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B production asymmetries in perturbative QCD
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This paper explores a new mechanism Boproduction in which £quark combines with a light parton
from the hard-scattering process before hadronizing int@®thadron. 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 factscpm,, / pf relative toEfragmentation production, it can be important
at large rapidities. A signature for this heavy-quark recombination mechanigm @olliders is the presence
of rapidity asymmetries iB 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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. HEAVY QUARK PRODUCTION the b and they subsequently hadronize into a state including

. . the B hadron. We will refer to this as bq recombination
Perturbative QCD calculations of heavy hadron produc- q

tion are based on the factorization theorems of Q@  Process. Inpp colliders, this process can be distinguished
These theorems imply that, for sufficiently large transverseualitatively fromb fragmentation because it gives interest-
momentum, production of a heavy-light hadron occurs ining rapidity asymmetries iB hadron production. Though not

two stages: first, a heavy quark is produced in a shortimportant in the central rapidity regiomg recombination

distance partonic process; second, the heavy quark fragmentgy actually give a larger contribution tharfragmentation
into the hadron. They allow cross sections to be factorized,; large rapidities.

into partonic cross sections and fragmentation functions. For gefore describing this mechanism in detail, it is worth-

example, the for_m_ula_for thB production cross section in a \yile to briefly summarize the current status Bfproduc-
gluon-gluon collision is tion. Theoretical calculations of heavy quark production have
been performed to next leading ord®LO) in perturbative
do[gg—B+X]=do[gg—bb]® Dy ;. (1) QCD[2-4]. A comparison of these perturbative QCD calcu-
lations with collider data is reviewed {1b,6]. At the Fermi-
, — _— lab Tevatron[7-11], the shape of the, distribution is in
(We denote hadrons with quarks as8 and hadrons with  55reement with experiments, while its normalization appears
antiquarks a$.) The symbol® represents convolution over 5 he somewhat underpredicted by the theory. However, even
the final-state momentum fraction,of theB hadronintheo  at NLO the theoretical prediction suffers from considerable
quark jet. The fragmentation functiddy, . g(z) is a universal uncertainty due to dependence on the renormalization scale.
function that involves long-distance physics and hence cansetting the renormalization scaleg, equal to p? +m?2)*?
not be computed perturbatively. On the other hand, the pafgives a prediction that is roughly a factor of 2 below experi-
tonic cross sectiordo[gg—bb] depends only on short- ment, while for,u,R%(prrmﬁ)l’Z/Z the theoretical prediction
distance physics and can be calculated in perturbation theorgan accomodate the data. The strong sensitivity to the renor-
To obtain cross sections for hadronic collisions, partoniomalization scale indicates that higher order perturbative cor-
cross sections such as E() are convolved with parton rections are important. Recent studies that attempt to resum

distribution functions for the initial-state partons. logarithmically enhanced higher order corrections can be
The QCD factorization theorems are exact only in thefound in[12—-15. The resummation of higher order terms of
limit of large transverse momentum, —o. For finitep, , the form af In"(p, /my,) and agIn""(p, /m,) gives results

one expects corrections that are suppressed by powers @ith reduced scale dependence and the prediction of the re-
Agcp/p. - In this paper we will argue that there are summed calculation is similar to that of the fixed NLO cal-
O(Aqcomy/ p?) corrections that are calculable within per- culation with the lower values gfs. Thus it seems at least
turbative QCD up to a few multiplicative constants. Thesepossible that higher order perturbative QCD calculations
corrections come from processes in which a light quark would account for the shape and normalization of the experi-
participating in the hard-scattering process combines witimentally observeg, distribution.
Most measurements of heavy quark production focus on
the central rapidity region. Less is known about the cross
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greater than in the central region, indicating perhaps thamism, and the nonperturbative factor involves a function that
large rapidityb production is not as well understood. If one describes the distribution of the light-cone momentum in the
choosesuy so that the central region is described correctly,meson. In our mechanism for heavy meson production, the
the NLO calculation of the cross section at large rapidity iscross section is suppressed only h)@CDmb/pf , and the

too small by a factor of 2. It has been suggested that modinonperturbative factor can be reduced to a few numbers. For
fication of the heavy quark fragmentation functig] or a  p, ~m,, the contribution from our mechanism is suppressed
reorganization of the perturbative calculati¢h3] could  only by Aqgcp/My. In this region ofp, , there are other
modify the forward-to-central rapidity ratio. However, Col- contributions suppressed bYoco/My in which the parton
lider Detector at FermilaWCDF) [10] measurements dib  that combines with the heavy quark is a spectator not in-
rapidity correlations agree well with NLO QCD calculations. volved in the hard scatterir{d 9]. String fragmentation mod-
CDF measured the ratio of centraly[<0.6) to forward els for hadronization provide an explicit model for these con-
(2.0<|y|<2.6) b production subject to the constraint that tributions[20]. Another mechanism that gives contributions
the otherb was produced withy|< 1.5 and that both’s had ~ atp, >m, that are suppressed by} p/m is intrinsic heavy
p,>25 GeV. It is important to point out that one cannot flavor [21,22. These other mechanisms may give contribu-
directly compare the D@nd CDF experiments becaué®  tions to the integrated cross section that are comparable to
they involve slightly different rapidity regions(b) D@  that of our heavy-quark recombination mechanism, but they
makes no cuts on the secobgroduced in the event ar(d) should be smaller forp, >m,. Even for p, ~m,, our
most importantly, the DCGexperiment uses a much smaller mechanism may be numerically important in certain kine-

p, cut of 5 GeV. matic regions, such as large rapidity, because it allows most
of the momentum of a valence parton to be delivered to the
IIl. HEAVY-QUARK RECOMBINATION MECHANISM heavy meson.

To motivate our recombination mechanism for heavy me-
Our investigation of novel mechanisms fBrproduction  sons, it is helpful to make an analogy with quarkonium pro-
is motivated in part by the possibility that there are importantduction[24—27. Quarkonium production cross sections also
contributions toB production at large rapidity that are not obey a factorization formula:
accounted for in Eq(1). This paper will consider contribu-
tions toB production in which a light quark involved in the

_ . _ ~ . g H
short-distance process combines with thand they subse- dolij _’H“LX]_En: dofij—(QQ)"+X](0|0,[0),
quently hadronize into the final-staBemeson. Thishq re- (2
combination contribution is distinct from what is included in

standard fragmentauon calculations, where the parton P herei j represent initial-state partons aQQ represents
cessqg—b+ b+q is taken into account at next-to-leading the heavy quark-antiquark pair. TI@Q are produced in the
order. Qver most of_the_ p_hase space, gria the final state short-distance process with small relative momentum in a
produces a jet that is distinct from those produced bylthe state with definite angular momentum and color quantum

andb. There is a small contribution from the corner of phasenumbers which are collectively denoted inyTheQa pair
space where thg has small momentum in the rest frame of i, yho staten subsequently evolves into a final hadronic state
theb. However, in this region, thg andb can bind and large  that includes the quarkoniunt|. The probability for this is
nonperturbative effects can enhance the cross section. OHfven by a vacuum matrix element of a local operator in

mechanism takes these nonperturbative effects into account, . o ativistic QCD(NRQCD), denoted byo" . If the QQ
) n-*
The word ° recomblnat'lon . in high energy physics dates produced in the short-distance process is a color-singlet and
back _to theparton reco_mbma’uon mod_ahvented by Das and has the same angular momentum quantum numbers as the
Hwa in 1977 to describe the production of mesons at jgw quarkonium being produced, the matrix element has a physi-

in hadronic collisiond17]. In this model, most of the mo- cal interpretation in terms of the nonrelativistic wave func-
mentum of the meson comes from the momentum of a v
§|on of theQQ pair in the bound state.

lence parton in one of the colliding hadrons. The meson i

formed by that valence parton recombining with a sea parton The quarkonium factorization formula suggests that there
from that same hadron. Our recombination mechanism fof® @nalogous contributions Bproduction:

heavy meson production is analogous in that it also allows a
valence parton to deliver most of its momentum to the heavy n n
meson, although in this case the valence parton combines dofag—B+X]= E dafag—(ba)"+b] p[(bq)"—B].
with a heavy quark created in the hard scattering. Our recom- ©)
bination mechanism is also analogous to a “higher twist”
mechanism for the inclusive production of light mesons a o : = L . )
largep, studied by Berger, Gottschalk, and SivgtS]. This t(A s_lmllar mechanism forB produ_ctloi |sn obtained by re
mechanism also involves a parton from the colliding hadrorP!acingb—b andq—gq.) The notation bg)" means that the
that is involved in the hard scattering and ends up as a corfthas small momentum in therest frame and that thie and
stituent of the larggp, meson. The cross section is sup- theqare in a state with definite color and angula_r momentum
pressed byAéCD/pf relative to the fragmentation mecha- quantum numbers specified oy The factorp[(bg)"—B]
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represents the probability folb)" to evolve into a final SO up to corrections suppressed by additional powers of

state that includes thB hadron. We refer to the process in Aqco/My OF Aqep/p. , it is sufficient to compute produc-

Eq. (3) asbq recombination. tion of (bq)" in the spectroscopic statés(!, 3s{M), 15
Note that the color and spin quantum numbers of theand 38(18), where the superscript in parentheses indicates ei-

(Eq)n need not coincide with those in the quark model forther color-singlet or color-octet. Furthermore, heavy quark

—n . . spin symmetry[28,29 relates the transition amplitudes of
theB hadron. Thelfg)" can evolve into a state that contains 1S, and 3S, states. Thus the calculation involves only two

the B hadron and an arbitrary number of partons that haven noerturbativ rameters. for color-sinalet andos for
small momentum in th& hadron rest frame. In this nonper- cglorr)-eoclrtleta roedLllagign eHeegi/ 0 LT;)H(() ﬂsav?)resam%?e tro can
turbative transition, soft gluons can radiate color and flip the P ' y gua Y y

also be used to relate the production parameters foad-

spin of the light quark so theb@)" produced in the short- rons to those foc hadrons.
distance process need not be a color-singlet and its angular | t . f oh i f tation domi-
momentum quantum numbers can differ from those of the n most regions of p _ase. spa ,ragmen ation domt
final-stateB hadron. In quarkonia production, these nonper-nates over théq recombination mechanism. However, the
turbative transitions are governed by the multipole expansiobq recombination cross section is peaked in the forward re-
and the nonperturbative matrix elements appearing iNBq. gion where thelfq) pair emerges in approximately the same
scale with definite powers of the typical velocity, of the  direction as the initial-state light quark. As shown below, it is
heavy quarks in the bound state. Those transitions for which«cipje foqu recombination to be comparable Fofrag—

the color and angular momentum quantum numbers of thg,entation in the forward region. In addition to enhancing the
(QQ)" do not match those dfl are suppressed by powers of cross section, recombination leads to an interesting rapidity
v, and are therefore controlled by the heavy quark mass. Wﬁsymmetry inB hadron production apE colliders. Let the
expect no such suppression for the paramejgfr®©q)”  proton direction define positive rapidity. If the light quark in

—BJinEq.(3. the initial state is from the proton, theq), and therefore the
Furthermore, it is important to observe that 8eneson g pagron, will emerge preferentially with large positive ra-
need not have the same light quark flavor quantum numbersqir \while if the initial-state light quark comes from the
as the bq)" pair that is produced in the short-distance pro-antiproton, theB hadron will prefer to have negative rapidity.
cess. The hadronization process can involve the creation of §nce the proton has mored thanu,d, there should be an

light quark-antiquark pairg’q’, and theb can bind with the oy cess ofbu) and (bd) at positive rapidity, while the,d in

q to_foan aB meson with a.d|fferent light quar-k flavor. frgm the antiproton should lead to an excess il and (bd) at

the (b)" that is produced in the hard scattering. This is anyeqgative rapidity. This rapidity asymmetry is a striking pre-
important difference from quarkonium production, where thegiction of this mechanism.

total heavy quark and heavy antiquark numbers are sepa- Rapidity asymmetries have also been predicted on the ba-
rately conserved because the hadronization process is go¥is of string fragmentation models for hadronizatj@g,23.
emed by long-distance physics. Light quark-antiquark paifi these models, the asymmetry arises from a process called

production could of course have a nonperturbative supprei; “ . —
sion factor. For instance, there is such a suppression factor |he bgam drag gffect n which thé produced by the h.af‘?'
Scattering combines with a spectator quark from an initial-

the largeN. limit +°f QCD. Thus a bu)" could prefer to  gtate hadron. Since the beam drag effect necessarily involves
hadronize into @™ rather than &". If such a suppression gt momentum scales, this nonperturbative contribution is
factor exists, it is not controlled by the heavy quark mass a”‘ﬂ)art of the corrections to Eql) suppressed by at least

should therefore be roughly the same foand c hadrons. Aéco/pf at largep, . We emphasize that our recombination

The flavor dependence of the nonperturbative factofnechanism generates the asymmetry by a perturbative
pl(bg)"—B] is important for predictions of flavor-specific o

mechanism in which & combines with a light quark partici-

B hadron production cross sections. In this paper, we will forpating in the hard scattering process. Thus, it is suppressed at

simplicity consider only cross sections that are summed ov EIrgepi only byAQCDmb/Df . Our process is therefore more

all B hadrons. For this inclusive cross section, the nonpertur:

bative factor in Eq(3) can therefore be denoted simply by important than the beam drag effecf[ for>m,. I_Even for
p, ~my, our process may be numerically more important at

Pn- large rapidity, because it allows most of the momentum of a

It is only necessary to considebcﬂ)“ with relative orbital  gjence parton to be delivered to the heavy meson.
angular momentunh=0. We will show below that the re-

combination constantg[ (bg)"—B] for L=0 are propor- ;; pEaAyY-QUARK RECOMBINATION CROSS SECTION
tional to Agcp/my, so the recombination contributions to -
the cross section are suppressedAb)@Dmb/pf . Producing This paper presents calculations of the recombination

(Eq)n in a higher orbital angular momentum state requirescontribution to the inclusive cross section frhadrons at
keeping additional factors of the light quark momentum inthe Tevatron. We will focus on the rapidity dependenc of
the hard-scattering matrix element. The light quark momenhadron production. The rapidity dependence of the inclusive
tum in the bound state I®(A qcp) and these additional fac- cross section foB hadrons can be obtained by replacing
tors of Agcp must be compensated by powersnaf or p, . ——Yy. The leading order diagrams contributing tpg
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singlet state[Later, we will consider the contribution of
a) b) ) (bq) evolving into final states containing additional soft had-
rons] Then we should replace the spinors in E4).with the

valence light-cone wave function of th& meson. The for-

malism we use is similar to that used for exclusieecays
| and form factord30—-35. We will employ the conventions
€ of [32,33. The light-cone wave function of th& meson is

FIG. 1. Diagrams fqu recombination into & meson. Light <B(v)|qB,j(Z)ba,i(o)|O>
quarks are single lines, heavy quarks are double lines and the
shaded blob is th& meson. 'J ifgmg
Nc 4

1-9 — ¢ (t
{2¢+() i—¢ w4 ()]7’5} :
ap

—(bg)+b are shown in Figs. (B)—(e). The single lines rep- 6)
resent light quarks and double lines are heavy quarks. The

shaded bllob represents the transition amplitude for bl ( In Eqg. (6), zis a light-like vectorp,=myv andt=v-z. The
to hadronize into a state includingBahadron. a, B are Dirac indicesj,j are color indices. Forhg) in a
Let us denote the momentum of the initial-state light 38(1) state, we should replace tBemeson with 28* meson
quark asp, the initial-state gluon ak, the final-state light and theys with £, wheree is the polarization vector of the
quark aspq, the momentum of the (which ends up in the pB* The right-hand side is the most general Lorentz decom-
E) aSpbf, ﬁnd thhedmomenr:um Ofl thequark ask. In tdr;? re)st position of the non-local matrix element consistent with
rame of theB hadron,p, has a large component GI(My) — paavy quark symmetry. The functiorss. (t) are defined so
while all components op, are O(Aqcp). Therefore, in the th tho _1y df y the B msé( ) tant. Th
perturbative amplitude we can takg—0 up to corrections a ?bi( )=1an B IS IN€b meson decay constant. The
of O(A ocp/ms). The O(pg 1y piece of the amplitude is amplltude_ for prodl_Jcmg thB meson is obtained by making
Qep b the following substitution in the matrix element for the par-
A, A, tonic cross section in Ed4) [33]:
Mg =0g2u (pq)( )U(pb) (4) _
2p-Pq an Pq vi(Pp)Uj(Pgy)

A A2 5” IfB pb My @
2p 0 +2|pq” —>—N—CT > f dw(2¢+(w)+f d7](¢—(’7)

—gsTr[v(pb)u(pq)(

whereA; andA, are given b J
1 ANGA2 8T GERTY —mw»wW) Vslpg-ov- @
A1=Tby“u(p)-12(k)(T“Tbé 7 Yu !
b The functions ¢(w) are the Fourier transforms oE(t).
When making this substitutiorp, should be replaced with
+TbT“)/M—é wv only after taking derivatives on the amplitude. It is
—pp—my straightforward to take derivatives and integrate by parts to
obtain
) (I—p)e,+2p-ey,—21,€
+ifebere = —. (5 g b Ay
(k+ps) Mp=77Tr| (Py=myp) s f+__2p-vf7 v
A,——papp 1 (k)T? + ! ) 4
TS S | ®)

The trace in Eq(4) is over both Dirac and color indices. The Where thef.. are defined by
polarization vector of the gluon is, . Contributions toA; f e
come from diagrams in Figs(d)—(c), while A, comes from - _Bf do ¢+(o) , 9
Fig. 1(e). Note that Fig. 1d) does not have any terms that are
singular asp,— 0, so we neglect its contribution relative to
the terms kept in Eq5).

At this point we need to project the partonic amplitude
onto a matrix element that gives the transition amplitude to a
state with aB hadron. Let us assume for the moment that theIn the last equation, we have uséd (0)=0. Sinced_(0)

(bg) evolves into the exclusive state consisting of a sifle 0, the integral in the definition df _ is divergenf32,33.
meson, which is possible only if thebQ) are in a color- This divergence is cut off by the transverse momentum of the

i fwdwqb(w)—m(w)
0 w

+¢<0>).
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light quark in the B meson. If the cross section depended on  section for color-singlebg recombination can be obtained
/- it would indicate that the recombination mechanism is  from the exclusive cross section simply by replacifgby a
sensitive to soft physics. Fortunately, this is not the case. Itis  djfferent nonperturbative paramete[. The parametep; is

possible to show that pA,=7A,=0. For example, proportional to the probability for the color-singlebd) to
evolve into any state containing tiehadron. Likef2 | the
1A, ~1EI=2¢€-1 1—E*=0. (10 parametep, scales likeA gep/Mmy, -

If the vacuum saturation approximation is applied to the
sum over soft hadrons in Eq14), it would give 2 as an
estimate forp,. In quarkonium productiof24], the vacuum
saturation approximation can be applied to color-singlet ma-

Thus all terms proportional tb_ give a vanishing contribu-
tion to the amplitude. The final result for the amplitude for
the exclusive recombination production oBameson is

9°m,f A A trix elements with the appropriate angular momentum quan-
M= s b Ir (pb—mb)75<—1+ —2> . tum numbers. It is a controlled approximation with correc-
Nc 2p-pp  2l-pp tions that scale as*. In the case oB hadrons, the vacuum

saturation approximation is not a controlled approximation

This amplitude can be obtained from the partonic amplitudé®Nd it is likely to drastically underestimate the valuepgf

of Eq. (4) by making a few simple substitutions. For the There is no reason to expect th_e contributions fer,
Dirac spinors, we make the substitution B, etc. to be suppressed relativeBoThe extraction of

the parametef, from exclusiveB decays could be used to
— i place a lower bound op,, but we emphasize that it should
vi(Pp)Uj(Pg)— N—mbf+(lb—mb)75, (12 be regarded as a weak lower bound.
c _

Our final result for the color-singleibq recombination
and then we replace all other occurrencesgfin Eq. (4)  contributions to the inclusive cross section Bhadron pro-
with p,. Sincefg scales likeAJ2/mi? and ¢ (w) scales  duction ingg collisions is given by
like Agép, We conclude thaf, scales like (\gcp/mp) ™2

Note that the final expression obtained for the production

do — 2m2a m?[ 64U
1e(1)y7— s bl
gt LPACSe)1="553 s°’[

matrix element is very similar to what would be obtained in S
a quarkonium production calculation. If we replaced the light )

: ; . 2
quark with a charm quark in the above calculation, then the m 112U 64U
outgoing momentum would bep,=rpg and p,=(1 T T T

—r)pg, Wherer=m./(m;+my) and pg is the B, momen-
tum. The projection operator for tH#, is

16mgS/ 8U L
o\t ) 19
_ o,
v(Pp)iUj(Pg)— &ij 75 (Ps—Ma ) ¥5- (13 de = 3 272 m? 64U/1 2 U2
B Frae I a7 R =) B i
Thus the matrix element fd production via bq) in a *S{" ) ,
state can be obtained by taking the>0 limit of the matrix My 9— 28T +36&J n ﬂ
element forB, production and replacingBC/(4r)—>f+mb. T U T u?
The resulting cross sections are equivalent to modelling the 2 4
B meson as a nonrelativistic bound state with a light con- - 64U _48mbS — &
. — |~z |1 (16)
stituent quark. T ut T

In calculating the inclusive cross section, one must also

: _ 2 _ 2__ 2
include processes in which théd) hadronizes into multi- Whezri we have dzflne_dsl—(erlz) ’ E:t rlnb—(p Po)
particle final states, such &sr,Bm, etc. After squaring the "0 2p-pp and U=(l=py)"—my=—2l-py. To un-
matrix element, the exclusive cross section is proportional t&€rStand the behavior of the cross section, it is useful to
f2 . The field theoretic expression 6t f. involves a pro- €Xpress the variable§ T andU in terms ofp, andAy=y
jection operatofB(v)){B(v)|. The inclusive cross section —Y, wherey andy are the rapidities of the andb, respec-
will instead involve the inclusive projection operator tively:

=2(p?+m2)(1+cosh
> IB(v)+XXB(v)+X|, (14) S=2(pLtmy)(1+ coshy),
X (22 —Ay
T=—(pi+my(1+e ™),

where the sum is over all possible soft hadréhis the rest
frame of theB. After manipulations analogous to the exclu- U=—(p +mp)(1+e").
sive case, we would ultimately arrive at an expression pro- R
portional to a double moment of some density matrix insteadht fixed Ay, do/dt=p, do/dt~AQCDmb/(pf + m§)3. For
of ¢*(w’) p(w). The bottom line is that the inclusive cross largep, , the cross sectionda/dt for recombination scale
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like AQCDmkipf , while the partonic cross sections that ap- ' A

pear in theb fragmentation formula in Eq(l) scale like
1/pj. Thus, recombination is suppressed at lafge by

Agcomg/ pf relative tob fragmentation, consistent with the
QCD factorization theorems. Although the recombination &
cross sections are peaked in the forward region, they aré@
always finite as thé quark mass cuts off all infrared diver-

gences.

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

100

60

do/dy (

40

20

_ 2 s s s s s s s
0i(Po)U;(Pg) — \E FmofS(b-my)ys,  (17) B s E e s
FIG. 2. Color-singlet(solid) and color-octe{dashed contribu-

and replace all other occurrencespgfwith p, . After squar-  tions to the rapidity distribution 0B hadrons inpp collisions at
ing the matrix element and summing over colors in the final\'s=1.8 Tev, with ap, >5 GeV cut. We have chosep,=0.1
state, ﬁ)z is replaced withpg, a factor that is proportional and pg=0.17, so color-singlet and color-octet cross sections are
to the probability for a q) in a color-octet state to had- roughly equal at central rapidity.
ronize into a state including tH& hadron. The normalization
in Eqg. (17) is chosen so thabg/p4 is the ratio of the prob-
abilities for a color—octeth) and a coIor—singIeth) to
hadronize into aB hadron. Since bothp; and pg are
O(Aqcp/My), we might expect this ratio to be approxi- (b) > do[qg— (bg)"+b] ph® Dy . (20)
mately 1. Our results for the coIor-octEq recombination a.n
contributions to the inclusive cross section Bbhadron pro- In (a, the (b)a hadronizes into thé hadron. In(b), the

duction inqg collisions are ] )
(bg) hadronizes into 8, and theB comes from the frag-

(a) ;d&[qga@q)“w]pn[@q)”ﬁs],

do _ L®) At mi[ U 9T 9T2 mentation of the associateul In p_B collisions, both pro-
m[bq( S ]1= 243 | s 4+ U+ g cesses in Eq20) lead to asymmetri® hadron rapidity dis-
tributions. As discussed earlier, procéasyields B hadrons
mﬁ 14U 8U2 1812 strongly peaked in the proton direction. The mosti_mportant
o\t Tt 2 ) contribution to procesg) comes when the initial-statgis a
4 u or d from the antiproton, and the resultigjhadron cross
n my, S 84 £+ ﬂ (19) section is peaked at negative rapidity. Sifi@eproduceB’s
uT? U T/ with positive rapidity while(b) producesB’s with negative
rapidity, the asymmetry in the rapidity distribution tends to
do am2a® m2l U 9T 18U get washed out when the two effects are combined. The ex-
E[bq(:as(ls))]: 2435 S_?t’{ _ §( 22+ ot T tent to which this happens depends on the color state of the
(bq) and Q). This is illustrated in Fig. 2, which shows the
9T?2 8U? mﬁ 933 10U rapidity distribution ofB hadrons frombq recombination in
MVEIREE -2 s Al pp collisions at\s=1.8 TeV, with ap, >5 GeV cut. We
) 5 have setm,=4.75 GeV and used the CTEQ%40] parton
316T n 266T _ 8U ) distribution functions. We used the one-loop running formula
U u? T? for ag(ugr) with parameterA(®®=0.146 GeV and set the

renormalization and factorization scales m§(+ pf)“z. The

(199  color-singlet and color-octditq recombination cross sections
are the solid and dashed lines, respectively. The unknown
o _ o o parametersp; and pg are O(Aqcp/My) and therefore are
The normalization of théq recombination contributions expected to be less than 1. We have chgsgn0.1 andpg
to the inclusive cross section f@rhadron production depend =0.17. Their relative normalization is such that the two dis-
on the parameterp; and pg. Since their values are not triputions are approximately equal at central rapidity. Color-
known, we will focus on the qualitative aspects of the rapid-singlet recombination produces an asymmetric rapidity dis-
ity distributions inpp collisions. Note thabq recombination  tribution with a small peak in the forward direction from
can actually contribute t8 hadron production in two ways: processa) and a large peak in the backward direction from

3mgS/ 9T 8U
MEVE A A TI.
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FIG. 3. Rapidity distribution ofB hadrons inpp collisions at FIG. 4. Rapidity asymmetry foB hadrons inpp collisions at

Js=1.8 TeV, with ap, >5 GeV cut. Solid line is NLOb frag- Js=1.8 TeV, with ap,>5 GeV cut. The solid line is color-
mentation contribution, dotted and dashed lines are color-singleginglet; the dashed line is color-octet. The parameigmndpg are
and color-octet contributions. The parametpisand pg are the  the same as in Fig. 2.

same as in Fig. 2.

) It is also interesting to look at the rapidity asymmetryBof
process(b). In color-octet production, the process@sand  production, which is defined by
(b) combine to yield a surprisingly symmetric rapidity distri-

bution. Thus theB rapidity asymmetries can give important oa(y)—os(—Y)
information on the relative importance of color-octet and A(y)=m. (21
color-singlet production mechanisms. osly) T o™y

This is shown in Fig. 4. Color-singlet recombination, shown
by the solid line, only gives a noticeable asymmetry [fgr
>3, while color-octet recombination, shown by the dashed
Next we compare thdq recombination cross sections INe: gives a negligible asymmetry foy|<5. For the values

. . . — of p; and pg chosen in this paper, the asymmetry is unob-
with the NLO perturbative QCD calculations bffragmen- servable at the rapidities currently probed by thé &@eri-

tation production oB hadrons inpp colliders. The rapidity ment. The asymmetries can of course be larger or smaller
distributions are compared in Fig. 3. The solid line shows thejepending on the values pf and ps.

b fragmentation Contribution, Wh|Ch iS Obtained by USing the In order to assess how important th recombination

LO cross section fob production convolved with CTEQ5L mechanism is in the rapidity regions that are accessible ex-
parton distribution function$40], then multiplied by aK  perimentally, one needs to know the normalization of the
factor of 2.0 to give a normalization consistent with the NLO cross section, which is determined by the parameigrmnd
calculation[4]. In [4,10], it is demonstrated that the shapes pg. Unfortunately, these parameters are unknown. The
of the NLO and LO rapidity distributions are nearly identi- vacuum saturation approximation gives the weak lower
cal, so multiplying the LO cross section byKafactor gives  bound pl>f3_ . If one makes the mild assumption that the
an adequate representation of the NLO calculation. The palight-cone wave functiong, () is positive definite, it is
tonic cross section should be convolved with quark frag-  possible to place a lower bound ; =0.1.[31].! The light-
mentation function. We have checked using the Petersopone wave function models emp|oyed[8ﬂ_] give estimates
fragmentation functior{41] that the shape of the rapidity for f, in the range 0.1-0.2. We conclude thgt>0.01.
distribution is essentially unaffected by this convolution.  The actual determination @f, andpg would require phe-
Also depicted in Fig. 3 are thieq recombination cross sec- nomenological analysis & hadron production in other high
tions for B hadrons, including both processes in EB0).  energy physics processes. We can extract estimates of these
The dotted and dashed lines show the rapidity distributionparameters from a constituent quark model for heavy-meson
for color-singlet and color-octetq recombination, respec- Production developed by Berezhnoy, Kiselev and Likhoded
tively. The parameterp, and pg are the same as in Fig. 2. [36—39. In this model, theB hadron cross section is ob-
We emphasize that the normalization of the recombinatior@ined from a factorization formula analogous to E2).for
contributions in Fig. 2 is uncertain, and that only their shapedc hadrons by replacingn, with a constituent quark mass,
are determined. It is clear that the recombination cross seen,, for the light quark and computing the parton cross sec-
tion can be as large as the fragmentation contribution for

sufficiently large rapidity, however the point at which this

occurs depends sensitively pp and pg. We thank Dan Pirjol for discussions on this point.

IV. COMPARISON WITH FRAGMENTATION
MECHANISM
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tion to leading order in perturbative QCD. In the simplestpjg the asymmetries frorhg recombination will be without

form of this model, only the color-singl&wave matrix el- = o, oy plicit calculation. Théq recombination process will

ement(O7), is kept and it is estimated from quark model jytroqyce additional nonperturbative parameters. To lowest
wave functiong36]. This model was previously used to cal- order in A /me. and A e/ theb anda are in anL
culate heavy quark fragmentation functiop2,43. How- QCD b Qco/Pu q

ever, the model can easily be extended by relaxing the= 0 state. Their color state can be either theréthe 3 of
vacuum saturation approximation f6© ?> and including a SU®). I—_|eavy quark spin symmetry relates the spin states so
color-octet S-wave matrix elemef©B) [37—39. The par- there will be two parameterg; and pe, that are analogous

ton cross sections in this model can include fragmentationt® the p; and pg parameters foibq recombination. Intu-
recombination, and other contributions, depending on thdively, one might expectlfq) to prefer to hadronize t®

high energy process being considered. All the contributiongnesons and the diquarkg) to prefer to hadronize to thé,,
are calculated in terms of the two matrix elemef@®;) and by picking up another light antiquark. This intuition leads

B . . . . J—
(Og). Our recombination cross sections can be obtaine@ne to expect thabg recombination is more important for

from calculations using this model by isolating the recombl_-heavy meson production and titaq recombination is more

Phat'?.n iont_nbut;onsiand the(;w I;slepmg t[]he Ie?dmg terThs Iri‘mportant for heavy baryon production. This would probably
€ imit I=m (mg+m)—0. e can therelore use e a4 to rapidity asymmetries that have opposite signs\fpr
matrix elements 0f37-39 to estimate our parameters baryons and mesons

andpg. One could also consider processes in which a gluon from

The simplest way to determine the valuespgfand . . .
P y A P8 the hard scattering combines with the These do not pro-

that correspond to the matrix elemedtS%) and(Og) of duce any interesting asymmetries because the gluon distribu-
[37-39 is to compare their calculations &@* fragmenta- y g asy 9

tion functions[37] with what we would get if we applied our tONS in thep andp are identical. Thel{g) can be in a 36

formalism. For the parametem[caHD*] we find pD* or 150f SU(3), sothree nonperturbative parameters are re-

=3(0, 9/ (4m m2), wherem,=0.3 GeV i's a constitlljznt quired to describe this recombination mechanism. At large
: c'lg/s q= Y

quark mass. From studies of photoproduction and electroprd@pidity, the parton cross sections fdog) may be larger
duction[38,39, they extrac{©0,)+(0g)/8=0.25 Ge\V?and than those forlfq). For reasonable values pf andpg, the
(0g)=0.33-0.49 Ge¥. The corresponding values of the bq recombination cross section is too small to explain the
parameters in our formalism arelD*+pg’*/8=1.4pg’* excessb production at large rapidity observed by the/ DO
=1.8-2.8. We can estimate the corresponding parametefsollaboration[11]. However, it is possible that the discrep-

p%% for B* production by multiplying by a factor af,/m,.  ancy could be explained Hyg recombination.
This is because®% scale with the heavy quark mass as The exces® production at large rapidity observed by the
1/m,. Note that we are assuming that the moment of thd?®@ collaboration cannot be explained by the conventional
light-cone wave function appearing in the definitionfof ~ ragmentation mechanism. We have proposed a heav;g—quark
does not exhibit a strong dependence on the heavy quaffécombination mechanism that is suppressed gypm;, /p’
mass between the scate. andm,. The resulting estimates at central rapidity, but may give an important contribution to
arep,~0.4 andpg~0.8, which are larger than the values we the cross section at large rapidity. mp collisions, our
used in the figures. mechanism generates asymmetries in the rapidity distribu-
So far we have focused exclusively on the contributiondions of B hadrons. The observation of rapidity asymmetries
in which the parton that combines with theis the light &t the Tevatron that are too large to be explained by string

. L= . fragmentation models of hadronization would provide quali-
quarkg. There are also processes in whic participates in h . ; S
recombination: tative evidence for our mechanism. Our mechanism involves

several nonperturbative parameters, so quantitative evidence
— A— T — would require comparing its predictions with dataBmro-
do’[qg—>B+X]=; da{qg—(bq)"+b] pa[bg—B]. duction in other high energy physics experiments. We have
(22)  calculated the cross sections fug recombination irgg col-
lisions and studied their effects @production at the Teva-
The LO diagrams for the process in Eg2) are identical to  tron. Future work should involve a complete calculation of
the diagrams shown in Fig. 1, except the light quark lines arghe other recombination contributions discussed in this paper,
replaced with light antiquark lines. Since the diagramsfpr  and an exploration of the implications of heavy-quark re-
recombination are almost identical to those lboy recombi- ~ combination mechanisms fdr and ¢ hadron production in
nation, we expect that the cross section will be peaked in thePp collisions and fixed target experiments.
direction of the incomingy. The B hadron will emerge pref-
erentially in thep direction rather than the direction, so one
would expect that the asymmetry would be the reverse of We thank S. Fleming, D. Pirjol and D. Soper for useful
that seen in Fig. 4. In the case of color-octet production, waliscussions. This work was supported by the National Sci-
saw that the asymmetry was almost completely washed ownce Foundation under Grant No. PHY-9800964 and by the
by the proces¢b) in Eq. (20). Thus, it is difficult to tell how  Department of Energy under grant DE-FG02-91-ER4069.
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