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Recent measurements of J/1 production in eTe™ colliders pose a chal-
lenge to the NRQCD factorization theorem for quarkonium production.
Discrepancies between leading order calculations of color-octet contribu-
tions and the momentum distribution of J/1 observed by Belle and BaBar
are resolved by resumming large perturbative and nonperturbative cor-
rections that are enhanced near the kinematic endpoint. The large cross
sections for J/¢cc and double quarkonium production remain poorly un-
derstood. Nonperturbative effects in fixed-target hadroproduction of open
charm are also discussed. Large asymmetries in the production of charm
mesons and baryons probe nonperturbative corrections to the QCD factor-
ization theorem. A power correction called heavy-quark recombination can
economically explain these asymmetries with a few universal parameters.

PACS numbers: 13.66.Bc, 13.85.Ni, 14.40.Gx, 14.65.Dw

1. Introduction

In the last couple of years there have been a number of interesting exper-
imental results in the production of heavy particles, including measurements
of J/1 production in eTe™ collisions at the Y (4S) resonance [T, 2, B] and
charm meson production at the Tevatron [4]. This talk focuses on how these
results impact theoretical understanding of heavy particle production. The
spectrum of J/1 observed in ete™ colliders disagrees with leading order
calculations based on Non-Relativistic QCD (NRQCD) factorization the-
orems [0]. Better agreement is obtained in calculations which resum the
large nonperturbative and perturbative corrections that arise near the kine-
matic endpoint [6]. However, large cross sections for J/icé and exclusive
double quarkonium production remain poorly understood. I also discuss
heavy quark production. Calculations of charm and bottom production
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which resum large logarithms of p, /m¢ provide a consistent description of
the production of these particles at the Tevatron [7, 8, 0]. Finally, I explain
how the large asymmetries observed in fixed-target hadroproduction exper-
iments can be explained by a power correction to the QCD factorization
theorem called heavy-quark recombination [T0} [IT].

2. J/1 Production at the Y (45S5)

The current theoretical framework for understanding the production of
heavy quarkonia is NRQCD [5]. NRQCD solves important theoretical and
phenomenological problems in quarkonium theory. Color-singlet model cal-
culations of x. decay suffer from infrared divergences [I2]. NRQCD provides
a generalized factorization theorem that includes nonperturbative correc-
tions to the color-singlet model, including color-octet decay and production
mechanisms. Infrared divergences are factored into nonperturbative ma-
trix elements, so calculations of inclusive production and decay rates are
infrared safe [I3]. Color-octet production mechanisms are necessary for un-
derstanding the production of J/1¢ at large transverse momentum, p,, at
the Tevatron [I4]. Convincing evidence for color-octet mechanisms has re-
cently been seen in v+ collisions, where color-singlet mechanisms underesti-
mate the cross section by an order of magnitude while calculations including
color-octet mechanisms describe the data well [I5].

However, there are many unsolved problems in quarkonium physics [16].
Perhaps the most puzzling is the polarization of J/¢ and ', which is pre-
dicted to be transverse at very large p, in hadron colliders [I7]. The theo-
retical prediction is consistent with the data at intermediate p; but at the
largest p, measured the J/v and 1)’ are observed to be slightly longitudi-
nally polarized.

This talk focuses on new puzzles arising from recent measurements of
J/1 production in ete” colliders [T, 2, B]. The leading color-octet con-
tribution to this process was expected to dramatically enhance the cross
section for maximally energetic J/v as well as modify their angular distri-
bution [I8]. If cos is the angle of the J/v relative to the axis defined by
the ete™ beams and z = E;/,/ E?/?Z‘, then the differential cross section is

do

y v S(z) 1+ A(z) cos® 0). (1)

The function A(z) tends to -1 as z — 1 for color-singlet production. The
leading color-octet diagram contributes only at z = 1 and gives A(1) ~ 1.
The total color-singlet cross section is predicted to be 0.4-0.9 pb [19], while
the total cross section from the leading color-octet mechanism is expected
to be = 1 pb. A substantial rise in the cross section near the kinematic



endpoint accompanied by a change in angular distribution was predicted to
be a robust signal of the color-octet mechanism [I§].

Experimental data does not agree with these expectations [I, 2, B]. One
problem is that a sharp rise in the cross section near the kinematic endpoint
is not observed. On the other hand, the cross section is larger than predicted
by the color-singlet model and A(z) ~ 1 for 0.7 < z < 1. Another puzzle is
the production of open charm with .J/v. Belle observes that a large fraction
of J/1 are produced with an additional c¢ [T]:

olete™ — J/ ce)
olete™ — J/y X)

= 0.597013 £ 0.12. (2)

(Preliminary results described by P. Pakhlov in this conference suggest that
the ratio is even larger [20].) Leading order color-singlet model calculations
predict the ratio to be ~ 0.2 [I9] and a large color-octet contribution will
make the ratio even smaller.

The resolution of the first problem lies in a careful analysis of the per-
turbative and nonperturbative corrections that appear near the kinematic
endpoint of quarkonia production [0, 21]. The J/1 production cross section
in NRQCD is

Wt = 1+ X) =Y Were — ] + X) O, (3)
dz oz o
where ((’);{/% are NRQCD matrix elements and dé(ete™ — cc[n] + X) are
perturbatively calculable short-distance cross sections. The label n denotes
the angular momentum and color quantum numbers of the c¢. The NRQCD

scaling rules show that <O;{/ w> scales as some power of v, where v is the
typical velocity of the heavy quarks inside the bound state.

The leading Feynman diagrams which contribute to color-octet produc-
tion give do(ete™ — c¢[n]+ X)/dz proportional to §(1—z). This is the first
in an infinite series of terms that are singular at z = 1. There are higher
order nonperturbative corrections that scale as v?" /(1 — 2)" [21] as well as
perturbative corrections that go like aIn"(1 —2)/(1 — z), m < 2n — 1. For
charmonium, v? ~ az; ~ 0.3 so for z > 0.7 perturbation theory and the
NRQCD v expansion both break down.

Near the kinematic endpoint, the final state consists of two kinds of
quanta: energetic collinear particles with light-like momenta in the jet
against which the J/1 is recoiling and particles which are soft as viewed
from the rest frame of the J/1. NRQCD breaks down because the theory
does not explicitly include these degrees of freedom. The problem can be
fixed by using the Soft-Collinear Effective Theory (SCET) [22] which ex-
plicitly includes both collinear and soft degrees of freedom. By combining
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Fig. 1. The sum of the resummed color-octet and leading order color-singlet con-
tributions are plotted as the upper line. The lower line is the leading order color-
singlet contribution only, and the data are from the BaBar collaboration [9] (left)
and Belle collaboration [3] (right).

SCET and NRQCD one finds that in the endpoint region Eq. (B]) is replaced
with the following factorization theorem: [6]

do™ ol 1
o [ st e - 2. (4)

Here aén] is a short distance cross section which is perturbatively calculable.

The shape function S (€) is a universal nonperturbative distribution that
resums the large nonperturbative corrections. J(§ — z) is a calculable func-
tion that describes the propagation of the collinear particles in the energetic
gluon jet. Large perturbative corrections can be resummed by solving the
SCET renormalization group equations for aén], Sl(¢) and J(€ — z).
Comparison of this calculation with data from BaBar [2] and Belle [3] is
shown in Fig. M [6]. The number of events is plotted as a function of the J/v
momentum, p,. The lower line in both plots is the leading color-singlet con-
tribution which falls well below data. The upper line includes the resummed
color-octet cross section. The leading order calculation of the color-octet
contribution (not shown) gives an integrated cross section comparable to
that of the resummed calculation shown here, but the entire cross section
is located in the very last bin of p,. This also does not agree with data.
Fig. M demonstrates that when large perturbative and nonperturbative cor-
rections are included the momentum spectrum of the J/v produced by the



color-octet mechanism is significantly broadened. The agreement with data
is good in the endpoint region where the calculation is most reliable. The
calculation is not predictive because the shape function is fitted to available
data. However, the moments of the shape function can be estimated using
the NRQCD scaling rules and the shape function used in Ref. [6] satisfies
these constraints. The universality of the shape function can be tested by
applying the methods of Ref. [6] to other .J/¢ production processes.

While resolving the discrepancy between leading order color-octet cal-
culations and the observed py, distribution, the calculation does not help
explain the large cross section for J/iycc¢ observed by the Belle collabora-
tion. The Belle collaboration also observes a large cross section for exclusive
J/Y+n. and J/1 + x. B]. An NRQCD analysis of exclusive cross sections
appears in Ref. [23]. Because the helicity conservation rules for exclusive
QCD processes suppress the leading QCD contribution, the purely QED
contributions are surprisingly large (= 20%). The leading relativistic cor-
rections give large corrections which unfortunately are difficult to estimate
reliably. For instance, Ref. [23] quotes o(J/v + n.) = 5.573%5 fb, with
the uncertainty dominated by relativistic corrections. For comparison Belle
measures o(.J/1)+1.) x Br[n. — 4 charged particles] = 337. 49 fb. Clearly a
mechanism for enhancing the J/vc¢ and double charmonium cross sections
is needed. Proposals for nonperturbative mechanisms responsible for this
enhancement appear in Ref. [24].

3. Open Charm and Bottom Production

The QCD factorization theorem states that the production cross section
for a heavy particle H containing a heavy quark @ is [25]

do[AB — HX| =) fi/a® fj/p®délij - QQX]® Do_p + .... ()
i,J

Here f;/4 is a parton distribution function, Dg— g is a fragmentation func-
tion, d&ij — QQX] is a short-distance cross section and the ellipsis repre-
sents corrections which are suppressed by Aqcp/mg or Aqep/pu -

Perturbative aspects of Eq. () are tested by measurements of charm
and bottom production at collider experiments. Experimental reviews of
heavy quark production at LEP, HERA and the Tevatron are described in
the talks of A. Sciaba [26], B. Olivier [27] and K. Rinnert [28], respectively.
At the Tevatron, discrepancies between NLO calculations of bottom produc-
tion and experimental cross sections have been known for a long time [29).
Recently CDF has extended measurements to include charm as well as bot-
tom [4]. Resummation of large logarithms of p; /m¢ is needed to obtain
better agreement with both charm and bottom cross sections [7, B, 0]. It



is also important to treat fragmentation functions carefully as the total
cross section is sensitive to the fragmentation function used [9]. Though
the existing calculations differ in how finite mass corrections are handled
they are consistent numerically and agree with data within the theoretical
uncertainties estimated by varying factorization and renormalization scales.

Nonperturbative power corrections to Eq. (Bl are probed in lower en-
ergy fixed-target experiments. Production asymmetries are an incisive test
of these corrections. At leading order in perturbation theory, charm par-
ticles and antiparticles are produced symmetrically because the partonic
processes gg — c¢ and qq@ — cc produce charm and anticharm symmetri-
cally and D. .y = D__ 7 due to charge conjugation invariance. At next-
to-leading order, the asymmetry, a[H| = (c[H] — o[ H))/(c[H] + o[ H]), is
only a few percent [30)]. Fixed-target hadroproduction [B1, 32, B3l B4] and
photoproduction [35, B6] experiments observe much larger asymmetries. In
hadroproduction the asymmetries are known as the “Leading Particle Ef-
fect”. Cross sections for charm particles sharing a valence quark with the
beam hadron are enhanced in the forward direction of the beam. Hadropro-
duction asymmetries can be quite large. For example, in the most forward
region measured in 7~ N collisions, the ratio of D~ to DV is =~ 6.

Charm asymmetries are conventionally explained by nonperturbative
models of hadronization [37]. These models suffer from a lack of predictive
power, since they depend on a number of nonperturbative functions, such
as the distribution of spectator quarks in hadron remnants. The most com-
monly used model is the Lund string fragmentation model [39] which can be
implemented using PYTHIA [40]. The PYTHIA Monte Carlo with default
parameters rarely predicts the asymmetries correctly [31] and in the case of
A, asymmetries in 7NN collisions [32] and vV collisions [36] gets the sign of
the asymmetry wrong.

A novel mechanism for generating charm hadron asymmetries called
heavy-quark recombination has recently been introduced in Ref. [I0]. Simi-
lar mechanisms for production of light hadrons were considered in Ref. [HAI].
An important difference between the production of heavy hadrons and light
hadrons is that in the former case heavy quark symmetry 2] can be used
to simplify the structure of nonperturbative factors appearing in the cal-
culation. Heavy-quark recombination is an O(Aqcp/m.) suppressed power
correction to the factorization theorem of Eq. (H). In this process, a light
anti-quark, g, from the incident hadron participates in a hard-scattering
process which produces a ¢ and ¢ quark. Following the hard scattering the
g and the ¢ recombine to form a D meson. A similar mechanism in which
a light quark recombines with the ¢ quark is the dominant recombination
contribution to charm baryon production [[1]. Heavy-quark recombination
differs from previous nonperturbative models in that the asymmetry is gen-
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Fig. 2. Asymmetry as a function of xp for Dt mesons (top left) and D** mesons
(top right) produced in 500 GeV wN collisions [Z3] and D} mesons produced in
600 GeV X~ N collisions [F4] (bottom). Theory curves are explained in text.

erated in the short-distance process so cross sections are calculable up to an
overall normalization that is set by a few universal parameters. The short-
distance cross section is strongly peaked in the forward direction of the light
quark or antiquark, naturally leading to an asymmetric cross section.

Heavy-quark recombination accounts for the D meson asymmetries ob-
served in photoproduction and hadroproduction experiments. Fig. Pl shows
asymmetries for DT and D*' mesons produced in 500 GeV 7N collisions
B3] and asymmetries for Ds mesons produced in 600 GeV ¥~ N collisions
[B4]. There are four universal parameters in the theory. The theory curves
in Fig. B correspond to fits with one, two and three of these parameters. (A
four parameter fit yields identical results as the three parameter fit.) The
heavy-quark recombination mechanism correctly describes asymmetries for
different types of D mesons in experiments with different beams with a
minimal set of universal parameters. The heavy-quark recombination also
correctly describes A, asymmetries in both 7N and pN collisions [I1].
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