli-
sions@6#, etc.

The above-mentioned effects have been explained using a
two-component model@7# which consists of the parton fu-
sion mechanism, calculable in perturbative QCD, plus the
coalescence of intrinsic charm@8#.

Here we present an alternative mechanism, namely, the
conventional recombination of valence spectator quarks with
a c quark present in the sea of the initial hadron. We show
that this mechanism can explain the production enhancement
at largexF observed in charmed hadron production in had-
ronic interactions.

We describe theLc
1 production inpp interactions with a

two-component model consisting of the recombination of a
diquarkud with ac quark from the sea of the incident proton
plus the usual parton fusion and fragmentation mechanism.
We compare the obtained results with those of the intrinsic
charm two-component model and with experimental data.

We also study the polarization ofLc
1 using the Thomas

precession model~TPM! @9# for both the intrinsic charm
model and the conventional recombination two-component
model presented here. We show that the polarization predic-
tion of these two models is totally different and conclude that
a measurement of the polarization can be an important
source of information to uncover the processes behind heavy
hadron production.

II. Lc
1 PRODUCTION IN pp COLLISIONS

In this section we give the prediction of the two-
component model for the cross section as a function ofxF .
In Sec. II A we show the calculation of parton fusion and
fragmentation and in Sec. II B the recombination picture is
presented.

A. Lc
1 production via parton fusion

In the parton fusion mechanism theLc
1 is produced via

the subprocessesq q̄(gg)→c c̄ with the subsequent frag-
mentation of thec quark. The inclusivexF distribution of the
Lc

1 in pp collisions is given by@10,11#
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with xa and xb being the parton momentum fractions,
q(x,Q2) and g(x,Q2) the quark and gluon distributions in
the proton,E the energy of the producedc quark, and
DLc /c

(z) the fragmentation function measured ine1e2 in-

teractions. In Eq.~1!, pT
2 is the squared transverse momen-

tum of the producedc quark,y is the rapidity of thec̄ quark,
andz5xF /xc is the momentum fraction of the charm quark
carried by the Lc

1 . The sum in Eq. ~2! runs over

a,b5u, ū ,d, d̄ ,s, s̄ .
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We use the leading order~LO! results for the elementary
cross sectionsdŝ/d t̂uq q̄ anddŝ/d t̂ugg @10#:
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whereDy is the rapidity gap between the producedc and
c̄ quarks andm̂c

25mc
21pT

2 . The Feynman diagrams in-
volved in the calculation of Eqs.~3! and ~4! are shown in
Fig. 1.

In order to be consistent with the leading order~LO! cal-
culation of the elementary cross sections, we use the Glu¨ck-
Reya-Vogt~GRV! LO parton distribution functions@12#. A
global factorK;2–3 in Eq.~1! takes into account next LO
~NLO! contributions@13#.

We takemc51.5 GeV for thec-quark mass and fix the
scale of the interaction atQ252mc

2 @10#. Following @7#, we
use two fragmentation functions to describe the charm quark
fragmentation:

DLc /c
~z!5d~12z! ~5!

and the Peterson fragmentation function@14#

DLc /c
~z!5

N

z@121/z2ec /~12z!#2
, ~6!

with ec50.06 and the normalization defined by
(H*DH/c(z)dz51.

B. Lc
1 production via recombination

The production of leading mesons at lowpT was de-
scribed by recombination of quarks long time ago@15#. The
method introduced by Das and Hwa for mesons was ex-
tended by Ranft@16# to describe single particle distributions
of leading baryons inpp collisions. Recently, a more sophis-
ticated version of the recombination model using the concept
of valons @17# has been used to studyD6 asymmetries in
p2p interactions@18#.

In recombination models it is assumed that the outgoing
leading hadron is produced in the beam fragmentation region
through the recombination of the maximum number of va-
lence and the minimun number of sea quarks. ThusLc

1’s
produced inpp collisions are formed by au and ad valence
quark and ac sea quark from the incident proton. Contribu-
tions involving the recombination of more than one sea fla-
vor are neglected.

The invariant inclusivexF distribution for leading baryons
is given by

2E

sAs
ds rec

dxF
5E

0

xFdx1
x1

dx2
x2

dx3
x3

F3~x1 ,x2 ,x3!

3R3~x1 ,x2 ,x3 ,xF!, ~7!

where xi , i51,2,3, is the momentum fraction of thei th
quark,F3(x1 ,x2 ,x3) is the three-quark distribution function
in the incident hadron, andR3(x1 ,x2 , x3 ,xF) is the three-
quark recombination function. TheLc

1 production by recom-
bination is shown in schematic form in Fig. 2.

We use a parametrization containing explicitly the single
quark distributions for the three-quark distribution function

F3~x1 ,x2 ,x3!5bFu,val~x1!Fd,val~x2!Fc,sea~x3!

3~12x12x22x3!
g, ~8!

with Fq(xi)5xiq(xi) and Fu normalized to one-valenceu
quark. The parametersb and g are constants fixed by the
consistency condition

Fq~xi !5E
0

12xi
dxjE

0

12xi2xj
dxkF3~x1 ,x2 ,x3!,

i , j ,k51,2,3 ~9!

for the valence quarks of the incoming protons as in Ref.
@16#.

We use the GRV LO parametrization for the single quark
distributions in Eqs.~8! and ~9!. It must be noted that since
the GRV LO distributions are functions ofx andQ2, our
F3(x1 ,x2 ,x3) also depends onQ2.

In contrast with the parton fusion calculation, in which the
scaleQ2 of the interaction is fixed at the vertices of the
appropriated Feynman diagrams, in recombination there is
no clear way to fix the value of the parameterQ2, which in
this case is not properly a scale parameter and should be used
to give the content of the recombining quarks in the initial
hadron.

Since the charm content in the proton sea increases rap-
idly for Q2 growing frommc

2 to Q2 of the order of some

FIG. 1. Feynman diagrams involved in the calculation of the LO
elementary cross sections of hard processes in parton fusion.

FIG. 2. Recombination picture: ac quark joints aud diquark to
build aLc

1 .
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mc
2’s when it becomes approximately constant, we take

Q254mc
2 , a conservative value, but sufficiently far from the

charm threshold in order to avoid a highly depressed charm
sea which surely does not represent the real charm content of
the proton. At this value ofQ2 we found that the condition of
Eq. ~9! is satisfied approximately withg520.1 and
b575. We have verified that the recombination cross section
does not change appreciably at higher values ofQ2.

The value ofQ2 in recombination could be different from
the scale of the interaction in parton fusion. In fact, in the
latter the scale of the interaction should be chosen to be of
the order of the hard momentum scale while in recombina-
tion, the value ofQ2 must be chosen in such a way that the
true content of quarks be present to form the outgoing had-
ron, allowing in this way a more higher value of this param-
eter.

For the three-quark recombination function forLc
1 pro-

duction we take the simple form@16#

R3~xu ,xd ,xc!5a
xuxdxc
xF
2 d~xu1xd1xc2xF!, ~10!

with a fixed by the condition*0
1dxF(1/s)ds rec/dxF51,

wheres is the cross section forLc
1’s inclusively produced

in pp collisions. Of course, with this choice for the param-
etera we will not be able to give a prediction for the total
cross section forLc

1 production. The recombination model
of Eq. ~7! can only give predictions on cross sections relative
to the cross section for a known process. Thus, we could take
a different point of view and chosea in order to fit the
inclusive xF distribution for a given reaction, e.g.,
pp→p1X, and expect that the relative normalizations of the
single quark distributions account for the desired proportion
of another process cross sections relative to thepp→p1X

cross section, as was made in Ref.@16#. Instead of it, and
since in the case ofpp→Lc

11X we do not know the total
cross section accurately, we simply fixa in order to normal-
ize to 1 theLc

1’s xF distribution as given by Eq.~7!, losing
the possibility to give predictions on the total inclusiveLc

1

cross section in recombination. Forms other than Eq.~10! for
the recombination function have been considered in the lit-
erature@17–19#. We have observed that the shape of the
inclusive cross section of Eq.~7! is practically insensitive to
the form of the recombination function as was pointed out in
conection withL0 production inpp collisions @16#.

Using Eqs.~8! and ~10! the invariantxF distribution for
Lc

1’s produced inclusively inpp collisions can be written as

2E
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L
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where we integrate out overx3. The parameters is fixed
with experimental data.

The inclusive production cross section of theLc
1 is ob-

tained by adding the contribution of recombination@Eq. ~11!#
to the QCD processes of Eq.~1!,

ds tot

dxF
5
dsPF

dxF
1
ds rec

dxF
. ~12!

The resulting inclusiveLc
1 production cross section

ds tot/dxF is plotted in Figs. 3~a! and 3~b! using the two
fragmentation function of Eqs.~5! and ~6! and compared

FIG. 3. ~a! xF distribution predicted by parton
fusion with a Peterson fragmentation function
~dashed line! and the sum of the QCD and the
conventional recombination contributions~solid
line!. ~b! xF distribution predicted by parton fu-
sion with a d fragmentation function~dashed
line! and the sum of the QCD and the conven-
tional recombination contributions~solid line!.
~c! xF distribution predicted by parton fusion plus
recombination~full line! and parton fusion plus
IC coalescence~dashed line! with the Peterson
fragmentation function.~d! Same as in~c! for
d-function fragmentation. Experimental data
~black dots! are taken from Ref.@3#.
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with experimental data inpp collisions from the CERN In-
tersecting Storage Rings~ISR! @3#. As we can see, the shape
of the experimental data is very well described by our model.
We use a factors50.92(0.72)mb for Peterson (d) frag-
mentation, respectively.

Although we are not able to explain the normalization of
the ISR data@we need a global factor of 1000 in Eq.~12!#, its
xF dependence is well described by our model.

III. Lc
1 PRODUCTION BY IC COALESCENCE

AND FRAGMENTATION

In a similar approach Vogt and Brodsky@7# calculated the
Lc

1 production inpp andpp collisions. The two-component
model they use consists of a parton fusion mechanism plus
coalescence of the intrinsic charm~IC! in the proton.

In Ref. @7# it is assumed thatLc
1 ’s can be produced by

coalescence of ac quark with aud diquark when the coher-
ence of auuudc c̄& Fock state of the proton breaks due to the
inelastic interaction with the target inpp→Lc

11X reactions.

For Lc
1 production inp2p collisions, au ūdc c̄& Fock state

of the pion is considered.
The frame-independent probability distribution of a five

particle state of the proton is@7,8#

dPIC

dxudxu8•••dxc̄
5N5as

4~Mc c̄
2

!
d~12S i5u

c̄ xi !

~mp
22S i5u

c̄ m̂i
2xi !

2
,

~13!

with N5 normalizing theuuudc c̄& state probability.
The intrinsic charmxF distribution is related toP

IC by @7#

ds IC

dxF
5spp

in m2

4m̂c
2E0

1

dxudxu8dxddxcdxc̄d~xF2xu2xd2xc!

3
dPIC

dxudxu8•••dxc̄
, ~14!

where the factorm2/4m̂c
2 is the result of the soft interaction

needed to break the coherence of the Fock state.spp
in is the

inelasticpp cross section.
In Ref. @7# an attempt is made to fix the soft scale param-

eter atm2;0.2 GeV2 by the assumption that the diffractive
fraction of the total cross section is the same for charmonium
and charmed hadrons. In this way they obtainspN

IC .0.7mb
in pN interactions at 200 GeV withPIC50.3%.

Since we want to compare the prediction of the IC model
for Lc

1 production in pp collisions at the ISR energy
As563 GeV, we prefer to fix the unknown productspp

in m2

with the experimental data.
The total inclusive cross section forLc

1 production in
pp collisions is then given by,

ds tot

dxF
5
dsPF

dxF
1r

ds rec
IC

dxF
1
ds frag

IC

dxF
, ~15!

wherer represents the fraction of IC production with respect
to parton fusion~see Ref.@7#!.

The prediction of the IC two-component model is plotted
in Figs. 3~c! and 3~d! for Peterson andd fragmentation, re-
spectively, and compared to the prediction of the recombina-
tion two-component model and experimental data from the
ISR @3#. We usem̂c51.8 GeV as quoted in Ref.@7# and
rspp

in m25270(320) ford ~Peterson! fragmentation in order
to fit the experimental data with the IC two-component
model. It must be mentioned that, as with the recombination
two-component model, the IC two-component model cannot
explain the abnormally high normalization of the ISR data
and a global factor of 1000 is needed in Eq.~15!.

IV. THE THOMAS PRECESSION MODEL
AND THE Lc

1 POLARIZATION

In the TPM the polarization of hadrons is a consequence
of the Thomas precession during the recombination process
@9#.

A L baryon is formed by the recombination of aud di-
quark in a spin statej5m50 and aQ quark originally
present in the sea of the projectile, so the spin of theL is
carried entirely by theQ quark.

Since the recombining quarks in the projectile must carry
a fraction of the outgoing hadron’s transverse momentum,
the Thomas precession appears due to the change in the lon-
gitudinal momentum of quarks as they pass from the projec-
tile to the final hadron.

In particular, if theLc
1 is produced through valence-

valence-sea recombination, since thex distribution of sea
quarks is very steep, theLc

1 must get most of its momentum
from the valenceud diquark. In this case thec sea quark
must be accelerated in passing from the proton sea to the
producedLc

1 and the latter must be negatively polarized due
to the Thomas precession.

On the other hand, if theLc
1 is produced by the coales-

cence mechanism, since thex distribution of the intrinsic
charm is hard, theLc

1 gets most of its momentum from the
intrinsic c quark, which must be decelerated in the recombi-
nation process and, consequently, theLc

1 is produced with
positive polarization@20#.

The amplitude for the production of aL of spin sW is
proportional to (DE1sW•vT

W ), where DE represents the
change in energy in going from the quarks to the final state
in absence of spin effects andvT

W;g/(11g)FW 3bW is the
Thomas frequency.

The polarization in the TPM is given by

P~p→L!52
12

DxM2

@123j~xF!#

@113j~xF!#2
pTL , ~16!

where

M25FmD
2 1pTD

2

12j~xF!
1
mq
21pTq

2

j~xF!
2mL

2 2pTL
2 G , ~17!

wheremD andmq are the masses andpTD andpTq the trans-
verse momenta of theud diquark andc quark, respectively,
mL and pTL the mass and transverse momentum of the
Lc , andj(xF)5^xQ&/xF the average momentum fraction of
theQ quark in the projectile.
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To give a quantitative prediction for the polarization,
DeGrand and Miettinen take a parametrization forj(xF) and
obtain a good description of experimental data@9#. We ex-
plicitly computej(xF) @20,21# using a recombination model

^j&~xF!5
^xq&
xF

5
*dxqxqds/dxqdxF

xFds/dxF
, ~18!

wherexF is the Feynmanx defined byxF52pL /As.
The production ofL̄c

2 would have a recombination com-
ponent which contributes with a smaller fraction to the total
cross section. This is a consequence of the fact that in a
proton beam the production of theL̄c

2 takes place through
the recombination of sea quarks only.

In the production mechanism via intrinsic charm theL̄c
2

can only be produced by thec-quark fragmentation in a five
particle Fock state. If a nine particle Fock state is considered
uuudc c̄u ūd d̄& as pointed out in@11#, the xc distribution
would not be as hard as that in the five particle Fock state.
Therefore the recombination would not decelerate thec̄
quark as it happens withc quark in theLc formation via
recombination. Henceforth, the two mechanisms predict zero
polarization for theL̄c

2 .

A. The polarization in a two-component model

The polarization is defined as

P~xF!5Fds↑
dxF

2
ds↓
dxF

G Y ds

dxF
, ~19!

where ds↑ /dxF , ds↓ /dxF , and ds/dxF are the spin up,
spin down, and total cross section, respectively. In a scenario
whereLc

1’s originate in two different processes one must
take into account the different contributions to the polariza-
tion.

The polarization of baryons in the TPM is the result of the
recombination process.Lc

1 produced by parton fusion and
fragmentation has been shown to have a very small polariza-
tion @20# which will be neglected here. We have,

ds tot

dxF
5
ds↓

rec

dxF
1
ds↑

rec

dxF
1
dsPF

dxF
. ~20!

We now define the fraction ofLc
1 produced by parton fusion

of the total ofLc
1’s produced as

g~xF!5FdsPF

dxF
G Y Fds tot

dxF
G ; ~21!

hence, from Eq.~12!,

dsPF

dxF
5

g~xF!

12g~xF!

ds rec

dxF
. ~22!

Using Eq.~22! we can rewrite Eq.~20! as

ds

dxF
5

1

12g~xF!
S ds↓

rec

dxF
1
ds↑

rec

dxF
D ~23!

and with the help of Eqs.~20! and~23! we obtain the polar-
ization

P~xF!5@12g~xF!#Fds↑
rec

dxF
2
ds↓
dxF

recG Y Fds↑
rec

dxF
1
ds↓

rec

dxF
G

~24!

or using Eq.~16!

P~xF!52@12g~xF!#
12

DxM2

@123j~xF!#

@113j~xF!#2
pTL ~25!

whereM2 is given by Eq.~17!. A similar reasoning gives the
same Eq.~25! for the polarization ofLc

1 produced by intrin-
sic charm coalescence. Theg(xF) for the two models are
shown in Fig. 4.

B. The Lc
1 polarization

In the coalescence of the intrinsic charm of the proton
with quarks in a Fock state, thexF distribution of theLc

1 is
given by Eq.~14!. So that, we can write

ds

dxcdxF
5~xF2xc!E

0

12xF
dxuS xc~12xu2xF!

xc112xu2xF
D 2. ~26!

If the recombination mechanism occurs among the di-
quarkud in the proton and thec quark from the proton’s sea
then, from Eq.~11!, we have

ds

dxcdxF
5E

0

xF2xc
dxuE

0

xF2xc2xu

3dxdxcF3~xu ,xd ,xc!R3~xu ,xd ,xc!. ~27!

In order to calculate the polarization of the producedLc
1’s,

we need the mean value ofj IC(rec)(xF) which is obtained by
replacing Eqs.~26! and ~27! into Eq. ~18! for each case,
respectively. Thej(xF) for these two processes are shown in
Fig. 5.

We calculate theLc
1 polarization given by Eq.~25! for

each production mechanism separately usingj(xF) as given
by Eq. ~18! with Eqs. ~27! and ~26! for recombination and
coalescence, respectively.

TheLc
1 polarization is plotted in Fig. 6 for the two mod-

els; parton fusion plus recombination and parton fusion plus

IC coalescence. As in Ref.@9# we use mD5 2
3 GeV,

^pT
2&D,c5

1
4 pTL

2 1^kT
2& with ^kT

2&50.25 GeV2 and Dx55
GeV21. We takemc51.5 GeV andmL

c
152.285 GeV.

V. CONCLUSIONS

We studied theLc
1 production inpp collisions in the

framework of two-component models. We used two different
versions of the two-component model and compared them.
As we can see in Figs.~3!~c! and ~3!~d!, both versions can
describe the shape of thexF distribution forLc

1’s produced
in pp collisions, but none of them can describe the abnor-
mally high normalization of the ISR data quoted in Ref.@3#.
At this point it is useful to mention that the normalization of
the ISR data has been the object of study in other publica-
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tions ~see, e.g., Ref.@22#! and none of them was able to
explain it. This discrepancy between theory and experiment
does not exist for charmed meson production, which is well
described both in shape and normalization with the parton
fusion mechanism plus intrinsic charm coalescence@11#. An
analysis of charmed meson production using parton fusion
and recombination is forthcoming@23#.

In pp interactions the intrinsic charm component seems to
be consistent with 1% or less of the total charm sea as
stressed in Ref.@24#. This suggests that the recombination of
valence andc-sea quarks may be an alternative mechanism
to explain the enhancement in thexF distribution at large
values.

The Thomas precession model predicts very different re-

FIG. 4. Fractiong(xF) of Lc
1 produced by

parton fusion and conventional recombination
~solid line! and IC recombination~dashed line!.
In ~a! thed and in~b! the Peterson fragmentation
function was used to describe the hadronization.

FIG. 5. j(xF) obtained from the conventional
recombination model~solid line! and from IC
coalescence~dashed line!.
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sults for theLc
1 polarization inpp collisions for the produc-

tion mechanisms discussed. Unfortunately, the only known
experimental measurement of theLc

1 polarization inpp col-
lisions @4# is not able to give the sign, then we cannot obtain
definitive conclusions about the production mechanisms of
theLc

1 . However, it is interesting to note that the measure-
ment quoted in Ref.@4# seems to be compatible with a high
value for theLc

1 polarization, despite the large experimental
errors, which may indicate that the TPM is not adequate to
describe the polarization of hadrons containing heavy
quarks. In this respect, it is interesting to note that the TPM
predicts small values for theLc

1 polarization because of its
big mass,@see Eqs.~16! and ~17!#. Moreover, the fact that
only a fraction of the total number ofLc

1’s produced origi-
nated in a recombination process, supresses the polarization
even more.

Another sensible test that can give information about the
production mechanisms of hadrons containing heavy quarks
is the measurement of hadron-antihadron production asym-
metries. In fact, since the parton fusion mechanism predicts a
very small asymmetry at NLO, the asymmetry observed ex-

perimentally in charmed hadron production must be pro-
duced by conventional recombination or the intrinsic charm
coalescence mechanism.

The Lc /L̄c asymmetry has been calculated inpp colli-
sions using the two-component model with intrinsic charm
coalescence@7#. In @7#, a factorr5100 is needed to describe
properly the asymmetry compared toPHYTIA. Such a very
high value for the parameterr seems unnatural because it
produces an enlargement of the intrinsic charm cross section
which cannot be easily explained. In addition, the intrinsic
charm two-component model is not able to describe the
shape of the experimentally observed asymmetry inD6 pro-
duction inp2p interactions@1#.
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