DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
er‘n'ploym, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for ~the accuracy, completeness, or usefulness of any information, apparatus, product, or
process dl.SCIOSOd, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufaf:tuter, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

CPP-94-37
DOE/ER//40757-060
UCD-95-4
February 1995

Hadronic Production of S-wave and P-wave

Charmed Beauty Mesons via Heavy Quark Fragmentation

Kingman Cheung*

Center for Particle Physics, University of Texas at Austin, Austin TX 78712 U.5.A.

Tzu Chiang Yuan !

Davis Institute for High Energy Physics, Department of Physics,

University of California at Davis, Davis CA 95616 U.S.A.

‘Abstract

At hadron colliders the dominant production mechanism of (bc) mesons with large

transverse momentum is due to parton fragmentation.

We compute in a model-

independent way the production rates and transverse momentum spectra for S-wave

and P-wave (bc) mesons at the Tevatron via the direct fragmentation of the bottom

antiquark as well as the Altarelli-Parisi induced gluon fragmentation. Since all the

radially and orbitally excited (bc) mesons below the BD flavor threshold will cascade

into the pseudoscalar ground state B, through electromagnetic and/or hadronic tran-

sitions, they all contribute to the inclusive production of B.. The contributions of the

excited S-wave and P-wave states to the inclusive production of B, are 58 and 23%,

respectively, and hence significant.
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I. Introduction

Bound states composed of two heavy quarks such as (¢c€), (bb) and (bc) mesons, and (ccq), (bbg)
and (bcg) baryons (¢ denotes a light quark) are of interests because they can be produced
with sizable rates at the current high energy hadron or ete™ colliders. The Standard Model
predictions of the production rates of these bound states can therefore be confronted with
experimental data.

The direct production of heavy mesons like heavy quarkonia and (bc) bound states can
provide very interesting tests for perturbative QCD. The production of J/v% and %’ [1] at
the Tevatron has already raised a lot of theoretical interests in explaining the excess of the
experimental data above the lowest order perturbative QCD calculation [2], especially at the
large transverse momentum (pr) region. The ideas of heavy quark and gluon fragmentation
[3-7] have successfully been applied to explain the experimental data of the prompt J/+
production from CDF within a factor of five [8-11]. Various attempts [12-14] using the same
fragmentation ideas have also been made to resolve the 1’ surplus problem observed at CDF.

Recently, the preliminary CDF results [15] also showed that the production rates of the
15, 25, and 35S Y states are in excess of the leading order calculation. While the YT(15)
and Y(2S) results can be partly explained by including the fragmentation contribution, the
T(35) result showed an excess of about an order of magnitude over the QCD prediction
even with the fragmentation contribution included [15]. One subtlety is that the relevant pr
for the fragmentation contribution to dominate should be larger in the bottomonium system
than in the charmonium system, such that fragmentation is only valid for pr 2 (1-2)m, in
the former case. Besides, one has to worry about the very small pr region because, unlike
the charmonium system, the experimental triggering conditions on the muon pair from the
bottomonium leptonic decay allow experimentalists to measure the transverse momentum
of the bottomonium all the way down to about 0-1 GeV [15]. So to fully understand the
pr spectrum of the bottomonium production, different production mechanisms have to be
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The (bc) meson system, which is intermediate between the J/1 and Y families, is also an
interesting physical system to study. The mass spectrum of the (bc) mesons can be predicted
reliably from quarkonium potential models [16-18] without introducing any new parameters
and their decay constants can be computed using QCD spectrum sum rules [17,18]. We
will adopt the Particle Data Group [19] conventions, denoting the 15 pseudoscalar (1Sg)
and vector meson (35;) (bc) states by B, and Bz, respectively. Higher radially and orbitally
excited states are labeled by the standard spectroscopy notation: n25*!L; where the integer
n is the principal quantum number, and L, S, and J = L + S are respectively the orbital
angular momentum, total spin, and total angular momentum of the bound state. In the LS
coupling scheme, for each principal quantum number n, the spin-singlet and the spin-triplet
S-wave (L = 0) states are denoted by 'Sy and 35, respectively. Those for the P-wave (L = 1)
and D-wave (L = 2) states are denoted by *P;,3P; (J =0,1,2), and 'D,, 3D, (J = 1,2,3),
respectively.

According to the results of the potential model calculation {16], the first two sets (n =1
and n = 2) of S-wave states, the first (n = 1) and probably the entire second set (n = 2) of P-
wave states, and the first set (n = 1) of D-wave states lie below the B.D flavor threshold. Since
QCD interactions are diagonal in flavors, the annihilation channel of excited (bc) mesons can
only occur through the weak gauge boson (W) exchange and is therefore suppressed relative
to the electromagnetic and hadronic transitions to other lower lying states. The excited
states below the BD threshold will cascade down into the ground state B, via emission of
photons and/or pions, while the other states above the BD threshold decay rapidly into
a pair of B and D mesons. Inclusive production of the B. meson therefore includes the
production of the n = 1 and n = 2 S-wave and P-wave states, and the n = 1 D-wave states.

The production of the S-wave (1S, and 35;) states were first computed exactly to leading
order in Ref. [20] at the eTe™ machine, in particular at the Z resonance. Later, it was
realized [5,21] that the complicated formulas in these complete calculations can be simplified

by a factorization approach. The dominant contribution in the leading order calculation can



be factorized into a short distance piece, which describes the partonic process of the decay
of Z into a high energy bb pair, and a fragmentation piece describing how the b antiquark
splits into the two S-wave states. The corresponding fragmentation functions D;_ g _(z) and
Dy_,p+(z), which are independent of the short-distance piece, were shown to be calculable
by perturbative QCD at the heavy quark mass scale [5]. Recently, the production of the
S-wave states has also been computed at hadronic colliders like the Tevatron and the Large
Hadron Collider (LHC) both by a complete O(a?) calculation [22-24] and by using the
simpler fragmentation approach [25,26]. We note that unlike the J/1 production in hadronic
collisions in which the major contribution comes from ¢ — x.s fragmentation followed by the
decay x.; — J/¥ + v [8-11], the fragmentation diagrams for producing (bc) mesons belong
to a gauge-invariant subset of the whole set of O(a?) diagrams, which are the leading-order
diagrams for producing (bc) mesons in hadronic collisions. It is therefore not clear that
the production of (b¢) mesons in hadronic collisions is dominated by parton fragmentation.
However, detailed calculations by Chang et al. [22] and by Slabospitsky [23] indicated
that the fragmentation approach is valid for the S-wave production at the large transverse
momentum region. We will discuss more about this later in the closing section.

In this paper, we study the hadronic production of (bc) mesons. We compute the pro-
duction rates of the S-wave and P-wave (bc) mesons at the Tevatron using the fragmentation
approach. Intuitively, the dominant production mechanism of the (bc) mesons at the large
transverse momentum region must arise from the direct fragmentation of the heavy b anti-
quark. The relevant question is whether experiments can probe the transverse momentum
region where fragmentation dominates. Unfortunately, to answer this question it also re-
quires a complete O(a?) calculation for the production of the P-wave states, which is not
available at the moment. Here we assume that the fragmentation approach also works for
production of the P-wave (bc) mesons in the transverse momentum range that is being probed
experimentally at the Tevatron. In this work, we do not include the contributions from the

D-wave states because the corresponding fragmentation functions have not been calculated.




Although the production of the D-wave states is of great interest by themselves, they are
not expected to contribute an appreciable amount to the inclusive production of B.. In the
near future, like other heavy quarkonia, the production of {bc) mesons at the Tevatron may
therefore provide another interesting test for perturbative QCD. Although we will only show
our results for the positively charged states (bc), all the results presented in this work also
hold for the negatively charged states (bc).

The organization of this paper is as follows. In the next section, we discuss in detail
the general procedures to calculate the production cross sections using the fragmentation
approach. In Sec. III we present the transverse momentum spectra and the integrated
cross sections for the production of S-wave and P-wave (bc) states, as well as the inclusive
production rate for the B, meson. Discussions and conclusions are made in Sec. IV. For
completeness we also collect all the S-wave and P-wave fragmentation functions at the heavy-
quark mass scale in the Appendix.

Before leaving this preamble, we note that a preliminary result from CDF had provided
a hint for the B, existence by looking at the production rate of J/¢ + 7 (a clean event

presumably arises from B, decay) in the mass bin of 6.1-6.4 GeV [27].

II. Inclusive production cross sections in the frag-
mentation approach

Theoretical calculations of production cross sections in high energy hadronic collisions are
based on the idea of factorization. Factorization divides an inclusive or exclusive hadronic
production process into a short-distance piece and a long-distance piece. The short-distance
piece is perturbatively calculable to any desired accuracy in QCD, while the long-distance
piece is in general not calculable within perturbation theory but can be parameterized as

phenomenological functions, which can be determined by experiments. The factorization

used here for the production of (bc) mesons divides the process into the production of a




high energy parton (a b antiquark or a gluon) and the fragmentation of this parton into
various (bc) states. The novel feature in our approach, which is due to a recent theoretical
development [5,7], is that the relevant fragmentation functions at the heavy quark mass scale
can be calculated in perturbative QCD to any desired accuracy. This is easily understood
from the fact that the fragmentation of a b antiquark into a (bc) meson involves the creation
of a ¢C pair out of the vacuum. The natural scale for this particular hadronization is of order
of the mass of the quark pair being created. In our case, this scale is of order m., which
is considerably larger than Agcp. One can therefore calculate reliably the fragmentation
functions as an expansion in the strong coupling constant ¢, using perturbative QCD.

The production of high energy partons also involves the factorization into the parton
distribution functions inside the hadrons and the parton-parton harci scattering. Let H
denotes any (bc) meson states. The differential cross section do/dpr versus the transverse

momentum pr of H is given by

dd?o; (pp — H(pr)X) = %:/d.rldxzdzfi/p(ilfl,,u)fj/ﬁ(:tz,,LL) [(—;%(z‘j - B(pT_/z)X, 1)
do
xDg_py(z,p) + - (23 — g(pr/2)X, p) Dg—»H(Z,#)] ) (1)
Pr

The physical interpretation is as follows: a heavy b antiquark or a gluon is produced in a
hard process with a transverse momentum pr/z and then it fragments into H carrying a
iongitudinal momentum fraction z. We assume that H is moving in the same direction as
the fragmenting parton. In the above equation, fi/p(z,¢)’s are the parton distribution
functions, do’s represent the subprocess cross sections, and D,y (z,¢)’s are the parton
fragmentation functions at the scale y. For the production of b antiquark, we include the
subprocesses gg — bb, gb — gb, and ¢qq — bb; while for the production of the gluon g, we
include the subprocesses gg — ¢g, ¢§ — g9, and gq(q) — gq(g). In Eq. (1), the factorization
scale p occurs in the parton distribution functions, the subprocess cross sections, and the

fragmentation functions. In general, we can choose three different scales for these three

entities. For simplicity and ease of estimating the uncertainties due to changes in scale, we
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choose a common scale g for all three of them.

The physical production rates should be independent of choices of the scale p, because p
is just an artificial entity introduced to factorize the whole process into different parts in the
renormalization procedure. However, this independence of scale can only be achieved if both
the production of the high energy partons and the fragmentation functions are calculated to
all orders in o;. So far, only the next-to-leading order ’s and the leading order fragmentation
functions are available, so the production cross sections do depend on the choice of p to a
certain degree. We will estimate the dependence on p by varying the scale p = (0.5 — 2)up,

where upg is our primary choice of scale

ur = \/ph(parton) +m? . (2)

This choice of scale, which is of order pr(parton), avoids the large logarithms in the short-
distance part &', However, we have to sum over the logarithms of order pgr/m; in the
fragmentation functions. But this can be implemented by evolving the Altarelli-Parisi equa-

tions for the fragmentation functions.

II.a Evolution of Fragmentation Functions

The Altarelli-Parisi evolution equations for the fragmentation functions are

19} i _ 1 dy - . 1 dy g
uanqH(z,u)—/z » Ps_5(z/y, 1) Db_.H(y,uH/z —y—Pb_)g(Z/y,u) Dyuly, 1), (3)

o 1 dy 1dy '
wn Dors(eun) = [ SIP sz /1) Dienlo )+ [ ST Ponsg(fy,10) Doty (4)
where H denotes any (bc) states, and P;_; are the usual Altarelli-Parisi splitting functions.
The leading order expressions for P,_; can be found in the Appendix.

The boundary conditions for the above Altarelli-Parisi equations are the fragmentation
functions Dj_,y(z, po) and Dg_;H(Z,/.LQ) that we can calculate by perturbative QCD at the
initial scale uo,.which is of the order of the b-quark mass. At present, all the S-wave [5] and

P-wave [7] fragmentation functions for b — (bc) have been calculated to leading order in «,.
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They are all collected in the Appendix. The initial scale yo for Dj_ 4(z, to) is chosen to be

fto = my + 2me, which is the minimum virtuality of the fragmenting b antiquark [5]. On the
other hand, since the initial gluon fragmentation function D,y (z, o) is suppressed by one
extra power of relati%/e to Dy_y(z2, o), we simply choose the initial gluon fragmentation
function to be D,y (2, p0) = 0 for po < 2(mp + m.) — the minimum virtuality of the

fragmenting gluon [26]. Thus, our boundary conditions are

Do—n(z,p0) = 0 for wo < 2(my + m.),

Ds_py(z,u0 = mpy+2m,) =  those given in the Appendix.
We can also examine the relative importance of these fragmentation functions. The initial
Di_.i(2, p0) is of order o?, whereas the initial Dy_g(z, o) is of order o? and has been
set to be zero for pg < 2(my + m.) as discussed above. But when the scale is evolved
up to a higher scale g, Dj_ y(z,p) is still of order o2, while the induced D,y (z,u) is of
order o2 log{u/po). At a sufficiently large scale p the logarithmic enhancement can offset
the extra suppression factor of a;. Thus the Altarelli-Parisi induced gluon fragmentation
functions can be as important as the b antiquark fragmentation, even though the initial
gluon fragmentation functions are suppressed. While these Altarelli-Parisi induced gluon
fragmentation functions play only a moderate role at the Tevatron, they will play a more
significant role at the LHC [26].

To obtain the fragmentation functions at‘an arbitrary scale greater than pg, we numeri-
cally integrate the Altarelli-Parisi evolution equations (3)—(4) with the boundary conditions
given by Eq. (5). Since the initial light-quark fragmentation functions D, g (z, yo) are of
order «?, one can set them to be zero as well for po < 2(mp + m.). One may ask if the
light-quark fragmentation functions can be induced in the samevmanner as in the gluon
case by Altarelli-Parisi evolution. Since both the Altarelli-Parisi splitting functions F,_,
and P,_,, are total plus-functions, the induced light-quark fragmentation functions D,_.y(z)
can only be total plus-functions or vanishing identically. We do not anticipate that these

induced light-quark fragmentation functions, if nontrivial, will play any significant role in
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our analysis.

I11. Numerical results

Leading ordér QCD formulas are employed for the parton-level scattering cross sections
and CTEQ(2M) [28] is used for the initial parton distributions. The inputs to the initial
fragmentation functions are the heavy quark masses m; and m., and the nonperturbative
parameters associated with the wavefunctions of the bound states. For the S-wave states
there is only one nonperturbative parameter, which is the radial wavefunction R,s(0) at
the origin. However for the P-wave fragmentation functions we have two nonperturbative
parameters H; and Hg associated with the color-singlet and the color-octet mechanisms,
respectively [29]. Two of the P-wave states (! P; and P;) are mixed to form the two physical
states, denoted by |17} and |1*’). Further details of the mixings can be found in Refs. [7,16].
The above input parameters for the fragmentation functions are summarized in Table I.

As mentioned in the previous section, we have set the scale p in the parton distribution
functions, subprocess cross sections, and the fragmentation functions to be the same. We will
later vary u between 0.5ur and 2ug, where pg is given in Eq. (2), to study the dependence
on the choice of scale. For the strong coupling constant a;() entered in the subprocess cross

sections, we employ the following simple expression

- as(MZ)
1+ 22 o,(Mz) In(3)

; (6)

O‘S(ﬂ)

where ny is the number of active flavors at the scale g and a,(Mz) = 0.118. In order to
simulate the detector coverage at the Tevatron, we impose the following acceptance cuts on

the transverse momentum and rapidity of the (bc) state H:

a

pr(H) > 6 GeV and ly(H)| < 1. (7)

The numerical results for the pr spectra for the (be) state H with various spin-orbital

quantum numbers are shown in Fig. 1 and Fig. 2 for the cases of principal quantum number
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n =1 and n = 2, respectively. The integrated cross sections versus p®*(H) are also shown

in Figs. 3 and 4 for the cases of n = 1 and n = 2, respectively.

Now we can predict the inclusive production rate of the B, meson. As the annihilation
channel is suppressed relative to the electromagnetic/hadronic transitions, all the excited
states below the B D threshold will decay subsequently into the ground state B, via emission
of photons or pions. Since the energies of these emitted photons and/or pions are limited by
the small mass differences between the initial and final (be) states, the transverse momenta of
the (bc) mesons are not appreciably affected during the cascades. Therefore, we can simply
add up the pr spectra (Fig. 1 and Fig. 2) of all the states to represent the pr spectrum of the
inclusive B, production. Similarly, we can add up the integrated cross sections (Fig. 3 and
Fig. 4) to represent the integrated cross section for the inclusive B, production. Thus, we
can obtain the inclusive production rate of B, as a function of p*(B,). Table II gives the
inclusive cross sections for the B, meson at the Tevatron as a function of p*( B,), including
all the contributions from the n = 1 and n = 2 S-wave and P-wave states. These cross
sections should almost represent the inclusive production of B, by fragmentation, because
the contributions from the D-wave states are expected to be minuscule. The results for
@ = pr/2, ur, and 2ug are also shown. The variation of the integrated cross sections with
the scale u is always within a factor of two, and only about 20% for pr > 10 GeV. We will
discuss more about the dependence of scale in the next section.

At the end of Run Ib at the Tevatron, the total accumulated luminosities can be up
to 100-150 pb™! or more. With py > 6 GeV, there are about 5 x 10° B} mesons. The
lifetime of the B. meson has been estimated to be of order 1-2 picosecond [16], which is
long enough to leave a displaced vertex in a silicon vertex detector. Besides, B. decays into
J/#,+ X very often, where X can be a 7%, p*, or £*y, and J/v can be detected easily
through its leptonic decay modes. The inclusive branching ratio of B, — J/¢ + X is about
10% [30]. When X is ety or ptv,, we will obtain the striking signature of three-charged

leptons coming off from a common secondary vertex. The combined branching ratio of
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B, — J/pltvy — OY0 0y, (6,4 = e, ) is about 0.2%. This implies that there will be of
order 10® such distinct events for 100 pb~! luminosity at the Tevatron. Even taking into
account the imperfect detection efliciencies, there should be enough events for confirmation.
However, this mode does not afford the full reconstruction of thé B.. If X is some hadronic
states, e.g., pions, the events can be fully reconstructed and the B. meson mass can be
measured. The process B, — J/i + 7t — {Y{~ 7t is likely to be the discovery mode for B..
Its combined branching ratio is about 0.03%, which implies about 300 such distinct events
at the Tevatron with a luminosity of 100 pb~!.

After the next fixed target runs at the Tevatron, the Main Injector will be installed in
1996-1997 according to the present plan [31]. The Main Injector will give a significant boost
in the luminosity while the center-of-mass energy stays the same. The upgraded luminosity
is estimated to be about ten times larger than its present value. This enables Run II to
accumulate a total luminosity of 1-2 fb~!, which implies that about 107 — 10® B, mesons will
be produced. With the Main Injector installed, it might be pbssible to produce the D-wave
(bc) states with sizable rates.

Tevatron will continue running until the next generation of hadronic colliders, e.g., the
LHC. The present design of the LHC is at a center-of-mass energy of 14 TeV and the yearly
luminosity is of order 100 fb=!. In Table III, we show the inclusive cross sections for the B,
meson at the LHC as a function of p2i®( B, ) including the contributions from n = 1 and n = 2
S-wave and P-wave states. With the assumed 100 fb~! luminosity there are about 3 x 10°
B. mesons with pr > 10 GeV and |y(B,;)| < 2.5. With such a high luminosity at LHC, one
expects sizable numbers of the various D-wave (bc) states to be produced as well. The LHC
will then be a copious source of (bc) mesons such that their properties e.g., spectroscopy
and decays, can be thoroughly studied. In addition, the mixing and CP violation studies
are possible. For example, one can use B, to tag the flavor of B; in the decay Bf — Bty
for the studies of B — B® mixing. Also, CP violations in the B, system can be studied by

looking at the difference in the partial decay widths of B} — X and B — X.
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IV. Discussions and conclusions

We now briefly discuss the various sources of uncertainties in our calculation. One uncer-
tainty comes from the use of the naive Altarelli-Parisi evolution equations. As pointed out
in Refs. [8,32], the naive Altarelli-Parisi equations in Egs. (3)-(4) do not respect the phase
space constraints. Inhomogeneous evolution equations were then advocated to remedy for

these problems. The major effect is to correct the unphysical blow-up of the evolved gluon

fragmentation functions when z gets too close to 0. The corrected gluon fragmentation func-

tions, instead of the blow-up at z = 0, turned to zero smoothly below a certain threshold
value of z. Despite the dramatic changes of the evolved gluon fragmentation functions for

small z values, this effect will not show up easily in our calculation because the small z

region is very likely excluded by the transverse momentum cut imposed on the (Z)c) mesons.

Therefore, in this paper we keep on using the homogeneous Altarelli-Parisi equations in
Egs. (3)-(4) to evolve our fragmentatior; functions.

A second source of uncertainty is due to the choice of the factorization scale y. We show
in Fig. 5 the dependence of the differential cross sections on the factorization scale p by
plotting the results for the various choices of 4 = pgr/2, ug, and 2ugr. For clarity we only
show the curves for the 115y and 13P, states in Fig. 5. The behaviors for other states are
similar. Note that in the g = pgr/2, ug, and 2up curves, the running scales used in the
strong coupling constant «,, which entered in dé’s, and in the parton distribution functions
fi(z)’s are equal to p, while the running scale used in the fragmentation functions is set
to be max (g, o), where pg is the prescribed initial scale for the fragmentation functions
defined in Eq.(5). Figure 5 shows that the change in the factorization scale p gives different
results for the differential cross sections. The g = 2ug curves show that the differential
cross sections increase (decrease) only slightly at the low (high) pr region. Although the
p = pr/2 curves demonstrate larger changes in the differential cross sections, the variations
are always within a factor of two. The integrated cross sections at various PR B,), as already

shown in Table II, also indicate lesser sensitivity in the scale as one increases p®(B,). The
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variations of differential cross sections with the scale 4 demonstrate the effects of the next-
to-leading order (NLO) corrections. Only if all the NLO corrections are calculated for each
piece contained in Eq. (1}, namely the parton distribution functions, the parton-parton hard

scattering cross sections, and the fragmentation functions, can these variations be reduced

substantially. Since the perturbative QCD fragmentation functions are only calculated to
leading order, the NLO calculations of the perturbative QCD fragmentation functions can
provide an improvement to our calculation. However, due to the rather weak dependence on
the scale in our leading order calculation, our results should be rather stable under higher
order perturbative corrections.

Other uncertainties come from the input parameters to the boundary conditions of the
fragmentation functions. These are the heavy quark masses m; and m., and the nonperturba-
tive parameters describing the bound states. Slight changes in m, and m, could possibly lead
to appreciable changes in the fragmentation functions, as indicated by the m? and m® depen-
dence respectively in the denominators of the S-wave and P-wave fragmentation functions.
(Note that Hy/m = 9|R'(0)|?/(327m>).) However, in the numerators the wavefunctions at
the origin |R(0)|? and |R'(0)]? also scale like m® and m®, respectively. Therefore the depen-
dence on the heavy quark masses should be mild in the fragmentation functions. Although
the color-octet parameters Hy’s are not well determined, they do not play a significant role
in the present context.

Finally, we discuss the controversy in recent literature [22-24] concerning about the
importance of parton fragmentation in the production of the B, (BY) meson at hadronic col-
liders. The controversy arises because the Feynman diagrams responsible for the b antiquark
fragmentation belong to a gauge-invariant subset of the whole set of Feynman diagrams,
which contribute at the order of a?. Thus, there is a competition between the fragmentation
contribution and the non-fragmentation contribution, which some authors called recombi-
nation. So far, three independent groups [22-24] have presented such a complete O(a?)

calculation. Chang et al. [22] and Slabospitsky [23] agreed that the fragmentation contribu-
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tion dominates at the large transverse momentum region. However, we could not find in their
work the precise value of pr at which the fragmentation contribution begins to dominate.
On the other hand, Berezhnoy et al. [24] claimed that fragmentation never dominates for
all kinematical region of pr and the recombination diagrams can never be ignored.

Slabospitsky’s and Berezhnoy et al’s results were roughly consistent with each other,
even though their input parameters were somehow different. Slabospitsky used a B, decay
constant fp, = 510 MeV and studied the scale sensitivity in the cross sections by evaluating
the strong coupling constant «, and the parton distribution functions at three different scales
3, /4, and (2Mp,)?, where § is the invariant mass squared of the parton-parton scattering.
On the other hand, Berezhnoy et al. used a fg, = 570 MeV and a fixed value of o; = 0.2 but
did not mention explicitly at what scale they evaluated the parton distribution functions. We
estimate that the difference between these two calculations in terms of total cross sections of
B. was within a factor of 2. Surprisingly, their results were much larger than that obtained
by Chang et al., who used a fg, = 480 MeV and evaluated «, and the parton distribution
functions at the scale §/4. Chang et al. had a total B, cross section at least 10 times smaller
than Slabospitsky’s. This large discrepancy cannot be accounted for by the different choices
in the scales of the strong coupling constant or the parton distribution functions.

Our results, depending on the fragmentation approach, are only valid in the large pr
region, because in the low pr region both the fragmentation and recombination contributions
are equally important. Although we cannot compare our integrated cross sections of B,
and Br with the exact O(a?) calculations, we can compare the shape of the pr spectra
for pr > 6 GeV. We compare our results with those obtained by Chang and Chen [22]
and Slabospitsky [23]. We note that our pr spectrum for the 115, state shown in Fig. 1
has about the same slope as the corresponding one in Fig.2 of Chang and Chen and in
Fig.4a of Slabospitsky. However, the overall normalization of our curve is about 3-4 times
larger than Chang and Chen’s and about 1/3 of Slabospitsky’s. The discrepancy in overall

normalization between our result and Slabospitsky’s can be explained by (7) we have imposed
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a rapidity cut of |y(B.)| < 1 while Slabospitsky did not, (:2) we used a smaller decay constant
fB. = 495 MeV, and (i:7) we only counted the positively charged state while Slabospitsky
had counted both charges. We also note that in view of a recent calculation [33] of the QCD
correction to the decay constant fg_, perhaps a smaller value of fg, is preferred. However, we
cannot explain the discrepancy in the overall normalization between our result and Chang
et al’s. Another difference is that in our fragmentation approach, we have also included
the subprocess gb — ¢gb followed by the b fragmentation, while this contribution was not
considered in the exact perturbative QCD calculations.

Despite the disagreement among the three sets of complete O(a?) calculations, we can
still draw the following conclusion. Since the slope of our pr curve for B, is similar to that
obtained from the complete O(a?)-calculations, we believe that the fx;agmentation contri-
bution should begin to dominate the production of (bc) mesons at pr = 10 GeV. Also, we
would like to emphasize that the detector coverage and performance do require a minimum
transverse momentum cut and a rapidity cut on the B, meson. Thus, the non-fragmentation
(recombination) contribution, which is substantial at low pr, becomes less important as the
lowest pr range is being excluded.

In this paper, we have performed calcﬁla’cions of the transverse momentum spectra and
integrated cross sections for the S- and P-wave (bc) mesons. We have also predicted the
inclusive production rate for the B. meson, and found that there should be enough signature
events to confirm the existence of B, at the Tevatron, whereas the LHC will be a copious
source of B.. Nevertheless, one should keep in mind that what we have calculated in this
paper represents only the contribution from fragmentation, while there should also be other
non-fragmentation contributions, especially at the low pr region (pr < 10 GeV). At least,
our results represent a lower bound of the production rate for B.. In the near future, the

production of B, at the Tevatron would provide another interesting test for perturbative

QCD, and we expect a very exciting experimental program of B, at the LHC.
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Appendix

The Altarelli-Parisi evolution equations were given in Eqgs. (3)—(4). For convenience, we also

list all the Altarelli-Parisi kernels in the following,

i - (L)
Froke) = 5 (02T 2
P,_g(z,p) = %%’f—) (224 (1 - 2)?) (A.3)
Pyl(z, ) = 6"‘;(“) (<1 _xx)+ 4+ —Zta(i-a)+ (% - 260 - ;1:)) L (A4)

where ny 1s the number of active flavors below the scale p.

The fragmentation functions Dj_ (=, o) for the S-wave and P-wave (bc) states have
been obtained to leading order in strong coupling constant «, at the heavy quark mass scale
po = my + 2m.. We introduce the following notations: r = m./(mp + m.), ¥ =1 — r, and
m = mym./(ms + m.). The nonperturbative parameters are R,s(0) for the S-wave states,
and Hy(n) and Hg(n) for the P-wave states. The mixing angle between the ' P and 2 P; states
is denoted by cos Oix. The numerical values of these input parameters can be inferred from
potential model calculations (see for example [16]) and are listed in Table I for convenience.
The scale of the strong coupling constant entered in Dj_ 5 (2, uo) is set to be 2m..

The S-wave fragmentation functions are [5]

205(2m)?|Ros(0)? 72(1 — 2)?
8lam? (1—72)8

DE—»Ec(nlso)(zaﬂO) =
x |6 — 18(1 —2r)z + (21 — T4r + 68r%)2*

—27(6 — 197 + 180%)2° + 372(1 — 2r + 2°)24 | |
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20,5(2mc)?| Ras(0)]% rz(1 — 2)?

27rm? (1 —-7z)8

Dl_z—vgc(n351)(27 #0) =
X |2 — 2(3=2r)z + 3(3—2r +4r*)2* — 27(4 —r + 2r%)23
+72(3 = 2r 4+ 2r%)2* . (A.6)

Polarized S-wave fragmentation functions can also be found in Ref. [34] but they are not
used in this work.
The P-wave fragmentation functions consist of two terms, the color-singlet piece (H

term) and the color octet piece (H§ term) [7]:

Hygy(n) ) Hys)(A) (s

D gepmip)(z,00) = —— =D 5 0py(2,8) +3————D; 505, (2) 5 (A.T)
Higo(n) Hy ) (A)
Dg—»EC(n3PJ)(Z’ /.Lo) = —1(7;2—_—_D§1—)>Ec(3PJ)(Z? A) + (2J + 1)_—8(7)—_13(%8—);59(351)(2) ?
(A.8)

where A is a factorization scale for the P-wave fragmentation functions. It separates the
reduced heavy quark mass scale m and the scale mv which characterizes the bound state
structures with v being the typical relative velocity of the heavy quark and antiquark inside

|
‘ _ the bound state. In our numerical work, we will choose A ~ m.
At leading order the color-singlet pieces do not depend on A and they are given by

DgllEc(l Pl)(z) = 16a§gmc) 7'7_‘(312'(_1 7;)28)2 [6 —6(4r* —8r +5)z
+ (32r* — 96r° + 250r* — 210r + 69)2°
+ 87(4r* +12r° — 48r% 4+ 371 — 12)2°
+ 272167 4+ 16172 — 114r 4 42)2* — 67° (40 + 281% — 157 + 7)2°
+ (460 — 14r + Q)ZG] : (A.9)

18




(1)
DE—*(;c(sPl)(z)

and

1602(2m,) ritz(1 — z)?
729 (1 —7z)3
(8327 — 14561° + 105872 — 362r + 63)2°

6(4r — 1) 4+ 6(4r — 1)(20% — 16r + 5)2

87(100r* — 184r% + 11872 — 22r 4+ 9)2°
27 (4167* — 7761 + 369r% 4+ 42r + 24)2*
27°(240r* — 516r° + 232r% 4+ 50r + 9)2°

7960 — 240r® + 134r% 4 34r + 3)53] , (A.10)

3202(2m.) ritz(1 — z)?
243 (1—r2)®
(16r* + 64r® — 98r + 63)z% + 87(2r* + 2r® — 13r® + 11r — 9)2°

[6 + 6(4r — 5)z

27 (8r* — 167° + 47r% — 18r + 24)2* 4+ 27°(8r° — 24r% + 7 — 9)2°

F(12r% 4+ 2r + 3)26} , (A.11)

6402 (2m.) ritz(1 — 2)?

DO opy(2) = [12 +12(2r — 5)z

729 (1 —72)8
+(92r% — T6r + 135)2% + 4(10r° — 547% 4+ 31r — 45)7°

4+ 2(46r* — 16r° + 123r% — 781 4 75)2*
— 47(6r* + 9r3 + 40r% — 13r + 18)2°

+ #(12r* — 12r° + 55r% — 107 + 15):?} . (A.12)

The 'P; and 3P, states are mixed in general, giving rise to the following physical mass

eigenstates |1*') and |11},

a

|1+,> = Cos HmixllPl) - Sill 9m.ix|3P1> ) (Al.;)
‘1+> = sin HmixPP1> + cos 9xnix|3p1> . (A14)
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Thus, in general, we have

1 - 1 . 1
Dl—E—-)rgc(l‘*")(z) = C052 HmjxDlg—)J;c(l Pl)(z) + 81112 Hmjng-—)vf_)c(sPl)(z)
— 810 By COS BmeI(:ﬁ)x(z) , (A.15)
1 . 1 : 1
Délgc(l+)(z) = sin? gming_),Ec(lpl)(z) + cos? emixng_).gc(spl)<Z)
+ 510 Bunix 08 i DL (2) | (A.16)
with
3 2(2 Pz(l — 2)? .
| (1) _ 32\/§a5( me) T 2( B 2413,
! Dy (2) 513 =2 6 — 6(2r° —4r + 3)
i

+ (247° 4 520 — 52r + 21)2% + 27(14r° — 677 + 157 — 6)2°

— P 2r 4 8 — 3)24} . (A.17)

Finally, the color-octet pieces are given by

a?(2me) ritz(1 — 2)?
162 (1 —r7z)8

D(S) (Z)

bBe(’ 50) [6 —18(1 — 2r)z + (21 — T4r + 68r%)2*
— 27(6 — 197 + 187%)2° + 37%(1 — 2r + 27'2)24] , (A.18)

and

DI as)(z) = == ‘ [2 —2(3 = 2r)z + 3(3 — 2r + 4r?)2?

— 2 (4 —r +2r")2° + P (3 - 2r + 27‘2)24] : (A.19)
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Table I: Input parameters to the perturbative QCD fragmentation functions for n = 1 and n = 2.

n=1 n=2
my 4.9 GeV 4.9 GeV
me 1.5 GeV | 1.5 GeV
R,s(0) 1.28 GeV3/2 0.99 GeV3/2
Hy 10 MeV 14 MeV
Hg(m) - 1.3 MeV 1.8 MeV
c0S Ormix 0.999 0.957

Table II: The inclusive production cross sections for the B. meson at the Tevatron including the
contributions from all the S-wave and P-wave states below the BD threshold as a function of

P (B.). The acceptance cuts are pr(B.) > 6 GeV and |y(B.)| < 1.

pr" (GeV) o (nb)
W= 3HR =R p=2pp
6 2.81 5.43 6.93
10 0.87 1.16 1.22
15 0.26 0.29 0.26
20 0.098 0.097 0.083
30 0.021 0.018 0.014
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Table III: The inclusive production cross sections for the B, meson at the LHC including the

contributions from all the S-wave and P-wave states below the BD threshold as a function

of pin(B.). The acceptance cuts are pp(B.) > 10 GeV and [y(B,)| < 2.5.

ot

PF" (GeV) o (ub), g = pr
10 33.8
20 4.4
30 1.1
40 | 0.41

Figure Captions

. The differential cross section do/pr versus pr of the (bc) meson (H) in various spin-

orbital states with n = 1 at the Tevatron. The acceptance cuts are pr(H) > 6 GeV

and |y(H)| < 1.

Same as Fig.1 for n = 2.

min

The integrated cross section o(pr > p™) versus the minimum p® cut on the (bc)
meson (H) in various spin-orbital states with n = 1 at the Tevatron. The acceptance

cuts are the same as Fig.1.
Same as Fig.3 for n = 2.

The comparison of the differential cross sections do/dpr at different factorization scales
for the 1 1S; and 1 3P, states at the Tevatron. The acceptance cuts are the same as

Fig.1.
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