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QCD analysis of quark recombination for leading particle effect
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The quark recombination mechanism is proposed to explain the asymmetry between production rates ofD1

and ofD2 in their inclusive production, and also asymmetries for other charmed hadrons. These asymmetries
are observed in experiment and are called leading particle effects. In this work we give a general analysis for
contributions of quark recombination to these asymmetries. The contributions consist of a perturbative and
nonperturbative part. We perform two types of factorization by considering the produced hadron with a large
transverse momentum and by taking the charm quark as a heavy quark, respectively. In the case of the large
transverse momentum the effect of quark recombination is the standard twist-4 effect. We find that the contri-
butions are parametrized with four nonperturbative functions, defined with four quark operators at twist-4, for
initial hadrons without polarization. By taking the charm quark as a heavy quark the factorization can be
performed with the heavy quark effective theory~HQET!. The effect of quark recombination is in general
parametrized by eight nonperturbative parameters which are defined as integrals with the matrix elements of
four quark operators defined in HQET. For unpolarized hadrons in the initial state, the parameters can effec-
tively be reduced to four. The perturbative parts in the two types of factorization are calculated at the tree level.
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I. INTRODUCTION

Because the nonperturbative physics of QCD is still u
clear, a prediction of the inclusive hadroproduction of a h
ron cannot be made in general. However, if the produ
hadron has a large transverse momentumkt , one can predict
the differential cross section. According to the factorizati
theorem in QCD~see, e.g.,@1#!, the prediction takes the form
of a convolution with parton distributions for partons in th
initial hadrons, fragmentation functions of a produced par
decaying into the produced hadron, and perturbative fu
tions for partonic processes. The prediction is based on
leading terms in the so-called twist expansion. In the lead
terms twist-2 operators are used to define nonperturba
parts, i.e., parton distributions and fragmentation functio
It can be shown that the next-to-leading orders are s
pressed by certain power ofkt relatively to the leading order
At next-to-leading order, i.e., at the twist-4 level, vario
partonic processes can happen. The nonperturbative ef
are parametrized by matrix elements of twist-4 operators
this order, a produced meson can be formed by the recom
nation of two partons in an initial hadron. This is the s
called parton recombination model@2#, which is proposed to
predict the inclusive production of a meson with lowkt . The
recombination can also happen with one of the two part
involved in a partonic process. This has been studied in@3#.

If we take the produced hadron containing one hea
quark in a hadron collision, for example,D1, and neglect the
possiblec-quark content in the initial hadrons, then at lea
ing order of perturbative QCD theD1 production can be
understood as that acc̄ pair is produced via partonic pro
cesses, such asgg→cc̄ or qq̄→cc̄, and then thec-quark
fragments into theD1 meson. It is clear that the productio
0556-2821/2003/68~1!/014018~12!/$20.00 68 0140
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rate forD1 and forD2 is the same at this order. Experime
tally significant asymmetries between these production ra
for a class ofc-flavored hadrons have been observed a
have been called as leading particle effects. These effects
observed in fixed-target hadroproduction experiments for
production ofc-flavored hadrons@4–8# and also in photopro-
duction experiments@9–11#. Significant asymmetries are ob

served forD12D2, D02D̄0, and D* 12D* 2, while for
Ds

1 andLc
1 the asymmetries with large errors are consist

with zero. These asymmetries are large whenkt is small, for
D1 and D2 it can be;0.7 in the forward direction in ha-
droproduction. Theoretically, various explanations ex
@12,13#, e.g., these asymmetries can be generated by intri
charm in the initial hadrons, but the predicted asymmetr
are smaller than those in experiment. It should be noted
these asymmetries can also be generated at next-to-lea
order of perturbative QCD@14–17#; the predicted asymme
tries are too small to explain the observed asymmetries.

Recently, it has been suggested that these leading par
effects can be explained with quark recombination@18–20#.
In the E791 experiment@4# a p2 beam is scattered on
nuclear target, aD2 meson can be produced through qua
recombination of a producedc̄-quark with the valence quark
d in p2 after hard parton scattering, while aD1 meson can
be produced through quark recombination of a produ
c-quark with the sea quarkd̄ in p2. Because the distribution
of d andd̄ quarks inp2 is significantly different, it results in
that moreD2 are produced thanD1 in the forward direction.
Motivated by nonrelativistic QCD~NRQCD! factorization
@21#, the authors of@18–20# take a factorization approach fo
quark recombination, in which ac quark combines with ad̄
quark in the case for aD1 meson and the combinationcd̄ is
©2003 The American Physical Society18-1
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in the 1S0 or 3S1 state, i.e., the paircd̄ is formed as a

pseudoscalar state or vector state, thecd̄ is then inclusively

transformed into theD1. If the d̄ quark was a heavy quark
the above states would be dominant in the quark recomb

tion. However, thed̄ quark is a light quark; a NRQCD de

scription is not correct for it. It is possible that thecd̄ is
produced in a scalar, pseudovector, and tensor state and
transformed intoD1.

If one takes ac quark as a heavy quark, a factorizatio
different than that mentioned at the beginning can be p
formed with heavy quark effective theory~HQET! @22#. In
the heavy quark limitmc→`, the c-flavored hadron pro-
duced in a collision will carry the most momentum of th
producedc-quark which is transformed into the hadron aft
its production. This suggests a factorization for the prod
tion of the c-flavored hadron, and in this factorization th
production rate can be written as a product of the produc
rate of ac quark and a matrix element defined in HQE
corrections to this are suppressed by certain power ofmc

21 .
This factorization was used to predict heavy quark fragm
tation functions@23# and the spin alignment of a heavy m
son in its inclusive production@24#. With this factorization
predictions for these two cases are in good agreement
experiment ate1e2 colliders @23,24#.

In this work we will take this factorization to analyze th
possible source for generating leading particle effects.
find that in general thecd̄ pair can be first formed into the
states of scalar, pseudoscalar, vector, and pseudovector;
these states aD1 can be generated by emitting unobserv
states. Our final results consist of eight nonperturbative
rameters, which are defined with matrix elements of HQE
Corrections to our results are suppressed by the inverse
heavy quark mass. These parameters can be calculated
nonperturbative methods. For initial hadrons without pol
izations, these eight parameters can be effectively reduce
four because some perturbative coefficients of the parame
in their contributions to the production rate are the same
the initial hadrons are polarized, all perturbative coefficie
can be different; the number of parameters cannot be
duced. In the approach of@18–20# the contributions from the
quark recombination for an unpolarized initial state also c
tain four nonperturbative parameters, but their interpreta
is different than our four parameters obtained from the eff
tive reduction of the eight parameters. Our results hold
only for low kt , but also for highkt . If kt is large enough so
that all quark masses can be neglected, the standard fa
ization mentioned at the beginning can be performed. In
work we also perform an analysis for this case. This is si
lar to the analysis of twist-4 effects in deeply inelastic sc
tering @25#; however, our task here is simple, because
only need to analyze the contributions from twist-4 ope
tors, which are defined with 4-quark operators. These twi
operators are corresponding to those 4-quark operator
deeply inelastic scattering. In our final results for largekt ,
there are four nonperturbative functions defined with 4-qu
operators separating along the light cone. It should be no
that it is rather difficult to perform a factorization for th
01401
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relevant processes, in which hadrons are in the initial a
final state. We will assume that the factorization holds a
especially that the parton model can be used for initial h
rons. With this assumption we need only to consider
inclusive production of a hadron in a parton collision a
focus on the final hadron.

Our work is organized as the follows: In Sec. II we giv
our notations and analyze the quark recombination in
case with largekt where thekt is so large that all quark
masses can be neglected. The contribution to the differen
cross section is a convolution of perturbative functions
partonic process with nonperturbative functions defined w
4-quark operators. In Sec. III we analyze the quark recom
nation with the mentioned factorization with HQET, i
which nonperturbative parts are defined as matrix eleme
of HQET. There are eight nonperturbative parameters c
acterizing different states of a quark pair which is tran
formed into the produced hadron. We also show in detail t
these eight parameters in the case with unpolarized be
can be effectively reduced to four. Discussions of our res
are given. Section IV is our summary.

II. QUARK RECOMBINATION AT LARGE kt

AND THE TWIST-4 EFFECT

We will denote a heavy quark asQ and a heavy meson
containing one heavy quarkQ asHQ . The heavy mesonHQ

has a valence quarkq̄. As discussed in the Introduction w
will consider the production ofHQ in a parton collision and
an initial parton is a valence parton ofHQ . Neglecting pos-
sible heavy quark content in initial hadrons, the relevant p
ton process for quark recombination is

FIG. 1. Feynman diagrams for the amplitudeA.

FIG. 2. Diagram representation for Eq.~5!. In the figurek4

5k12k21k3, the dashed line is the cut; the thick lines below t
black box are for heavy quarks.
8-2



a
ro

a

tates

an

QCD ANALYSIS OF QUARK RECOMBINATION FOR . . . PHYSICAL REVIEW D68, 014018 ~2003!
g~p1!1q̄~p2!→HQ~k!1X, ~1!

where momenta are given in the brackets. We can alw
divide the unobserved state into a nonperturbatively p
duced partXN and a perturbatively produced partXP , i.e.,
X5XN1XP . At leading order ofas , XP is just an antiquark
Q̄. The scattering amplitude for the quark recombination c
be written

T5E d4k1

~2p!4
Ai j ~p1 ,p2 ,k1 ,p3!

3E d4x1e2 ik1•x1^HQ1XNuQ̄i~x1!qj~0!u0&, ~2!
01401
ys
-

n

where the indicesi , j stand for color and spin indices.Q̄(x1)
and q(0) are the fields ofQ and q, respectively.Ai j is the
amplitude for g(p1)1q̄(p2)→Q* (k1)1q̄* (kq)1Q̄(p3);
the asterisk means that the states are not on shell. If the s
are on shell, then the amplitude isū(k1) iv j (kq)Ai j with on-
shell conditions for corresponding partons. The Feynm
diagrams for the amplitudeAi j are given in Fig. 1. For the
process we define the variables

ŝ5~p11p2!2, t̂5~p22k!2. ~3!

The contribution from the process in Eq.~1! to the differ-
ential cross section is
nitial
one can

part, i.e.,
., the

position
dsR5
1

2ŝ
(
XN

d3k

~2p!32k0E d3p3

~2p!32p3
0 ~2p!4d4~p11p22k2p32PXN

!

3E d4k1

~2p!4

d4k2

~2p!4
Ai j ~p1 ,p2 ,k1 ,p3!„g0A†~p1 ,p2 ,k2 ,p3!g0

…kl

3E d4x1d4x2e2 ik1•x11 ik2•x2^0uq̄k~0!Ql~x2!uHQ1XN&^HQ1XNuQ̄i~x1!qj~0!u0&, ~4!

where we use the subscribeR to denote the contribution from quark recombination, the average of spin and color of i
partons is implied. IfHQ has nonzero spin, the summation over the spin is understood. Using translational covariance
eliminate the sum overXN . We defineaHQ

† as the creation operator forHQ and we obtain

dsR5
1

2ŝ

d3k

~2p!32k0E d3p3

~2p!32p3
0
•E d4k1

~2p!4

d4k2

~2p!4
Ai j ~p1 ,p2 ,k1 ,p3!~g0A†~p1 ,p2 ,k2 ,p3!g0!kl

3E d4x1d4x2d4x3e2 ik1•x11 ik2•x22 ix3•k3^0uq̄k~0!Ql~x2!aHQ

† ~k!aHQ
~k!Q̄i~x1!qj~x3!u0&, ~5!

with k35p11p22k12p3 as the momentum ofq̄ after the hard scattering in the amplitudeAi j (p1 ,p2 ,k1 ,p3). This contribu-
tion can be conveniently represented by the diagram in Fig. 2, where the lower part represents the perturbative
Ai j (p1 ,p2 ,k1 ,p3)„g0A†(p1 ,p2 ,k2 ,p3)g0

…kl , the upper part with the black box represents the nonperturbative part, i.e
Fourier transformed matrix element in the second line of the above equation.

The factorization can be performed by decomposing the color and Dirac indices of the matrix element. The decom
of color indices of the matrix element can be performed in a straightforward way and one can identify that theQq̄ pair is in
a color singlet or a color octet. We denote the color-singlet and color-octet contributions asdsR

(1) anddsR
(8) , respectively, and

dsR5dsR
(1)1dsR

(8) . ~6!

The contributions read

dsR
(1)5

1

2ŝ

d3k

~2p!32k0E d3p3

~2p!32p3
0
•E d4k1

~2p!4

d4k2

~2p!4

1

9
TrAi j ~p1 ,p2 ,k1 ,p3!Tr„g0A†~p1 ,p2 ,k2 ,p3!g0

…kl

3E d4x1d4x2d4x3e2 ik1•x11 ik2•x22 ix3•k3^0uq̄k~0!Ql~x2!aHQ

† ~k!aHQ
~k!Q̄i~x1!qj~x3!u0&, ~7!
8-3
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dsR
(8)5

1

2ŝ

d3k

~2p!32k0E d3p3

~2p!32p3
0
•E d4k1

~2p!4

d4k2

~2p!4

1

2
TrTbAi j ~p1 ,p2 ,k1 ,p3!Tr„Tbg0A†~p1 ,p2 ,k2 ,p3!g0

…kl

3E d4x1d4x2d4x3e2 ik1•x11 ik2•x22 ix3•k3^0uq̄k~0!TaQl~x2!aHQ

† ~k!aHQ
~k!Q̄i~x1!Taqj~x3!u0&. ~8!
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In the above equations the traces are taken over color ind
and the indicesi , j ,k,l stand only for Dirac indices.

In this section we will consider the case where the tra
verse momentumkt of the produced hadron is very larg
and all quark masses can be neglected. To evaluate the
tributions we take a frame in which thez direction is the
moving direction ofHQ and define a light-cone coordina
system in which a vectorV is expressed with componen
Vm(m50,1,2,3) in the usual coordinate system as

Vm5~V1,V2,V1,V2!5S V01V3

A2
,
V02V3

A2
,V1,V2D . ~9!

We also introduce two light-cone vectors:

nm5~0,1,0,0!, l m5~1,0,0,0!. ~10!

The momentumk reads

km5~k1,k2,0,0!5S k1,
MHQ

2

2k1
,0,0D '~k1,0,0,0!5k1l m.

~11!

The x dependence of the matrix elements in Eq.~7! and
Eq. ~8! is controlled by different scales. Thex2 dependence
is controlled by the large scalek1, while thex1 dependence
is controlled by the small scalek2 or LQCD ; the x1 andx2

dependences are controlled byLQCD . Therefore, as an ap
proximation one can neglect the dependence ofx2, x1 and
x2. Corrections to this can be systematically added. This
sults in the so-called collinear expansion. The leading or
of the expansion is to set
01401
es

-
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m5~zik

1,0,0,0!5zik
1l m, for i 51,2,3, ~12!

in the amplitudeA andA†. Taking the color singlet in Eq.~7!
as an example, we obtain

dsR
(1)5

1

2ŝ

d3k

~2p!32k0E d3p3

~2p!32p3
0
•E dz1

~2p!

dz2

~2p!

3~k1!2~2p!3d2
3 ~p11p22k12p3!

3
1

9
TrAi j ~p1 ,p2 ,z1k1l ,p3!

3Tr„g0A†~p1 ,p2 ,z2k1l ,p3!g0
…kl

3E dx1
2dx2

2dx3
2e2 ik1(z1x1

2
2z2x2

2
1z3x3

2)

3^0uq̄k~0!Ql~x2
2n!aHQ

† ~k!aHQ
~k!

3Q̄i~x1
2n!qj~x3

2n!u0&, ~13!

where d2
3 (q)5d(q2)d(q1)d(q2). With Eq. ~12! the vari-

ablezi
21( i 51,2,3) is just the momentum fraction of parton

carried byHQ . Because of the momentum conservation th
are bounded, for example,zi.1 for i 51,2,3. Now the de-
composition of the Dirac indices can be performed. We w
only keep the leading terms, i.e., the twist-4 terms. The
composition reads
k1E dx1
2

~2p!

dx2
2

~2p!

dx3
2

~2p!
e2 ik1(z1x1

2
2z2x2

2
1z3x3

2)^0uq̄k~0!Ql~x2
2n!aHQ

† ~k!aHQ
~k!Q̄i~x1

2n!qj~x3
2n!u0&

5~g2! j i ~g2! lkT 1
(1)~z1 ,z2 ,z3!1~g2g5! j i ~g2g5! lkT 2

(1)~z1 ,z2 ,z3!1~ is2m! j i ~ is2m! lkT 3
(1)~z1 ,z2 ,z3!1•••, ~14!

where ••• denotes the terms with twist higher than 4. The sum over the indexm runs from 1 to 2. The functionsTi( i
51,2,3) are defined as

T 1
(1)~z1 ,z2 ,z3!5

k1

16E dx1
2

2p

dx2
2

2p

dx3
2

2p
e2 ik1(z1x1

2
2z2x2

2
1z3x3

2)^0uq̄~0!g1Q~x2
2n!aHQ

† aHQ
Q̄~x1

2n!g1q~x3
2n!u0&,

T 2
(1)~z1 ,z2 ,z3!5

k1

16E dx1
2

2p

dx2
2

2p

dx3
2

2p
e2 ik1(z1x1

2
2z2x2

2
1z3x3

2)^0uq̄~0!g1g5Q~x2
2n!aHQ

† aHQ
Q̄~x1

2n!g1g5q~x3
2n!u0&,
8-4
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T 3
(1)~z1 ,z2 ,z3!5

k1

16E dx1
2

2p

dx2
2

2p

dx3
2

2p
e2 ik1(z1x1

2
2z2x2

2
1z3x3

2)^0uq̄~0!is1 iQ~x2
2n!aHQ

† aHQ
Q̄~x1

2n!is1 iq~x3
2n!u0&.

~15!

These three functions represent the nonperturbative effects related to the produced hadron. They are invariant under
boost along the moving direction ofHQ . The dimension of these functions are 2 in mass, hence they are proportio
LQCD

2 . With these results we obtain

dsR
(1)5

1

2ŝ

d3k

~2p!22k0E d3p3

~2p!32p3
0
•E dz1

z1

dz2

z2
~2p!3d2

3 ~p11p22k12p3!

3
1

9k1
$Tr„g•k1A~p1 ,p2 ,k1 ,p3!…Tr„g•k2g0A†~p1 ,p2 ,k2 ,p3!g0

…•T 1
(1)~z1 ,z2 ,z3!

1Tr„g•k1g5A~p1 ,p2 ,k1 ,p3!…Tr„g•k2g5g0A†~p1 ,p2 ,k2 ,p3!g0
…•T 2

(1)~z1 ,z2 ,z3!

1Tr„ism ik1mA~p1 ,p2 ,k1 ,p3!…Tr„ism ik2mg0A†~p1 ,p2 ,k2 ,p3!g0
…•T 3

(1)~z1 ,z2 ,z3!%. ~16!

For the color-octet contributions we obtain

dsR
(8)5

1

2ŝ

d3k

~2p!22k0E d3p3

~2p!32p3
0
•E dz1

z1

dz2

z2
~2p!3d2

3 ~p11p22k12p3!•
1

2k1

3$Tr„g•k1TaA~p1 ,p2 ,k1 ,p3!…Tr„g•k2g0TaA†~p1 ,p2 ,k2 ,p3!g0
…•T 1

(8)~z1 ,z2 ,z3!

1Tr~g•k1g5TaA~p1 ,p2 ,k1 ,p3!!Tr~g•k2g5g0TaA†~p1 ,p2 ,k2 ,p3!g0!•T 2
(8)~z1 ,z2 ,z3!

1Tr~ ism ik1mTaA~p1 ,p2 ,k1 ,p3!!Tr~ ism ik2mg0TaA†~p1 ,p2 ,k2 ,p3!g0!•T 3
(8)~z1 ,z2 ,z3!%, ~17!
e

m

l
led

here
to

n-
with ki5zik
1l . The definitions for the functions

T i
(8)(z1 ,z2 ,z3)( i 51,2,3) can be obtained by replacing th

color matrix 1̂ 1 with Ta
^ Ta in the definitions for

T i
(1)(z1 ,z2 ,z3)( i 51,2,3), respectively.
The integration over phase space can be easily perfor

in the center-of-mass frame. Consider the integral

E d3k

~2p!32k0E d3p3

~2p!32p3
0
•~2p!3

3d2
3 ~p11p22k12p3!•

1

k1
. ~18!

Because the only nonzero component ofk1 is k1
1 , k1 can be

set zero in thed2 function. The integration overp3 can be
done with thed2 function. We insert in the above integra
the identity:

E dz3k1d~p1
11p12z1k12z3k1!51

5E dz3A2ukudSAŝ

A2
2A2~z11z3!uku D , ~19!
01401
ed

and obtain the phase space integral as

E d3k

~2p!32k0E d3p3

~2p!32p3
0
•~2p!3

3d2
3 ~p11p22k12p3!•

1

k1

5
1

4~2p!2ŝ
E d t̂E dz3•

1

~z11z3!2
. ~20!

With this we can express our results fords/d t̂. The remain-
der of the calculations are straightforward. Without detai
calculation one can find that the coefficient ofT 3

( i ) is zero;
the reason is that we consider unpolarized hadron beams
and the polarizations of initial partons are averaged. Due
helicity conservation, the coefficient must be zero. If we co
sider polarized hadron beams,T 3

( i ) can lead to a nonzero
contribution. With the structure ofT 1

( i ) andT 2
( i ) one can also

find that the coefficients ofT 1
( i ) andT 2

( i ) are the same. Finally
we have
8-5



CHANG, MA, AND SI PHYSICAL REVIEW D 68, 014018 ~2003!
dsR
(1)

d t̂
~ ŝ, t̂ !5

2pas
31

243ŝ2 E dz1

z1

dz2

z2

dz3

z3

1

~z11z3!2

T 1
(1)1T 2

(1)

~z12z21z3!~ ŝ1 t̂ !
H ŝ2

t̂2
~9z11z3!~z118z21z3!

1
ŝ

t̂
@27z1

21297z1z2129z1z3125z2z312z3
2#1

4 t̂2

ŝ2
@81z3~z32z2!1z1~25z2181z3!#

2
4 t̂

ŝ
@81z1

219z3~8z21z3!1z1~90z3286z2!#2144z1
21469z1z22179z1z32109z2z3235z3

2J , ~21!

dsR
(8)

d t̂
~ ŝ, t̂ !5

pas
3

162ŝ2E dz1

z1

dz2

z2

dz3

z3

1

~z11z3!2

T 1
(8)1T 2

(8)

~z12z21z3!@ ŝ1 t̂ #
H ŝ2

t̂2
@63z1

21z3~z2162z3!1z1~9z21125z3!#

1
ŝ

t̂
@207z1

2199z1z21331z1z3183z2z31124z3
2#1

7 t̂2

ŝ2
@45z3~z32z2!1z1~41z2145z3!#

2
4 t̂

ŝ
@81z1

219z3~z218z3!1z1~153z32148z2!#218z1
215z1~79z2247z3!1z3~199z22217z3!J . ~22!
e
th
f

d
th

e

ot

le

rge
Similarly for the process

g~p1!1q̄~p2!→HQ~k!1X, ~23!

we have

ds̃R
( i )

d t̂
~ ŝ, t̂ !5

pas
2a

3ŝ2 E d t̂E dz1

z1

dz2

z2

dz3

z3

1

~z11z3!2

3
C ( i )eQ

2 $T 1
( i )1T 2

( i )%

~z12z21z3!

3H @ t̂2z1z21 ŝ2z3~z12z21z3!#

t̂2~ ŝ1 t̂ !
F11k

t̂

ŝ
G 2J ,

~24!

whereeQ (eq) is the charge of the heavy~light! quark and

k5
eq

eQ
, C (1)5

256

27
, C (8)5

8

9
. ~25!

With these results one can predict the leading particle
fect in hadron collision and photoproduction. We denote
antiparticle of HQ as H̄Q . Because of the symmetry o
charge conjugation, the differential cross section forg(p1)
1q(p2)→H̄Q(k)1X is the same as given above. The lea
ing particle effect is generated by the asymmetry between
distributions ofq and q̄. We consider the production in th
hadron collision:

A~P1!1B~P2!→HQ~k!1X,

A~P1!1B~P2!→H̄Q~k!1X, ~26!
01401
f-
e

-
e

where A and B are the initial hadrons, whose spin is n
observed. We define the variables

s5~P11P2!2, t5~P22k!2, u5~P12k!2. ~27!

The leading particle effect can be predicted as

ds

dt
~HQ!2

ds

dt
~H̄Q!

5E dx1dx2f g/A~x1!@ f q̄/B~x2!2 f q/B~x2!#•
dsR

d t̂

3~ ŝ5x1x2s, t̂5x2t !1E dx1dx2f g/B~x2!

3@ f q̄/A~x1!2 f q/A~x1!#•
dsR

d t̂
~ ŝ5x1x2s, t̂5x1u!,

~28!

wheredsR is the sum of contributions given in Eq.~21! and
Eq. ~22!, and f a/A(x) is the distribution for partona in had-
ron A. Similarly, one can also obtain the leading partic
effect in photoproduction. ReplacingA with a photon in Eq.
~26!, we obtain

ds

dt
~HQ!2

ds

dt
~H̄Q!

5E dx1@ f q̄/B~x1!2 f q/B~x1!#•
ds̃R

d t̂
~ ŝ5x1s, t̂5x1t !,

~29!

whereds̃R5ds̃R
(1)1ds̃R

(8) . If A is the antiparticle ofB, then
the leading particle effect vanishes because of the cha
8-6
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conjugation symmetry. Since the nonperturbative functio
T i

(1) andT i
(8) for i 51,2 are unknown, numerical prediction

cannot be made. These functions may be studied with n
perturbative methods or extracted from experimental resu
they are universal as parton distributions. Once they
known, one can make numerical predictions. Our results h
hold for the case with large transverse momentum of
produced hadron, i.e., fors→` andt→`, but with the ratio
t/s being fixed, one obtains the power behavior

ds

dt
~HQ!2

ds

dt
~H̄Q!;

1

s3
, ~30!

in comparison with the production at the twist-2 level

ds

dt
~HQ!;

ds

dt
~H̄Q!;

1

s2
. ~31!

Hence, the leading particle effect through quark recombi
tion is suppressed in comparison to the production rate b
factor s21, which is typical for twist-4 effects.

In @3# contributions from quark recombination to inclu
sive p production are studied. Partonic processes likegq̄
→pg andgq→qp are calculated by taking a wave functio
at leading twist forp. This is different than our approach.
one only keeps the contribution fromT 2

(1) in Eq. ~21! and
neglects all other contributions, and then forT 2

(1) one uses
the approximation of vacuum saturation to write it in term
thep wave function at leading twist, our approach is equiv
lent to that in @3#. It is clear that there are no reasons
neglect other contributions and to use the approximation
vacuum saturation. In@3# the results are given by taking th
asymptotic form of the wave function, where the integrati
over the momentum fraction as the variable of the wa
function is performed analytically. This prevents us from
direct comparison with our results. From our results it
clear that the effect of quark recombination is characteri
by two nonperturbative functions, effectively for unpolariz
beams, while for polarized beams there are in general
nonperturbative functions.

III. HQET FACTORIZATION FOR
QUARK RECOMBINATION

In this section we will use nonrelativistic normalizatio
for HQ and heavy quarksQ. If the pole massmQ of the
heavy quarkQ is heavy enough, one can expand the hea
quark fieldQ(x) with the field in HQET@22#:

Q~x!5e2 imQv•x
•$h~x!1O~mQ

21!%1•••,
01401
s

n-
s;
re
re
e

-
a

f
-

f

e

d

ix

y

Q̄~x!5e1 imQv•x
•$h̄~x!1O~mQ

21!%1•••,
~32!

wherev is the four velocity ofHQ , i.e.,v5k/MHQ
. h(x) is

the field of HQET and depends onv implicitly; the •••

denotes the part of antiquark. The fields have the follow
properties:

v•gh~x!5h~x!, h̄~x!v•g5h̄~x!. ~33!

For mQ→` the most momentum of a producedQ is carried
by HQ , where the produced heavy quarkQ combines with
other light quarks and gluons to form the hadronHQ . Using
this fact and HQET one can expand the cross section
production of HQ in LQCD /mQ . Following the proposed
factorization in@23,24#, the production rate at leading orde
of LQCD /mQ is a product of the production rate ofQ with a
matrix element defined in HQET, the momentum ofHQ is
approximated by the momentum ofQ and MHQ

'mQ . For

example, in the production ofHQ via gluon fusion, i.e.,g
1g→HQ1X, the differential cross section can be written

ds~g1g→HQ1X!5ds~g1g→Q1X!•
1

6

3^0uTrhaHQ

† aHQ
h̄u0&•H 11OS LQCD

2

mQ
2 D J , ~34!

where the matrix element is defined in the rest frame ofHQ .
The above equation has a close correspondence to the i
sive decay ofHQ with the factorization; the correspondin
matrix element for the inclusive decay ofHQ equals 1 be-
cause of the flavor conservation of HQET. It leads to the w
known result@22#

G~HQ→X!5G~Q→X!•H 11OS LQCD
2

mQ
2 D J . ~35!

At the next-to-leading order for the decay width the nonp
turbative effect is represented by dimension 5 operators;
responding operators for production can also be found. Th
operators are bilinear in quark fields. Going beyond this
der, i.e., at the order ofmQ

23 , one will encounter four quark
operators, these 4-quark operators represent the nonpert
tive effect for quark recombination.

For the contributions from quark recombination, we n
glect higher orders in Eq.~32!. The color-singlet contribution
reads
dsR
(1)5

1

2ŝ

d3k

~2p!3E d3p3

~2p!3
•E d4k1

~2p!4

d4k2

~2p!4

1

9
TrAi j ~p1 ,p2 ,k1 ,p3!Tr~g0A†~p1 ,p2 ,k2 ,p3!g0!kl

3E d4x1d4x2d4x3e2 ik1•x11 ik2•x22 ix3•k32 imQv•x21 imQv•x1^0uq̄k~0!hl~x2!aHQ

† ~k!aHQ
~k!h̄i~x1!qj~x3!u0&. ~36!
8-7
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Now the space-time dependence of the matrix element is controlled by the small scaleLQCD , reflecting the fact that the mos
momentum ofQ is carried by the hadronHQ , the difference between the momentum ofQ and that ofHQ is order ofLQCD .
At first look, one may neglect the space-time dependence as an approximation, used in deriving Eq.~34! or Eq. ~35!. This
implies that the light antiquarkq̄ will have zero momentum after scattering. It results in that the amplitudeA will be divergent
because of the gluon propagator attached toq̄ in Fig. 1. To have meaningful predictions one cannot neglect the space
dependence here. The momentum ofq̄ is of order ofLQCD ; one can expand the amplitude in this momentum. This appro
is used in@18–20#. We will use the approach here to regularize the divergence. For doing this we write the variablesxi as

xi
m5v•xiv

m1xTi
m 5v iv

m1xTi
m , for i 51,2,3. ~37!

Momenta can also be decomposed similarly as above. The dependence of the matrix element onxTi( i 51,2,3) can be safely
neglected, and we have

dsR
(1)5

1

2ŝ

d3k

~2p!3E d3p3

~2p!3
~2p!3d3~pT11pT22pT3!E dh1

2p

dh2

2p

1

9
TrAi j ~p1 ,p2 ,k1 ,p3!Tr„g0A†~p1 ,p2 ,k2 ,p3!g0

…kl

3E dv1dv2dv3e2 ih1•v11 ih2•v22 ih3•v3^0uq̄k~0!hl~v2v !aHQ

† ~k!aHQ
~k!h̄i~v1v !qj~v3v !u0&, ~38!

with

k15~mQ1h1!v, k25~mQ1h2!v, k35h3v. ~39!

To separate the divergences more clearly, we use translational invariance for the matrix element to shift the variable
with 2v2v, and rearrange the variables asv2→2v2 , v32v2→v1 , v12v2→v3 and h11h32h2→h2 , h1→h3 , h3
→h1. After this rearrangement the momentumki reads

k15~mQ1h3!v, k25„mQ1~h31h12h2!…v, k35h1v. ~40!

The light quarkq̄ carries the momentumh1v and h2v in the amplitudeA and A†, respectively. Now we observe that fo
h3→0 the amplitudeA andA† is finite, while forh1→0 andh2→0 they are divergent, respectively. We expand the amplit
A andA†, respectively, inh1v andh2v and only keep the leading terms in the expansion inh1 ,h2 andh3, i.e.,

Ai j 5
Ti j

h1
~11••• !, Ai j

† 5
Ti j

†

h2
~11••• !, ~41!

whereTi j andTi j
† do not depend onh1 , h2, andh3. Using Eq.~41! the integral overh3 andv3 can be performed and w

obtain

dsR
(1)5

1

2ŝ

d3k

~2p!3E d3p3

~2p!3
~2p!3d3~pT11pT22pT3!E dh2

2p

1

9h1h2
Tr Ti j ~p1 ,p2 ,mQv,p3!Tr„g0T†~p1 ,p2 ,mQv,p3!g0

…kl

3E dv1dv2e1 ih2v22 ih1•v1^0uq̄k~v2v !hl~0!aHQ

† ~k!aHQ
~k!h̄i~0!qj~v1v !u0&. ~42!

The Dirac indices of the Fourier transformed matrix element can be decomposed. In general there are many terms.
property in Eq.~33! the number of terms can be reduced greatly and we have only four terms:

v0E dv1

2p

dv2

2p
e2 ih1•v11 ih2•v2

•^0uq̄k~v2v !hl~0!aHQ

† ~k!aHQ
~k!h̄i~0!qj~v1v !u0&

5~Pv! j i ~Pv! lkW 1
(1)~h1 ,h2!2~g5Pv! j i ~Pvg5! lkW 2

(1)~h1 ,h2!

2~gT
mPv! j i ~PvgTm! lkW 3

(1)~h1 ,h2!2~gT
mg5Pv! j i ~PvgTmg5! lkW 4

(1)~h1 ,h2!, ~43!

where

gT
m5gm2v•gvm, Pv5

11g•v
2

~44!
014018-8
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and the functions are defined in the rest frame ofHQ . By using matrix elements in the rest frame the factorv0 in Eq. ~43!
appears because of the nonrelativistic normalization of the state. The functions are

W 1
(1)~h1 ,h2!5

1

4E dv1

2p

dv2

2p
e2 ih1•v11 ih2•v2

•^0uq̄~v2v !h~0!aHQ

† aHQ
h̄~0!q~v1v !u0&,

W 2
(1)~h1 ,h2!52

1

4E dv1

2p

dv2

2p
e2 ih1•v11 ih2•v2

•^0uq̄~v2v !g5h~0!aHQ

† aHQ
h̄~0!g5q~v1v !u0&,

W 3
(1)~h1 ,h2!52

1

12E dv1

2p

dv2

2p
e2 ih1•v11 ih2•v2

•^0uq̄~v2v !gT
nh~0!aHQ

† aHQ
h̄~0!gTnq~v1v !u0&,

W 4
(1)~h1 ,h2!52

1

12E dv1

2p

dv2

2p
e2 ih1•v11 ih2•v2

•^0uq̄~v2v !gT
ng5h~0!aHQ

† aHQ
h̄~0!gTng5q~v1v !u0&. ~45!
th

lik

-
s

rs
ters
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In the above definitions the operatoraHQ
createsHQ in its

rest frame. For the color-octet matrix element one has
same decomposition as in Eq.~43! with the functions
W i

(8)(h1 ,h2 ,h3) with i 51, . . . ,4. Thedefinition of these
functions are obtained by replacing the color matrix 1^ 1
with Ta

^ Ta in the above equation.
To express our results as the differential cross section

ds/d t̂ we need to consider the phase-space integral

E d3k

~2p!3
•

d3p3

~2p!3
~2p!3d3~pT11pT22pT3!. ~46!

Becausep11p22k12k32p3 we can insert the identity

E dh1d„v•~p11p22mQv2h1v2p3!…51, ~47!

where we neglecth3 in Eq. ~40! and the momentumk of HQ
is approximated byk5mQv1h1v. The d function in Eq.
~47! combining thosed functions in Eq.~46! gives the usual
d functions d4(p11p22k2p3) for momentum conserva
tion, then the phase-space integral can be calculated as u
We obtain:
01401
e

e

ual.

E d3k

~2p!3
•

d3p3

~2p!3
~2p!3d3~pT11pT22pT3!

'
mQ

8p2Aŝ
E d t̂dh1v0, ~48!

where we usek'mQv. Our results contain 8 paramete
which represent nonperturbative effects. These parame
are defined as integrals with the functionsW i

(1,8)( i
51, . . .,4):

wi
(1,8)5

1

mQ
3 E dh1

h1

dh2

h2
W i

(1,8)~h1 ,h2!. ~49!

These parameters are dimensionless. At first look, they m
scale asLQCD

3 /mQ
3 . But, the dominant contribution of the

integrals comes from the region whereh1;h2;LQCD , re-
flecting the fact that the light antiquarkq̄ carries a small
fraction of the momentum ofHQ . This results in that the
parameterswi

(1,8)( i 51,2,3,4) scale asLQCD /mQ . With these
parameters our results for the processg1q̄→HQ1X are

dsR
( i )

d t̂
~ ŝ, t̂ !5

pas
3mQ

2

ŝ2 (
j 51

4

wj
( i )B j

( i ) , ~50!

where
B 1
(1)5B 2

(1)5
4

81ŝ
H mQ

2 @127T2216ŝT264ŝ2#

T3
2

64U

ŝ
2

16mQ
4 ŝ

UT2 S 12
8U

T D J ,

B 3
(1)5B 4

(1)5
1

81ŝ
H 2

mQ
2

T F191
4 T2

U2
2

28T

U
1

368U

T
2

64U2

T2 G2
64U

ŝ
F11

2U2

T2 G2
48mQ

4 ŝ~8ŝ19T!

T3U
J , ~51!

B 1
(8)5B 2

(8)5
2

27ŝ
H mQ

4 ŝ~8ŝ218ŝT19T2!

T3 U2
2

mQ
2

2T F792
18T2

U2
1

14U

T
1

8 U2

T2 G2
4ŝ22 ŝT14T2

ŝU
J ,
8-9
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B 3
(8)5B 4

(8)5
2

27ŝ
H 2

U

ŝ
F221

9T

U
1

18U

T
1

9T2

U2
1

8U2

T2 G2
mQ

2

2T F2331
266T2

U2
1

316T

U
1

10U

T
2

8U2

T2 G
1

3mQ
4 ŝ

UT2 F81
9T

U
1

8U

T G J , ~52!

with

T5 t̂2mQ
2 , U52 ŝ2T. ~53!

Similarly for the processg1q̄→HQ1X, we have

ds̃R
( i )

d t̂
~ ŝ, t̂ !5

2paas
2eQ

2 mQ
2

3ŝ2
C ( i )(

j 51

5

wj
( i )B̃j , ~54!

where

B̃15B̃25
1

4ŝ
H 2mQ

4 ŝ3

T3U2 S 11k
T

ŝ
D 1

mQ
2 ŝ

U2 F2~11k!ŝ

T
14k1

k2T

ŝ
2

ŝ3

T3G2
~ ŝ1k ŝT!2

ŝU
J ,

B̃35B̃45
1

4ŝ
H mQ

2 ŝ

U2 F4k~31k!1
s3

T3
1

4~21k!s2

T2
1

2~317k!s

T
1

3k2T

s G1
6mQ

4 ŝ2~ ŝ1kT!

T3U2

2
ŝ

U F S 11
kT

ŝ
D 2S 11

2U2

T2 D G J , ~55!
-

a
ar

in
t
pa

ou

n

ur
d

o

ns
. To
ron

tive
d

tion
ad

s of

nt
oef-
m-
ec-
in-
nal
ec-

n-
with C (1,8) given in Eq.~25!. In the above results polariza
tions of initial states are averaged.

Our results contain eight parameters in general which
defined as integrals with matrix elements of HQET. They
universal, i.e., they do not depend on a specific process. W
our results one can check that the ratio is a constant:

ds~g1q̄→HQ1X!

ds~g1g→HQ1X!
U

t̂→2u t̂ umin

;const, ~56!

i.e., the ratio does not depend onŝ, hence the contribution
from the quark recombination is not suppressed by the
verse of certain powers ofŝ, and it can give a significan
contribution. This contribution is only suppressed by the
rameters given in Eq.~49!.

The eight parameters can be effectively reduced to f
because of the property ofB 1

(1,8)5B 2
(1,8) andB 3

(1,8)5B 4
(1,8) .

One can show this property without explicit calculatio
With the expansion in Eq.~41! the last diagram in Fig. 1. will
not contribute. Taking any contribution from the first fo
diagrams in Fig. 1, e.g., the interference between amplitu
from Fig. 1~a! and Fig. 1~b!, the coefficient ofw1

(1) can be
written as a trace:

B 1
(1);Tr$•••Ig•p2I •••%, ~57!

where••• denote polynomials of products ofg matrices and
I denotes a 434 unit matrix coming from Eq.~43!. Since we
do not observe the polarization of initial hadrons, the spin
01401
re
e
ith

-

-

r

.

es

f

the initial light quark q̄(p2) is averaged; it results in the
factor g•p2. The same leads to the coefficient ofw2

(1) :

B 2
(1);Tr$•••~2g5!g•p2g5•••%. ~58!

It is clear that both coefficient are the same. If initial hadro
are polarized, the coefficients are in general not the same
illustrate this, we consider the case where only the had
containing the light quarkq̄(p2) is transversally polarized
with the polarization vectorST

m and another initial hadron is
unpolarized. In this case spin-dependent parts of perturba
coefficients, denoted asB si

(1,8)( i 51,2,3,4), can be calculate
by replacingg•p2 with ismng5p2

mST
n . The contribution to

the spin-dependent part of the cross section is a convolu
with the so-called transversity distribution function inste
of the usual parton distribution functions@26#. With the re-
placement one can easily find that spin-dependent part
perturbative coefficients have the propertiesB s1

(1,8)52B s2
(1,8)

and B s3
(1,8)52B s4

(1,8) , in contrast to the spin-independe
part. Hence, if the spin-dependent parts of perturbative c
ficients are not zero, we will have 8 nonperturbative para
eters which lead to different contributions to the cross s
tion. With symmetries one can also identify when these sp
dependent parts are zero in this case. With the rotatio
symmetry, the spin-dependent part of differential cross s
tions consists of two parts: one is proportional toST•k while
another is proportional toST•(P3k), whereP is the three-
momentum of the polarized hadron. If the parity is co
served, the term proportional toST•k is zero. With the time-
8-10
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reversal symmetry one can show that the term proportio
to ST•(P3k) is zero if no absorptive parts are in amplitude
Further, one can show with arguments from chirality that
two terms are proportional tomQ . Therefore, in the case
considered here, we will have effectively only four para
eters, provided that there is no parity-violating interacti
and absorptive part in partonic processes. Since pa
violating interactions can be involved and an absorptive p
can also appear beyond tree level, we have in general e
parameters in differential cross sections. Similarly, one
also show that the eight parameters lead to different con
butions in the case if all initial hadrons are polarized.
should be noted that in the above discussion the polariza
of the final hadron, if it is not spinless, is summed.

Because all these parameters are unknown, a nume
prediction cannot be made. As an estimation, one may
vacuum saturation forwi

(1)( i 51,•••,4), i.e., the color singlet
parts, to relate them to wave functions ofHQ . However, the
approximation of the vacuum saturation is not well est
lished becauseq̄ is a light quark, and also the approximatio
definitely does not apply for the color octet part, i.e., f
wi

(8)( i 51, . . . ,4). With thedefinitions of these paramete
one may use nonperturbative methods like QCD sum rule
study them, or they can be extracted from experiment. O
their numerical values are known, numerical predictions
be made with our results. In this work we do not make
attempt to fit the experimental results with our results
determining these parameters, because in@18–20# it is
shown that one can already describe the leading particle
fect observed in experiment by keeping contributions w
w2,3

(1,8) and neglecting other contributions. The relation b
tween the parameters in@19# and ours can be identified:

r1„Qq̄~1S0!→HQ…5
1

2
w2

(1) , r1„Qq̄~3S1!→HQ…5
1

2
w3

(1) ,

r8„Qq̄~1S0!→HQ…5
3

8
w2

(8) , r8„Qq̄~3S1!→HQ…5
3

8
w3

(8) .

~59!

It should be noted that in the contributions related
w2,3

(1,8) the pairQq̄ is in the 1S0 and 3S1 states, respectively
Our results of these contributions to the cross section
exactly the same as those given in@19,20#. From our general
analysis one can see that the pairQq̄ can form a scalar, a
pseudoscalar, a vector, and a pseudovector state. All of t
can lead to contributions to the leading particle effect, wh
can be predicted with the above results by using Eq.~28! or
Eq. ~29!. If the light quarkq̄ is replaced with a heavy quark
one can use NRQCD factorization@21# to make prediction,
then at leading order of the factorization, theQq̄ can only
form a pseudoscalar or vector state, i.e., the1S0- and 3S1
state. In this approach motivated by NRQCD factorizat
only terms withw2,3

(1,8) will remain, while other terms are a
higher order in the approach. This approach is used in@18–
20#. With this approach for polarized beams one will st
have four parameters in contrast to our results contain
eight parameters.
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IV. SUMMARY

In this work we have made a general analysis for
effect of quark recombination in inclusive production of
heavy meson. Through these effects the leading particle
fect observed in experiment can be explained. In the con
butions of quark recombination to differential cross sect
we factorize perturbative- and nonperturbative parts in t
different cases. One is for large transverse momentum of
produced hadron, where the transverse momentum is so
that any quark mass can be neglected. In this case we find
nonperturbative effect of quark recombination is para
etrized by six functions defined with four quark operators
twist-4. Four of these functions contribute to the leading p
ticle effect, if the initial state is unpolarized. The observ
effect of the leading particle is of a charmed hadron; one
take the charm quark as a heavy quark and perform the
torization with HQET. In this case the nonperturbative p
consists of eight parameters, which are defined as integra
matrix elements with 4-quark operators in HQET. These
rameters represent the transition of a quark pairQq̄ in dif-
ferent states into the produced hadron, the pair can b
color singlet or color octet state and forms different states
scalar, pseudoscalar, vector and pseudovector states. Th
sults obtained here hold not only for large transverse m
mentum, but also for small transverse momentum. Our
sults are different than those obtained with a factorizat
motivated by NRQCD@18–20#, in which the pair only forms
a pseudoscalar or vector state, although for unpolari
beams both results contain the same number of nonpertu
tive parameters. The perturbative parts in both types of f
torization are calculated at tree level for hadro- and pho
production.

The nonperturbative functions or parameters are unkno
yet. This fact prevents us from a numerical prediction for t
leading particle effect. But they can be studied by nonper
bative methods like QCD sum rules or models, or they c
be extracted from experimental results. In this work we ha
not tried to extract the eight parameters from experimen
results, because it is shown in@18–20# that one can already
describe the leading particle effect observed in experim
only by keeping contributions ofw2,3

(1,8) , and contributions of
w1,4

(1,8) in our result are proportional to the contributions
w2,3

(1,8) , respectively. Hence, with effects of all possible sta

of Qq̄ the leading particle effect can also be generated
can be described. It should be noted that the leading par
effect of the charmed baryon can be also analyzed in a s
lar way to the effects presented in this work. Results will
published elsewhere@27#.
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