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B production asymmetries in perturbative QCD

Eric Braaten,* Yu Jia,† and Thomas Mehen‡

Department of Physics, The Ohio State University, Columbus, Ohio 43210
~Received 11 February 2002; published 5 August 2002!

This paper explores a new mechanism forB production in which ab̄ quark combines with a light parton
from the hard-scattering process before hadronizing into theB hadron. This heavy-quark recombination mecha-
nism can be calculated within perturbative QCD up to a few nonperturbative constants. Though suppressed at

large transverse momentum by a factorLQCDmb /p'
2 relative tob̄ fragmentation production, it can be important

at large rapidities. A signature for this heavy-quark recombination mechanism inpp̄ colliders is the presence
of rapidity asymmetries inB cross sections. Given reasonable assumptions about the size of nonperturbative
parameters entering the calculation, we find that the asymmetries are only significant for rapidities larger than
those currently probed by collider experiments.
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I. HEAVY QUARK PRODUCTION

Perturbative QCD calculations of heavy hadron prod
tion are based on the factorization theorems of QCD@1#.
These theorems imply that, for sufficiently large transve
momentum, production of a heavy-light hadron occurs
two stages: first, a heavy quark is produced in a sh
distance partonic process; second, the heavy quark fragm
into the hadron. They allow cross sections to be factori
into partonic cross sections and fragmentation functions.
example, the formula for theB production cross section in
gluon-gluon collision is

ds@gg→B1X#5dŝ@gg→bb̄# ^ Db̄→B . ~1!

~We denote hadrons withb quarks asB̄ and hadrons withb̄
antiquarks asB.! The symbol^ represents convolution ove
the final-state momentum fraction,z, of theB hadron in theb̄
quark jet. The fragmentation functionDb̄→B(z) is a universal
function that involves long-distance physics and hence c
not be computed perturbatively. On the other hand, the
tonic cross sectiondŝ@gg→bb̄# depends only on short
distance physics and can be calculated in perturbation the
To obtain cross sections for hadronic collisions, parto
cross sections such as Eq.~1! are convolved with parton
distribution functions for the initial-state partons.

The QCD factorization theorems are exact only in t
limit of large transverse momentum,p'→`. For finite p' ,
one expects corrections that are suppressed by powe
LQCD/p' . In this paper we will argue that there a
O(LQCDmb /p'

2 ) corrections that are calculable within pe
turbative QCD up to a few multiplicative constants. The
corrections come from processes in which a light quarq
participating in the hard-scattering process combines w
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the b̄ and they subsequently hadronize into a state includ

the B hadron. We will refer to this as ab̄q recombination

process. Inpp̄ colliders, this process can be distinguish

qualitatively fromb̄ fragmentation because it gives interes
ing rapidity asymmetries inB hadron production. Though no
important in the central rapidity region,b̄q recombination
can actually give a larger contribution thanb̄ fragmentation
at large rapidities.

Before describing this mechanism in detail, it is wort
while to briefly summarize the current status ofB produc-
tion. Theoretical calculations of heavy quark production ha
been performed to next leading order~NLO! in perturbative
QCD @2–4#. A comparison of these perturbative QCD calc
lations with collider data is reviewed in@5,6#. At the Fermi-
lab Tevatron@7–11#, the shape of thep' distribution is in
agreement with experiments, while its normalization appe
to be somewhat underpredicted by the theory. However, e
at NLO the theoretical prediction suffers from considera
uncertainty due to dependence on the renormalization sc
Setting the renormalization scale,mR , equal to (p'

2 1mb
2)1/2

gives a prediction that is roughly a factor of 2 below expe
ment, while formR'(p'

2 1mb
2)1/2/2 the theoretical prediction

can accomodate the data. The strong sensitivity to the re
malization scale indicates that higher order perturbative c
rections are important. Recent studies that attempt to re
logarithmically enhanced higher order corrections can
found in @12–15#. The resummation of higher order terms
the form as

n lnn(p' /mb) and as
n lnn11(p' /mb) gives results

with reduced scale dependence and the prediction of the
summed calculation is similar to that of the fixed NLO ca
culation with the lower values ofmR . Thus it seems at leas
possible that higher order perturbative QCD calculatio
would account for the shape and normalization of the exp
mentally observedp' distribution.

Most measurements of heavy quark production focus
the central rapidity region. Less is known about the cro
section in the forward regions. The DO” collaboration@16#
has measured the production of muons coming fromb decay
in the rapidity range 2.4,uymu,3.2. They found that the
excess over the theoretical prediction in the forward regio

y,
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greater than in the central region, indicating perhaps
large rapidityb production is not as well understood. If on
choosesmR so that the central region is described correc
the NLO calculation of the cross section at large rapidity
too small by a factor of 2. It has been suggested that m
fication of the heavy quark fragmentation function@6# or a
reorganization of the perturbative calculation@13# could
modify the forward-to-central rapidity ratio. However, Co
lider Detector at Fermilab~CDF! @10# measurements ofbb̄
rapidity correlations agree well with NLO QCD calculation
CDF measured the ratio of central (uyu,0.6) to forward
(2.0,uyu,2.6) b production subject to the constraint th
the otherb was produced withuyu,1.5 and that bothb’s had
p'.25 GeV. It is important to point out that one cann
directly compare the DO” and CDF experiments because~a!
they involve slightly different rapidity regions,~b! DO”
makes no cuts on the secondb produced in the event and~c!
most importantly, the DO” experiment uses a much small
p' cut of 5 GeV.

II. HEAVY-QUARK RECOMBINATION MECHANISM

Our investigation of novel mechanisms forB production
is motivated in part by the possibility that there are import
contributions toB production at large rapidity that are no
accounted for in Eq.~1!. This paper will consider contribu
tions toB production in which a light quark involved in th
short-distance process combines with theb̄ and they subse
quently hadronize into the final-stateB meson. Thisb̄q re-
combination contribution is distinct from what is included
standard fragmentation calculations, where the parton
cessqg→b1b̄1q is taken into account at next-to-leadin
order. Over most of the phase space, theq in the final state
produces a jet that is distinct from those produced by thb

andb̄. There is a small contribution from the corner of pha
space where theq has small momentum in the rest frame
the b̄. However, in this region, theq andb̄ can bind and large
nonperturbative effects can enhance the cross section.
mechanism takes these nonperturbative effects into acco

The word ‘‘recombination’’ in high energy physics date
back to theparton recombination modelinvented by Das and
Hwa in 1977 to describe the production of mesons at lowp'

in hadronic collisions@17#. In this model, most of the mo
mentum of the meson comes from the momentum of a
lence parton in one of the colliding hadrons. The meson
formed by that valence parton recombining with a sea pa
from that same hadron. Our recombination mechanism
heavy meson production is analogous in that it also allow
valence parton to deliver most of its momentum to the he
meson, although in this case the valence parton comb
with a heavy quark created in the hard scattering. Our rec
bination mechanism is also analogous to a ‘‘higher twi
mechanism for the inclusive production of light mesons
largep' studied by Berger, Gottschalk, and Sivers@18#. This
mechanism also involves a parton from the colliding had
that is involved in the hard scattering and ends up as a c
stituent of the large-p' meson. The cross section is su
pressed byLQCD

2 /p'
2 relative to the fragmentation mecha
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nism, and the nonperturbative factor involves a function t
describes the distribution of the light-cone momentum in
meson. In our mechanism for heavy meson production,
cross section is suppressed only byLQCDmb /p'

2 , and the
nonperturbative factor can be reduced to a few numbers.
p';mb , the contribution from our mechanism is suppress
only by LQCD/mb . In this region ofp' , there are other
contributions suppressed byLQCD/mb in which the parton
that combines with the heavy quark is a spectator not
volved in the hard scattering@19#. String fragmentation mod-
els for hadronization provide an explicit model for these co
tributions @20#. Another mechanism that gives contribution
at p'@mb that are suppressed byLQCD

2 /mb
2 is intrinsic heavy

flavor @21,22#. These other mechanisms may give contrib
tions to the integrated cross section that are comparabl
that of our heavy-quark recombination mechanism, but th
should be smaller forp'@mb . Even for p';mb , our
mechanism may be numerically important in certain kin
matic regions, such as large rapidity, because it allows m
of the momentum of a valence parton to be delivered to
heavy meson.

To motivate our recombination mechanism for heavy m
sons, it is helpful to make an analogy with quarkonium p
duction@24–27#. Quarkonium production cross sections al
obey a factorization formula:

ds@ i j →H1X#5(
n

dŝ@ i j →~QQ̄!n1X#^0uO n
Hu0&,

~2!

where i , j represent initial-state partons andQQ̄ represents
the heavy quark-antiquark pair. TheQQ̄ are produced in the
short-distance process with small relative momentum in
state with definite angular momentum and color quant
numbers, which are collectively denoted byn. TheQQ̄ pair
in the staten subsequently evolves into a final hadronic sta
that includes the quarkonium,H. The probability for this is
given by a vacuum matrix element of a local operator
nonrelativistic QCD~NRQCD!, denoted byO n

H . If the QQ̄
produced in the short-distance process is a color-singlet
has the same angular momentum quantum numbers as
quarkonium being produced, the matrix element has a ph
cal interpretation in terms of the nonrelativistic wave fun
tion of theQQ̄ pair in the bound state.

The quarkonium factorization formula suggests that th
are analogous contributions toB production:

ds@qg→B1X#5(
n

dŝ@qg→~ b̄q!n1b# r@~ b̄q!n→B#.

~3!

~A similar mechanism forB̄ production is obtained by re
placingb↔b̄ andq→q̄.! The notation (b̄q)n means that the
q has small momentum in theb̄ rest frame and that theb̄ and
theq are in a state with definite color and angular moment
quantum numbers specified byn. The factorr@(b̄q)n→B#
3-2
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B PRODUCTION ASYMMETRIES IN PERTURBATIVE QCD PHYSICAL REVIEW D 66, 034003 ~2002!
represents the probability for (b̄q)n to evolve into a final
state that includes theB hadron. We refer to the process
Eq. ~3! as b̄q recombination.

Note that the color and spin quantum numbers of
(b̄q)n need not coincide with those in the quark model
theB hadron. The (b̄q)n can evolve into a state that contain
the B hadron and an arbitrary number of partons that h
small momentum in theB hadron rest frame. In this nonpe
turbative transition, soft gluons can radiate color and flip
spin of the light quark so the (b̄q)n produced in the short
distance process need not be a color-singlet and its ang
momentum quantum numbers can differ from those of
final-stateB hadron. In quarkonia production, these nonp
turbative transitions are governed by the multipole expans
and the nonperturbative matrix elements appearing in Eq~2!
scale with definite powers of the typical velocity,v, of the
heavy quarks in the bound state. Those transitions for wh
the color and angular momentum quantum numbers of
(QQ̄)n do not match those ofH are suppressed by powers
v, and are therefore controlled by the heavy quark mass.
expect no such suppression for the parametersr@(b̄q)n

→B# in Eq. ~3!.
Furthermore, it is important to observe that theB meson

need not have the same light quark flavor quantum num
as the (b̄q)n pair that is produced in the short-distance p
cess. The hadronization process can involve the creation
light quark-antiquark pair,q8q̄8, and theb̄ can bind with the
q8 to form aB meson with a different light quark flavor from
the (b̄q)n that is produced in the hard scattering. This is
important difference from quarkonium production, where t
total heavy quark and heavy antiquark numbers are s
rately conserved because the hadronization process is
erned by long-distance physics. Light quark-antiquark p
production could of course have a nonperturbative supp
sion factor. For instance, there is such a suppression fact
the largeNc limit of QCD. Thus a (b̄u)n could prefer to
hadronize into aB1 rather than aB0. If such a suppression
factor exists, it is not controlled by the heavy quark mass
should therefore be roughly the same forb and c hadrons.
The flavor dependence of the nonperturbative fac
r@(b̄q)n→B# is important for predictions of flavor-specifi
B hadron production cross sections. In this paper, we will
simplicity consider only cross sections that are summed o
all B hadrons. For this inclusive cross section, the nonper
bative factor in Eq.~3! can therefore be denoted simply b
rn .

It is only necessary to consider (b̄q)n with relative orbital
angular momentumL50. We will show below that the re
combination constantsr@(b̄q)n→B# for L50 are propor-
tional to LQCD/mb , so the recombination contributions t
the cross section are suppressed byLQCDmb /p'

2 . Producing

(b̄q)n in a higher orbital angular momentum state requi
keeping additional factors of the light quark momentum
the hard-scattering matrix element. The light quark mom
tum in the bound state isO(LQCD) and these additional fac
tors of LQCD must be compensated by powers ofmb or p' .
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So up to corrections suppressed by additional powers
LQCD/mb or LQCD/p' , it is sufficient to compute produc
tion of (b̄q)n in the spectroscopic states1S0

(1) , 3S1
(1) , 1S0

(8)

and 3S1
(8) , where the superscript in parentheses indicates

ther color-singlet or color-octet. Furthermore, heavy qu
spin symmetry@28,29# relates the transition amplitudes o
1S0 and 3S1 states. Thus the calculation involves only tw
nonperturbative parameters,r1 for color-singlet andr8 for
color-octet production. Heavy quark flavor symmetry c
also be used to relate the production parameters forb had-
rons to those forc hadrons.

In most regions of phase space,b̄ fragmentation domi-
nates over theb̄q recombination mechanism. However, th
b̄q recombination cross section is peaked in the forward
gion where the (b̄q) pair emerges in approximately the sam
direction as the initial-state light quark. As shown below, it
possible forb̄q recombination to be comparable tob̄ frag-
mentation in the forward region. In addition to enhancing t
cross section, recombination leads to an interesting rapi
asymmetry inB hadron production atpp̄ colliders. Let the
proton direction define positive rapidity. If the light quark
the initial state is from the proton, the (b̄q), and therefore the
B hadron, will emerge preferentially with large positive r
pidity, while if the initial-state light quark comes from th
antiproton, theB hadron will prefer to have negative rapidity
Since the proton has moreu,d than ū,d̄, there should be an
excess of (b̄u) and (b̄d) at positive rapidity, while theū,d̄ in
the antiproton should lead to an excess of (bū) and (bd̄) at
negative rapidity. This rapidity asymmetry is a striking pr
diction of this mechanism.

Rapidity asymmetries have also been predicted on the
sis of string fragmentation models for hadronization@20,23#.
In these models, the asymmetry arises from a process ca
the ‘‘beam drag effect’’ in which theb̄ produced by the hard
scattering combines with a spectator quark from an init
state hadron. Since the beam drag effect necessarily invo
soft momentum scales, this nonperturbative contribution
part of the corrections to Eq.~1! suppressed by at leas
LQCD

2 /p'
2 at largep' . We emphasize that our recombinatio

mechanism generates the asymmetry by a perturba
mechanism in which ab̄ combines with a light quark partici
pating in the hard scattering process. Thus, it is suppresse
largep' only by LQCDmb /p'

2 . Our process is therefore mor
important than the beam drag effect forp'@mb . Even for
p';mb , our process may be numerically more important
large rapidity, because it allows most of the momentum o
valence parton to be delivered to the heavy meson.

III. HEAVY-QUARK RECOMBINATION CROSS SECTION

This paper presents calculations of theb̄q recombination
contribution to the inclusive cross section forB hadrons at
the Tevatron. We will focus on the rapidity dependence oB
hadron production. The rapidity dependence of the inclus
cross section forB̄ hadrons can be obtained by replacingy
→2y. The leading order diagrams contributing toqg
3-3
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ERIC BRAATEN, YU JIA, AND THOMAS MEHEN PHYSICAL REVIEW D66, 034003 ~2002!
→(b̄q)1b are shown in Figs. 1~a!–~e!. The single lines rep-
resent light quarks and double lines are heavy quarks.
shaded blob represents the transition amplitude for the (b̄q)
to hadronize into a state including aB hadron.

Let us denote the momentum of the initial-state lig
quark asp, the initial-state gluon asl, the final-state light
quark aspq , the momentum of theb̄ ~which ends up in the
B) aspb , and the momentum of theb quark ask. In the rest
frame of theB hadron,pb has a large component ofO(mb)
while all components ofpq areO(LQCD). Therefore, in the
perturbative amplitude we can takepq→0 up to corrections
of O(LQCD/mb). TheO(pq

21) piece of the amplitude is

M(b̄q)5gs
3 ū~pq!S A1

2p•pq
1

A2

2l •pq
D v~pb! ~4!

5gs
3TrFv~pb!ū~pq!S A1

2p•pq
1

A2

2l •pq
D G ,

whereA1 andA2 are given by

~5!

The trace in Eq.~4! is over both Dirac and color indices. Th
polarization vector of the gluon isem . Contributions toA1
come from diagrams in Figs. 1~a!–~c!, while A2 comes from
Fig. 1~e!. Note that Fig. 1~d! does not have any terms that a
singular aspq→0, so we neglect its contribution relative t
the terms kept in Eq.~5!.

At this point we need to project the partonic amplitu
onto a matrix element that gives the transition amplitude t
state with aB hadron. Let us assume for the moment that
(b̄q) evolves into the exclusive state consisting of a singlB

meson, which is possible only if the (b̄q) are in a color-

FIG. 1. Diagrams forb̄q recombination into aB meson. Light
quarks are single lines, heavy quarks are double lines and
shaded blob is theB meson.
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singlet state.@Later, we will consider the contribution o
(b̄q) evolving into final states containing additional soft ha
rons.# Then we should replace the spinors in Eq.~4! with the
valence light-cone wave function of theB meson. The for-
malism we use is similar to that used for exclusiveB decays
and form factors@30–35#. We will employ the conventions
of @32,33#. The light-cone wave function of theB meson is

^B~v !uq̄b, j~z!ba,i~0!u0&

5
d i j

Nc

i f BmB

4
F12v”

2 H 2f̄1~ t !2z”
f̄2~ t !2f̄1~ t !

t J g5G
ab

.

~6!

In Eq. ~6!, z is a light-like vector,pb5mbv andt5v•z. The
a,b are Dirac indices,i , j are color indices. For (b̄q) in a
3S1

(1) state, we should replace theB meson with aB* meson
and theg5 with e” , whereem is the polarization vector of the
B* . The right-hand side is the most general Lorentz deco
position of the non-local matrix element consistent w
heavy quark symmetry. The functionsf̄6(t) are defined so
that f̄6(0)51 and f B is the B meson decay constant. Th
amplitude for producing theB meson is obtained by makin
the following substitution in the matrix element for the pa
tonic cross section in Eq.~4! @33#:

v i~pb!ū j~pq!

→2
d i j

Nc

i f B

4

p” b2mb

2 E
0

`

dvS 2f1~v!1E
0

v

dh„f2~h!

2f1~h!…gm
]

]pq
mD g5upq5v v . ~7!

The functionsf(v) are the Fourier transforms off̄(t).
When making this substitution,pq should be replaced with
vv only after taking derivatives on the amplitude. It
straightforward to take derivatives and integrate by parts
obtain

~8!

where thef 6 are defined by

f 15
f B

4 E0

`

dv
f1~v!

v
, ~9!

f 25
f B

4 S E
0

`

dv
f2~v!2f1~v!

v
1f2~0! D .

In the last equation, we have usedf1(0)50. Sincef2(0)
Þ0, the integral in the definition off 2 is divergent@32,33#.
This divergence is cut off by the transverse momentum of

he
3-4
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~10!

Thus all terms proportional tof 2 give a vanishing contribu-
tion to the amplitude. The final result for the amplitude f
the exclusive recombination production of aB meson is

MB5
gs

3mbf 1

Nc
TrF ~p” b2mb!g5S A1

2p•pb
1

A2

2l •pb
D G .

~11!

This amplitude can be obtained from the partonic amplitu
of Eq. ~4! by making a few simple substitutions. For th
Dirac spinors, we make the substitution

v i~pb!ū j~pq!→ d i j

Nc
mbf 1~p”2mb!g5 , ~12!

and then we replace all other occurrences ofpq in Eq. ~4!
with pb . Since f B scales likeLQCD

3/2 /mb
1/2 andf1(v) scales

like LQCD
21 , we conclude thatf 1 scales like (LQCD/mb)1/2.

Note that the final expression obtained for the product
matrix element is very similar to what would be obtained
a quarkonium production calculation. If we replaced the lig
quark with a charm quark in the above calculation, then
outgoing momentum would bepq5rpB and pb5(1
2r )pB , wherer 5mc /(mc1mb) and pB is theBc momen-
tum. The projection operator for theBc is

v~pb! i ū j~pq!→d i j

f Bc

12
~p” B2mBc

!g5 . ~13!

Thus the matrix element forB production via (b̄q) in a 1S0
(1)

state can be obtained by taking ther→0 limit of the matrix
element forBc production and replacingf Bc

/(4r )→ f 1mb .
The resulting cross sections are equivalent to modelling
B meson as a nonrelativistic bound state with a light c
stituent quark.

In calculating the inclusive cross section, one must a
include processes in which the (b̄q) hadronizes into multi-
particle final states, such asBp,Bpp, etc. After squaring the
matrix element, the exclusive cross section is proportiona
f 1

2 . The field theoretic expression forf 1* f 1 involves a pro-
jection operatoruB(v)&^B(v)u. The inclusive cross sectio
will instead involve the inclusive projection operator

(
X

uB~v !1X&^B~v !1Xu, ~14!

where the sum is over all possible soft hadronsX in the rest
frame of theB. After manipulations analogous to the excl
sive case, we would ultimately arrive at an expression p
portional to a double moment of some density matrix inste
of f* (v8)f(v). The bottom line is that the inclusive cros
03400
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section for color-singletb̄q recombination can be obtaine
from the exclusive cross section simply by replacingf 1

2 by a
different nonperturbative parameterr1. The parameterr1 is
proportional to the probability for the color-singlet (b̄q) to
evolve into any state containing theB hadron. Likef 1

2 , the
parameterr1 scales likeLQCD/mb .

If the vacuum saturation approximation is applied to t
sum over soft hadrons in Eq.~14!, it would give f 1

2 as an
estimate forr1. In quarkonium production@24#, the vacuum
saturation approximation can be applied to color-singlet m
trix elements with the appropriate angular momentum qu
tum numbers. It is a controlled approximation with corre
tions that scale asv4. In the case ofB hadrons, the vacuum
saturation approximation is not a controlled approximat
and it is likely to drastically underestimate the value ofr1.
There is no reason to expect the contributions fromBp,
Bpp, etc. to be suppressed relative toB. The extraction of
the parameterf 1 from exclusiveB decays could be used t
place a lower bound onr1, but we emphasize that it shoul
be regarded as a weak lower bound.

Our final result for the color-singletb̄q recombination
contributions to the inclusive cross section forB hadron pro-
duction inqg collisions is given by

dŝ

dt
@ b̄q~1S0

(1)!#5
2p2as

3

243

mb
2

S3 F2
64U

S

1
mb

2

T S 792
112U

T
2

64U2

T2 D
2

16mb
4 S

U T2 S 12
8 U

T D G , ~15!

dŝ

dt
@ b̄q~3S1

(1)!#5
2p2as

3

243

mb
2

S3 F2
64U

S S 11
2 U2

T2 D
2

mb
2

T S 192
28T

U
1

368U

T
1

4T2

U2

2
64U2

T2 D2
48mb

4 S

UT2 S 12
8U

T D G ~16!

where we have definedS5(p1 l )2, T5t2mb
25(p2pb)2

2mb
2522p•pb and U5( l 2pb)22mb

2522l •pb . To un-
derstand the behavior of the cross section, it is usefu
express the variablesS, T andU in terms ofp' andDy5 ȳ

2y, whereȳ andy are the rapidities of theb̄ andb, respec-
tively:

S52~p'
2 1mb

2!~11coshDy!,

T52~p'
2 1mb

2!~11e2Dy!,

U52~p'
2 1mb

2!~11eDy!.

At fixed Dy, ds/dt5r1 dŝ/dt;LQCDmb /(p'
2 1mb

2)3. For
large p' , the cross sectionsds/dt for recombination scale
3-5
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like LQCDmb /p'
6 , while the partonic cross sections that a

pear in theb̄ fragmentation formula in Eq.~1! scale like
1/p'

4 . Thus, recombination is suppressed at largep' by

LQCDmb /p'
2 relative tob̄ fragmentation, consistent with th

QCD factorization theorems. Although the recombinati
cross sections are peaked in the forward region, they
always finite as theb quark mass cuts off all infrared diver
gences.

It is also possible for a color-octet (b̄q) to hadronize into
a state with aB plus soft hadrons. To obtain the color-oct
production cross section starting from the partonic amplitu
in Eq. ~4!, we first make the substitution

v i~pb!ū j~pq!→A 2

Nc
Ti j

a mbf 1
8 ~p”2mb!g5 , ~17!

and replace all other occurrences ofpq with pb . After squar-
ing the matrix element and summing over colors in the fi
state, (f 1

8 )2 is replaced withr8, a factor that is proportiona

to the probability for a (b̄q) in a color-octet state to had
ronize into a state including theB hadron. The normalization
in Eq. ~17! is chosen so thatr8 /r1 is the ratio of the prob-
abilities for a color-octet (b̄q) and a color-singlet (b̄q) to
hadronize into aB hadron. Since bothr1 and r8 are
O(LQCD/mb), we might expect this ratio to be approx
mately 1. Our results for the color-octetb̄q recombination
contributions to the inclusive cross section forB hadron pro-
duction inqg collisions are

dŝ

dt
@ b̄q~1S0

(8)!#5
4p2as

3

243

mb
2

S3 F2
U

S S 41
9 T

U
1

9 T2

U2 D
2

mb
2

2T S 791
14U

T
1

8 U2

T2 2
18T2

U2 D
1

mb
4 S

UT2 S 81
9T

U
1

8 U

T D G , ~18!

dŝ

dt
@ b̄q~3S1

(8)!#5
4p2as

3

243

mb
2

S3 F2
U

SS 221
9 T

U
1

18U

T

1
9 T2

U2 1
8 U2

T2 D2
mb

2

2T S 2331
10U

T

1
316T

U
1

266T2

U2 2
8 U2

T2 D
1

3 mb
4 S

U T2 S 81
9 T

U
1

8 U

T D G . ~19!

The normalization of theb̄q recombination contributions
to the inclusive cross section forB hadron production depen
on the parametersr1 and r8. Since their values are no
known, we will focus on the qualitative aspects of the rap
ity distributions inpp̄ collisions. Note thatb̄q recombination
can actually contribute toB hadron production in two ways
03400
-

re

e

l

-

~a! (
n

dŝ@qg→~ b̄q!n1b# rn@~ b̄q!n→B#,

~b! (
q̄,n

dŝ@ q̄g→~bq̄!n1b̄# rn^ Db̄→B . ~20!

In ~a!, the (b)q̄ hadronizes into theB hadron. In~b!, the
(bq̄) hadronizes into aB̄, and theB comes from the frag-
mentation of the associatedb̄. In pp̄ collisions, both pro-
cesses in Eq.~20! lead to asymmetricB hadron rapidity dis-
tributions. As discussed earlier, process~a! yields B hadrons
strongly peaked in the proton direction. The most import
contribution to process~b! comes when the initial-stateq̄ is a
ū or d̄ from the antiproton, and the resultingB hadron cross
section is peaked at negative rapidity. Since~a! producesB’s
with positive rapidity while~b! producesB’s with negative
rapidity, the asymmetry in the rapidity distribution tends
get washed out when the two effects are combined. The
tent to which this happens depends on the color state of
(b̄q) and (bq̄). This is illustrated in Fig. 2, which shows th
rapidity distribution ofB hadrons fromb̄q recombination in
pp̄ collisions atAs51.8 TeV, with ap'.5 GeV cut. We
have setmb54.75 GeV and used the CTEQ5L@40# parton
distribution functions. We used the one-loop running formu
for as(mR) with parameterL (5)50.146 GeV and set the
renormalization and factorization scales to (mb

21p'
2 )1/2. The

color-singlet and color-octetb̄q recombination cross section
are the solid and dashed lines, respectively. The unkno
parametersr1 and r8 are O(LQCD/mb) and therefore are
expected to be less than 1. We have chosenr150.1 andr8
50.17. Their relative normalization is such that the two d
tributions are approximately equal at central rapidity. Col
singlet recombination produces an asymmetric rapidity d
tribution with a small peak in the forward direction from
process~a! and a large peak in the backward direction fro

FIG. 2. Color-singlet~solid! and color-octet~dashed! contribu-

tions to the rapidity distribution ofB hadrons inpp̄ collisions at
As51.8 TeV, with ap'.5 GeV cut. We have chosenr150.1
and r850.17, so color-singlet and color-octet cross sections
roughly equal at central rapidity.
3-6
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process~b!. In color-octet production, the processes~a! and
~b! combine to yield a surprisingly symmetric rapidity distr
bution. Thus theB rapidity asymmetries can give importa
information on the relative importance of color-octet a
color-singlet production mechanisms.

IV. COMPARISON WITH FRAGMENTATION
MECHANISM

Next we compare theb̄q recombination cross section
with the NLO perturbative QCD calculations ofb̄ fragmen-
tation production ofB hadrons inpp̄ colliders. The rapidity
distributions are compared in Fig. 3. The solid line shows
b̄ fragmentation contribution, which is obtained by using t
LO cross section forb̄ production convolved with CTEQ5L
parton distribution functions@40#, then multiplied by aK
factor of 2.0 to give a normalization consistent with the NL
calculation@4#. In @4,10#, it is demonstrated that the shap
of the NLO and LO rapidity distributions are nearly iden
cal, so multiplying the LO cross section by aK factor gives
an adequate representation of the NLO calculation. The
tonic cross section should be convolved with ab quark frag-
mentation function. We have checked using the Peter
fragmentation function@41# that the shape of the rapidit
distribution is essentially unaffected by this convolutio
Also depicted in Fig. 3 are theb̄q recombination cross sec
tions for B hadrons, including both processes in Eq.~20!.
The dotted and dashed lines show the rapidity distributi
for color-singlet and color-octetb̄q recombination, respec
tively. The parametersr1 andr8 are the same as in Fig. 2
We emphasize that the normalization of the recombina
contributions in Fig. 2 is uncertain, and that only their sha
are determined. It is clear that the recombination cross
tion can be as large as the fragmentation contribution
sufficiently large rapidity, however the point at which th
occurs depends sensitively onr1 andr8.

FIG. 3. Rapidity distribution ofB hadrons inpp̄ collisions at
As51.8 TeV, with ap'.5 GeV cut. Solid line is NLOb frag-
mentation contribution, dotted and dashed lines are color-sin
and color-octet contributions. The parametersr1 and r8 are the
same as in Fig. 2.
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It is also interesting to look at the rapidity asymmetry ofB
production, which is defined by

A~y!5
sB~y!2sB~2y!

sB~y!1sB~2y!
. ~21!

This is shown in Fig. 4. Color-singlet recombination, show
by the solid line, only gives a noticeable asymmetry foruyu
.3, while color-octet recombination, shown by the dash
line, gives a negligible asymmetry foruyu,5. For the values
of r1 and r8 chosen in this paper, the asymmetry is uno
servable at the rapidities currently probed by the DO” experi-
ment. The asymmetries can of course be larger or sma
depending on the values ofr1 andr8.

In order to assess how important theb̄q recombination
mechanism is in the rapidity regions that are accessible
perimentally, one needs to know the normalization of t
cross section, which is determined by the parametersr1 and
r8. Unfortunately, these parameters are unknown. T
vacuum saturation approximation gives the weak low
boundr1. f 1

2 . If one makes the mild assumption that th
light-cone wave functionf1(v) is positive definite, it is
possible to place a lower bound :f 1>0.1. @31#.1 The light-
cone wave function models employed in@31# give estimates
for f 1 in the range 0.1–0.2. We conclude thatr1.0.01.

The actual determination ofr1 andr8 would require phe-
nomenological analysis ofB hadron production in other high
energy physics processes. We can extract estimates of t
parameters from a constituent quark model for heavy-me
production developed by Berezhnoy, Kiselev and Likhod
@36–39#. In this model, theB hadron cross section is ob
tained from a factorization formula analogous to Eq.~2! for
b̄c hadrons by replacingmc with a constituent quark mass
mq , for the light quark and computing the parton cross s

1We thank Dan Pirjol for discussions on this point.

et

FIG. 4. Rapidity asymmetry forB hadrons inpp̄ collisions at
As51.8 TeV, with a p'.5 GeV cut. The solid line is color-
singlet; the dashed line is color-octet. The parametersr1 andr8 are
the same as in Fig. 2.
3-7
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tion to leading order in perturbative QCD. In the simple
form of this model, only the color-singletS-wave matrix el-
ement,^O 1

B&, is kept and it is estimated from quark mod
wave functions@36#. This model was previously used to ca
culate heavy quark fragmentation functions@42,43#. How-
ever, the model can easily be extended by relaxing
vacuum saturation approximation for^O 1

B& and including a
color-octet S-wave matrix element^O 8

B& @37–39#. The par-
ton cross sections in this model can include fragmentat
recombination, and other contributions, depending on
high energy process being considered. All the contributi
are calculated in terms of the two matrix elements^O 1

B& and
^O 8

B&. Our recombination cross sections can be obtai
from calculations using this model by isolating the recom
nation contributions and then keeping the leading terms
the limit r 5mq /(mq1mb)→0. We can therefore use th
matrix elements of@37–39# to estimate our parametersr1
andr8.

The simplest way to determine the values ofr1 and r8

that correspond to the matrix elements^O 1
B& and ^O 8

B& of
@37–39# is to compare their calculations ofD* fragmenta-
tion functions@37# with what we would get if we applied ou

formalism. For the parametersrn@cq̄→D* #, we find r1,8
D*

53^O1,8&/(4mcmq
2), where mq50.3 GeV is a constituen

quark mass. From studies of photoproduction and electro
duction@38,39#, they extract̂ O1&1^O8&/850.25 GeV3 and
^O8&50.33–0.49 GeV3. The corresponding values of th

parameters in our formalism arer1
D* 1r8

D* /851.4,r8
D*

51.8–2.8. We can estimate the corresponding parame

r1,8
B* for B* production by multiplying by a factor ofmc /mb .

This is becauser1,8
B* scale with the heavy quark mass

1/mb . Note that we are assuming that the moment of
light-cone wave function appearing in the definition off 1

does not exhibit a strong dependence on the heavy q
mass between the scalemc andmb . The resulting estimate
arer1'0.4 andr8'0.8, which are larger than the values w
used in the figures.

So far we have focused exclusively on the contributio
in which the parton that combines with theb̄ is the light
quarkq. There are also processes in which aq̄ participates in
recombination:

ds@ q̄g→B1X#5(
n

dŝ@ q̄g→~ b̄q̄!n1b# rn@ b̄q̄→B#.

~22!

The LO diagrams for the process in Eq.~22! are identical to
the diagrams shown in Fig. 1, except the light quark lines
replaced with light antiquark lines. Since the diagrams forb̄q̄

recombination are almost identical to those forb̄q recombi-
nation, we expect that the cross section will be peaked in
direction of the incomingq̄. TheB hadron will emerge pref-
erentially in thep̄ direction rather than thep direction, so one
would expect that the asymmetry would be the reverse
that seen in Fig. 4. In the case of color-octet production,
saw that the asymmetry was almost completely washed
by the process~b! in Eq. ~20!. Thus, it is difficult to tell how
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big the asymmetries fromb̄q̄ recombination will be without
an explicit calculation. Theb̄q̄ recombination process wil
introduce additional nonperturbative parameters. To low
order in LQCD/mb and LQCD/p' , the b̄ and q̄ are in anL

50 state. Their color state can be either the 6¯ or the 3 of
SU~3!. Heavy quark spin symmetry relates the spin states
there will be two parameters,r3 andr6, that are analogous
to the r1 and r8 parameters forb̄q recombination. Intu-
itively, one might expect (b̄q) to prefer to hadronize toB
mesons and the diquark (b̄q̄) to prefer to hadronize to theLb
by picking up another light antiquark. This intuition lead
one to expect thatb̄q recombination is more important fo
heavy meson production and thatb̄q̄ recombination is more
important for heavy baryon production. This would probab
lead to rapidity asymmetries that have opposite signs forLb
baryons andB mesons.

One could also consider processes in which a gluon fr
the hard scattering combines with theb̄. These do not pro-
duce any interesting asymmetries because the gluon dist
tions in thep and p̄ are identical. The (b̄g) can be in a 3̄, 6
or 15̄ of SU(3), sothree nonperturbative parameters are
quired to describe this recombination mechanism. At la
rapidity, the parton cross sections for (b̄g) may be larger
than those for (b̄q). For reasonable values ofr1 andr8, the
b̄q recombination cross section is too small to explain
excessb production at large rapidity observed by the D”
Collaboration@11#. However, it is possible that the discrep
ancy could be explained byb̄g recombination.

The excessb production at large rapidity observed by th
DO” collaboration cannot be explained by the conventio
fragmentation mechanism. We have proposed a heavy-q
recombination mechanism that is suppressed byLQCDmb /p'

2

at central rapidity, but may give an important contribution
the cross section at large rapidity. Inpp̄ collisions, our
mechanism generates asymmetries in the rapidity distr
tions of B hadrons. The observation of rapidity asymmetr
at the Tevatron that are too large to be explained by str
fragmentation models of hadronization would provide qua
tative evidence for our mechanism. Our mechanism invol
several nonperturbative parameters, so quantitative evide
would require comparing its predictions with data onB pro-
duction in other high energy physics experiments. We h
calculated the cross sections forb̄q recombination inqg col-
lisions and studied their effects onB production at the Teva-
tron. Future work should involve a complete calculation
the other recombination contributions discussed in this pa
and an exploration of the implications of heavy-quark
combination mechanisms forb and c hadron production in
ep collisions and fixed target experiments.
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