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We present a perturbative QCD factorization formalism for inclusive production of heavy quarko-
nia of large transverse momentum, pr at collider energies, including both leading power (LP) and
next-to-leading power (NLP) behavior in pr. We demonstrate that both LP and NLP contributions
can be factorized in terms of perturbatively calculable short-distance partonic coefficient functions
and universal non-perturbative fragmentation functions, and derive the evolution equations that are
implied by the factorization. We identify projection operators for all channels of the factorized LP
and NLP infrared safe short-distance partonic hard parts, and corresponding operator definitions of
fragmentation functions. For the NLP, we focus on the contributions involving the production of a
heavy quark pair, a necessary condition for producing a heavy quarkonium. We evaluate the first
non-trivial order of evolution kernels for all relevant fragmentation functions, and discuss the role
of NLP contributions.

PACS numbers: 12.38.Bx, 13.88.+¢, 12.39.-x, 12.39.St

I. INTRODUCTION

Almost forty years since the discovery of the J/¢ [1, 2], the production of heavy quarkonia remains one of the
most active and fascinating subjects in strong interaction physics [3, 4]. The inclusive production of a pair of charm
or bottom quarks is an essentially perturbative process because the heavy quark mass mg is much larger than
Aqcp, while the subsequent evolution of the pair into a quarkonium is nonperturbative. Different treatments of the
nonperturbative transformation from a heavy quark pair to a bound quarkonium have led to various theoretical models
for quarkonium production, most notably, the color singlet model (CSM), the color evaporation model (CEM), and
the non-relativistic QCD (NRQCD) model [3, 5]. Among these models, the NRQCD treatment of heavy quarkonium
production, proposed in Ref. [6], is both the most theoretically sound and phenomenologically successful [3, 7-9].

With full next-to-leading order (NLO) contributions in powers of «s and properly fitted NRQCD long-distance
matrix elements, theory predictions for inclusive J/¢ and T production are generally consistent with experimental
data from the Tevatron and the LHC [10-13]. However, global fits of data on J/¢ production from various high
energy collisions, including e*e™, lepton-hadron, and hadron-hadron collisions [11, 14] show slight discrepancies of
shape compared to data [4]. In addition, existing theoretical calculations [3, 13, 15-17] have not been able to explain
fully the polarization of high-pr heavy quarkonia at the Tevatron [18-21] and LHC [22]. Motivated in part by these
challenges to existing theory, new approaches based on perturbative QCD factorization [23-26] and soft-collinear
effective theory [27, 28] have been proposed for the systematic study of heavy quarkonium production at collider
energies.

In this paper, we follow up our earlier work [25, 26] and develop an extended QCD factorization formalism beyond
the leading power for heavy quarkonium production at large transverse momentum pr > mpy > Aqcp in hadronic
collisions (or at a large energy E > my in eTe™ collisions). In this approach, we first expand the cross section in
a power series of 1/p2, and argue that the first two terms of the expansion can be factorized systematically into
infrared safe short-distance partonic functions in convolution with universal long-distance matrix elements. The
relevant matrix elements for quarkonium production then take the form of generalized fragmentation functions, for
which we derive a set of evolution equations that mix single-parton and heavy quark-pair states. The importance of
the evolution of quark pair states was suggested originally by calculations in the color singlet model.

Although it was proposed shortly after the discovery of J/¢, the CSM is still a valuable tool for heavy quarkonium
production, since it has practically no free parameters once the heavy quarkonium wave function at the origin is
fixed by data on heavy quarkonium decay [29-35]. In addition, the CSM is actually a special case of NRQCD |[3].
Nevertheless, at leading order (LO) in powers of strong coupling constant, as, the CSM cross section falls off as

*Electronic address: zkang@lanl.gov, yqma@bnl.gov, jqiu@bnl.gov, sterman@insti.physics.sunysb.edu



1/p§ and is more than two orders of magnitude smaller than the Tevatron data on J/¢ production. A complete
CSM calculation at NLO and an estimated contribution at next-to-next-to-leading order (NNLO) to hadronic heavy
quarkonium production became available in [36-38]. It was found, surprisingly, that at large pr, the NLO contribution
is more than a factor of 10 larger than the CSM LO result, for pr values characteristic of Tevatron data. Although
still far below collider data, it behaves as 1/p$ rather than 1/p5. As we shall see in the next section, this correction
is due to heavy quark pairs produced at short distances, which convert radiatively to color singlet configurations.
Estimates of the NNLO contributions suggest further significant enhancements in the CSM cross section over the
NLO result.

In contrast to the NLO enhancement found in its CSM sector, in full NRQCD factorization, supplemented by
leading-power evolution, quarkonium production at high pp is dominated by single gluon production at short distances,
~ O(1/pr), beginning at LO. The gluon then fragments into a heavy quark pair only at a much later time ~
O(1/(2mg)) in the pair rest frame. The bound state quarkonium forms over even larger time scales, of order 1/(mguv),
with v a typical relative velocity in the pair rest frame. This subprocess has the leading power partonic production
rate of 1/p%. It is largely responsible for the NRQCD prediction that heavy quarkonia produced at large pr are
dominated by transverse polarization [3], which has not, however, been supported by all existing data [4].

Part of the motivation for this study is to explore the possibility that with the large phase space available for
producing a heavy quark pair with high py at collider energies, the production of the heavy quark pair at the “last
minute”, that is, at O(1/(2mq)), may not be the whole story. Heavy quark pairs could be produced directly at the
hard collision of the distance scale of O(1/pr), indeed, at any time between O(1/pr) and O(1/(2mg)). As illustrated
by the CSM at NLO, prompt heavy quark pairs contribute to the cross section at next-to-leading power (NLP),
1/p%, but generally, pairs produced from gluon evolution at intermediate scales 2m¢g < p < pr contribute (through
evolution) at an intermediate level, typically mé /(p4u?). The phenomenology of this evolution requires an analysis
beyond leading power in pp.

Heavy quark pair production at short distances gives the relevant NLP term in the 1/p3. expansion for the production
of heavy quarkonia. Like power corrections to other observables [39, 40], the factorized form of this term can be
proportional to either twist-4 fragmentation functions to a heavy quarkonium or twist-4 parton correlation functions
of the colliding hadrons. We assume that the fragmentation of a heavy quark pair of the correct quark flavor should
be much more likely to produce a heavy quarkonium than the fragmentation of other multi-parton states, and in this
paper we focus only on those power corrections involving the production of a heavy quark pair, and their fragmentation
into a physical quarkonium. A consistent treatment of NLP factorization within this framework requires us to derive
evolution equations for the factorization scale dependence of these new fragmentation functions.

With the new factorization formalism, including evolution, we effectively organize the production process into three
stages based on the dynamics at three different energy scales: pr, mq and Aqcp. Specifically, the three stages are:
(1) production of a single parton (the first term in the 1/p% expansion) or a heavy quark pair (the second term in
the 1/p% expansion) at the distance scale 1/pr (or 1/E), (2) evolution between 1/pr and 1/2mg, which includes the
transformation of single partons to heavy quark pairs as well as the resummation of powers of In(p2./ mé) for both
single partons and quark pairs, and (3) formation of the quarkonium between times 1/(2mg) and 1/(mgv).

Prompt pair production in the stage (1) can be calculated systematically in perturbative QCD (pQCD) order-by-
order in a¢ and included in the short-distance functions of the factorization formalism described in Sec. II below. The
evolution and resummation of logarithms in stage (2) is carried out by solving a closed set of evolution equations for
the fragmentation functions of single partons and of heavy quark pairs to produce a heavy quarkonium. The operator
definitions of these fragmentation functions are derived in Sec. III. Their evolution equations and corresponding
evolution kernels at the first non-trivial order in a; are derived in Sec. IV. The stage of hadronization, (3), which
is essentially nonperturbative, may be treated via NRQCD. In this sense, the formalism that we develop is fully
consistent with NRQCD, although it does not directly address the question of NRQCD factorization [3].

The predictive power of this new factorization formalism relies on the perturbative calculations of the short-distance
functions and the evolution kernels, and our knowledge of the universal fragmentation functions at an input scale py.
With the operator definitions of all fragmentation functions, given in Sec. III, the factorization formalism provides a
unique prescription to calculate all short-distance functions and evolution kernels order-by-order in powers of s up
to a freedom to choose the factorization scheme. In a companion paper [41], we present calculations of short-distance
functions for all partonic production channels at LO in powers of as. With the evolution kernels calculated in this
paper, we still need the fragmentation functions at the input scale pg in order to make numerical predictions and
comparison with data.

The input fragmentation functions are non-perturbative, and in principle, can be extracted from fitting experimental
data. As explained in our companion paper [41], however, we should be able to provide a good estimate of the input
fragmentation functions by using NRQCD factorization, since input fragmentation functions to heavy quarkonia can
have a large perturbative scale, g 2 2mg, which is well separated from the soft scales responsible for the binding.
Although there is as yet no formal proof for the NRQCD factorization, the clear separation of momentum scales for



the input fragmentation functions provides a good justification for using the formalism as a reasonable conjecture.

Our conclusions and summary are given in Sec. V.

! In Refs. [42, 43], model fragmentation functions have been calculated following this approach for the fragmentation of quark pairs into
S- and P-wave quarkonia.



II. THE PERTURBATIVE QCD FACTORIZATION FORMALISM

We briefly summarize the fundamentals of the NRQCD factorization applied to heavy quarkonium production
at collider energies, and review how higher order corrections to its perturbative short-distance functions in singlet
channels produce power enhancements relative to the behavior of the singlet channel at LO [36-38]. We then argue
that cross section for producing a heavy quarkonium at large transverse momentum pp > my at collider energies can
be expanded as a power series of m?% /p, and that the leading power term and the first subleading power terms can be
perturbatively factorized into infrared safe short-distance functions (“hard parts”) in convolution with nonperturbative
but universal long-distance fragmentation functions. The short-distance hard parts can be systematically calculated
as a power series in a(pr).

A. The NRQCD factorization of heavy quarkonium production at high pr

The NRQCD factorization approach to heavy quarkonium production [6] expresses the inclusive cross section for
the direct production of a quarkonium state H as a sum of “short-distance” coefficients times NRQCD long-distance
matrix elements (LDMEs),

o (pr,mq) = Z 5100(n) (P> MQs M) (0[O gy (A)]0) - (1)
[RQQ(n)]

Here A ~ O(mgq) is the ultraviolet cut-off of the NRQCD effective theory. The short-distance coefficients (g5 (,)) are
perturbatively calculated in powers of o, and are essentially the process-dependent perturbative QCD cross sections
to produce a QQ pair in various color, spin, and orbital angular momentum states [QQ(n)] (including the parton
distributions of incoming hadrons). The LDMEs are nonperturbative, but, universal, representing the probability for
a QQ pair in a particular state, [QQ(n)] to evolve into a heavy quarkonium. The sum over the [QQ(n)] states is
organized in terms of powers of the pair’s relative velocity v, an intrinsic scale of the LDMEs. For J/v production,
for example, current production phenomenology mainly uses four NRQCD LDMEs, corresponding to the cé-pair
produced in BSP], 15’([38}, 35’£8], and 3P£8] states, respectively, where the superscript [1] (or [8]) refers to a color singlet
(or octet) heavy quark pair. The color singlet model and color evaporation model can be thought as a truncation of
and a special approximation to the NRQCD approach, respectively [3, 44].

In the production of the heavy quark pair that evolves into a heavy quarkonium, the heavy quark mass, m¢g > Aqcp,
regulates the perturbative final-state collinear logarithmic behavior. The NRQCD factorization formalism is an
effective field theory approach to separate the long-distance soft physics at the scale mgv and below from the short-
distance hard physics at the scale of m¢g and larger. However, when pr > mp, the perturbative functions in Eq. (1)
will have calculable powers of In(p%./ m2Q), which should be resummed systematically. Furthermore, for the production
of certain spin-color [QQ(n)] states, new partonic production channels only open up beyond LO in . As we shall see
below, some of these channels can be enhanced by powers of pr/m¢g compared to their leading order estimates. For
simplicity, we discuss the CSM, as a special case of NRQCD [3] and as an example to illustrate power enhancements
at higher orders. These considerations will motivate an expansion of the cross section for the production of a heavy
quark pair in powers of mg/pr first, before expanding coefficient functions in powers of «.

FIG. 1: Sample lowst-order diagram for heavy quarkonium production from the gluon-gluon fusion channel in the CSM.

In the CSM, quarkonia are formed only from color-singlet, low invariant mass heavy quark pairs, produced pertur-
batively with the same quantum numbers as the bound states in question. At LO in ay, the perturbative partonic



cross section in a hadronic collision is given by the 2 — 3 partonic subprocess, gg — QQ(P)g, that produces a pair of
color singlet heavy quarks at high transverse momentum pr, as shown in Fig. 1, where heavy quarkonium momentum
is defined in the light-cone coordinate as

pr = (% o, ML e, pT) (2)

with rapidity y and my = \/m?% + p%, and pr = \/p% in the lab frame. For the discussion in this paper, it is more
convenient to work in a frame in which the heavy quarkonium has no transverse component as P* = (PT, P~ 0r)

with P+ = [mT coshy—+4/p% + m2 sinh? y } /V2and P~ = [mT coshy—/p% + m2 sinh?y ] /V/2 expressed in terms

of the rapidity and transverse momentum in the lab frame. In order to produce a color singlet, spin-1 non-relativistic
QQ pair at this order, the spinor trace of the heavy quark pair is contracted by the projection operator [6],

P(S1) < CHly - e (P) (v - P/2 +mq), (3)

where ¢#(P) is the polarization vector for the spin-1 heavy quark pair, and CZ[;] = 1/N.6;; with the superscript “[1]”
indicating a color singlet, N, = 3 for the SU(N¢) color of QCD, and i, = 1,2, N, the color indices of the heavy
quark and antiquark. Since the final-state gluon has to balance the transverse momentum of the produced heavy
quark pair, both quark propagators of the Feynman diagram in Fig. 1 have to be off-shell by the order of pr. With
the projection operator in Eq. (3), the fermion trace does not give an invariant that grows with pr, and the LO cross
section in the CSM behaves as 1/p%, falling much faster than the generic 1/p3 behavior of leading power 2 — 2
partonic cross sections. Phenomenologically, the LO contribution in the CSM has the wrong pr shape for the J/v
transverse momentum distribution at collider energies, and a normalization which can be more than two orders of
magnitudes smaller than the high-py Tevatron and LHC data [5, 10, 11, 13].

FIG. 2: Sample NLO Feynman diagrams for heavy quarkonium production at high pr in hadronic collisions.

At NLO, real-gluon radiative contributions to the cross section in CSM come from 2 — 4 Feynman diagrams, as
shown in Fig. 2, where in addition to the heavy quark pair, there are two light partons (or another pair of heavy
quarks in the case of associated production) in the final state, while virtual contributions come from the interference
between the LO diagram in Fig. 1 and its one-loop corrections. The additional light parton in the final-state in Fig. 2
allows the production of a color octet heavy quark pair at distance scale 1/pr, and opens up a large phase space for
the pair to neutralize its color to become a spin-1, color singlet at much later times, up to the order of 1/mq. In
addition, the heavy quark pair produced at the distance scale of 1/pr < 1/my is relativistic and can be in various
relativistic spin states before the pair converts itself into the non-relativistic spin-1, color singlet state by radiating
additional gluon(s) at a later time.

The contribution from various relativistic spin states of the heavy quark pair can be separated by a Fierz trans-
formation to decompose the quark spinor trace, as indicated in Fig. 2 by a dashed line. Like the LO case, the two
off-shell propagators needed to produce a heavy quark pair at large pr give a factor 1/p5.. However, at this order
the heavy quark spinor trace in the numerator can now produce a p3 enhancement. Such factors are isolated by a
vector, v - P or an axial vector, v5y - P spin projection as shown in the figure. In this way, the NLO contribution can
gain a p3./ m2Q enhancement compared to the LO contribution, and become much larger than the LO term at high
pr. It is this power enhancement that is mainly responsible for the factor of ten enhancement discovered by explicit
calculations at NLO in the CSM [36-38].

There is no complete NNLO calculation available for heavy quarkonium production at high pr in the CSM. The
perturbative contribution at this order receives real contributions from the 2 — 5 Feynman diagrams with one active



FIG. 3: Sample NNLO Feynman diagrams having the p%/mé power enhancement over the LO contribution to heavy quarko-
nium production.

heavy quark pair. With an additional parton in the final-state, this contribution can potentially gain two powers of
p/ m2Q enhancement over the LO from the type of diagram on the left in Fig. 3, and one power from the diagram on
the right, respectively. Since the perturbative production rate of a single parton at high pr already has the strongest
pr behavior at 1/p%., we do not expect additional power enhancements from contributions beyond NNLO.

In summary, in these CSM examples, the lowest order in as for g, is not always consistent with the leading
power in pr when pr > mg. Large enhancements in the CSM from higher order calculations, even at high pr,
suggest that we need to supplement the simplest perturbative expansion in the powers of ay for the CSM, and by
implication for the NRQCD factorization of Eq. (1), to take into account radiation from heavy quark pairs produced
at short, and intermediate, time scales.

We propose to expand the production cross section of heavy quarkonia at high pr in powers of 1/pr first, when
pr > my, and only then to expand perturbatively factorizable hard parts in powers of as. In the remainder of this
section, we argue that the cross section for producing a heavy quarkonium at large transverse momentum at collider
energies can be expanded as a power series of 1/p%, and that the leading power term and the first subleading power
terms can be perturbatively factorized into infrared safe short-distance hard parts in convolution with nonperturbative
but universal long-distance fragmentation functions [25, 26].

P

FIG. 4: These generic Feynman diagrams represent alternative heavy quarkonium production processes, via the production of
a single parton, here a gluon, (left) and a heavy quark pair (right) at short distance.

B. Fragmentation and the factorization formula

Producing a pair of heavy quarks is a necessary condition for producing a heavy quarkonium. In terms of 1/p2
expansion, the first two power contributions to the cross section of heavy quarkonium production at high pr can be
presented in terms of the sample diagrams in Fig. 4. These figures are shown in cut diagram notation, in which the
amplitude and complex conjugate are combined into a forward scattering diagram and the final state is identified by a
vertical line. The diagram on the left represents the leading power term in 1/p2 expansion and can be interpreted as



FIG. 5: Examples of additional production channels that contribute to the first subleading power term in the 1/p§« expansion
of heavy quarkonium production cross sections.

the perturbative production of a single parton (say a gluon of momentum py) at the short-distance scale 1/pp. This
parton fragments into a heavy quarkonium at a much later time (~ 1/mpg). The diagram on the right represents a
first subleading power term in the 1/p% expansion and corresponds to the production of a heavy quark pair at the
short distance scale, which then fragments into a heavy quarkonium. In addition, there are 1/p% power suppressed
contributions to the production of a single active parton in hadronic collisions, the diagram on the left in Fig. 4.
These include contributions from short-distance collisions involving a single parton from one incoming hadron and
two partons from the other, the latter being represented by twist-4 multi-parton correlation functions [39, 45]. Other
power-suppresssed terms in the 1/p2 expansion include the production of a pair of collinear and on-shell light partons,
such as those shown in Fig. 5 plus other combinations and interferences. With all contributions up to the first
subleading power in 1/p2., we have the corresponding factorization formula [25, 26],
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Br—p ()~ 3 72 Dion(zme) Be———a == e = _p
f

dz
+ 2 /;d”d” Diaqm)-u (2 u,vimq)
QQ(x)]

40 44 B-[QAM](pe) +X u u v v
x E, K)](pe (P — —p.P~=—_p. P, =_ PC:—)
d3pc Q P D, Q P D, Q P D, Q P p

dz
+ Z /; dudv Dy u(z,u,v;mQ)
[f F1]#[QQ(K)]
A6 A+ B[ £)(pe) +X

E.
8 d3p.

U U v
(Plz_p7p2:_pap3:_pup4:
z z z

w |
bS]
N——

(4)

where p* = P*(myg = 0) in a frame in which the heavy quarkonium moves along z-axis, defined in and below Eq. (2).
In this expression, the renormalization scale p and the factorization scale up are suppressed, f indicates a sum over

all parton flavors, f = ¢, q, g, including heavy flavors with mqg < pr, while Z[QQ(N)] runs over both color and spin
states of heavy quark pairs [QQ ()], which will be specified below, and, finally, Z[f #/] Tuns over all twist-4 four-parton
states excluding those already included in Z[QQ(H)]' The variables z, u, and v, with u = 1 —u and v =1 — v, in
Eq. (4) are light-cone momentum fractions defined as,

+

(5)
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for the single parton fragmentation term,

R AN AN
Py +Fy P+ Py pfl
pt Pt prt pLt

u=z-9, i=z-9 v=2-9 v=2-9 (6)
pt pt pt pt

for the heavy quark pair fragmentation term, and similarly,

~ P+ Pf P4+ PS pEr
P P P P
u =z =22 v=z222 T=2-2 (7)
pt pt pt pt

for the other twist-4 fragmentation terms. The superscript “+” in these definitions indicates the momentum compo-
nent along the light-cone “4” direction in a frame where the heavy quarkonium momentum has only “+” component
without “—” and “1” components. Here, we assume that my/pt < 1. In this frame, the heavy quarkonium mo-
mentum p#* = pTa* with a light-cone vector n# = (1,0,0,). The light-cone components of a general 4-dimensional
momentum are k* = (k*, k7 k), where k* = (k° £ k*)/v/2. The “+” component of momentum p can be projected
out by another light-cone vector n* = (0,1,0,) as p© = p-n with n-n = 1 and n? = 72 = 0. Although the total
momentum of the heavy quark pair is the same for both the scattering amplitude and its complex conjugate, the
individual heavy quark momentum in the amplitude does not have to be the same as the heavy quark momentum in
the complex conjugate amplitude. That is, u does not have to be the same as v, as defined in Eq. (6). The range for
the momentum fractions v and v, and @ and v, is 0 to 1.

Although there is non-trivial interference in the momentum fractions of the heavy quarks, there is no interference
between two-quark and single-gluon states, of the sort shown in Fig. 6, which might suggest a correction suppressed
by only a single power of pr. As we shall see in Sec. III below Eq. (24), however, after the internal integrations of

FIG. 6: Interference between quark pair and single gluon states. As explained in the text, this momentum configuration is
actually part of the standard quark pair fragmentation in Fig. 4 because the pole associated with the gluon of momentum p.
is cancelled by the heavy fermion loop.

the heavy quark subdiagram are carried out, the only vectors that can couple to the gluon of momentum p. at the
vertex above the dashed line are orthogonal to the physical polarizations of that gluon. As a result, the gluon pole
at p2 = 0 is cancelled, and the heavy quark loop couples to the hard scattering through a contact term on the right
of the cut. The momentum space regions associated with this diagram are then absorbed naturally into the heavy
quark fragmentation term in the factorized cross section.

The cross sections do a1 p—f(p.)+X> 404+ B[00 (k)] (p)+x AR dOAy B [117)(p.)+x In Eq. (4) include all information
on the incoming states. When A and B are hadrons, the d6 44— r+x in Eq. (4) includes the leading power contribution
from collisions of one active parton from each colliding hadron, which are proportional to convolutions with parton



distribution functions (PDFs) at factorization scale pp. They also include the first 1/p2. suppressed contribution
from collisions involving one parton from one colliding hadron and two from the other, given by convolutions of
a PDF from one hadron with a twist-4 four-parton correlation function from the other [39, 45], as noted above.
The Dy_, g (z;mq) are fragmentation functions for off-shell partons of flavor f to produce a quarkonium state H of
momentum p [46, 47]. The mg-dependence of these functions indicates that the quarkonium state H is a bound state
of heavy quarks of mass mq. The functions Digg(,.)—u (2, u, v;mq) are generalized fragmentation functions defined

below for a state consisting of a relativistic heavy quark pair [QQ(k)] to fragment into the same quarkonium state
H. The Dis ¢ (2, u,v; mq) represents all twist-4 fragmentation functions, excluding those involving a heavy quark
pair, Diog(x))—m (%, U, v; mq), which are already included in the second term on the right-hand-side of Eq. (4).

In this paper, we neglect all contributions involving twist-4 multi-parton correlation functions of colliding hadrons,
because these contributions are expected to be suppressed by A(2QCD /p2 and small even at moderate pr > mpy,
compared to the leading power term in Eq. (4). For the NLP contribution, we keep only the fragmentation contribution
from heavy quark pairs, the middle term on the right side of Eq. (4). This is because only this term can produce a
pair of heavy quarks with correct quark flavor, which we assume has a much larger probability to fragment into a
heavy quarkonium than that of a light gluon at the LP, so that it can compensate in part the power suppression of
1/p3 of the hard parts to provide comparable contributions to the total production rate at moderate pr. That is,
we neglect the third term in Eq. (4) because we expect that the creation of a heavy quarkonium from fragmentation
functions of twist-4 light-parton states is suppressed at least by a?(mg) in comparison with the fragmentation from a
heavy quark pair with correct quark flavor. We leave detailed estimates of the size of neglected terms to future work.

It is natural to suppose that the contribution to the heavy quarkonium production comes from the region of phase
space where the quark and the antiquark have the same momentum, Py = P5 oru=v =1 /2, which is preferred by
the quarkonium wave function. However, for a pair produced at very short distance ~ 1/pp, which is of a size too
small for a physical quarkonium to be formed, the quark and antiquark clearly do not need to have precisely the same
momentum. Their relative momentum changes while they are evolving to a lower momentum scale by radiation. It is
the non-perturbative fragmentation functions at or near the input momentum scale (~ 2mg) that are proportional to
the wave function of the produced heavy quarkonium, which strongly suppresses those configurations where the heavy
quark and antiquark have a large relative momentum fraction. That is, at hadronic scales, the [QQ]-fragmentation
function is peaked in the region where v = v = 1/2, and vanishes when « and v approach 0 or 1.

If the fragmentation functions fall sufficiently fast when w,v — 0 or 1, one could make additional approximation to
the factorization formalism in Eq. (4) by setting u = v = 1/2 in the perturbative hard part d6 1 p_, Qg (k)4 x> and
derive the following approximate factorization formula,

doatrBoH+X dz A6 A1 B f(po) X
B AREIENP) = 3 [ 5 Dpteimo) P <

dz
+ > / Diqam)—u(z3me) (8)
[QQ ()]
40 A+ B-1QQ(R))(p)+X

E.
8 d3pe

(PQ = PQ = P/Q = PIQ Zp/QZ) y

where we did not list the subleading power terms that are neglected in this paper, and where the integrated [QQ(x)]-
fragmentation functions are given by,

Digomy—»u(zime) = /du dv Diog(r)— (254, v;mQ) (9)

which, like the leading power single parton fragmentation functions, depends only on the total momentum fraction z
of the pair, carried by the observed heavy quarkonium H. Without knowing exactly how fast the pair fragmentation
functions fall when u and v move away from 1/2, however, we do not make this approximation in the calculations
presented in this paper.

The validity of the perturbative QCD factorization formalism in Eqgs. (4) (or(8)) requires the suppression of quantum
interference between the dynamics above and below the dashed lines in Fig. 4 (and in Fig. 5). That is, the dominant
contributions of partonic processes in Fig. 4 should necessarily come from the phase space where the fragmenting
partons (the gluon in the diagram on the left, and the heavy quark pairs on the right) are forced to their mass shells,
and are consequently long-lived compared to the time scale of the hard collision below the dashed line. The figures
illustrate how these regions arise. The momentum of the single active parton (the gluon), P, on the left diagram in
Fig. 4, is forced to P2 ~ 0 at the boundary of phase space. Similarly, in the diagram on the rlght in Fig. 4 (and those

in Fig. 5) the limit of low invariant mass for the @, Q pair is at the boundary in phase space, and in this region the
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loop momentum flowing between the two lines is pinched between mass shell singularities. This happens on both sides
of the cut, that is, in the amplitude and, independently, in the complex conjugate amplitude. It is the contribution
of this, nonleading region that is summarized in the power suppressed terms in Eq. (4) for both heavy quarks of Fig.
4 and the light partons of Fig. 5.

We can illustrate the pinch of loop momenta in Fig. 4 by labeling the heavy quark and antiquark momenta in the
amplitude as, Pg = P/2+ ¢ and P5 = P/2 — g, respectively. The integral over ¢ then takes the form,

- (P/2—¢q)+mq -

v-(P/24+¢q) +mg
(P/2 —q)2 — mé + isD(P’ 9

(P/2+ q)2 —m3 + ic

H(P,q,Q) : (10)

d*q
MO(/WTI'

where H (P, q,Q) represents the production of the heavy quark pair with a hard scale @, ﬁ(P, q) represents the
fragmentation of the pair, and ¢ is the relative momentum of the pair in the amplitude, which does not have to be
the same as the relative momentum of the pair in the complex conjugate amplitude. If the total momentum of the
heavy quark pair is dominated by the P+ component in a frame in which the heavy quarkonium is moving in the +z
direction, we can identify the relevant perturbative contribution to the integration of ¢ in Eq. (10) by examining the
pole structure of its ¢~ integration. From the denominators in Eq. (10), we have

2 —o9m2 (¢t /Pt 2
qg- = £ Q" /P7) — (Pt +2¢%) — A — e,
Pt +2¢* Pt 4+ 2¢*
2 2 () PF 2
_ g1 +2mg(g"/PT) q :
qg = — Pt ? 2q+ +189(P+ - 2q+) — —ﬁ +1€. (11)

These two denominators pinch the ¢~ integral so long as we are away from the region ¢* — 4+ PT /2, where one of
the pair carries all the momentum, and the other is at rest. We shall assume that this region is strongly suppressed
for producing a bound quarkonium, and that PT > mg (that is, pr > m¢ in the Lab frame). In any case, it is clear
from Eq. (11) that the contributions from the diagram on the right in Fig. 4 are forced into the region of phase space
where the heavy quark and antiquark are both close to their mass-shells, and are factorized from the short-distance
hard-scattering process. We must still argue, of course, that this factorization is respected by higher orders in the
perturbative expansion.

The predictive power of the factorization formula in Eq. (4) relies on our ability to do systematic perturbative
calculations of the short-distance partonic hard parts in powers of o, and of the evolution kernels for the scale
dependence of these fragmentation functions, as well as on the universality of the fragmentation functions. The
accuracy of the perturbative calculations and the strength of their predictive power depends on the stability of the
perturbative expansion in powers of ag, and the approximation of neglecting terms that are even higher powers in
the m? /p2 expansion.

An important feature of the perturbative QCD factorization formalism in Eq. (4) is that the short-distance partonic
hard parts should not depend on the details of the quarkonium states they produce. Therefore, we can extract the
short-distance partonic hard parts in Eq. (4) perturbatively order-by-order in powers of «y by applying the same
factorization formula to the production of partonic states, H = g¢,q,q, [QQ(x)]. When H in Eq. (4) is a partonic
state, both the cross section to produce the partonic state on the left of the equation and the fragmentation functions
to the partonic state on the right of the equation can be systematically evaluated by calculating Feynman diagrams
order-by-order in powers of a;, with a regularization for the collinear singularity when mg/pr — 0. Since the short-
distance partonic hard parts on the right side of Eq. (4) are infrared safe, the partonic cross sections on the left
and the fragmentation functions on the right of the factorized equation share the same collinear divergences, if any,
order-by-order in as. That is, factorization requires that the perturbative fragmentation functions to a given partonic
state should absorb all collinear singularities of the cross section for that partonic state.

C. Arguments for Factorization

We now go on to give a justification of the factorization formula in Eq. (4). In our discussion, we will revisit
several arguments given in Ref. [39], where a general analysis for factorization of power-suppressed corrections in
hadron-hadron scattering was introduced.

The development of factorized cross sections begins with an examination of amplitudes, most conveniently in terms
of the general properties of pertubation theory diagrams [48]. We begin by noting that although factorization is
simplest to formulate when all particles are massless, the presence of masses does not by itself require a reformulation
of factorized cross sections [39]. Particle mass dependence can be incorporated consistently both into hard scattering
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functions and long distance parton distributions and fragmentation functions [49, 50]. New, power-suppressed cor-
rections to factorization in inclusive and seminclusive cross sections are associated not with fixed mass scales, such as
mq, but with long-distance, nonperturbative effects. Power suppressed mass corrections in m2Q /p3 can be included
in the partonic short distance functions by keeping the heavy quark mass term of pQCD Lagrangian as a new local
interaction term.

A convenient classification of potential sources of power corrections requires an analysis of regions of momentum
space where integrals are forced near or to the mass shell. In [48] these are referred to as pinch surfaces, an example of
which we have seen in Eq. (10). In principle, any pinch surface is associated either with the leading power factorized
cross section, or with a power-suppressed (and in general) factorized correction to the leading-power factorized form.
In a hard-scattering cross section, the contributions of any region can be put into a factorized form, but this form
will only be useful if its components have some features of universality. For example, in Eq. (4) the “new” quark pair
fragmentation function is independent of the choice of initial state, | A, B). It is possible to estimate the overall power
behavior by using the techniques of [48], and we will not reproduce all these arguments here.

Because any cross section, and in particular a single-particle inclusive cross section, is effectively the sum over all
possible such regions of momentum space, a cross section doaip_.c(p)+x/dpr for hadron C of momentum p can
in principle be thought of a sum of factorized terms, each with its characteristic dependence on pr. Of these, the
leading power term is of special interest. In cut diagram notation [51], the relevant pinch surfaces are illustrated on
the left-hand side of Fig. 7. This figure and other figures in this section represent pinch surfaces in physical gauges.
The situation in covariant gauge is slightly more complex, but the basic conclusions are unchanged.

For Fig. 7, and indeed all pinch surfaces [48], on-shell lines correspond to physically realizable processes involving
free, classical propagation and local interaction of partons with finite momenta. Such processes can also be dressed in
all possible ways by a “cloud” of soft partons, represented by S in the figure. In the leading configuration, one parton
from each of the two hadrons collides to initiate the hard scattering, while the spectators of each hadron move into the
final state, interacting with each other along the way. These sets of mutually-collinear particles are sometimes referred
to as “incoming jets”, J; and Js in the figure. The hard scattering produces a parton of momentum p, = p/z, labelled
as a gluon in the figure, with 0 < z < 1, and this parton radiates a jet, Jg,,, of collinear partons, some of which
eventually emerge into the final state, including the observed hadron C(p). In individual perturbative diagrams, soft
gluons are attached to the incoming as well as outgoing “jets”.

FIG. 7: Leading power pinch surface corresponding to single-parton fragmentation.

The right-hand side of Fig. 7 shows the result of factorization, which can be demonstrated in various way, but which
is described for leading-power fragmentation in some detail in Refs. [23, 47]. At leading power, the fragmentation
function D,_,¢(,) decouples from the rest of the process, leaving behind the cross section ¢ for the production of a
parton of momentum py = p/z, schematically as,

O1425C(p)+X = O142—g+X @ Dys0(p) -

In general, the coupling of all soft gluons to the fragmenting jet is represented (again to leading power) by eikonal
(Wilson) lines, as indicated in the figure. Conventionally, these are chosen in a direction p, opposite to the particle
momentum, p, but this is a matter of convention. In &, soft gluons cancel in the inclusive sum over states, and the
incoming jets are organized into parton distributions. As argued in Refs. [23, 47], all leading pinch surfaces take this
form.

Nonleading powers in the cross section are associated with nonleading pinch surfaces, where lines are forced to the
mass shell at pinch surfaces, but where the integrals from these regions are suppressed by extra inverse powers of pp
relative to leading power. They must still correspond to physically-realizable processes, however, and can be classified
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as power-suppressed corrections to the leading factorization of Fig. 7. Figure 8 illustrates several basic possibilities,
which we have already encountered in connection with Eq. (8) above. Additional partons may be attached to the
hard part within the incoming (or other) jet, as indicated by T in the figure. Extra soft gluons may attach directly
to the hard scattering, as indicated by U. The power counting of Ref. [51] shows that pinch surfaces involving T are
nonleading by 1/Q? in any inclusive hard scattering with scale @ for unpolarized cross sections, where @ is the hard
scale (in our case, pr). Such corrections are examples of factorization at 1/Q? into multiparton matrix elements, as
discussed in Ref. [39]. In the same reference, it was shown that pinch surfaces involving soft lines directly attached
to the hard part are suppressed by 1/Q* in general.

FIG. 8: Nonleading power pinch surfaces associated with additional initial-state partons (T) and soft gluons attached to the
hard scattering (U).

Finally, soft lines may attach the leading fragmenting jet to other jets at the pinch surface, as indicated by V,
but now with the leading-power couplings that lead to the factorized result of Fig. 7 removed. In this case, we must
analyze these pinch surfaces from the point of view of Ref. [39]. We consider a region where all lines in the jet Jeo /g,
which contains the final-state parton, are off-shell by some fixed squared mass, call it M?2. Let us take the jet’s
momentum as approximately pf = p# /z ~ Qn*, where n* is a light-like vector. To recall our notation, we write for
any jet line P* ~ Q" + (M?/Q)n* + pr, where p% ~ M? and where nn-n = 1, n? = n? = 0. This is a standard
scaling of jet-like momentum, as developed in [48]. Soft lines that flow into the jet must have n-components of order
M?/Q for the jet lines to remain off-shell by order M?2. We consider first, as in [39], the “soft central region”, where
all components of soft momenta are of the same order. Once the leading terms are removed, the first nonleading
contribution is suppressed by one order of soft momentum, so that the contributions is down by order M?/Q relative
to leading power. But this is not the end of the story. In this case, the conditions necessary to factor the soft momenta
from all other jets (as on the right of Fig. 7) are satisfied [52], and, as shown in [39], these gluons cancel when we
sum over all cuts of the diagrams that are consistent with fixed attachments of soft lines to the fragmenting jet Jo /9.2
Remainders are now of order M*/Q*. For a more general analysis, it is sometimes necessary to study another region
of soft momenta, the so-called “Glauber region”, in which the transverse momenta of soft gluons increase to order
M, while light-cone components remain at order M?2/@Q. This region, however, requires that the soft momenta attach
only to spectator lines of the incoming jets [39]. Otherwise, light cone momentum components are not pinched, and
one or both may be increased to order M. In the case at hand, it is the n-component that is free to be deformed
to order M, taking the jet lines off-shell to order QM, and thus away from the pinch surface. We conclude that
nonperturbative effects found in this way are suppressed to order 1/Q*.

It is worth noting at this point the relationship of the above discussion of power corrections to the treatment
of power corrections associated with nuclear dependence in Refs. [53] and [54]. Reference [53] was concerned with

2 Specifically, we neglect the 7# component of the soft gluon momenta in the lines of the frgamenting jet, where they are negligible. We
then integrate the remainder of the diagram over these light cone components. The cancellation occurs in the resulting sum over final
states.
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transverse momentum broadening, while Ref. [54] created the influence of soft rescatterings on fragmentation. In the
terminology we have introduced above, both involved an analysis of corrections of the type 7' in Fig. 8, and identified
effects suppressed by order 1/Q2. Both are proportional to multi-parton matrix elements in an initial-state hadron,
times a perturbative hard-scattering function. We anticipate these matrix elements to be of order A%CD, so that they
are relatively modest in their effects, and can be neglected for most hard scattering phenomenology, except when
enhanced, for example, by nuclear sizes [53, 54].

Of course, as we have noted above in connection with Fig. 5, power-suppressed pinch surfaces involving more than
a single parton at the hard scattering are possible for final state jets as well as the incoming hadrons. We generaly
expect these to be small, as in the incoming case, but matrix elements involving the hadronization of heavy quark
pairs into heavy quarkonia may be an exception. We have in mind a role for the color singlet matrix elements of
NRQCD. Of particular interest are quark pairs in a color singlet configuration with a total transverse momentum pp
or greater. These appear in pinch surfaces associated with the production of a heavy pair at short distances, which
may be created in a singlet configuration, or may evolve into a singlet configuration. Such surfaces are illustrated in
Fig. 9, and include the right-hand side of Fig. 4.

¢
1°})

Nere)

FIG. 9: Nonleading pinch surface representing the production of a pair at short distances.

The leading behavior of such surfaces is suppressed by 1/p% relative to the overall leading power that of the surfaces
shown in Fig. 7, simply because two partons rather than one attach to the hard scattering [48]. (This is the same pp-
suppression as for item T in Fig. 8.) At the same time, if the nonperturbative dynamics for these processes is greatly
enhanced relative to the fragmentation functions of individual partons, and here we have in mind the fragmentation
of gluons by color octet matrix elements in NRQCD, they may be competitive, or even dominate for a range of pr.
As indicated by the figure, the same factorization properties analyzed in Refs. [23, 47] for single-parton fragmentation
apply to the fragmentation of a jet initiated by two partons,

01125QQ)(—»C(m+X)+X = T142-5[QQ1+X © Pioa1-c(p) - (12)

in this case heavy quarks have a total transverse momentum that is greater than or equal to pr > mq.

Recalling again that nonleading pinch surfaces enter the cross section additively, we recognize the momentum
configurations of Fig. 9 as the source of the heavy pair correction term in Eq. (4). This requires us to introduce
and analyze these multi-parton fragmentation functions, in the spirit of similar analyses in Ref. [53] and [54] for
higher-twist matrix elements for incoming hadrons. In the following, we will formulate some of the basic properties
of these new two-parton fragmentation functions, Digg)_,¢(p), When the hadron C(p) is a heavy quarkonium H.
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III. THE FRAGMENTATION FUNCTIONS

Determination of the perturbative short distance functions in Eq. (4) requires the perturbative calculations of
both the partonic cross sections on the left of the equation, and partonic fragmentation functions on the right.
The factorization assures that the partonic cross sections and the fragmentation functions share the same non-
perturbative long-distance dynamics. The precise forms of the partonic hard parts in Eq. (4) depend on the operator
definitions of the fragmentation functions. The operator definition for a single parton of flavor f to fragment into
hadrons was first introduced by Collins and Soper [46]. This definition was further discussed in the context of heavy
quarkonium production in Ref. [23, 47]. In this section, we derive operator definitions of fragmentation functions,
Dioq(r)— (2, u,v;mq), for a heavy quark pair [QQ(k)] of quantum number & including both color and spin of the
pair, to fragment into a heavy quarkonium H.

To derive explicit operator definitions for the heavy quark pair fragmentation functions, we need to identify the lead-
ing power contribution to heavy quarkonium production in the heavy-quark pair fragmentation channel, as sketched
in the right diagram in Fig. 4. We first perform a collinear expansion of all the momenta of the the active heavy quark
and antiquark in the partonic part (below the dashed line) to reduce the four-dimensional momentum convolutions
to one-dimensional convolutions of light-cone momentum fractions. Then we factorize color and spin indices between
the partonic hard parts that produce the pair and the fragmentation functions that describe the transformation of
the produced pair to a bound quarkonium. From this process, we drive explicit cut-vertices defining the [QQ(k)]-
fragmentation functions, and the corresponding projection operators to define the partonic hard part for producing
the pair.

We write the heavy quark pair fragmentation channel of heavy quarkonium production in Fig. 4 as

d , Y N R - (Po, P5, Pl P 13
OAB—[QQ|—H(P) — (27r)4 (27r)4 (27r)4 AB%[QQ]( Qg g Q) (13)

xTiga)—u(p)(Pa: Pg, Po, Ph; P) | dPS(P),

where # and T represent the process below and above the dashed line in Fig. 4, respectively. The dashed line in
the figure represents color and spinor traces between H and 7, and dPS(P) denotes the differential phase space of
the observed final-state. The function # includes all necessary initial-state factors needed for calculating the cross
section, including parton distributions if A and B are hadrons. In Eq. (13), heavy quark and antiquark momenta are
expressed in terms of three independent momenta, p., g1, and g3,

De De
Py =t py=Pe_
Q 2—1—(]17 Q 2 q1,
Pé:%+q2u Pé:%_q27 (14)

where p. = P + P = P, + Pé is the total momentum of the pair, while ¢1 = (Pg — Pg)/2 and g2 = (P} — Pé)/2
represent the relative momenta of the quark and antiquark in the amplitude and complex conjugate amplitude, respec-
tively. When the light-cone component of physically observed quarkonium momentum, p* (or pr in the Laboratory
frame) is much larger than heavy quark mass, mq, and larger than the typical virtuality of active quark and anti-

quark in ’7A’, as discussed in the last section, we can approximate the contribution to the cross section in Eq. (13) by

expanding the momenta of heavy quarks and antiquarks in H along the direction of the observed heavy quarkonium,
and obtain the leading power term as

doAB[QQ|»H(P) & /dz du dv |:7:[AB%[QQ] (PQu an p(/;)a Pé)

xTiqq)n(p) (2 usv; P)| dPS(P), (15)
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where
PY = (%Hﬁ)n“:%(1+2]§)pin“=%(1+ﬁ)—u=gp*‘7
Py = (%HE)”“:%(HﬁF)pin“:%(H@)—H:Sp*‘,
Py = (%—QY>H“=%(1—C1)]9—M=(1—u)p;=gp“,
= (% -a)m - 0-@ - -0 = 2y (16)

with momentum fractions: (1 = 2q; /pf, (2 = 2q5 /p}, and z, u and v, which are defined in Eq. (6). In Eq. (15), the
collinear heavy quark pair correlation function is

_ d*p. d*qp diq pt 1 2¢/
= 'P = - - = 1
Tiaq-u (21, v P) /(2@4 (2m)4 (2m)4 ’ (z pi) ’ <u 2 ( i P ))
5 1 2(];r >~ B / /.
<o\vmg (It oE Tiog»n(Fo, Pg, P, Fg; P).- (17)

(6]

To complete the derivation of exact operator definitions of heavy quark pair fragmentation functions, we need to
factorize the color and spinor traces between H and T in Eq. (15).

For a pair of produced heavy quarks, the color of the pair can be in either a color singlet “[1]” or a color octet
“[8]” state with the projection operators proportional to dap and (t2)as, respectively, where a,b = 1,2... N, are color
indices for the heavy quark pair as shown in Fig. 4, and tBNis the generator in the fundamental representation of
the group SU(N,.) color. We can assume that the function 7 is a linear combination of singlet and color-averaged
octet contributions. The projection operators that project on these [QQ]-fragmentation functions in definite color
representation can be taken as

0a Oc
- [ [4]
il = 7r=7 2 [VEE7)] [V2(7),]. (18

B

and the corresponding color projection operators for the partonic hard part as

é’[l] _ |: Oba :| |: ddc :|
Chlae = 22 [V2 ()] [V (")) (19)
A

ba,dc

As required, the color projection operators satisfy the normalization condition,

Z Cl[zg,cd é;[)i],dc = 5IJ (20)
abed

with I,J = 1,8. However, the exact coeflicients of C and C are not unique and any constant factor can be moved
between them, as long as they satisfy the normalization condition in Eq. (20). Our choice of normalization here
matches the convention often adopted in NRQCD factorization. A

The separation of the spinor traces of heavy quarks between the short-distance function # and the long-distance
part T in Eq. (15), is implemented by a Fierz reshuffling of spinor indices. In the limit mg/pr — 0, there are only
three leading power spin projection operators for the produced heavy quark pair in Fig. 4,

(v )i, (Y- P5)ji5 (v-2v)jis (21)

where the superscript “a” has two independent values. These three projection operators, up to a choice of normal-
ization factors to be discussed below, cover the total four spin degrees of freedom of the produced heavy quark pair.
They are the vector (v), axial vector (a), and tensor (¢) forms of the v matrices, respectively. The same projection
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operators also apply to the produced heavy quark pair in the complex conjugate of the scattering amplitude. Note
that, because the heavy quark mass mg of the partonic hard parts is set to zero in the hard scattering part H, the
tensor projection gives nonvanishing contributions only if the trace of heavy quark spin in ‘H includes both projections
v - p7$, which have even numbers of gamma matrices.

The choice of coefficients for these spin projection operators is not unique, as long as the projection operators
for the production of the heavy quark pair and the corresponding spin projection for the cut-vertices defining the
fragmentation functions of the pair are normalized to unity. We adopt the following spin projection operators for the
partonic hard part, that is, the part below the dashed line in Fig. 4,

POk = (V-0 (VP »
Pp)jime = (v-ps)j (VP s

POp)jiw = >, (v-29D);0 (V27D » (22)
a=1,2

which are independent of the momentum fractions of fragmenting quarks and antiquarks. Correspondingly, we have
spin projections for the cut-vertices that define the heavy quark pair fragmentation functions, the part above the
dashed line in Fig. 4,

1 1

) (). — . A~
P (p)ijak = dpn (v-n)y i-n (v n)y, 5
PO = —— (v-n75)y; —— (7-n7)

Js 4p on ij 4p ‘n lk >
1 1 1

O)iar = 5 3 (6) (ﬁ) 2

P (p)u.,lk B P 24p~n vyny, i 4Ap-n vy, ) ( 3)

where the light-cone vector n was introduced in the last section to pick up the “+” light-cone momentum component.
Similar to the color decomposition, the projection operators for spin decomposition satisfy a orthonormality condition,

> Pi(js,)lk (p) 75](-5,;31 (p) = 6° (24)

ijlk

with s, = v, a,t.

Using these projection operators, we can verify our claim that the gluon in the quark pair-single gluon interference
diagram, Fig. 6 has no pole in p2, so that this contribution can be absorbed into the normal diagonal quark pair
fragmentation. The only projection operators that can contribute to the interference term in Fig. 6 are the vector
and axial vector, because the trace of the heavy quark loop in the hard scattering would vanish otherwise (there is no
matching tensor projection in the hard part on the right of the cut where the gluon of momentum p,. emerges.) After
integration of the internal loop momenta of the diagram above the dashed line in the figure (at fixed values of the
variable u on the left), the only vectors that are left to couple to the gluon are p# and n*. Choosing the light-cone
gauge, n - A = 0, the gluon propagator G*¥(p.,n) is orthogonal to n#, while p*G,"(pe,n) = n”/p. - n, which depends
only on the total longitudinal momentum of the quark pair. If we choose a covariant gauge, the same cancellation
follows by applying Ward identities to the hard scattering below the dashed line and to the heavy quark loop above
the line. Note that this argument assumes that the spin of the heavy quark state is not fixed.

FIG. 10: Feynman diagram that has an endpoint singularity when the heavy quark momentum PQ vanishes.

Before discussing the matrix element realization of the pair fragmentation functions, we will point out a technical
issue characteristic of multi-parton factorization expansions, like the one here. Consider first, the single parton
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fragmentation channel of heavy quarkonium production, on the left of Fig. 4. The light-cone momentum of the
fragmenting parton (e.g., P;r ) is always larger than final state quarkonium momentum, p™. The same is the case
for the total momentum of the fragmenting heavy quark pair on the right of the figure. In the heavy quark pair
fragmentation channel, however, the light-cone momentum of one of the heavy quarks or antiquarks in the process
vanishes when u, @, v, or v vanishes, even though the total light-cone momentum of the pair p} is always larger than
the observed quarkonium momentum, pT in both the amplitude and complex conjugate. This is illustrated by the
correction to the hard function, # in Fig. 10, in which the heavy quark, of momentum (Pg + k)*, radiates a gluon of

momentum k before going on-shell with momentum Pg = (Pg ,0,07) = ((u/z)p*,0,07). As appropriate for a line
emerging from the hard part, Pg, =0, and

(Po+k)? =2PSk™ = gpﬂg— : (25)

which vanishes as v — 0. This produces a 1/u “endpoint” singularity in the corresponding contribution to H at
u — 0. Similarly, a diagram with the gluon radiated from the heavy antiquark would give an endpoint singularity
proportional to 1/4. In general, taking into account the complex conjugate of the scattering amplitude, the partonic
hard part, when calculated by using the projection operators in Eq. (22), will have terms with endpoint singularities
proportional to 1/utivt = 1/u(1l — u)v(1 — v), where as many as two of these factors may vanish simultaneously.

Such endpoint singularities are by no means unique to heavy quarkonium production, and appear, for example, in
the calculation of exclusive processes [55]. They will not result in divergences in the production cross sections as long
as the heavy quark pair fragmentation functions vanish when the quark and antiquark have very different collinear
momenta. With this in mind, we could choose to move systematically such end point singularities from the partonic
hard parts to the corresponding fragmentation functions by using a different combination of spin projection operators
and cut vertices. This option is discussed in Appendix A, but here we will retain the projections described above.

Using the color and spinor projection operators in Egs. (18), (19), (22), and (23), we separate the color and spinor
traces in Eq. (15), and derive the factorized contribution to heavy quarkonium production from the heavy quark pair
fragmentation channel, as presented in Eq. (4),

doap Qo) = Y /dZdUdU Diga(r)— (2, u,v;mgQ) (26)
QA ()]

X0 44 B [QG(R)](pe)+ X (PQ =up;,Pg = up!, Py =vpl, P} = ﬁpi) ,
where p = pT /2, and where [QQ(x)] labels the color/spin state of the heavy quark pair produced at short distances.
We adopt the notation k = sI, s = v, a,t for spin and I = 1,8 for color. The sum over x runs over all spin and color
states of the pair, and the factorization scale dependence is suppressed. The perturbative hard-scattering functions
dé in Eq. (26) are constructed from the short-distance functions H of Eq. (15), by
A6 A4 B[QG ()] (pe)+ X (PQ = up;, Py = up}, Py = vp!l, P, = Up} )
= [# (Po = wt . Py = wt . Py = vnf Py = op ) PO i) O] dPS(pe)
(27)

where dPS(p,) is the differential phase space of the produced heavy quark pair of momentum p.. The corresponding
heavy quark pair fragmentation functions are given by

D[QQ(R)]%H(% U, U5 mQ) = [22 P(S) (pC) cl %QQ%H('% U, v; P)} (28)
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where the factor z2 in the second equality is a result of changing the final-state phase space for producing a heavy
quarkonium of momentum P to a heavy quark pair of momentum p., so that d*P/Ep ~ 22d®p./E.. Like parton
distribution functions (PDFs) and multi-parton correlation functions (MPCFs) of colliding hadrons, fragmentation
functions (FFs) of a single parton, a heavy quark pair, or other combination of partons, are fundamental in QCD.
Unlike PDFs and MPCF's, FF's are defined in terms of a product of two matrix elements (one from scattering amplitude
and the other from its complex conjugate). The moments of FFs are not necessary local, because only final states
with a heavy quarkonium are included in the sum over final states, H + X, in Eq. (28). (In the following, we will
suppress the explicit sum over states.) Fragmentation functions carry the fundamental information of how color
neutral hadrons emerge from the colored parton(s) produced in high energy collisions.

FIG. 11: Feynman diagram representation of heavy quark pair fragmentation functions.

The heavy quark pair fragmentation functions DioG (k) (2, u,v;m@) can also be generated by Feynman diagrams
in Fig. 11 in terms of the momentum space cut-vertices,

dpe d'qr dqr () 1)
V[QQ(H)](Z,MU) - /(27T)4 (2m)* (2m)* ij’lk(pC) Cab’Cd

+ + +
P 1 2q 1 2q
(=)o L3 (4 5) (-3 04 3)) .

where heavy quark momenta are specified as in Eq. (14).

The heavy quark pair fragmentation functions in Eq. (28) are appropriate to the light-cone gauge, but because the
quark fields are at different points in space-time, they are not in a gauge invariant form. With insertion of gauge
links, we obtain an explicitly gauge invariant definition of our heavy quark fragmentation functions,

tdu— prdu ptdus
_ . [ pTdy” pTdy; pTdy,
Diog(r)—m (2w, v;mq) —/ PR v

e~ i@"/2)y™ Gilp™ /2)(A=v)yy o=i(pT /2)(1—u)y;y
x P () CH 01D,y [@F) (yi)]L [@4 (0 0)|H (p) X
i5,06\P) Lap.cd o, 1\Y1 n Y1 )]c/c[ n (0)]aarbar k(0)[H (p) X)
X (H ()X [0 3 ()@ (v )15 [ (™ + w2 v s (™ + 9210, (30)

where all fields are located on the light-cone in the n-direction, with zero “4” and “1” components, and where
repeated indices are summed. In Eq. (30), the gauge link in the matrix color representation j = F, A (for fundamental
and adjoint, respectively) is given by

o) (y~) = Pexp [—ig/ dAn- A9 ()] (31)
.

where P denotes path ordering and A is the gauge field in the representation j. In Eq. (30), the heavy quark pair
fragmentation functions are defined with gauge links in fundamental representation. Such detailed gauge links are
a universal feature of fragmentation functions involving colored partons [46], and are required for gauge invariance.
We shall not review arguments for their presence here, except to note that in the terminology of Sec. II above they
are necessary to match the fragmentation function to the leading pinch surfaces of the diagrams in covariant gauges.
Eq. (30) is our operator definition for heavy quark pair fragmentation functions.
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For the fragmentation of a color singlet heavy quark pair, C!'! in Eq. (18), the two gauge links for each matrix
element in Eq. (30) reduce to a single gauge link between the positions of two quark fields, by the identity

[‘Pﬁf)(y‘)r

a’a

[‘Pﬁf)(y‘ +yy )}

where we define a path ordered exponential with arbitrary beginning and endpoints by

S LA o] (32)

U9 (w5, a7) = Pexp

—ig /12 n- AW (n/\)] , (33)

1

noting that
U (zg,2)" = UD (21, 25). (34)

For a color-singlet projection, the two path-ordered exponentials thus overlap and cancel each other outside the region
between the heavy quark pair.

The octet projection in Eq. (18), can be introduced in the final state at = = oo, or at a finite distance, which we
may think of as a three-gauge link “junction”. In this case, only an adjoint gauge link will connect the two matrix
elements, and should be chosen to extend to infinity in the n# direction within the matrix elements, to preserve gauge
invariance. A similar construction is necessary for octet matrix elements in nonelativistic QCD [47].

A general form consistent with gauge invariance is, for the right-hand matrix element in Eq. (30),

(H ()X [P i@ (i () gy (87 7 492 o 0y~ +32)10)
= (HE)X [Py U (07 2wl 00,2 Ve (1)
< [UP @y )] s +u2)10), (35)

where now adjoint index C” will be summed against the conjugate (left-hand) matrix element. The junction has been
chosen at an arbitrary point x~, and we show below that the product does not depend on z~. The identity in Eq. (35)
is illustrated in Fig. 12.

a' a
y b b (t°),
y':ryz' o
_a' a '
— ¥y b= = (tc)ab
Y+, X o

FIG. 12: A schematic illustration of Eq. (35), where thin lines are for gauge links in the fundamental representation, while the
thick line is for the gauge link in the adjoint representation.

Independence of =~ follows from the defining differential equations for an ordered exponential in the minus direction,

0

D (- 2=) = —iotD AT (=) UD (1.

(?w*U (w™,27) igt’ AT (w YUY (w™,27),

—887 UD(w™,27) = UD(w™,27) [igtéj)Aj(zf)] , (36)
2

where the product is in group indices of representation j.
Equations (36) allow us to evaluate the change of the junction product with z—,
0] /
Or— [U1(1F) (y~, x_)]a/a[U,(lA)(oo, lfere (tc )
x
= igAE(:z:f) [U(F)(yia 27 )]aa

n

x U (00,2 en ([17,7],,+ (T) per (19 )ar)

xUG(x™,y7) (37)

VO],
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where we have relabeled index C’ to D in the first term, and (TF)pc in the second term is the generator in the
adjoint representation. We now recall the Lie algebra basics,

[tE,tP] = i fEDC’ (tc/> g (TE)DC/ — _jfEDPC (38)

@ ij
to confirm that the derivative vanishes. As a result, the junction between the gauge links in fundamental and adjoint
representation may be placed anywhere on the light cone.

In summary, for color singlet fragmentation functions, no gauge link is necessary between the two matrix elements
of the heavy quark pair, while for fragmentation of an octet pair, the matrix elements can be connected by a gauge
link in adjoint representation, as in NRQCD [23, 47]. In the latter case, the adjoint link connects at each end to a
junction of two finite gauge links in fundamental representation at an arbitrary location on the light cone.
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IV. THE EVOLUTION OF FRAGMENTATION FUNCTIONS

In this section, we develop a closed set of evolution equations for both single-parton and heavy quark pair fragmen-
tation functions, which are necessary to evaluate heavy quarkonium production at collider energies at the accuracy
of 1/p2% power corrections. We calculate the evolution kernels that appear in these equations to lowest order.

A. The evolution equations

A QCD factorization formalism for a physical observable, like the one in Eq. (4), necessarily leads to evolution
equations for the variation of the factorization scale. This is because a physical cross section for heavy quarkonium
production should not depend on the choice of the factorization scale p,

d

0 = WdGA+B~>H+X(P)

d .
= dn 2 {Dsu(p,mq) ®doayp—pvx (p, pr)+

+ DGy (1 mqQ) © doatp1000+x (1:PT)} (39)

where the symbol ® represents the convolutions of parton momentum fraction shown in Eq. (4). As indicated by
the choice of arguments, the fragmentations functions, D, are independent of pr and other kinematic invariants of
the hard scattering, and the hard-scattering functions, dé, are independent of the heavy quark mass. They share
dependence only on the convolution variables and «a(1). By applying the physical condition (39) to the factorization
formula in Eq. (4) perturbatively, and demanding that the LP and NLP terms in 1/p3 vanish, we derive a closed set
of evolution equations for the single-parton and heavy quark pair fragmentation functions to this accuracy, as we now
show.

FIG. 13: Left: A sample Feynman diagram responsible for the leading logarithmic fragmentation contribution to heavy quarko-
nium production at the leading power in 1/pr. Right: A sample diagram that generates power-like collinear divergence,
responsible for the creation of heavy quark pair between the distance scale from 1/pr to 1/uo ~ 1/(2mg), and for the non-
linear mixing evolution from a gluon to a fragmenting heavy quark pair, as well as power-suppressed short-distance contributions
to the production of heavy quark pair.

Consider first the leading power in the 1/p% expansion, keeping only the first term on the right-hand-side of Eq. (4).
The physical condition in Eq. (39) requires

— a A~
d1n 12 Dy, mQ)] ®do 4y B j(py+x (Pe = /2, 11%)

9
+ Dysp(z, pimq) ® |:8T‘u2dUA+B~>f(pc)+X(pc =p/zp*)| =0, (40)
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order-by-order in powers of a,. In Eq. (40), the factorization scale, p-dependence of the short distance function,
do A1 B f(p.)+X, 18 a result of subtracting the collinear logarithmic divergences of the partonic cross section, which
are generated by radiation from the fragmenting (single) parton. For example, the diagram in Fig. 13(left) contributes
to the production cross section, and has the following logarithmic collinear divergence from the radiation of the final-

state gluon,
o) k2 o) k2 1 g2
/ —rL = / —L + / —L. (41)
k7 w? k7 k7

The first term on the right is short-distance in nature and gives the factorization scale y dependence t0 644 B f(p.)+x
in Eq. (40), while the second term is absorbed into the gluon fragmentation function to a heavy quarkonium. That
is, 0d6/01n pu? is one power of o, higher than dé in Eq. (40), and perturbatively, we have

0

OTn 2 A5 Drom(z, 1mq) Z/ — Dpn (2 12mq) vy (2/7, as) (42)
where s Tuns over all parton flavors and ~¢_, ¢/ (z/7', a) are the perturbatively calculable evolution kernels for a
parton of flavor f and momentum fraction z to evolve into another parton of flavor f’ carrying the momentum fraction
z'. Equation (42) is the well-known leading power DGLAP evolution equation for the fragmentation functions. Notice
that to calculate the kernel at this order we do not need an explicit regularization for the k2, — 0 limit, which appears
in these calculations only in intermediate steps. We now show how to extend this reasoning to the next power in pp.

Applying the physical condition in Eq. (39) to the factorization formalism in Eq. (4), including the NLP term, we
obtain

0 = Dy g ®6a1B-5)+X T Diogm)—a @ 0A1Bo1QQM)(pe)+X
+ Djorti ® 8aipossporx + Diaml-1 © 4044 5 10a ) () +x (43)

where the prime represents 9/01n 2, and repeated partonic indices are summed over. In this expression, the leading-
power hard scattering function déa4p— fx (pr, ) is already fully determined at leading power, including its u-
dependence, which is specified by Eq. (42), and which we can represent as

d6sipfix = — Vp—f ® doarBopix - (44)

In contrast, the nonleading-power short distance function in Eq. (43), d6 a4 p_00(x)](p.)+x» Which describes the
production of a heavy quark pair, has two types of factorization scale dependence.

The first source of y-dependence in do 41 p_, (G (w)](p.)+x comes from absorbing collinear logarithmic divergences in
the evolution of the heavy quark pairs themselves. This is analogous to the p-dependence in Eq. (42). It is proportional
t0 d6 44 B, (@O () and hence its kernel is dimensionless. The second source of factorization scale dependence is from the
production of a heavy quark pair from a light parton, or a single heavy quark or antiquark, and is hence proportional
to doayrB—s+x. As a result, this kernel has dimensions of inverse mass squared. The only available scale is y
itself, because the heavy quark distribution shares only this scale with the hard scatterings. We thus have for the
p-derivatives of quark pair hard scattering functions,

A6 5Qom+x = — Leat)=aw) © d0arBa)+x

1 R
— 2 reeew) ® dO A+ B—f/+X 5 (45)

where 74/, 10g[« dimensionless. To cancel the resulting dependence in Eq. (43), we must supplement the leading
power evolution equation in Eq. (42) by adding a power correction in u2, as (first in schematic, then in detailed form),

0 1
Ity ——Dsn(z,p*mqg) = Dpg @ vpop + FD[QQW)HH @ VF-1QA(r)]

Z/ _Df’—>H 7o pimQ) v (/7 as)

dz !
Z / 7/0 du,/() dv/D[QQ(R’)]ﬂH(zlaulvvlvﬂ2;mQ)
(k)]

XV pseaen (/2500 as) (46)

_|_
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where the mass dimension of u? compensates the dimension of the heavy quark pair fragmentation function
D146 (k) — 1> and where the evolution kernels are process-independent and can be calculated perturbatively, as will
be done in next subsection.

The pattern just illustrated, in which a pair of partons (in this case heavy quarks) is produced in the course of
evolution of single partons (whether quark, antiquark or gluon) is analogous to a similar effect in the evolution of
gluon distributions, as analyzed in the context of nuclear shadowing in Refs. [56-58]. By analogy to that case, for very
large values of pr, leading-power evolution should dominate the relevant cross section. At the same time, measured
fragmentation functions may be expected to show substantial contributions from lower, but still perturbative, values
of factorization scales, where they mix strongly with quark pair fragmentation functions.

P P P

FIG. 14: Left: A sample Feynman diagram responsible for the leading logarithmic fragmentation contribution to heavy quarko-
nium production at the next-to-leading power in the 1/pr expansion. Right: A diagram that gives a correction to the short
distance function for producing a single fragmenting gluon. Because it is free of collinear divergence, this diagram does not
generate mixed evolution from a heavy quark pair to a single fragmenting parton.

In addition to diagrams similar to the one in Fig. 13(right), which generate the power-like collinear divergence,
there are diagrams, like the one in Fig. 14(left), that contribute to the partonic hard part d0 A4 BS[QG ()] (pe)+X 1D
Eq. (43) with logarithmic factorization scale, pu-dependence from subtracting logarithmic collinear divergences gener-
ated by radiation from the pair. Just as in Eq. (41), the logarithmic divergences are absorbed into the nonperturbative
fragmentation functions, in this case, into the heavy quark pair fragmentation functions, while the finite first term con-
tributes to the partonic hard part d& 44 5106 ()] (p.)+x 1N Eq. (43). The derivative 8/91n pi* on dé 44 5100 ()] (pe)+ X >
when combined perturbatively with the term proportional to the derivative of Digg(.y—pm in Eq. (43), because of
their common overall 1/p3. dependence, leads to a linear evolution equation for the heavy quark pair fragmentation
functions,

0 ) va
W'D[QQ(H)]_)H(Z,U,’U,M;TI’LQ) = Z /27/0 du/o dv
[QQ(k")]
X Diga(ny—m (' u' v, p?sme)
* Lia(n)—@aw (/7 w v/, ) (47)

where the evolution kernels, I', are process-independent. They will be calculated to first non-trivial order later in
this section. In Egs. (46) and (47), we keep only the first subleading power corrections involving fragmentation of
heavy quark pairs, and neglect other power correction terms, as discussed in Sec. II. Combining Egs. (46) and (47),
we have a closed set of evolution equations for single-parton and heavy quark pair fragmentation functions to heavy
quarkonium.

As we shall see, the power dependence in Eq. (45) arises diagrammatically from subtracting power-like collinear
divergences in the partonic cross section, which result from a single parton evolving into a heavy quark pair by
radiating a light parton, for example, as illustrated by the diagram in Fig. 13(right). For the heavy quark pair
produced in either a vector, an axial vector, or a tensor state, as discussed in Sec. III below Eq. (24), or from explicit
calculations below in this section, only the contact term of the gluon propagator in Fig. 13(right) contributes to the
partonic cross section to produce a pair of heavy quarks. In the limit pr > mgq, or equivalently neglecting the heavy
quark mass, all partonic diagrams similar to Fig. 13(right), including those in which the final-state gluon is radiated
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from either the gluon or the heavy (anti-)quark, have a power-like collinear divergence,

O(p%) dk2 O(p%) dk2 u? dk2
[ ke s (49
(k1) wr o (k1) (k%)

Similar to Eq. (41), the first term on the right in Eq. (48) contributes to the partonic hard parts, while the second
term is absorbed into the nonperturbative fragmentation function, in this case, into the single gluon fragmentation
function. As in Eq. (48), we need not regulate the k2. — 0 limit, because we need only the dependence on y in the
short-distance functions.

Taken together, Eqs. (46) and (47) control the evolution and mixing of single-parton and quark pair fragmentation
functions. As we have seen, they are a direct result of factorization at leading and next-to-leading power, Eq. (4).
Mixing proceeds through the evolution of the single-parton fragmentation functions, which feeds into the heavy pair
fragmentation functions at order 1/u2, while the evolution of the heavy pair fragmentation function is diagonal. As
noted above, this is the same pattern that is encountered in the evolution equations linking single- to two-gluon
distributions in nuclear shadowing [56-58]. The power correction to single-parton evolution is necessary to organize
the production of heavy quark pairs at time scales between the short-distance scale 1/pr and the scale associated
with the heavy quark mass, 1/m¢. In this evolution, the heavy quark mass serves as a collinear infrared cutoff, so
that the single-power correction dominates over the entire range of evolution to which perturbation theory can be
applied. 3

The combination of the factorization formula in Eq. (4) and the evolution equations in Eq. (46) organizes con-
tributions to the production of heavy quark pairs according to distance scales (or times) where (or when) the pair
was produced. The first term in Eq. (4) describes the production of the heavy quark pairs at any fixed time after
the initial hard collision. This term behaves as 1/pf. The second term describes pair production right at the hard
collision, and behaves as 1/pS. It is important to emphasize, however, that the 1/p}. term includes contributions
from pairs produced at any fized time scale smaller than 1/mg. The full evolution equation of the single parton
fragmentation function in Eq. (46) describes how the heavy quark pair is produced at any intermediate, but still
perturbative, scale in the fragmentation process. The DGLAP, leading power contribution, the first term on the right
of Eq. (46), describes the evolution of the single active parton before the creation of the heavy quark pair. The power
suppressed second term in Eq. (46) then organizes the production of the heavy quark pair at any stage during the
evolution. Pairs produced at intermediate times then evolve according to Eq. (47), in general changing their spin and
color through radiation. If the evolution equation (46) has only the DGLAP term on the right, the evolved single
parton fragmentation function is restricted to the situation when the heavy quark pair is produced at the latest times,
1/mg or beyond. The presence of the second term in the evolution equation Eq. (46), the mixing term, completes
the picture by allowing the production of heavy quark pairs between the time scale of the initial hard collision, 1/pp
and the time scale of 1/mg.

B. Kernels of mixed evolution

In this subsection, we present our calculation of the new evolution kernels, ;00w (/2" w',v', @), which are
responsible for the evolution of a single parton of flavor f to a heavy quark pair, at the first non-trivial order in as.

We will extract evolution kernels below by evaluating the factorization scale dependence of parton fragmentation
functions. Because evolution kernels are perturbative, we can derive them by studying the scale dependence of parton
fragmentation functions to partonic states. More specifically, for extracting the kernel, v, ,10q¢.y(2/2", 4’ V', as),
we apply the factorized evolution equations in Eq. (46) to states of a perturbative heavy quark pair, H = [QQ(x")]
where k' represents a spin and color state of the pair. In this way, both single quark and gluon fragmentation functions
to a heavy quark pair can be represented by Feynman diagrams, as shown in Fig. 15, with the following cut vertex,

V(z)—/d4pc 226 (2 2 i% s L0 (49)
! (27T)4 Dc -1 Nc i1 v 4pcn

3 We also note in passing that these evolution equations, in which the logarithmic derivatives of matrix elements of lower-dimension
operators give terms proportional to (“mix with”) with matrix elements of higher dimension operators, but not vice-versa (or not from
the process like the one in Fig. 14(right)), is the opposite of the mixing found from the renormalization of composite operators with
dimension greater than four. The matrix elements of such operators will involve positive powers of a UV cutoff u in general, and
derivatives of these matrix elements will generate matrix elements of operators with lower, rather than higher, dimension. The essential
difference is that the latter are ultraviolet divergences, and the former collinear singularities.
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for a quark fragmentation function, and cut vertex,

NZ-1

d*p. o p-n 1 N 1~
= §|z— — dara | =d" (pe 50
v = [ e e (s - ) | > S (pe) (50)

with
o7 pin” +nfpg  pl

dmv pe) = _guu+ c c c ’I’LMTLV, 51
(pe) pe-n (pe - n)? (51)

[1P%k

for a gluon fragmentation function. In Egs. (49) and (50), “” and “a” are color indices of fragmenting quark and
gluon, respectively.

P P -¥P

FIG. 15: The generic Feynman diagrams for an off-shell single parton (quark or gluon) to fragment into a heavy quark pair.

To calculate the evolution kernels WEZ[QQ(K’)] (z/2',u',v") with f = ¢,q,q,Q and Q, we first apply the evolution

equation in Eq. (46) to the production of a heavy quark pair [QQ(x')](2’,u’,v") with total momentum p/z’, where 2/,
u' and v' specify the “+” components of quark and antiquark momenta, as shown in Fig. 15. We then expand both
sides of Eq. (46) to order a2,

0 2) “dz 1
6111/L2 D‘(f—)[QQ(K/)] (Z/Z/,‘LLQ;U/,U/) = /z Z_lD((]_))[QQ(H/)] (Zl/Z/,‘LLQ;u/,U/) ’Y}_))G(Z/Zl)

1 Z/d 1 1
+ —2/ ﬁ/ dul/ dv, (52)
12 z <1 Jo 0

(2)

X 'D(O) (Zl/z’,ul,’vl;u/,q)/) /Yf%[QQ(Kl)] (z/zl,ul,vl),

[QA(rk1)]=[QQ(x")]

where the superscript “(i)” with ¢ = 0,1, 2 indicates the power in a;. With the zeroth order fragmentation function
of the heavy quark pair,

Dl om0y (2117wt v, v) = 8 §(1 = z1/2') 6(ur — u') 61 — o), (53)

we can rewrite Eq. (52) as

[INC) N ) 2
F Fy,fﬁ[QQ(n’)] (Z/Z YU,V ) - dln /142 Df—}[QQ(H’)] (Z/Z MU, U )
g dz1 H) I TSN () 54
= | = Pasiaane B/ F a5 v) v (2/2) (54)
where Df_)}[ QG(r] (z/2', u%; 0/, 0v") is the order o2 fragmentation function for a single parton of flavor f and momentum

fraction z to fragment into a heavy quark pair [QQ(x’)] with quark and antiquark momentum fractions (2/,u’,’),
as shown in Fig. 15. For example, the left diagram in Fig. 16 contributes to the light-quark fragmentation function
at this order. Equation (54) exhibits how evolution kernels are proportional to the variation of the fragmentation
functions. The second term on the right in Eq. (54) automatically removes contributions to the variation that have
been included in the normal DGLAP evolution. Higher order corrections to the evolution kernels can be derived
systematically in the same way by expanding the evolution equation for fragmentation to a heavy quark pair to higher
order in ag.
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(2)
F=[QA(x")]
to a heavy quark pair, we need, according to Eq. (54), to calculate the order o2 single parton fragmentation function,

(2) r 2000 . . : (1) r2 00
Df%[QQ(K/)] (z/2',u%;u/,v"), and the order a; heavy quark pair fragmentation function, DQH[QQ—W)] (z1/2", u?5u',0")
from a gluon of intermediate momentum fraction z;, since 'y;l_)) 4(#/71), the first order DGLAP evolution, kernel is
known. '

To derive the mixing evolution kernel, ~y (z/2',u/,v"), for a single fragmenting parton of flavor f to evolve

— up  (1-u)p @a-v)p vP
u v
AP K B %\ "« ‘g)

M e ]l n ¥ v M e ;

FIG. 16: Left: Lowest order Feynman diagram (oe?) for a light quark to fragment into a heavy quark pair. Center: Lowest order
Feynman diagram («s) for a gluon to fragment into a heavy quark pair. Right: Lowest order Feynman diagram (as) for a quark
to split into a gluon and a quark.

For the fragmentation of a light quark, we need to evaluate the Feynman diagrams in Fig. 16, where, without
losing generality, we can take 2/ = 1, ' = u, v = v and k¥’ = & for simplicity of notation. The diagram on the

left contributes to D;i)[QQ(n)] (2, 4% u,v), while the diagram in the middle and the one on the right contribute to
(1)
D

1= [QG ()] (21, #?%;u,v) and végg(z/zl), respectively. From the decay of a gluon, as shown in Fig. 16, we can only
have a color octet heavy quark pair with a vector spin projection, £ = v8, which we impose by the operator P®) (P) ikl
Eq. (22). From the diagram on the left in Fig. 16, we have in a light-cone gauge,

(2) 2 4 d*pe 2 2\ 2 pt a 8
D~ aowsy (7 #75u,0) = g5 Cq ()" 0 (n* —pe)2"0 (2~ = Te[y - py*] Tx[y - py”]
Pou(p) Ppu(p) [7 ‘N Y Pe 7-190] 9
X Tr V- (pe—p) v ——| 21)d((pe — , 55
e o ot 2 (pe — ) e (2m)0((pe — p)7) (55)

where the 2 indicates the factorization scale dependence of the partonic fragmentation function (see more discussion

below), g, is the strong coupling constant, C, = (N2 — 1)/(4N,) is the color factor, and P, (p) (or Ps,(p)) is the

gluon’s polarization tensor in n - A = 0 light-cone gauge,

Palty + NpPo
pn

Since we take the limit p? — 0 for all evolution kernels and perturbative hard parts, the parton-level fragmentation

Pa,u(p) = —Gapu + (56)

function D((f_)> 2, u?;u,v) in Eq. (55) has a potential power singularity in 1/p?, which we shall see is absent. The

[QQ(U8)](
same 1/p? singularity also appears in DSB[QQ(US)] (21, u%;u,v) from the middle diagram in Fig. 16. The factorization

formalism ensures the cancelation of power singularities in p? between the two terms in Eq. (54). At this order, such

2)

cancelation can be handled analytically, by reorganizing D; S (2, 4% u,v). From Eq. (56), we have

—[QQ((v8
Doty + nup p? p?
Por(@) = |—Gap + — Z-n# a—(p.nynan# —I—Wnan#, (57)
B 2
= d —_—
a,u(p) + (pn)2 Na Ny,

where glva# (p) is defined as in the cut vertex of Eq. (51), and represents the sum over the gluon’s physical polarizations.
It is transverse to both n* and p*,

pa gau(p) =n" da,u(p) =0. (58)
Using Eq. (57), we rewrite the gluon propagator as

o 1P (p) idon (p) in%n#
G*p) = R R PR R (59)
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where the first term is the pole term, proportional to the gluon’s physical polarization tensor, and the second term is
a contact term, or the “special propagator” [59],

in*nH
(p-n)

Ge*(p) = (60)

V)

Also, by construction, the two terms of the gluon propagator in Eq. (59) are orthogonal, dq,.(p)G4" (p) = 0.

In general, in Eq. (55), the term with the apparent 1/p? mass singularity is to be exactly canceled by the subtraction
term in Eq. (54), and the term with the special gluon propagator, which does not have the mass singularity, is the
only one that contributes to the short-distance evolution kernel. In this case, however, since Tr[y - py®] = 4p® and

paglva# (p) = 0 the terms with the apparent 1/p? mass singularities in Eq. (55) vanish,

4 +
o 2, _ o 2ew [ 4P g2 oy 2 b
Dy aquey (B #5uwv) = 95Cq /(2w)49(u ve) 2 6(2 pi)

xTr[y - py*] Trly - py”] PQZEPC) Pﬂ:)gpc) % d" (pc) (2m)*6 (p — pe)
—0, (61)

and similarly for the other terms involving the physical propagator.

2) (2, u%;u,v) in Eq. (55) as

. (
By applying Eq. (59), we reexpress Dq—>[QQ(v8)]

4 +
(2) 2. o 4 d pc 2 9 9 p
D eaws = #5wv) = g Ca/ 1 =) 20 (z‘ —+)

xTr[y - py®] Tely - o] [<(nan§‘2) ({Lé n)yz)] (62)

VY Pe o Y Pc 2
XTF[ZLZ)(J:F o 7-(1%—19)7”?] (2m)o((pe —p)7) -

Therefore, from Eq. (54), we find the mixing evolution kernel for a light quark to a heavy quark pair,

1 @ 9 e
2 Tomri@Gm) (5% Y) = b

2.
91n 12 4—[QQ(v8)] (2, 175U, 0)e (63)

where the subscript “c” indicates the contact term, or special propagator. The function D;i)[Q O(w8

fragmentation function for a light quark to produce a heavy quark pair with the mass singularity removed. It can be

represented by the diagram in Fig. 17, where the gluon line with a short bar represents the special gluon propagator
defined in Eq. (60) [59].

S (2, 4% u, ), is the

A"

fo | f

FIG. 17: The lowest order (oe?) contribution to the mixing evolution kernel for a light quark to fragment into a heavy quark
pair. The gluon line with a short bar is given by the special propagator in Eq. (60).

From Eq. (62), or directly from the diagram in Fig. 17, we have

2
 dp? N2 —17 [64(1 - 2)
(2) 2, _ Pe 2 c
D2 aam e = [ gt [N (H2) o4

As above, the mixing kernel depends only on the integrand at p? = u?, and is independent of the unphysical power
singularity at p> = 0. We note that we could have used an alternate choice for the factorization scale, as an upper
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limit in an integration over p?, = p? (1 — 2)/z,

p® o, v _ (PR o [NZ—1] (64(1—2) 6
110G (w0 = p2,)? " | 4N, 23 ' (65)

In either case, it is clear from Eq. (64) that the fragmentation function for a single light quark to a heavy quark
pair has a power-like collinear divergence, in contrast to the logarithmic collinear divergence of leading twist single
parton fragmentation functions. As noted above, this is because the single parton and heavy quark pair fragmentation
functions have different mass dimension. The mixing evolution kernels thus have dimension 1/mass®. Because of the
mass dimension, the normalization of this evolution kernel is sensitive to the choice of the factorization scale p?. In
Eq. (64), we identify the factorization scale as a cutoff on the invariant mass of fragmenting quark, p? [60, 61]. Instead
of the invariant mass, we could have used another variable to regularize the power collinear divergence, such as the
transverse momentum of the fragmenting quark, p? , as in Eq. (65). Different functional choices of the factorization
scale leads to a different z-dependence of the quark fragmentation to heavy pair fragmentation function, and hence
the corresponding mixing evolution kernel given below. Since the fragmentation process is kinematically similar to a
decay process for the active fragmenting parton, however, the cut-off on the invariant mass of the fragmenting parton
not only regularizes the collinear divergence, but also controls the available phase space for the fragmentation process
and gives the correct threshold behavior if we produce a massive particle, such as heavy quarkonium [60, 61]. This is
the choice we shall make.

In summary, then, from Eq. (64), we obtain the mixing evolution kernel for a quark to fragment into a vector heavy
quark pair with octet color,

2
(2) o [NZ—17 [64(1 - 2)
Yoo (@Qeus) (511 V) = & { AN, } ( P ; (66)

z

when the factorization scale is chosen to be a cutoff on the invariant mass of the fragmenting quark. Similarly, we
find that the evolution kernel for the fragmentation of a light antiquark to a color octet vector heavy quark pair, is
equal to that of the corresponding quark,

(2

2
FY(j—)[QQ(US)] (Z, u, 1)) =@ (Zv U, 1)) ) (67)

T4—1QQ (v8)]

while the mixing evolution kernels for a light quark to other channels of heavy quark pairs vanish.

up T(l-U)p \p
é\ J é\ P, %\ o

FIG. 18: Diagrams that contribute to the splitting function for a gluon to fragment into a heavy quark pair .

Similar to the analysis of quark fragmentation after Eq. (63), following the same reasoning for gluon fragmentation
we find,

e __9 po 2,
F ’Ygﬁ[QQ(m)] (Z, Uu, 1)) - dln Mg Dgﬁ[QQ(N)] (Za wsu, v)c ) (68)

[{P™2)

where the subscript “c” again indicates the use of contact terms or special propagators. In this case, the order o2
fragmentation function for a gluon to a heavy quark pair is given by the square of the three diagrams in Fig. 18.
The diagram with a gluon special propagator is necessary for gauge invariance of the mixing kernels for a gluon to
fragment into a color octet heavy quark pair. As an example, we present here the detailed derivation of the kernel for
a gluon to a color singlet heavy quark pair with the vector spin projection [QQ(v1)].

The diagram on the right in Fig. 18 does not contribute to the production of a color singlet pair. We only need to
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evaluate contributions from the other two diagrams. From the square of the diagram on the left in Fig. 18, we have

4 +
(2-1) 2. 4 p(s) d*p. 2 2\ 2 _p" l v
Dy iaay(#15wv) = 956 /(2@49(” Pe) 2 5<Z pi) <2d e)
Pup(Pe) Pouv(pe)
P2 P2

XTrly - py’ v - (up — pe)y*] Tely - py° v - (vp — pe)y°]

1 1 st
K e o Pas(e — D235 — )
B /#zdig 2 {L} [8z2(2u —D2v—-1)—-8z(u+v—1)+ 4]
) 22 LA 1—w(—v) )

where the superscript “(2 — Il)” indicates the square of the diagram on the left at the order of a2. The color factor

for the singlet channel is Cés) = 1/(4N,). After adding contributions that include the crossed diagrams, we derive the

partonic fragmentation function from a gluon to a color singlet heavy quark pair,

(69)

D) gy o) = [ (;fp) (40 || 1+ (- 2y |52 (70)

2 UUV

where the factor [1/4N.] represents the color factor, and where as above & = 1 —wu and o = 1 —v. As discussed above,
if we choose the factorization scale to be a cutoff on the transverse momentum of fragmenting gluon, p?,, we will
have an extra factor (1 — z)/z on the right of this expression.

From Egs. (68) and (70), we obtain the mixing evolution kernel for a gluon to fragment into a heavy quark pair of
the state “xk = v1”,

12 oy 0) = (102) | 5| 12 = o) [HE00=0). ()

UUvVU

A different choice of the factorization scale would result in a different expression for the evolution kernel in Eq. (71),
but, the difference would be finite and perturbative, and absorbed into the corresponding fragmentation function.
Evolution kernels for a gluon to fragment into a heavy quark pair in other color and spin states are derived similarly,
and the results are presented in Appendix B.

up T(l-u)p
AP
iﬁ ] ix ,

FIG. 19: Diagrams that contribute to the mixing evolution kernel for a heavy quark to fragment into a heavy quark pair .

In addition to the evolution kernels from a light quark and a gluon to a heavy quark pair, we also need evolution
kernels for a heavy quark (and antiquark) to fragment into a heavy quark pair, which could be important when
pr > mq. The heavy quark (or antiquark) evolution kernels can be derived in the same way,

1 o __9 po 2,
22 10-10060 5 V) = G1E Posiaane (5 4751 e (72)
where the subscript “c” indicates the use of contact terms (with a bar as shown in Fig. 19). The fragmentation
function for a heavy quark to a pair can be derived from the square of diagrams in Fig. 19. Differently from the
fragmentation of a light quark or a gluon at this order, a heavy quark can fragment into a heavy quark pair with a
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transverse spin from square of the diagram on the left in Fig. 19. In this case, we find

o [ d'pe pt
DSL[QQ(tl)] (Znu2§uav)c = gf Cé)/ (27T)4 0 (’u2 _pg) 2% (Z - p_z,-> (27T)5((pc _p>2)

X

1
4p,nTr[v-m-pc”y”vi”y-pv“v- (pe =)V 7 PV 7 - pe]

1\ Pap(pe = up) Ppuv(pe — vp)
) (1%) (pe —up)?  (pc —vp)?

- / H2(Z§§2 K {?\f_ﬂ uv(lg(—lz;)z()f 2— )’ (73)

where Cr = (N2 — 1)/2N.. and the color factor CS) = C%/N.. From Eq. (72), we obtain the mixing evolution kernel
for a heavy quark to fragment into a heavy quark pair with a transverse spin,

Poo (p)

2 2
@ _ 2 |CF 8(1 —2)z
Te-1Qa ) (z,u,0) = a [NC] [Tm—)(l —uz)(l—wvz)]| (74)

Other mixing evolution kernels from a heavy quark or an antiquark to various color and spin states of a heavy quark
pair are given in Appendix B.
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C. Kernels for quark pair evolution

In this subsection, we present the calculation of evolution kernels for a heavy quark pair to fragment into another
heavy quark pair: T'jgg(.y 00 (2/7 w, viu',v'; as) at order as.

Similarly to the calculation of evolution kernels for a single parton to fragment into a heavy quark pair, we apply
the evolution equation in Eq. (47) to the production of a heavy quark pair [QQ(x’)] of total momentum p/z’, using
the pair as state H, as shown in Fig. 20. We then expand the both sides of Eq. (47) to order as,

9 " dz
I 2 Dleaeelslaaeen (/2w v i) Z / 1/ du1/ v

XD{QQ(m)MQQ( m(21/2 u ol o)

1
X Tl (2721 V51, 01) (75)

Using the zeroth order fragmentation in Eq. (53), we find

9 _p
Bl 2 D (@@ (0@

. - (z/z w,v;u v =

[QQ(K)]=[QA(K")] (Z/Z'a u,v;u', v’ MQ) . (76)

That is, the evolution kernels of heavy quark pair fragmentation functions are given by the variation of the heavy
quark pair fragmentation functions with respect to the factorization scale.

gp Yp

u Vv
Ipf A ¥p

FIG. 20: Generic Feynman diagrams for an off-shell pair of heavy quarks to fragment into an on-shell heavy quark pair.

The heavy quark pair fragmentation functions for a pair of total momentum p. = Py + P with spin-color state

[QQ(,%)] to evolve into another pair of total momentum p/z’ with spin-color state [QQ(K’ )] are given by calculating
the cut diagrams represented in Fig. 20. The bottom of the diagram is contracted with the momentum space cut
vertex given in Eq. (29), while the top of the diagram is contracted with the spin and color projection operators,

P (p/z') and CD), in Eqgs. (22) and (19), respectively. Without losing any generality, we can set 2/ = 1 in Eq. (76).

(b) (d)
FIG. 21: Feynman diagrams with real gluon radiation that contribute to the first order evolution kernels of heavy quark pair
fragmentation functions.. The double line represents the eikonal propagator from the ordered exponentials (gauge links).

At order ay, the heavy quark pair fragmentation function can receive contributions from the squares of diagrams
with real gluon radiation in Fig. 21, as well as from interference between the diagrams with a virtual gluon in Fig. 22
and the lowest order diagram (same as the diagram (a) without the gluon). Both real and virtual contributions to
the parton level fragmentation functions have logarithmic ultraviolet and collinear singularities that share the same
coefficients at this order, while the infrared divergences of these diagrams cancel among themselves, as they must,

from the factorization. From Eq. (76), the evolution kernels Ffé)é(li)]%[@@(ﬁ’)] can be read off as the coefficients of
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FIG. 22: Feynman diagrams with a virtual gluon that contribute to the first order evolution kernels of heavy quark pair
fragmentation functions.

the logarithmic divergences, and do not depend on the regularization and factorization scheme. In the following, we
describe our calculation for the evolution kernels by deriving the coefficients of the logarithmic divergences from both
the real and virtual diagrams in Figs. 21 and 22. As an example, we provide in the remainder of this subsection the
detailed derivation of the evolution kernel for a heavy quark pair of quantum numbers v8 to another pair with the
same quantum numbers, v8. Calculations for evolution kernels between other quark-antiquark states are very similar,
and complete results are given in Appendix C.

FIG. 23: Sample cut diagram with a real gluon that contributes to the heavy quark pair fragmentation function at order of «s.

In n- A = 0 light-cone gauge, the diagrams (c) and (d) in Fig. 21 do not contribute. As an example, the square of
diagram (a), as sketched in Fig. 23, has the expression,

(1,R—aa™) _ d4pc d*qp dqy d'k 2
Digaws)-»iaaus (7w it v5i?) = g7 Ca / 120t 27) (27)° 70 (1 —riL)

+ + +
><(27r)464(pc—p+—/€)225(z—]]Z—Jr)5(u—%—2—1+>6<v—%—Z%)

x(2m)ot (B = —ap*) (2m)o* (5 — g = 'p") (2m) 6k Paa (k)
1

Pe/2+ q1)? +ie
1

(Pe/2+ q2)* —

><4p+Tr [v-ny-py"vy - (pe/2+ @1)] (

[v -1y (Pe/2 + q2)7" 7 - P (77)

where 112 dependence can be a cutoff on either p? or pz | since we are only interested in the coefficient of the logarithmic
divergence. In this expression, C, = (N2 —2)/(2N,) is color factor and P,s(k) is the gluon polarization tensor given
in Eq. (56). Using the d-functions to fix phase space integration over pe, q1, and g2, and

/(d:;e( — k1) (2m) (k%) = 16772/ / dk™ /dk 6<k 2k+), (78)
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we obtain,
2
(1,~—aa’) A ﬁ(%) NE—Z[E J[2+4]
Digg sy iaausy (-t viu’s v's 17) _/ K2 \27) 2N, w Ayt
pt/z dk+ kT
o(u — zu')o(v — ”E/ —0(1- — . 79
xd(u — zu')o(v zv)2 ; e Z+p+/z (79)

where the upper limit of the k*-integration is constrained by p*/z due to the delta function. The square of the
diagram (b) in Fig. 21, and the interference contribution from diagrams (a) and (b), have similar expressions and we
obtain total real contribution at this order,

2 +
WAk ragy z [P/ dET k*
(1,R) e ol 2) — L (Z8) 2 i _
Dlaqus-iaaus) 5 & v, Vi a7 = / K2 (QW) 2/0 P (1 2t p+/z>

{5 e o st )
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where we define

A = (N2 = 2) [5(u— 2u)6(v — 20) + 8(a — 2u")6 (0 — 2]
F2[6(u—2u)d(v — 20") + 6(u — zu")o (v — 2v)]} . (81)

In Eq. (80), the kT-integration has a pole at z = 1, which corresponds to the infrared divergence of the real contribution
when the momentum fraction of the radiating gluon vanishes. (This is sometimes refered as a rapidity divergence.) To
make manifest the infrared cancelation between the real and virtual contributions, we regularize this z — 1 divergence
by separating out a plus distribution,

P/ gt +
[
0 k pt/z

_ /OWZCZ“_:[5(1_,2_;—;2)—5(1—z)]+/0p+/zdlf—:5(1—z) (82)
_ ﬁ—i—&(l—z)/oﬁd:—:. (83)

To identify the distribution in Eq. (83), we have changed variables in the first term on the right in Eq. (82), which is
not singular, using k™ = (1 — x)p* /2, so that

/Om/che_:[(S(l—z—pﬁ—;Z)—é(l—z)} = /Olld_xx[ts(x—Z)—é(l—z)]

_ ! N o(r—z) 1
=[ =05 = (84

which is the standard plus distribution of (1 — z), with the property

bdz - 1 odz
| a5t =—rom=+ [ {1 - ). (85)

1—2),
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for a smooth test function f(z). For the second term in Eq. (83), which is divergent, we will combine its integrand
directly with corresponding terms from virtual corrections.
Substituting Eq. (83) into Eq. (80), we obtain a compact expression for the full real contribution,
(1,R)

oo 2
Q0(8)]~ Q@ ws) (% U Vi U, V' 1)

Ak raey |1 gl 2 Pkt
— [ Z&L(%s ABZ__ 2 oo, o
/ K2 (3:) [QNC S+AS Ay, T2 0/0 | (86)
where Cy = N,, S+ and AP are given in Eq. (81), and
Ao=61—=2)6(u—u")d(v—2"). (87)
vp L vp , VP
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i R i) R
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FIG. 24: Cut diagrams that give the virtual contribution to heavy quark pair fragmentation function at order of as.

The virtual contribution to the first-order fragmentation functions in Eq. (76), which we will combine with Eq. (86)
to derive the evolution kernels, is given by the interference between the lowest order diagram and the diagrams with a
virtual gluon loop in Fig. 22. In the light-cone gauge, diagrams (e)-(j) in Fig. 22 do not contribute. The total virtual
contribution is given by the cut diagrams in Fig. 24 and their complex conjugates.

In detail, the cut diagram (a) in Fig. 24 gives

1,V—-a L2 d4pc d4fJ1 d4fJ2 d*k 2 2
Dl )ty (3t Vs Vi) = / @)1 @n)? @) 2yt 0 O~ Per)
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o)t Dot
De 2 pe 2 pe

xm)'st (5 a2 - opt) @00 (5 - e —o0t) T, (88)
where Cy, = —1/(2N,) is color factor. The trace term 7, in Eq. (88) is given by
o = 411)2_Tr [v-ny -] 411)3'1} [v -1y (@1 — pe/2)7%y Py - (pe)2 + )]
i Pap(k) | o

/2= )2 + iel[(pe/2 + @1)° + ic] (k2 + ic]

where as above, P,s(k) is the gluon polarization tensor given in Eq. (56). Using the d-functions to fix phase space
integration over p., g1, and g2, we obtain,

u?
(1,V—a) AR N o (s (__1 _ _
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The ffooo dk~ integration above can be carried out by examining the pole structure of 7, in k= as follows. From the
denominator of the trace term in Eq. (89), we have three poles in k~,

2

(1) k% 4ic =0 = k= %—¢+ —iesgn(k™), (91)
k2

(2) (k+up")+ic=0 = k = m —iesgn(k™ +u'pt), (92)
k2

(3) (k — ’l_l,/p+)2 + ia = O = k7 = m — 7;5 Sgn(k+ — 'EL/er) . (93)

In Fig. 25, we show the positions of these poles on the complex k~-plane as a function of k™ /p™. When k+ < —u/p™
and k* > u/pt, the k~-integration in Eq. (90) vanishes, because all poles are in the same half-plane. After carrying
out k£~ -integration, we obtain,

#2 dk2 1
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(et [ s k)] (94

u w'pt k+

where the kT -integration is singular when u = u/. This singularity will be cancelled by the corresponding singularities
of diagrams (b) and (c) in Fig. 24, as required by the factorization.

OYe (3){ 1) @) { 3 { %+
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FIG. 25: Positions of k™ -poles of cut diagram (a) in Fig. 24 as a function of k* /p*.
The cut diagram (b) in Fig. 24 gives the following virtual contribution to the heavy quark pair fragmentation
function,

(1,V—b)
[RQQA(v8)]=[QQ(v8)]

d*p. d*q1 dq
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In Eq. (95), Cy;, = 1/2 is the color factor, and

To = ——=Tr[y-ny-p| LJ‘f[v-?”w-(ql—190/2)767-(pc/?Jrql)}

4})3r 4p¢
o 1NaNg 1
xTr [y - py?] [(pc , n)z] [(Pe/2 — q1)* +ie][(pe/2 + q1)? +ic] (96)

where inong/(p.-n)? is the contact term of the gluon propagator. Using the d-functions to fix phase space integration
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over p. and ¢o, and replacing the loop momentum ¢; by k, we obtain

_ w asy |1
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The cut diagram (c) in Fig. 24 gives the following virtual contribution to the heavy quark pair fragmentation
function,
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In Eq. (98), Cy, = Cr = N./2 —1/(2N,) is the color factor, and

- * iy - iPa
S (Pami) = [ 50 = i2) (i) e i | (). (99)

where 42 is the renormalization scale dependence from the wave function renormalization at this order, Pag(k) is the
gluon polarization tensor given in Eq. (56). Since 3(Pg,n; 42) is a function of vectors Py and n, we define [62],

2
iX(P,n;p?) =7 - Po fi +

Q
. 1
AR (100)

where f; and f are scalar functions depending only on Lorentz invariants of four-vectors Py and n, and the factor-
ization scale ;2. From Eq. (100), we have

o .
5z (S(Po.miu®)) =-n(fi+ fo). (101)

plus terms that vanish as Pg, — 0. Substituting Eq. (100) into Eq. (98), and using the identity in Eq. (101), we obtain
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From the denominator above, we have two poles in the k™ -integration of 7T¢,

2
2 P - _ L . +
(1) k +’LE—O = k —%—+—Z€sgn(k ), (104)
. _ _ k3 .

We show the positions of these poles in the complex k~-plane as a function of k¥ /p™ in Fig. 26(c), where we use
Pg = upT. As in Fig. 25, the k™ -integration in Eq. (103) vanishes when k™ is outside of the range [—up™,0].

Integrating over k~, we obtain
2
1 [ dk? [3 O dkt
c= 353 - |z +2 -— 106
T 87’1’2/ ki |:2 + /—up+ kt :| ( )

and the virtual contribution from diagram (b) in Fig. 24, is

2
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2

Similarly, with the pole structure of the k£~ -integration in Fig. 26(d), we obtain the virtual contribution from diagram
(c) in Fig. 24 as
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FIG. 26: Positions of k™ -poles of cut diagrams (c) and (d) in Fig. 24 as a function of &t /p™.

Combining Egs. (94), (97), (107), and (108), we have
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The virtual contribution from the complex conjugate diagrams of those in Fig. 24 is the same as that in Eq. (109)
but with the momentum fractions v and v switched.

In Eq. (109), we recognize that (a/@’)(@’ +u) — 1 as ¢ — @/, and that (u/u')(v' + @) — 1 as u — «’. Thus the
kT -integration,
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_/Oup CZ“_:[a(a'_a_w/pﬂ_zS(a/—a)]( ) (@ + ) (110)

SIS

is finite. We now define a plus-distribution for (@’ — @) by

W — @ Tkt
% = /0 % [6(@ —u—kT/ph) —6(d — )]
+

_ /0 9 _(5@i —a) - 5@ — 7)) , (111)

1—=z

which becomes the standard “+”-function of (1 — z) defined in Eq. (84) if we let @' — 1. When deriving Eq. (111),

we change variables from k% to x, through k™ = (@’ — x)p™*. In this notation, we write the total virtual contribution

to the order of ag heavy quark pair fragmentation function as

u? dk2
(1,V) A N ary [(Qs _
Dlaas)-leaus) (7w Vi, v n7) = / k2 (27r) oE=1)
Ne

x{ [7] S(u—u")d(v—12")|3+Re </_0up+_/0up++/_0w+_/0vp+> d:—:]

_ H [5@ — ") du(l — u)] + 6(u — u)[dv(1 — v)]}

+M (u) (u' 4 u) + Zé(u—u’))

(v —u), o

+6(u—u') <M (2) (' +v) + %5(@ —7)

(v — o), \v/

+H (=)@ +o)+ Zé(v - v'))} } : (112)

where the generalized “+”-function is defined in Eq. (111), and the divergence in the k™ integration will cancel the
divergences of the real-gluon contributions. Combining this virtual contribution in Eq. (112) with the real contribution
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in Eq. (86), and using Eq. (76), we obtain the evolution kernel as

)
LlGaws)—iaaws)

(;w){[zjlv]{;ﬁs Al —o(: - 1)

li /
z,u,v;u’,v")

(a’ j U)j_ ' (' —u), \u
sotu—) (WD (D) @+ + f;v_;;f (%) w+o)

+38(v— ') 6(u — u')} }

_ B} 5z —1) {5(1; — (1 — w)] + 8(u — u')[du(1 — v)]]

+ {%] 0(z = 1) 6(u —u') 6(v — v') [3 — In (wuwo)] } ’ (113)

where Sy and AP are given in Eq. (81). This result is consistent with the kernel derived in Ref. [28] except for
the logarithmic term and the contact term. The logarithmic term is a consequence of the different integration limits
of kT-integration between the real contribution in Eq. (86) and the virtual contribution in Eq. (112). As shown in
Egs. (86) and (112), both the real and virtual contribution have infrared divergences from the k*-integration, and
the infrared divergences are exactly canceled when the real and virtual contributions are combined. More specifically,
the cancelation takes place in the following kT -integration,

4/0 E—i—Re (/—u;ﬁ / /_vp+ / ) it =—In(uavd). (114)

As required by the factorization, the evolution kernel in Eq. (113) is indeed free of any singularity.

Evolution kernels between different spin-color states of heavy quark pairs can be calculated by using the corre-
sponding spin-color projection operators derived in Sec. III. At first non-trivial order in «;, some evolution kernels
vanish. To make the evolution (or change) between various spin-color states of heavy quark pairs clearer, we rewrite
the evolution equation for heavy quark pair fragmentation functions in Eq. (47) and corresponding evolution kernels
in a matrix form,

D@ (s)|—H Ko R Tu T2 00 Digg(s)| 1
Digguny—u R ST 0 0 0 Digany—u
_ 9 | Daesy-u | _ (&) T T2 Ka RO 00 D[QQ(a8)]—>H
o p? | Digg(ar)—n 2/ | 72 0 R S 0 0 Diggavy—u |’
Diggs)—»u 00 0 0K R Diggs)—»H
Doaun—u 000 0R & Diogn)—n

(115)

where ® represents the convolution over momentum fractions, z’, v’ and v’, as defined in Eq. (47). The elements of
the matrix form of the evolution kernels are defined as

IC’U = P08 ’ Ica = I"'a8—a8
K' = Pisss
S = Poiso1 = Paisat, S =Pusu;
R = P'u8~>'u1 = Pa8~>a1 ) R = P'u1~>'u8 = Pal%aS )
R' = P, R' = Paus,
7-1 v8—>a8 - Pa8—>'u8 ) 7-2 vS—)al - Pa8—>'u1 )

7-2 v1—>a8 - Pa1—>v8 ) (116)



with the relation to the kernels,

Qs
Tiaq-leqe) = (%) A

where k = sI with s =v,a,t and I = 1,8 (the same for £’). All kernels P,_,,s are given in Appendix C.
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V. SUMMARY AND CONCLUSIONS

We have presented a perturbative QCD factorization formalism for the inclusive production of heavy quarkonia at
large pr, which provides a systematic approach to study their production at collider energies beyond leading power.
The factorization formalism is organized in terms of a power expansion of 1/py, which is equivalent to an organization
in terms of the characteristic times at which the heavy quark pair is produced, before it transforms into a physical
quarkonium. The leading power contribution comes from partonic subprocesses in which a single parton is produced
at the hard collision, of distance scale 1/pr, followed by single parton evolution and hadronization into an observed
heavy quarkonium at a much later time. The subleading power term, which we have discussed in this paper, describes
the production of a heavy quark pair, either directly at the distance scale of 1/py, at which the hard collision takes
place, or at any intermediate scale 1/u up to 1/mq. Although the rate to produce the pair at intermediate time 1/p
is suppressed by 1/u? in comparison with the production of single parton, the probability for the pair to become a
heavy quarkonium is larger than that for a single parton to form a heavy quarkonium by fragmenting into a heavy
quark pair at large times. We have shown in this paper that both the leading power and next-to-leading power
contributions to the production cross section can be factorized in terms of perturbatively calculable short-distance
partonic coefficient functions and non-perturbative, but universal, fragmentation functions for partons to evolve into
observed heavy quarkonia.

We identified operators for heavy quark pair fragmentation functions, and corresponding projection operators for
calculating the factorized leading and next-to-leading power short-distance partonic hard parts. We derived a closed
set of evolution equations for both single parton and heavy quark pair fragmentation functions. We pointed out that
once we work beyond the leading power, QCD evolution of fragmentation functions with respect to the variation of the
factorization scale mixes the heavy quark pair fragmentation functions with single parton fragmentation functions.
Such mixing in evolution corresponds to a resummation of the probability for the single fragmenting parton to
generate a heavy quark pair from the distance scale of the hard collision, ~ 1/pr, to a scale, 1/ug ~ 1/m¢ at which
the fragmentation process becomes non-perturbative. We calculated perturbatively the lowest order evolution kernels
for all channels of heavy quark pair fragmentation functions, and also derived the first order evolution kernels for a
single parton to evolve into a heavy quark pair. As expected from the factorization, all calculated evolution kernels
are infrared finite.

The predictive power of this new factorization formalism relies on the infrared safety of short-distance coefficient
functions, and the universality of the process-independent fragmentation functions. The short-distance hard parts
reflect partonic dynamics at a distance scale of 1/pp, and are the same for the production of all heavy quarkonium
states. The leading order short distance functions for the production of a heavy quark pair in all perturbative
color-spin states are presented in a companion paper [41].

In order to compare our calculations with experimental data, we need fragmentation functions at the input factor-
ization scale, pg 2 2mg, so that the evolution equations can evolve these input fragmentation functions to generate
the fragmentation functions at any other scales. In principle, input fragmentation functions are non-perturbative
and should be extracted from fitting experimental data, just as one derives parton fragmentation functions to light
hadrons through QCD global analysis. However, as pointed out in our companion paper [41], it may also be a very
reasonable conjecture to use the NRQCD factorization formalism to calculate all input fragmentation functions. With
the calculated/estimated input fragmentation functions, and perturbatively calculated hard parts and evolution ker-
nels, our new factorization formalism could provide predictions with absolute normalization, which can be tested by
data from the LHC and other colliders [63].
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Appendix A: Another set of spin projection operators

The explicit “end-point” singularities of the short-distance partonic hard parts, as discussed in Sec. III, reflect
the possibility that the momentum of the produced active quark or antiquark can vanish, even though the total
momentum of the pair remains finite. This kind of singularity is only possible when more than one active parton is
produced, and the projection operators for the production, such as those in Eq. (22), are independent of momenta of
active partons (or the spinors of produced quark and antiquark).
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The apparent end point singularities could be systematically removed from the partonic parts, if we modify the ~y-p
in the spin projection operators in Eq. (22) as follows,

(v 'p)ji - <’Y : PQ;p.:Lj : PQ) ) = (:—S) (v 'p)ji ) (A1)

where Pg = (u/z) p*, and PQH = (u@/z) p*. With this choice, the spin projection operators for the partonic hard parts

are explicitly proportional to the momenta of the produced heavy quark and antiquark, via ”y-ﬁ’Q =D Us (PQ) U (PQ),
with quark spinor us and @s (or 7y - ]5@ =3, vs(—Pg)Ts(—Pg) for antiquark), where we have neglected the quark
mass for the partonic hard parts. The explicit dependence on the momenta of the active quark and antiquark in
Eq. (A1) cancels the endpoint singularity when the momentum of the produced heavy quark or antiquark vanishes.
Correspondingly, we adjust the spin projection operators for the cut-vertices of heavy quark pair fragmentation
functions in Eq. (23) by the following replacement,

2

(o) = (—) L (yom), - (A2)

utt ) 4p-n

1 .
(v- n)ij P
(2PQ . TL)(2PQ n

dp - n

From Egs. (A1) and (A2), it is clear that the modification of the spinor projection operators is effectively to move a
spin-independent factor: z*/(uiivd) from the partonic hard part to the definition of the corresponding fragmentation
functions. In this paper, we present our results calculated by using the spinor projection operators in Eqs. (22) and
(23), without this replacement.

Appendix B: Single-parton to double-parton evolution kernels

In this appendix, we summarize all evolution kernels for a single parton to evolve into a heavy quark pair at order
(2)
[QQR(v8)]/a

subsection IV B. Like 7[(5)@ (08)] /q(z, u,v) in Eq. (66), all kernels below are derived by using the special gluon propagator

2

o, which appear in the evolution equation in Eq. (46). The detailed calculation of 7, (z,u,v) was given in

to remove the mass singularity analytically, and by choosing the factorization scale as a cutoff of the invariant mass
of fragmenting parton.

1) Light quark case:

2
@ L [NZ-1]64(1-2)
Ta-[QQus)] ~ as[ AN, ] 2 (B1)
@) ) @ @ _® B
Y] = Yeoan)] = Yioawes) = Yeaun) = Yosaus) = ° (B2)

2) Light antiquark case:
2
@) ) _ o [Ne—1]64(1—2)
T7-10Qws) — Ta—[QQ(v8)] —0‘5[ AN, } 2 (B3)

@) @ ) ) @ B
Y100 = Yi=1Q0(n)] = Y=o = Yioeawn)] = Ya—ias) = ° (B4)




3) Gluon case:

(2) _ 2| LM w=0) s e
WQH[QQ(UU] = G [ ] uUUVY [Z T (1 Z) ]
P l 4(1 = 2)2 = 4(1 — 2uu — 200)(1 — 2)2(2 + 2)

9—[QQ(v8)] 2uuvv 22

+(u—1)%(v —0)%(22" +22° — 322 — 4z + 4)]
+ - - o)l? + (- 27

@) _ 1 4 2
FYg—)[QQ(al)] - c:| T [Z + (1 Z) ]

@) _ Ne, RN 2
Vos(Q0(as)] = Yooz [ 5 (av + uwv) NJ [2°4+ (1 —2)7

@  _ 0
Tg=iaen] = Tg-QQus)

4) Heavy quark case:

5) Heavy antiquark case:

2)
TQ—-[QQw1)]

(2)
TQ-1QQv8)]

(2)
T0-10Q(a1))]

(2)
TQ—1QGQ(a8)]

2)
TQ-[QQ )]

(2)
TQ-[QQs)]

)
TG-1QQw1)]

)
T0-1QQ(vs)]

)
T10-10Q(a))]

)
T0-10Q(a8)]

@
10104 (¢1)]

@
T0-1Q4(t8)]

Q
™

Ne

[c};] A(1 — 2)(1 + zu)(1 + 20)

av(1 — zu)(1 — zv)
1—2 1 ANcu(l — zu) + 2(1 4 zu)

_ [N
o E

2)
7o) ~

22w 1—zu
" AN (1 — zv) + z(1 + 20)
1—2z2v

B [02 } 4(1 = 2)(1 4 zu)(1 + 2v)

N, av(l — zu)(1 — zv)
o [N2 =17 4(1 — 2)(1 + zu)(1 + 20)
% | T4N3 } ao(1 — 2u)(1 — z0)
o2 012;] 8(1 — 2)22
NG | av(l = zu)(1 — zv)
5 [N2 -1 8(1 — 2)22
% | 4N3 } av(1 — zu)(1 — zv)

2 [?V_%] A(1 — 2)(1 + zu) (1 + 2v)

uv(l — za)(1 — 20)
1—2 1 4N.u(l — za) + 2(1 + zu)

o [N -1
Qg NC3

22 wv 1—zau
" AN (1 — 20) + z(1 + 2v)
1—2zv
N CE1 41— 2)(1 4 zu)(1 + 2v)
Q—[QQ(1)] — N, wv(l — za)(1 — 20)
o2 (N2 —17 4(1 — 2)(1 + 2u)(1 + 2v)
SLOANS | wv(l = za)(1 — z0)
o2 [C%, 8(1 — 2)22
S LN | wo(l = zu)(1 — 20)
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(B5)

(B10)

(B11)
(B12)
(B13)
(B14)

(B15)

(B16)

(B17)
(B18)
(B19)
(B20)

(B21)



Appendix C: Heavy quark pair to heavy quark pair evolution kernels
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In this appendix, we summarize all evolution kernels for a heavy quark pair to evolve into a heavy quark pair at
the order of a,, which are derived in both light-cone and Feynman gauge. We present these kernels in connection

with the evolution equations in the matrix form in Eq. (115).
1) Diagonal kernels:

S=Pyyv1 = Piisa1 =Crd(1l— z){35(u —u)6(v =)

O(a —u) u

+0(v — ') [7— (@ + u) + Ol — ) u

(W —u)t !

~

(W —u)tu

(u + u)]

N[00 —0) 0, o' —v) v,
ol [ma@ POt e T
N, o ’ ’
Ko = Pig—as = 7[3—1n(uuvv)] 0(1—2)0(u—u")o(v —2")
S 1z g\
N§—1+2NC2(1—Z)+S+A*’

Ky = Possos = Ko — B] 51— z){é(v — ) du(l — )] + 5(u — u')[4v(1 — U)]}

S =Piyn = Cré(l— z){35(u —u')d(v —")

o) [0 80—
(@ =)y @ (v =)y
(@' —v) 5 6 —v) v
/ _— JR—
+olu—u) [(a/_m vt oL v [
! Ne 7 / ’
K'=Pig_s = - [3 — In(uwvD)] 6(1 — 2)6(u — u')d(v — V)
S 1 _ = g 8]
et A _AY).
M —1 AN 20 —2), (5:a8 +5-a%)
2) Off diagonal kernels:
[ 1 ) z 1]
= Pv vl — Pa al — A[
R 8—wvl 8—sal 2N, 2(1_2)S+ R
(1] = ) i
/7 —
R'=Puon = |5 | 303 (ssal4s.all),
_ o o [ 1 | z 8]
7-1 —P'U8—>a8—Pa8—>'u8 - _2Nc_ 2(1_Z)S—A77
_ o _ [ 1 | z [1]
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2
Pxinys = (N2 —1) Pxsoy1,
Pirsvg = Piusar = Pogstr = Pajsir =0

with X,Y =wv,a,t and I,J = 1,8. We have introduced the following symmetric notations,

U U v v
Se = (wrg) (i*w)

A = (5w — 2u!) £ 5(a— 20)] [5(v — 20) £ 6(0 — 20)]
A = (V2 = 2) [(u — zu)o(v — 20') + 8(a — )6 (0 — 20')]

F2[6(u—2u)d(v — 20") + 6(u — 2u")6 (v — 2v)]} .

(C10)
(C11)

(C12)
(C13)

(C14)



In the limit that z — 1, we have the power behaviors
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