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We calculate the O(a?) short-distance, QCD collinear-factorized coefficient functions for all partonic
channels that include the production of a heavy quark pair at short distances. This provides the first power
correction to the collinear-factorized inclusive hadronic production of heavy quarkonia at large transverse
momentum, pr, including the full leading-order perturbative contributions to the production of heavy
quark pairs in all color and spin states employed in NRQCD treatments of this process. We discuss the role
of the first power correction in the production rates and the polarizations of heavy quarkonia in high-energy
hadronic collisions. The consistency of QCD collinear factorization and nonrelativistic QCD factorization
applied to heavy quarkonium production is also discussed.
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I. INTRODUCTION

Both the cross section and polarization of heavy quar-
konium production in high-energy collisions have posed
significant challenges to our understanding of the pro-
duction mechanism [1]. Although the nonrelativistic QCD
(NRQCD) treatment of heavy quarkonium production is by
far the most theoretically sound [2-5], and generally
consistent with experimental data on inclusive production
of J/yw and T of large transverse momentum, p;, at the
Tevatron and the LHC [6-9], it has not been able to explain
fully the polarization of these heavy quarkonia produced at
high p; [10-13]. With a larger heavy quark mass, m,, it
was expected that the NRQCD factorization formalism
should do a better job in describing the production of Y and
its polarization. However, recent data on polarization of
T(1S,28,3S) measured by the CMS Collaboration at the
LHC [14] also show inconsistency with full next-to-
leading-order (NLO) NRQCD calculations [9,15]. In addi-
tion, global fits of data on J/w production from various
high-energy collisions, including e*e™, lepton-hadron, and
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hadron-hadron collisions [7,16] show some discrepancies
in the shape of momentum spectra between theory pre-
dictions and data [17]. For some production channels of the
NRQCD calculations, the NLO corrections are orders
larger than their corresponding leading-order (LO) results,
which raises questions as to whether yet higher-order
contributions can be neglected. Motivated in part by these
challenges to existing theory, new approaches based on
QCD factorization [18-22] and soft-collinear effective
theory [23,24] have been proposed for the systematic study
of heavy quarkonium production at collider energies.

In Ref. [22], we developed an extended QCD factori-
zation formalism for heavy quarkonium production at large
transverse momentum pr 3> my 3> Agep in hadronic col-
lisions (or at a large energy E > my in eTe™ collisions)
with heavy quarkonium mass my. The new QCD fac-
torization formalism includes both collinear-factorized
leading-power (LP) and collinear-factorized next-to-
leading-power (NLP) terms in the 1/p; expansion of the
production cross section,
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where p* = P#(my = 0) is the massless part of the heavy
quarkonium momentum in a frame in which the quarkonium
moves along the z-axis, and the renormalization scale ¢ and
the factorization scale y are suppressed. We will often refer
to this result below as “QCD factorization” to distinguish it
from NRQCD factorization. In this factorized expression,
> ¢ runs over all parton flavors f = ¢, g, g, including heavy
flavors when my < pr, while } 75, indicates a sum over

both spin and color states of heavy quark pairs [QQ(x)],
where xk = sI with s = v, a, t for vector, axial vector and
tensor spin states, and / = 1, 8 for singlet and octet color
states, respectively. In Eq. (1), the variables z, u, and v, with
#=1—u and v» =1 — v are light-cone momentum frac-
tions; and Dy_p(z;mg) and Dippj—u (2, u, v;mp) are
single-parton and heavy quark-pair fragmentation functions
(FFs), respectively [22]. In the factorization formula in
Eq. (1), we neglect all contributions involving twist-4
multiparton correlation functions of colliding hadrons, as
well as all terms at NLP involving FFs not from a heavy quark
pair, because these contributions must create the heavy quark
pair nonperturbatively. We thus expect them to be suppressed
by powers of heavy quark mass [22], and they could be
suppressed further by reasons similar to those that lead to the
OZI rule in evaluating decay rates.

The QCD factorization formalism in Eq. (1) effectively
organizes the contributions to heavy quarkonium production
at large pr in terms of the characteristic time when an active
heavy quark pair, which is necessary for a final-state heavy
quarkonuim, is produced. The LP contribution to the
production cross section is given by the hard partonic
scattering to produce an active parton (quark, antiquark,
or gluon) at a distance scale of O(1/py), convolved with a
fragmentation function for this parton to evolve into a heavy
quark pair that transmutes into a heavy quarkonium. At LP
accuracy, the heavy quark pair is effectively produced at the
distance scale of (O(1/2mg;), a much longer distance
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compared to scales over which the active parton was initially
produced. At NLP accuracy, the QCD factorization requires
not only the factorized NLP term in Eq. (1), but also a new
power-suppressed contribution to the DGLAP evolution of
heavy quarkonium FFs from a single active parton [22]. The
factorized NLP term in Eq. (1) describes the production of
the heavy quark pair directly at O(1/py) where the initial
hard collision took place. The power-suppressed contribu-
tion to the evolution of single-parton FFs sums up all leading
logarithmic contributions to the production of the heavy
quark pairs at distance scales from O(1/uy) to O(1/ug)
where pf ~ py is the factorization scale and yy ~ 2m, is the
input scale at which the evolution of the FFs starts. Having
both LP and NLP contribution, the QCD factorization
formalism in Eq. (1) effectively covers all leading contribu-
tions to the production of the heavy quark pair, which
transmutes into an observed heavy quarkonium, no matter
where and when the heavy quark pair was produced [22]. If
we keep only the factorized LP contribution to the cross
section in Eq. (1), we include only the contribution to the
heavy quarkonium production when the heavy quark pair is
produced at the distance scale ZO(1/uy).

The predictive power of the QCD factorization formal-
ism in Eq. (1) relies on the universality of the FFs, and our
ability to calculate the evolution kernels of these FFs, as
well as the short-distance coefficient functions, perturba-
tively, to all orders in powers of a,. In Ref. [22], we
evaluated the mixing evolution kernels for one parton to
evolve into a heavy quark pair at O(a?), as well as
evolution kernels for a heavy quark pair to evolve into
another heavy quark pair at O(a,). In this paper, we
concentrate on the calculation of the short-distance coef-
ficient functions of the QCD factorization formalism in
Eq. (1). When A and B in Eq. (1) are hadrons, the cross
section is found using the following expressions, reflecting
collinear factorization for the incoming hadrons:
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where a, b represent active parton flavors, running over
quarks, antiquarks and gluons, and ¢4_,(x) and ¢p_,(x)
are the parton distribution functions (PDFs) of hadrons A
and B, respectively, with factorization scale dependence
suppressed. The short-distance coefficient functions for
producing a single parton at the LP, 6, ¢(,, )+ x In Eq. (2),
are the same as the perturbative coefficient functions for
producing a light hadron, such as a pion, and are available
for both the LO and NLO in powers of «; in the literature

[25]. This is because the factorized short-distance coef-
ficient functions are not sensitive to the details of the
hadron produced in the final state, but only the properties of
the fragmenting parton. In the next section, we introduce
the method to calculate the short-distance hard parts at
NLP, 6,44 100(x))(p.)+x 10 Eq. (2), and present the detailed
calculations of the O(a}) coefficient functions for all
relevant spin-color states of a heavy quark pair pro-
duced from the scattering of a light quark and antiquark.
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The complete results of short-distance hard parts for all
parton-parton scattering channels at O(a?) are given in the
Appendix.

With the perturbatively calculated short-distance hard
parts in this paper, and the evolution kernels derived in
Ref. [22], the predictive power of the QCD factorization
formalism in Eq. (1) still requires our knowledge of the
universal FFs at an input scale p,. Since both the short-
distance hard parts and evolution kernels are perturbative,
and the same for hadronic production of all heavy quarko-
nium states, it is these input FFs that carry the information
on the characteristics of the individual heavy quarkonia.
The universal input FFs are nonperturbative, and in
principle, should be extracted from fitting experimental
data, like the FFs for inclusive light hadron production.
However, with the NLP contributions, we will need many
more FFs (single-parton plus heavy quark pair FFs) for
each heavy quarkonium state produced. Extracting all these
FFs from inclusive cross sections of heavy quarkonium
production would not be an easy task.

Unlike the FFs to a light hadron, heavy quarkonium FFs
at the input scale u, have essentially one intrinsic hard
scale, the heavy quark mass mg ~ O(ug), which is suffi-
ciently separated from the momentum scale for the binding
of heavy quarkonium, mgyv, with the heavy quark relative
velocity in the pair’s rest frame, v < 1. The physics
between the m and y could be perturbatively calculable.
It was proposed in Ref. [21], as a conjecture or a model, to
use NRQCD factorization to calculate these input FFs by
expressing all of them in terms of perturbatively calculated
coefficients and a few local NRQCD matrix elements,
organized in powers of v. Since the input momentum
scale py ~ pp, the NRQCD factorization scale ~O(my),
the perturbatively calculated coefficient functions should be
free of the large logarithms and the power enhancement that
were seen in the NLO NRQCD coefficient functions for
heavy quarkonium production at large p; at collider
energies [6-9]. In Sec. IIl, we review the procedure to
calculate the heavy quarkonium FFs at the input scale
Mo Z 2mg in terms of NRQCD factorization.

Although there is no formal proof that ensures that
NRQCD factorization works for evaluating these universal
input FFs perturbatively to all orders in a, and all powers in
v-expansion, it has been demonstrated that such NRQCD
factorization should work up to two-loop radiative cor-
rections [18,19]. Explicit perturbative calculations in
Refs. [26,27] show that such factorization is indeed
possible for up to v* in the velocity expansion since all
calculated perturbative coefficient functions are infrared
safe for LP single-parton FFs at O(a?), as well as for NLP
heavy quark-pair FFs at O(a;). Such perturbatively calcu-
lated input FFs in NRQCD factorization should provide a
good starting point to estimate or determine these much
needed universal but nonperturbative functions for heavy
quarkonium production.
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If the NRQCD factorization for calculating the input FFs
is valid, the collinear factorization formalism in Eq. (1) may
be thought of as a reorganization of the perturbatively
calculated cross section by NRQCD factorization, with
resummation of large fragmentation logarithms. It also
provides a justification of NRQCD factorization applied to
heavy quarkonium production at large transverse momen-
tum, at least for the first and second power terms in the
1/pr expansion. In Sec. III, we discuss the connection
between the QCD factorization formalism in Eq. (1) and the
NRQCD factorization approach to heavy quarkonium
production [2]. With a proper matching, we introduce an
expanded factorization formalism which could smoothly
connect the QCD factorization in Eq. (1) for py > ug
to the fixed-order calculation in NRQCD factorization for
Pr 2 Ho X 2mg, including heavy quark mass effects.

In Subsec. IIIC, we provide an explicit example to
demonstrate that when pr > my, the QCD factorization
formalism in Eq. (1) catches all leading contributions to the
heavy quarkonium production. We show that the extremely
challenging calculation of the complete NLO contributions
to the production of a color-singlet, spin-1 heavy quark pair
in hadronic collisions can be effectively reproduced by the
much simpler LO perturbative QCD calculation of the hard
parts to produce a color-octet collinear and massless heavy
quark pair, convolved with equally simple LO fragmenta-
tion functions for the perturbatively produced pair to
fragment into the color-singlet, spin-1 heavy quark pair,
calculated in NRQCD factorization. The combination of
the two LO calculations reproduces more than 95% of the
full NLO contribution when py is only a few times the
heavy quark mass. The same conclusion is also true for
other production channels in NRQCD calculations [28].

In Sec. IV, we discuss how to evaluate heavy quarkonium
polarization in the QCD factorization approach. Since both
short-distance partonic hard parts and evolution kernels of
heavy quarkonium FFs are perturbative, and not sensitive to
the long-distance details of the individual heavy quarko-
nium produced, the heavy quarkonium polarization should
be completely determined by the heavy quarkonium FFs at
the input factorization scale, uy. With py 2 mg > mgo, it
is very reasonable to apply the same NRQCD factorization
conjecture for calculating the unpolarized heavy quarko-
nium FFs at scale p to the calculation of polarized heavy
quarkonium FFs at the same input scale. In this section, we
present the projection operators, within the NRQCD
factorization approach, for the calculation of polarized
heavy quarkonium FFs with the produced heavy quarko-
nium in either a transverse or a longitudinal polarization
state. As an example, we present our O(a;) calculation of
polarized heavy quarkonium FFs via a color-singlet 3S[11]
heavy quark pair in NRQCD. A complete calculation of
polarized heavy quarkonium FFs in NRQCD for all
partonic channels is now available [26,27,29]. With the
perturbatively calculated polarized heavy quarkonium FFs,
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we demonstrate explicitly that the combination of QCD
factorization for heavy quarkonium production in Eq. (1)
and NRQCD factorization for the heavy quarkonium FFs
can not only reproduce the NLO color-singlet model
(CSM) calculation for the production rate, but also the
polarization of the produced heavy quarkonia. Clearly, a
full understanding of heavy quarkonium production and its
polarization requires a new global analysis of all heavy
quarkonium production data in terms of QCD factorization
formalism and the new set of evolution equations for
heavy quarkonium FFs [28]. Finally, our conclusions are
summarized in Sec. V.

II. PRODUCTION CROSS SECTION
AND PARTONIC HARD PARTS

In this section, we introduce a systematic method to
calculate all partonic hard parts of the collinear-factorized
NLP terms, d6 4;_(0o(«)(p.)» I Eq. (2) perturbatively. We
provide a detailed derivation of the hard parts for producing
a heavy quark pair in various spin-color states from the
scattering of a quark and an antiquark at O(a?), and present
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where i, j, f represent the factorized active parton flavors,
including ¢, g, g, and Q; [QQ(x’)] represents a heavy quark
pair of spin-color state «’; and ® represents the convolution
over partonic momentum fractions as shown in Egs. (1)
and (2). Unlike the cross section in Eq. (1), both the
partonic cross section on the left-hand side (lhs), and the
PDFs of a parton and FFs of a partonic state on the right-
hand side (rhs) of Eq. (3) can be calculated perturbatively in
terms of Feynman diagrams with proper regularizations.
Most importantly, the short-distance partonic hard parts in
Eq. (3) are the same as those in Eq. (2).

The fact that the cross section is factorizable ensures that
the perturbatively calculated partonic cross sections on the
Ihs and PDFs and FFs on the rhs of Eq. (3) are all free of
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our full results for all other partonic scattering channels,
including quark-gluon and gluon-gluon scattering channels
in the Appendix.

A. The formalism

As a consequence of QCD factorization, all factorized
partonic hard parts for heavy quarkonium production in
Eq. (2) are uniquely determined perturbatively by the
factorization formalism and the definition of fragmentation
functions (and parton distribution functions in the case of
hadronic collisions). Like the LP hard parts, the NLP
factorized partonic hard parts, d6,,_(pp(«)(p,) 11 EQ. (2),
are insensitive to the long-distance details of the colliding
hadrons and the produced heavy quarkonium. The factori-
zation formalism in Eq. (1) is also valid when the colliding
hadrons, A and B, are replaced by two asymptotic colliding
parton states of flavor @ and b, respectively, and the
produced heavy quarkonium, H, is replaced by an asymp-
totic state of a heavy quark pair with momentum p and
spin-color state [QQ(k)]. Together, the partonic analogs of
Egs. (1) and (2) can be expressed symbolically as

) @ Do)

) ® Dioow))~[00(x)» (3)

[
infrared (IR) divergence, while the ultraviolet (UV) diver-
gences are taken care of by the renormalization, and all
collinear (CO) divergences are process independent and
canceled perturbatively order by order in powers of a
between the lhs and the rhs to leave the partonic hard parts
free of any divergences. To derive the partonic hard parts in
Eq. (2), which are the same as those in Eq. (3), we expand
both sides of Eq. (3) order by order in powers of «,, and
then extract all partonic hard parts perturbatively by
calculating the corresponding partonic cross section in
the lhs, and the PDFs and FFs of partons on the rhs.

To evaluate the hard parts at the first nontrivial order in
hadronic collisions, we expand both sides of Eq. (3) to

O(a),

® D, o0

2 ® Dl 000" (4)

where the superscript (m) with m = 0, 1, 2, 3 indicates the power of a, of the corresponding quantity. Since the zeroth-order
parton PDFs and FFs are given by the o-functions that fix the corresponding convolutions, the short-distance hard parts for
all possible channels of partonic scattering between parton flavors a and b are given by
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perturbative cross section for two partons of flavors a and b

to produce a heavy quark pair of momentum p in a spin-
color quantum state [QQ(k)] at the order of aj, which
covers all LO partonic processes to produce a heavy quark
pair at a large transverse momentum. Since we neglect the
heavy quark mass when p; > m,, this partonic scattering
amplitude, like the one in Fig. 1, can have a perturbative
divergence caused by the mass singularity of the gluon
propagator, when its invariant mass goes on shell,
p* = 0, which leads to a divergent partonic cross section,

|

where the first term on the rhs, do is the
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is in fact a LP contribution, and is already included in the
LP fragmentation contribution, the first term on the rhs of
Eq. (1). Therefore, it should be systematically removed
when we calculate the short-distance partonic hard parts of
the NLP contribution to avoid double counting. In Eq. (5),
the second term is a natural result of the QCD factorization
formalism. Its role is to remove all possible LP contribu-
tions from the first term, and it can be referred to as a
subtraction term for removing the mass singularity or the
LP contribution.

Similarly, by expanding the factorized formalism for the
partonic scattering cross section in Eq. (3) to order af, we
derive the factorization formula for calculating the NLO
short-distance partonic hard parts of the NLP contribution as

This perturbatively divergent contribution

_ e (1)
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where the sum of i, j, f runs over all parton flavors, and all
lower-order short-distance partonic hard par[s are well-

defined and calculable. For example, the ds®)

@)
a+b—f(p

partonic cross sections given by lowest-order 2 — 2 par-
tonic scattering amplitudes, and are finite. In Eq. (6), the
subtraction term in the first line plays the same role as that
of the subtraction term in Eq. (5); the subtraction term in the
second line is to remove the power collinear divergence of

a+b=[Q0(x)|(p.)

are given by Eq. (5), and dé ) are the lowest-order

the partonic cross section, do™ which has been

a+b=[00(x)|(p)’
included in the evolution of the single-parton FFs via the

mixing kernels from a single fragmenting parton to a heavy

FIG. 1 (color online).  Sample partonic scattering amplitude for
a(p,) + b(py) = [Q0(x)](p) + X that includes a leading power
contribution to the production rate of a heavy quark pair.

Z(ﬁb—v

a+/—>[QQ( )(p)’ (6)

|

quark pair [22]. The four other subtraction terms in the last
three lines of Eq. (6) are needed to remove the logarithmic
collinear contributions that have been included in the
evolution of initial-state PDFs. The factorization formula
in Eq. (6) can be adapted for calculating the NLO
contribution of the power corrections in other scattering
processes—for example, we only need the first two lines
for high-energy heavy quarkonium production in e*e”
collisions.

In the remainder of this section, we provide the detailed
derivation of the first nontrivial short-distance hard parts for
a quark and an antiquark to produce a heavy quark pair in
all possible spin and color states. Because the heavy quark
mass is set to zero in the hard parts, we only need to
consider the production of a heavy quark pair in axial-
vector and vector spin states at the order of aﬁ. That is, we
calculate the partonic hard parts by using Eq. (5) with
a=gq(p,) and b = g(p,) of momentum p, and p,,
respectively, and

~03)
46 4 o1 +2(p2) =100 (p)

pr— 6(3) -
q(p1)+(p2)—~[00(K)](p)

_ A2
dé q(p1)+a(p2)—=9(pc) ®D pe)—=[00(x)](p)’ (7)
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b L g
(@)

FIG. 2 (color online).

where the produced pair [QQ (k)] can be in an axial-vector
or a vector spin state while in either singlet or octet
color state.

3

At the order of «a;, the scattering amplitude for

3 L .
a;(;]) L a(py)— (00| (p) 1S &IVen by the Feynman diagrams

in Fig. 2. The diagrams in Figs. 2(c), 2(d), and 2(e) all have
divergent contributions caused by the same mass singu-
larity when the momentum of the gluon with a short bar
goes on shell, p> - 0. As discussed above, any such
perturbatively divergent LP contribution should be

removed by a subtraction term, the second term on the

~(2)
rhs of Eq- (7). The do_q(m)-‘r@(ﬁz)—’g(l’c

term is the lowest-order cross section for the partonic
process, ¢q(pi) +4(p2) = g(p) +g, given by the
Feynman diagrams in Fig. 3. At order o?, the partonic

. A2
Cross section da( )

0 q(p1)+a(p2)—=9(pc)
. 1 . .
function Dg(p()_)[ 00M)](p) of the subtraction term in Eq. (7)

is the lowest-order fragmentation function for a gluon to a
heavy quark pair. At order aj, it is given by the Feynman
diagram in Fig. 4, which is in cut diagram notation, where
the amplitude and complex conjugate are combined into a
forward scattering diagram and the final state is identified
by a vertical line. From the definition of the gluon
fragmentation function, two gluon lines in Fig. 4 are
contracted by the cut vertex [22],

) of the subtraction

is perturbatively finite. The

p -7 P

FIG. 3. Leading-order Feynman diagrams for
subprocess at O(a?).

qq = g9

up (1-u)p (1-v)p vP

“BAr | ong"

il v

FIG. 4 (color online). Lowest-order Feynman diagram () for a
gluon to fragment into a heavy quark pair.
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P L L
P
7 2 : 0% v p
o
(b) (c) (d) ©

Leading-order Feynman diagrams for the gg — QQg subprocess at O(a?).

w22
» [ﬁNZ owa(zarea)]. ®

where the four-vector 7# with 72> = 0 is an auxiliary vector
conjugate to the observed hadron momentum p*, intro-
duced to help define the fragmenting gluon’s light-cone
momentum fraction, as well as its two transverse polari-
zation states (or “physical” polarization states). In Eq. (8),
the a and ' are color indices of the fragmenting gluon in
the amplitude and its complex conjugate, respectively, and

7PN ~ 2
pei’ +'pr  pe

! e, (9
pe- i (pc-n)? ©)

di(pe) = ¢ +

with d2* (pe)pey = A (p)it, = 0. In a frame where the
hadron is moving along the +z-axis, p* = (p*,07,0,)
with hadron mass neglected, we can normalize the auxiliary
vector A* as i = (0%, 17,0, ), since the cut vertex, V,(z),
is invariant when we rescale the vector 71#. At the lowest
order, the fragmenting gluon momentum p,. above is
effectively equal to the momentum of the heavy quark
pair p in Fig. 4. Consequently, the LO perturbative gluon

1)
FE. D, )~ 10001(p)

goes on shell, p2 — p?>— 0. It is clear from above
discussion that the second term in Eq. (7) matches precisely
the structure of the divergent piece of the partonic cross
. 3

section do 4,100
larity when p? — 0, and to leave the sum of these two
terms in Eq. (7) infrared safe (IRS) and perturbative. This
subtraction also avoids double counting of the LP con-
tribution, as required by QCD factorization.

The cancellation of the divergence between the first and
the second terms in Eq. (7) is exact at the phase space point
where the gluons with a short bar in Figs. 2(c—e) is on the
mass shell, with a physical polarization. It was shown in
Ref. [22], as part of the calculation of the evolution kernels
for a single parton to evolve into a heavy quark pair, that the
net effect of the second term in Eq. (7) is to replace each
gluon propagator with the short bar in Fig. 2 by a contact
term, found by rewriting the propagator as

, is divergent as the gluon momentum

to remove its mass singu-
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and keeping only the final, unphysical term,

G”(p) —

ip? el e
el R
Equation (11) shows the result of subtracting the contri-
bution of these diagrams to gluon fragmentation, which is
already included in the LP term.

As in Eq. (9), the first term in the right-hand side of
Eg. (10) vanishes when it is contracted by either p, or 1,
defining the contribution from the gluon’s two transverse
polarization states. These are precisely the terms canceled
by the subtraction, which takes the physical polarizations
into account. In Eq. (10), the second term in the rhs is the
contact term, which is finite when the gluon line goes on
shell, p2 — 0. With this term included, the NLP contribu-
tion to the scattering amplitude in Fig. 2 is color gauge
invariant [30]. Then, the effect of the subtraction is to
specify a prescription for calculating the hard parts at this
order following Eq. (7), which can be represented as [22]

A(3) _ 0
A6, 11000 PV P2 P) = 40 10601y (P12 P22 P)es

(12)
where the subscript “c” indicates that the gluon propagators
with a short bar in Fig. 2 are replaced by corresponding
contact terms. These diagrams, in Figs. 2(c), 2(d) and 2(e),
with their perturbatively divergent leading power contri-
butions removed, are necessary for the gauge invariance
of the NLP contribution. In addition to quark-antiquark
scattering, the expression in Eq. (12) is also valid for
scattering of two partons of any flavors a and b at this order.

In general, the removal of the LP contributions to the
partonic scattering cross sections, or more specifically, the
cancellation of divergences when p? — 0 between the first
and the second terms in Eq. (5), or the terms in Eq. (6), can
be handled by introducing a regulator for the divergence of
each term first, calculating all terms individually, and then
removing the regulator after all terms are combined and
divergent terms are canceled. Such a general approach for
calculating partonic hard parts beyond the LO contribution
derived here could be made algorithmic.

Having identified the contact-term prescription, Eq. (12),
it is now straightforward to calculate NLP partonic hard
parts for all partonic scattering channels at O(a?), once we
specify the projection operators for the spin-color states of
the produced heavy quark pair, [QQ(k)]. The perturbatively
produced collinear heavy quark pair should have four spin
states, s = v, a, t for vector, axial-vector, and two tensor
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states, respectively, and nine color states, / = 1,8 for
singlet and octet color states, respectively. The correspond-
ing projection operators have been defined in Ref. [22],

7) (p)/zkl (7'p)ji(7'p)kl’

Pl (P),zkl (7'p75)ji(7'p75)k1’

G ( )ji,kl: Z(Y'py{j_)ji(}"p}'(i)kl’ (13)
a=1,2

for spin states of the produced heavy quark pair, and

~1 | Oba || Gac
o= [ ] [ )
Corae = 3 _[V2(r4),][V2(1*) ). (14)

A

for the color states of the same pair. In Eq. (13), the spin
projection operators are independent of the momentum
fractions of the produced heavy quark and antiquark, and
the subscripts ji and kI represent the spinor indices of the
heavy quark pair in the scattering amplitude and its
complex conjugate, respectively. In Eq. (14), the #,, with
A =1,2,...,N2 -1 are the generators in the fundamental
representation of the group SU(N,.) color, and the sub-
scripts ba and dc, represent the color indices of the heavy
quark pair in the amplitude and those of its complex
conjugate, respectively, but with a,b,c,d =1,2,...,N,.
From Eq. (12), calculating the short-distance hard part,
~(3)
6, 4-100(0)p)’

cross section, daqﬂ_'[QQ( ()’

propagator of momentum p replaced by its contact con-
tribution. From the normalization defined by the factori-
zation formalism in Egs. (1) and (2), we obtain the
expression for the NLP short-distance hard part as

is the same as calculating the partonic

with the divergent gluon

where 1/25 is the partonic flux factor, | M 4a—[00(x | is the

partonic scattering amplitude squared with the 1n1t1al state
spin and color averaged and the spin-color state of the final-
state heavy quark pair defined by the projection operators
in Egs. (13) and (14), and where subscript “c” again
indicates the use of the contact term of the divergent gluon
propagator of momentum p. Once more, this is equivalent
to the removal of the gluonic pole contribution from the
gluon with a short bar in Fig. 2, replacing the full
propagator by the contact term, G?’(p), Eq. (11). In
Eq. (15), the last factor including the S-function is from
the two-particle phase space, with the differential element
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d*p/E » moved to the left of the equation. The parton-level
Mandelstam variables in Eq. (15) are defined as

and &= (py—p)*,
(16)

S=(p1+p)*  i=(p—p)

with §+7+ 2 =0 imposed by the &-function. From
Eq. (15), calculating the NLP partonic hard parts at
O(a?) is equivalent to calculating the spin-color averaged
partonic scattering matrix element squared with the frag-
menting gluonic pole contribution removed.

For convenience, we introduce a slightly simplified
partonic hard part, H, to isolate the common factors for
all scattering channels,

~>
_|_
bl
~—
—~
[a—
~
~—

drad] 1 R
E[ : ]quq*[QQ(K)](s’t’“)‘s(s""

where the functions H are defined by

PPN i 5 |uuvw
Hqt'ﬁ[QQ(K)]@’t’”):|Mqt'1—>[QQ(K)]|c[ 7 } (18)

>

with coupling constant g,. The factors u, #, v and v are
light-cone momentum fractions of heavy quark momenta
P and Py of the scattering amplitude and P{, and P’Q in its
complex conjugate, respectively [22],

P 1+, 14 _ o 1=-4
Po=5ta=up=—7=p, Pop=5-qi=ip=—75—p,
Y N b , P 1-0
Po=Sta=vp=—"7=p. Py=5-@=0p="—7"p.

(19)

Here, alternate variables {; and ¢, represent the light-cone
momentum fraction flow between the heavy quark pair in
the scattering amplitude and its complex conjugate, respec-
tively. Although the total momentum of the heavy quark
pair in the amplitude and its complex conjugate is the same,
Py + Py = P, + P, = p, the relative momenta between
the pair, g; in the amplitude and ¢, in the complex
conjugate amplitude, need not be the same. That is, &,
(or u) does not have to equal {, (or v), while u + it =1
and v+ = 1.

The expression in Eq. (18) is actually useful for
calculating the hard parts of all partonic scattering chan-
nels, including quark-gluon and gluon-gluon scattering
channels at O(a?).
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B. Short-distance coefficient for a heavy quark
pair in an axial-vector spin state

For calculating the short-distance coefficients,
or hard parts of the partonic process, ¢(p;) + g(p,) —
[Q0(x)](p) + g with k =al and a8, we only need to
consider two diagrams, (a) and (b) in Fig. 2. The other
three diagrams in the figure vanish because of the s
in the axial-vector spin projection operators in Eq. (13).

The only difference between producing a color-singlet
and a color-octet heavy quark pair in an axial-vector spin
state, [QQ(al)] vs [QQ(a8)], is the color factor. For
producing a color-singlet pair, we find that the four terms
from the square of two diagrams (a) and (b) in Fig. 2 have
the same color factor, which can be derived from the square
of diagram (a), as shown in Fig. 5,

1\2 1 1
cll = <_) Tr[r* 18] —Tr[t* 1P| —="Tr[t?1"]
NC A;,D V Nc NC
N2 -1
=N 0

where (1/N,)? is from the average of the initial-state quark
and antiquark color, the 1/,/N,. factor is from the definition
of the color projection operator in Eq. (14), and all color
indices are from the labels in Fig. 5. Unlike the color-
singlet case, the color factor for producing a color-octet
heavy quark pair in an axial-vector spin state is not the
same for all four terms from the square of the two diagrams.
(8]

From Fig. 5, we find for color factors Ciﬂ’ with i and j

labeling diagrams in the figure,

2
Cfi.l. = <NL) Z Tr[tAtB]\/ETr[tCtAtD]\/ETI‘[[C[DIB]
¢/ AB.D

N2 -1

_ { e ](Ng-z), 1)
c

where the \/5 factor is from the definition of the color

projection operator in Eq. (14), and generator € projects

the octet state of the produced heavy quark pair, and is

summed over. Similarly, we find the color factor for the

other three terms from the squares of the diagrams (a)
and (b) in Fig. 2:

FIG. 5. Square of the diagram (a) in Fig. 2.
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N2 -1
Bl = ——,
ab 4N7,

2
8 _ _|Ne= 1) _ s
Cra __{ 4N3 } = Tabb
N2
8 8
¥ = [ " ](N2 2)=c¥. (22)

If we introduce two separate color factors,

N2 -1 Ni-1
C, = |: SN, :| and C, = —[W] > (23)
we have
M=l —c +c, and ¥ =cl —c, (4)

For producing a color-singlet axial-vector heavy quark
pair, [QQ(al)], the amplitude squared of diagram (a) in
Fig. 2, as shown in Fig. 5, is given by

A qaat 2
|qu—> QQ(al)]|
1?2 (=9ap)  (=95p)
:C[l] ?(_) Trly - G, . o aff ap
%12 Pt pay }(P1+P2)2(P1+P2)2
y-\up—p1—p
xTr[V'P}’s}’ﬂ (u(p p 1 p )?J”‘]
-P1—P2
Y \op—=—pr—p
XTY[J/'P}’S}’ (v(p p lp )i)r”](—gﬂu)
—P1— P2
014 [+ a2
|9 | 2B , 25
[ﬁz‘x 51 52 (25)

where the Feynman gauge was used for this gauge-invariant
quantity. Similarly, we find the other three terms from the
squares of the diagrams (a) and (b) in Fig. 2:

T67 432 172
—— bt gs |4+
= ¢l = , 26
|M""_’ | av| 5| 5% | (26)
r074 2
——bat 2 gs 4 [t~ + 10
Mmool =" 5l s | @)
(B4 +02
Mo 2|9
|qu_’ QQ al)]| =C LU § | §2 ] (28)

Combining the four terms in Egs. (25), (26), (27), and (28),
and using an identity satisfied by the momentum fractions
defined in Eq. (19),

t—t—t—=—, (29)
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we derive the spin-color averaged matrix element
squared for the partonic channel, ¢(p;)+ q(p,) =
[Q0(al)l(p) + g. as

6 22 ~2
AA Js r+u
Mya-i00@l* = { - }4C[”{ ~ } (30)

where we have suppressed the subscript “c” for the squared
matrix element, because no LP subtraction is necessary for
these diagrams. From the definition of the modified hard
part in Eq. (18), we have

NN N2 1] [P+ 02
HWP[QQ(M)](S’[’”):‘l[ N3 Hﬁ] 1)

Since the spinor trace and the contraction of Lorentz
indices are independent of the color, we derive the pgrtonic
scattering matrix element square for producing a [QQ(a8)]
pair as

M6 PP
Aqaa’ 2 A8 | Ys 4"+t
[Ma-r00ws)|” = Caa ﬁ} 3 [—§2 . (32)
T 67432 172
Tqab’ > g |9 |4+
Mz-i006s)l” = Cap ]3| 8 (33)
T 6742 172
bt _ 8] a4+
|Mqt?—>[QQ ag)] | =G, E 3 B (34)
T 67432 172
T 7bb" o 8] gs 4 t + u
|Mqt‘1—>[QQ as8)] | = Chpi u_v 3 T (35)
Combining all four terms together, recognizing
Vew Lo L b
7Ctzar TCab* + ﬁcbaT + %CbbT
1 |1
== |51+ GG)C + G, (36)

and using C; and C, from Eq. (23), we obtain

A N% 1 47 [+ 02
qu*[QQ(aS)](va“):z{ SN, } { +818 - } {S—3]
(37)

where {; and {, are heavy quark momentum fractions
defined in Eq. (19).

C. Short-distance coefficient for a heavy
quark pair production with vector spin

For producing a color-singlet heavy quark pair from
quark-antiquark scattering at O(e;}), only diagrams (a)
and (b) in Fig. 2 contribute, since the other three diagrams
can only produce the pair in a color-octet state. Since the
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color is independent of the spin state of the pair, the color
factor for producing a color-singlet pair in a vector spin
state is the same as Cl! in Eq. (20).

Similar to Eq. (25), we have from the diagram in Fig. 5

aaT 2
|qu—> Q(“)]l
12 (=9ap)  (=9sp)
= Cllgb (—> Trly - p1v°7 - par”] & Z
2 : i+ ) (P + po)
XTr[y.pyﬁy-(up—pl—pi)yﬂ]
(up —p1 = p2)
Jv-(op—pi—pa)
XTT[V'PV ( : i)y’](—g,w)
(vp—p1—Dp2)
014 +i?
— || , 38
L‘m‘; 51 82 (38)

which is the same as |qu_, 00(al)
find for the other three terms contri

of a [QQ(v1)] pair

In the same way, we
Lutlng to the production

6 22 ~2
2 1l gs 4 -+ 0
|Mw—>[QQ = —c {%} 3 { 2 | (39)
6 22 ~2
“bat 2 nlgs |4+
(Mz-1000m)] __C[]{ﬁ}§{ o (40)
6 22 ~2
Topbb' > | |4+
Mi-l000n) _C[][ﬁ}§[ i DR

where the interference terms have the opposite sign
compared to the corresponding terms for producing a
[Q0(al)] pair, Egs. (26) and (27). Combining Egs. (38),
(39), (40), and (41), we obtain

. N2 -1 + i
H 10001 (3. 7. ) =4[ VI H }5152’ (42)

which differs from H ;_(0p(q1) (5,7, &t) only by an overall
factor of {{,, and vanishes if the produced heavy quark
and antiquark have the same momentum.

For the production of a color-octet heavy quark pair in a
vector spin state from quark and antiquark scattering at
O(a?), all five diagrams in Fig. 2 can contribute. With three
more diagrams for producing a [QQ(v8)] pair, each
combination of the diagrams in the scattering amplitude
and its complex conjugate has its unique color factor,

[T

labeled CS]; for diagram ‘7 multiplied by the complex

conjugate diagram “;” with i, j = (a), (b), (c), (d), and (e)
in Fig. 2. We find, however that all of these 25 color factors
can be expressed in terms of the two color factors, C; and
C,, as defined in Eq. (23), and we present all of them in
Table 1. To normalize the color factor involving the three-
gluon vertex, we take the following convention for the
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TABLE I.  Color factors for all combinations of diagrams in the
scattering amplitude and its complex conjugate for the partonic
process, ¢ + § — [Q0(v8)] + g, expressed in terms of C; and C,
defined in Eq. (23).

@ ®  © @ ©

(a) C] + C2 C2 _Cl C] + C2 Cz

(© —C, C, 2C, -C, ¢

(d) C,+C, C, -, Ci+GCy)/2 Cy/2
(e) Cz CI+C2 Cl C2/2 CI+C2/2

Feynman rule of the three-gluon vertex. For the three-gluon
vertex of diagram (c) in Fig. 2, we let —g,fFAP =
(=ig,)(—=ifFADP), and include the “(—ifFAP)” in the calcu-
lation of the color factor, while keeping “(—ig,)” with the
calculation of the rest of diagram. We follow the same
convention for the three-gluon vertices in the complex
conjugate of the scattering amplitude.

From our discussion leading to Eq. (18), we need to
calculate the initial-state spin-color averaged scattering
amplitude square, |/\/qu_, QQ(DS)H for a quark and an

antiquark to produce a heavy [QQ(v8)] pair with the LP
gluonic pole contribution removed. That is, we need to use
the contact term of the gluon propagator for the gluon with
a short bar and momentum p in Fig. 2. Although three
particles are produced in the final state, the scattering
process, q(pi) + G(pa) — [00(18)](p) + g(k), has effec-
tively a “2 — 2” kinematics, and has three independent
external momenta due to momentum conservation,

p1 + p» = p + k. With the use of the contact term for
the gluon propagator, Eq. (11), ia*i*/(p - #t)?, the calcu-
lated partonic hard parts for this production channel,
q(p1) + q(p2) = [QQ(v8)](p) + g(k), can depend on
the ratios p, -7i/p-n and p,-#i/p-#, if we choose py,
P2, and p as the three independent momentum vectors for
this partonic subprocess.

In Eq. (11), the auxiliary vector 71* is defined to be
conjugate to the heavy quark pair momentum p*, in the
sense defined after Eq. (9). Since the squares of the
diagrams in Fig. 2, |quﬁ[QQ(v8>]|2, are Lorentz invariant,
and the subtraction term that removes the LP contribution
in Eq. (7) is Lorentz invariant, the NLP hard part defined in
Eq. (18) is Lorentz invariant as well. That is, with the
“2 — 2” kinematics, the NLP hard parts can be expressed
in terms of the Mandelstam variables defined in Eq. (16), as
can the ratios p, - #i/p - it and p, - ii/ p - it. Since the inner
products, p, - i, p, - i1, and p - i1, are Lorentz scalars, we
can evaluate them in any Lorentz frame. The most
convenient choice of 71# makes the gluon polarization in
Eq. (9) transverse in the center of mass frame of the parton-
parton scattering, in which the heavy quark pair moves
along the z-axis, and the unobserved final-state parton of
momentum k* = p/ + p — p# with k> = 0 moves along
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the —z-axis, back-to-back to the p*. In this frame, the
unobserved final-state parton momentum k* should be
exactly proportional to the auxiliary vector 7#. Since the
contact term of the gluon propagator is invariant when
the vector 71* is rescaled, we can write the contact term of
the gluon propagator of momentum p in this frame as

L T
_ , 43
(p-a)? (p-k)? (43)

Thus, we can replace 7i# by k* for our calculation of the
NLP hard parts in this frame. The Lorentz-invariant ratios
involving the 71* vector can be then expressed in terms of
the Mandelstam variables as

oy

P _
p-i

—i pr-h -
5 p-i 3

~>

(44)

)

The Lorentz invariance of these ratios and of the scattering
amplitude ensures that the NLP hard parts evaluated in this
frame are valid in all other Lorentz frames, including the
center-of-mass frame of the colliding hadrons or the lab
frame. This simplification is specific to the 2 — 2 sub-
process that characterizes this calculation of the NLP cross
section at LO.

With the Feynman diagrams in Fig. 2, spin projection
operators in Eq. (13), the contact gluon propagator in
Eq. (43), and the calculated color factors in Table I, it is
straightforward to derive the hard parts for the partonic pro-
duction channel, g(p) +g(p>) = [QQ(v8)](p) + g(k).
Since all color factors from combinations of the diagrams
in Fig. 2 and its complex conjugate can be expressed in
terms of two color factors, C; and C,, as shown in Table I,
we express our calculated short-distance hard part of this
channel as

where we find that

2 A2
Hy = (1 +G0)06 +40 - )1 - 3)
;2 _ ﬁz
+ 3 [(1=018) (61 + 8]
A a2
- g -ag g0 -4
0 A2 0 a2
My =5 b+ g 6 (1= ) + (1 - ¢3)
1
+2 (1= =-3)]. (46)
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This result for the (v8) heavy pair color-spin configuration,
together with Egs. (31), (37) and (42) for the (al), (a8) and
(v1) configurations, respectively, gives the full O(a})
contribution to heavy pair production in the light pair
channel. The partonic short-distance hard part for produc-
ing a heavy quark pair in a tensor spin state from the
scattering of a light quark pair vanishes at the order of a.
This is simply because the tensor spin projection operator
in Eq. (13) has an even number of Dirac y matrices, and the
trace of an odd number of y-matrices vanishes.

Using essentially the same methods described in this
section, we have calculated the NLP short-distance hard
parts for other partonic scattering channels at O(a}),
including ¢+ g — [Q0(K)] + ¢, g+ q— [Q0(x)] + ¢,
and g+ g = [QO(k)] + g, with the produced heavy quark
pair in all possible spin-color states. The complete results of
perturbatively calculated hard parts for all partonic scatter-
ing channels are presented in the Appendix.

III. PREDICTIVE POWER AND CONNECTION
TO NRQCD

Even with the first nontrivial order of partonic hard
parts calculated in this paper, and additional future
improvement of the hard parts with higher-order perturba-
tive corrections, the predictive power of the QCD collinear
factorization formalism in Eq. (1) for heavy quarkonium
production still relies on knowledge of the nonperturbative,
but universal, heavy quarkonium fragmentation functions:
Dy p(z, p33mgp) and Dioox)—u (2 t, v, uFimg).  As
derived in Ref. [22], these universal heavy quarkonium
FFs satisfy a closed set of evolution equations that
determines their dependence on the factorization scale,
up. The first nontrivial order of all evolution kernels is also
available in Ref. [22]. Higher-order corrections to these
evolution kernels could be systematically calculated in
perturbation theory. That is, we are able, in principle, to
derive all heavy quarkonium FFs at any factorization scale
ur with a set of input distributions at an initial factorization
scale, uy 2 2mg, at which the power-suppressed contribu-
tion in 1/u% is compatible with the leading logarithmic
contribution in Inu2. Like all other QCD factorization
formalisms, the predictive power of the factorization
formula for heavy quarkonium production in Eq. (1) thus
depends on a set of nonperturbative input FFs (as well as
the input PDFs for hadronic collisions). Since both the
short-distance partonic hard parts and the evolution kernels
of these FFs are perturbatively calculated, it is the FFs at
input scale p, that are the most sensitive to the detailed
properties of the heavy quarkonia produced, including their
spin and angular momenta. If we were to follow the
procedure familiar for light parton PDFs and FFs, we
would need to extract heavy quarkonium nonperturbative
input FFs from experimental data or possible lattice QCD
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calculations, similar to the extraction of light hadron, such
as pion or proton, FFs.

However, unlike the light hadron FFs, heavy quarko-
nium FFs at the input scale uy % 2m, depend on a
large perturbative scale—the heavy quark mass,
mgy ~ O(uy) > Agcp. Even more importantly, this per-
turbative scale is substantially separated from the momen-
tum scale needed for the binding of heavy quarkonium,
mov and any other nonperturbative scales of the bound
state. With such a clear separation of momentum scales,
NRQCD is a natural effective theory of QCD to separate
the dynamics of the fragmentation process at the pertur-
bative scale yy ~ O(m,) from the physics at the scale myv
and below. Appealing to NRQCD factorization for this
production process as a very plausible conjecture, we can,
at least as a reasonable model, express all heavy quarko-
nium FFs in terms of the universal NRQCD long-distance
matrix elements (LDMEs) with perturbatively calculated
functional dependence on the momentum fractions, z, {;,
and ¢,. In this approach, all input heavy quarkonium FFs
are expanded in terms of the LDMEs, according to their
effective powers in heavy quark velocity v in the heavy
quark pair’s rest frame. These LDMEs are the same as
those used in light parton FFs to heavy quarkonia, so that
this approach has the attractive feature of introducing no
new nonperturbative parameters relative to those that are
already in the LP expansion [31]. The perturbatively
calculated coefficient for each LDME is further expanded
in terms of the power of the strong coupling constant
a,(pp). With the small value of the velocity, v, the
perturbative expansion of all heavy quarkonium FFs
can be expressed in terms of a very small number of
universal LDMEs for each physical quarkonium state to
enhance the predictive power of the QCD factorization
formalism in Eq. (1) tremendously.

A. NRQCD factorization and input
fragmentation functions

The NRQCD factorization approach to heavy quarko-
nium production was proposed to express the inclusive
cross section for the direct production of a quarkonium
state H as a sum of “short-distance” coefficients times
NRQCD LDMEs [2],

o (pr, mQ)
=[QQZ()f[QQ(nn(pr,mQ,uA><ow%Q<n>]<ﬂA>|o>, (47)

where pr is the transverse momentum of produced heavy
quarkonium, and puy ~ O(my) is the ultraviolet cutoff of
the NRQCD effective theory, or equivalently the factori-
zation scale of the factorization formalism. When the phy-
sical scale pr > my, it was demonstrated in Ref. [22] that
the perturbative expansion of the short-distance coefficient
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functions, 61 () (Prs Mo #a) in Eq. (47), in powers of o
is not always stable, since high orders in a, can be
enhanced by the powers of pr/m, as well as powers of
large logarithms in In(ps/mg). The QCD factorization
formalism in Eq. (1) was in fact proposed to reorganize
both of these large power and logarithmic enhancements.

With the input factorization scale, yy ~ O(m,), and the
large momentum scale separation between g and all other
nonperturbative scales of the heavy quarkonium, we
propose as above and as a conjecture, to use NRQCD
factorization for calculating the heavy quarkonium FFs at
the input scale y as

Dy_p(z, ugs mg)
= > droio00) (@ 15 mo. ) (Ol () (48)
)

for the heavy quarkonium FFs from a single parton of
flavor f = ¢, g, g, and

Dioow))—n (2. v, ugimy)

= D digowi-l0owm) (& 1. 0.5 mo.#a) (Off g,y ()
(000

(49)

for the heavy quarkonium FFs from a perturbatively
produced heavy quark pair of the spin-color state x defined
in Sec. Il In Eq. (48), ds_ oo (z-H3:mo. i) is the
perturbatively calculable short-distance coefficient function
for an off-shell parton of flavor f to evolve into a
nonrelativistic heavy quark pair represented by [QQ(n)]

with n expressed in terms of the standard spectroscopic

notation, 2S“L[Jl’g], according to the spin S, orbital angular

momentum L, and total angular momentum J, as well as
the color state ([1] for singlet and [8] for octet) of the pair.
Slmllarly, a[QQ(K)]_,[QQ(nﬂ(Z, u, U,ﬂ%; I’HQ,,MA) are the short-
distance coefficient functions for an off-shell perturbatively
produced heavy quark pair with the spin-color quantum
number k to evolve into the same nonrelativistic heavy

quark pair state [QQ(n)].

Since the short-distance functions,

s 100(m) (2 K5 mo. py) in Eq. (48), and djop())-00()
(z,u,v,u%;mg,yA) in Eq. (49), are not sensitive to the
details of the produced heavy quarkonium H, they can be
calculated systematically by projecting the factorization
formalisms in Eqgs. (48) and (49) on a pair of nonrelativistic
heavy quarks of mass m,,. Note that the heavy quarkonium
fragmentation functions defined in both Egs. (48) and (49)
are boost invariant along the direction of heavy quarkonium
momentum p*. Let [QQ(c)] be such a state with ¢
expressed in terms of the standard spectroscopic notation.
The corresponding projection operators for such a non-
relativistic heavy quark pair are given in Appendix A of

coefficient
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Ref. [26], or in the references therein. By expanding both
sides of the factorization formulas in Eqgs. (48) and (49)
order-by-order in powers of ay, the short-distance coef-
ficient functions can be perturbatively extracted by calcu-
lating both sides in perturbation theory.

For example, by expanding the factorization formula
in Eq. (49) for producing a nonrelativistic heavy quark

pair, [QQ(lS([)S])], to zeroth order in power of a,, we
have [26]

D ]

_ 7 - a(O)— = s Uy )
owi-gotshy &%) oy (2:2,7)

) [00(x)]~[0('s,
(50)

2

where the superscript “(0)” indicates the zeroth order in
powers of a;, the dependence on the heavy quark mass and
factorization scales are suppressed, and the normalization
A 8

of NRQCD LDMEs, (O{ggiﬁ]” (0)© = 1 with n = 'S,
is used. The perturbatively produced heavy quark pair
states, [QQ(K)] are defined in terms of relativistic heavy
quark field operators in QCD with the vector, axial-vector,
and tensor spin states and singlet and octet color states,
along with the projection operators defined in Ref. [22]. On
the other hand, the NRQCD states of a heavy quark pair are
defined in terms of nonrelativistic heavy quark fields of
NRQCD. As a result, there can be nontrivial matching
coefficients even at zeroth order in a,. With our definition
of heavy quarkonium FFs and the normalization of
NRQCD LDMEs, we have, for example,

~(0)
d[QQ(az;)]_)[QQ(]SLs])] (z,u,v)
11
=75 01— 2)52u—-1)5(2v - 1 X
N%_lzmg( 2)6(2u = 1)5(2v=1),  (51)

where u = (1 —¢;)/2and v = (1 = {,)/2. A complete list
of the zeroth-order short-distance coefficient functions can
be found in Ref. [26].

Beyond the LO in a4, the partonic FFs to a nonrelativistic
heavy quark pair on the left-hand side of the factorization
formulas in both Egs. (48) and (49) have several types of
perturbative divergences, as do the NRQCD LDME:s to a
nonrelativistic heavy quark pair on the right-hand side of
these equations. With the finite heavy quark mass, m, the
partonic FFs on the left-hand side of Egs. (48) and (49)
have no CO divergence. The UV divergence associated
with the composite operators defining the FFs are system-
atically removed by the UV counterterms (UVCT),
required as a necessary part of the definition of these
FFs, while the UV divergences associated with the virtual
loop diagrams are taken care of by the standard renorm-
alization of QCD perturbation theory. The factorization
scheme, associated with the cancellation of the UV
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divergence between the partonic FFs and the UVCT, should
be chosen to be the same as the factorization scheme used
to calculate the short-distance partonic hard parts of the
QCD collinear factorization formalism in Eq. (1). For
calculating the partonic FFs for producing a heavy quark
pair in a nonrelativistic S-wave state, the IR divergence
associated with contributions from individual Feynman
diagrams completely cancels at any given order of «, after
we sum up all contributions at this order. However, for
calculating the partonic FFs of producing a heavy quark
pair in a nonrelativistic P-wave or higher orbital angular
momentum state, IR divergences (as well as what is often
referred to as the rapidity divergence [32—36] in the context
of transverse-momentum-dependent factorization formal-
ism [37]) cannot be completely canceled by summing over
contributions from all diagrams [27]. Instead, IR divergen-
ces (and the rapidity divergences) should be canceled by
corresponding divergences in the NRQCD LDMEs on the
rhs of the factorization formalism, as required by factori-
zation. In addition to the UV and IR divergences, the
partonic FFs for producing a pair of heavy quarks have
Coulomb divergences from the exchange of soft gluons
between the pair. The Coulomb divergence of the partonic
FFs on the lhs of Egs. (48) and (49) should be exactly
canceled by the Coulomb divergence of the NRQCD
LDMEs on the rhs to ensure the validity of the factoriza-
tion. Although there is no formal proof for the NRQCD
factorization formalisms in Egs. (48) and (49), the NLO
calculation of the short-distance hard parts for both the
single parton and heavy quark pair FFs in Refs. [26,27]
confirms that all UV, IR (as well as rapidity), and Coulomb
divergences are completely canceled to leave all hard parts
at this order infrared safe (IRS). NRQCD factorization
effectively predicts the functional dependence of the heavy
quarkonium FFs in terms of momentum fractions: z, u, and
v (or equivalently z, {; and ¢{,), and NRQCD LDMEs up to
the approximation to truncate the perturbative expansion in
powers of a, and v in Egs. (48) and (49) [28].

It is the input FFs that are the most sensitive to the
characteristics of the individual heavy quarkonia produced
in high-energy scattering, since both the short-distance
partonic hard parts in the QCD collinear factorization
formalism in Eq. (1) and the evolution kernels of the
FFs are perturbatively calculated and completely universal
for the production of any heavy quarkonium states. The
input FFs determine the difference in the production of
various states, including their spin and polarization depend-
encee, as well as the normalization of their production rates.
The QCD factorization in Eq. (1) assures that these input
FFs are universal regardless of whether the heavy quarko-
nium state is produced in hadron-hadron, lepton-hadron or
lepton-lepton collisions. In summary, input FFs are essen-
tial for understanding the characteristic differences between
all heavy quarkonium states produced.
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B. Relation between QCD factorization
and NRQCD factorization

The NRQCD factorization for the input FFs in Egs. (48)
and (49) is independent of the QCD collinear factorization
in Eq. (1). The two factorizations have their own power
counting and perturbative expansions. The QCD factori-
zation is valid up to the first-power corrections in the 1/ p
expansion of the cross section, while the short-distance
hard parts and evolution kernels of FFs can be systemati-
cally improved by calculating higher-order corrections in
powers of a,. As noted above, although the NRQCD
factorization has not been fully proved perturbatively for
high orders in powers «; and v, explicit NLO calculation up
to v* in LDMEs verifies the factorization. In order to best
compare with experimental data, it is important to get the
most accurate calculations from each factorization series,
and in particular, the NRQCD factorization for the input
FFs to test the universality of these functions.

If the NRQCD factorization for the input FFs in Egs. (48)
and (49) is valid to all orders in a, and the relative heavy
quark velocity w», the validity of the QCD collinear
factorization formalism for heavy quarkonium production
in Eq. (1) effectively ensures that the NRQCD factorization
for the production cross section in Eq. (47) is valid at least
for the LP and NLP terms in the 1/p; expansion. In
addition, the QCD factorization formalism reorganizes the
perturbative expansion of NRQCD factorization by resum-
ming all powers of In(pr/mg). However, this equivalence
between QCD factorization and NRQCD factorization does
not say anything about the validity of the NRQCD
factorized cross section in Eq. (47) beyond the NLP terms.

In terms of QCD collinear factorization in Eq. (1), all
partonic hard parts for production cross sections and
evolution kernels of the FFs are calculated with the heavy
quark mass neglected. The heavy quark mass dependence
of the NRQCD factorization for the production cross
section can be systematically included by the following
perturbative matching formalism:

d"%ﬁ?alﬂx

—op Pme=0)
do 3 rrx
—pp o0
dGQCD—Asym

A+B-H+X _
—dSP (P, mQ = O),

dop g Hix
EP%(P,VHQ)EEP

+ Ep

—Ep

(52)

where 69¢P is given in Eq. (1) with the input FFs calculated
in NRQCD factorization, 6VRQCP is given by Eq. (47) with
only the LP and NLP terms in the 1/ p; expansion, and the
“asymptotic” ¢QCP-AY™ jg defined to be the same as 6P
with the FFs expanded to a fixed order in both a, and v to
match the order used to calculate 6NRQCP_ If the NRQCD
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factorization formalism in Eq. (47) is valid beyond the NLP,
the 6NRQCP in Eq. (52) should include terms beyond the
NLP. In Eq. (52), the first term on the rhs is more reliable
for large ps, while the second term is more suited for the
low-p; region, and the third term effectively removes the
double counting at any given fixed order in powers of a;.
Consequently, the combined formula in Eq. (52) could be
consistent with experimental measurement of heavy quar-
konium cross sections for a wider range of pr(> my).

C. An example

In this subsection, we provide an explicit example to
demonstrate how the very large and complex NLO con-
tribution to the heavy quarkonium production calculated in
the color-singlet model (also in NRQCD) can be repro-
duced by a much simpler and fully analytic LO calculation
in terms of QCD factorization, Eq. (1) with the FFs
calculated in NRQCD. The same comparison for other
partonic production channels can be found in Ref. [28].

From the QCD factorization formalism in Eq. (1) and the
NRQCD factorization formalisms in Egs. (48) and (49), we
found that the LO contribution to the production of a color-

singlet spin-1 heavy quark pair, [QQ(*S [11] )], which matches

to a physical heavy quarkonium H by a NRQCD LDME,

<(’)EZ Q(3s[”)]>’ is given by the combination of producing a
1

color-octet heavy quark pair, which fragments into a color-

singlet and spin-1 NRQCD state, [0Q(35!")]. At the order
of ay, only the pair in a vector [QQ(v8)] or an axial-vector
[Q0(a8)] spin state can fragment into the spin-1 NRQCD
state.' The LO partonic hard parts at O(a?) for producing a
heavy quark pair in both [QQ(v8)] and [QQ(a8)] pertur-
bative states are given in the Appendix found from the
detailed derivation given in Sec. II. The O(a,) heavy

quarkonium FFs, D(l) with « = a8, ©v8,

[00(0)]~[00(s))|~H
can be calculated by using Eq. (49).

At the order of a, the relevant Feynman diagrams for cal-
(1)
[00(x)]~100(s,)]—H
with k = a8, v8, in NRQCD are given in Fig. 6, where the
amplitude and its complex conjugate are combined together
in the cut diagram notation. As in the standard NRQCD
calculation, the momenta of the heavy quark and antiquark
(upper lines of the diagrams) are fixed at p/2, and Dirac
indices of these lines are contracted with an NRQCD singlet
spin-1 projection operator [26]. The only difference for the
fragmentation between a vector [QQ(v8)] and an axial-
vector [QQ(a8)] state is that the lower fragmenting heavy
quark and antiquark lines in Fig. 6 are contracted with
different projection operators, as defined in Eq. (13).
We obtain

culating the heavy quarkonium FFs, D

"The contribution from the vector spin state, [QQ(v8)], was
not included in our previous short paper (Ref. [21]).
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FIG. 6. Leading-order Feynman diagrams representing the fragmentation of a heavy quark pair to another heavy quark pair.

CR

2.
[QQ(1;8)]—>[QQ(3S[I”)]—>H<Z’ U, v, 1=, mQ)

of )
1 < [eocsi  ag 1
= BT A 1 1 1—-4 2.2y(1 = 53
2N 3my o —(u,v)l_z[n(r(z)—k )+ (1 -4z +222) )] 53

CR )

[QQ(HS)]—>[QQ@S[‘])] H(Z’ u,v,pu=; mQ)

o _ )
1 < [QQ(3S[1]])] a, |
2NG - 3mg T +(u,v)z(1 = 2) In (r(z) + 1) + 1+ r(2) (54)

for the fragmentation of a [QQ(v8)] state and of a [QQ(a8)] state, respectively. In Eqgs. (53) and (54), the superscript
“CR” indicates the use of a cutoff regularization scheme for the logarithmic UV divergence, the function
r(z) = 224/ (4mj(1 — 2)?), and A (u, v) are defined as

A-w»Z[&(Z—ﬁ—é(u—;ﬂF(v—;)—a(v—;)} &

As explained in Sec. III A, UV counterterms are needed to The perturbatively calculated FFs in Egs. (53) and (54)
calculate the FFs perturbatively in order to renormalize the ~ are not unique due to the renormalization of the perturba-
composite operators that define these heavy quarkonium  tive UV divergence. Just like the light hadron FFs, the exact
FFs. In deriving Eqgs. (53) and (54), we renormalized the  expression of heavy quarkonium FFs depend on the
UV divergence by a cutoff 44> on the transverse momentum  factorization scheme, which is a direct consequence of
integration, dkz’ which is direct]y connected to the the renormalization ambiguity for removing the perturba—
virtuality of the fragmenting heavy quark pair. The heavy  tive UV divergence. For a comparison, we also list here the
quark mass, mg, effectively removes the potential CO same FFs calculated with dimensional regularization and

divergence. the MS renormalization scheme [26,27]:
|
FQRQ(@‘S)]*[QQPSE”)]—»H(Z’ u, v s mo)
- 211\’% w%ni(j”)ﬁ X B ) T [m <4(1 —/i)zng> + (1 -dz+ 222)] : (56)
100(at)~1000s! it (& > 073 )
H
:2ngX;A+(%U)Z(1 -2) [111(4(1—#2)2111%2) - 1], (57)
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for the fragmentation of a [QQ(v8)] state and a [QQ(a8)]
state, respectively. In Eqs. (56) and (57) the superscript
“DR” indicates the use of dimensional regularization. The
difference between the FFs in Egs. (53) and (54) and those
in Eqs. (56) and (57) reflects the factorization scheme
dependence of the perturbatively calculated FFs, which
should lead to differences in fitted values of the NRQCD
LDMEs—for example, the value of (Of; Q(3S[l])]> in these

equations. !
From Eq. (55), itis clear that A (u, v) and A_(u, v) have
different symmetry properties under the transformation of
u<ii =1—uorv<v=1-—,orequivalently, {; < — ¢,
or (<> = A (u,v) is symmetric, while A_(u,v) is
antisymmetric. That is, when the relative momentum
fraction of the heavy quark pair in the amplitude or in
|

d0A+B—»J/y/ =

+ doab—>[QQ ag)) ®D

where ), sums over all possible initial-state parton
flavors, and the superscripts “A” and “S” represent the
“antisymmetric” and “symmetric” properties of the par-
tonic hard parts under the transformation ;<> —{; or
O — 0.

The relation between the partonic cross sections dé and
the short-distance hard parts, H, is given in Eq. (17) The
complete results for short-distance hard parts at O(a}) are
listed in the Appendix, and their derivation was given in
Sec. II. The symmetric part for producing a color-octet
axial-vector pair, [QQ(a8)], was derived in one of our
previous papers on the subject [21], and is summarized
here:

2 2 A2
s C(NT=4H(NZ=1) [(P +P)
Hqéﬁ[QQ(aS)]g o 4N3 3 . (59)
s (N4 [+ ) “
99-[00@@®)lg —  4N2 B (60)
2 S5 —7 d)3
s  (Nz=4)[(=81—ta—05)
Hgga[QQ(aS)]g - N% 1 |: (3‘?12)3 s (61)

where the superscript “S” indicates keeping only the
symmetric terms of the hard parts under the transformation
of {1<> —{; or S — (). _

For the production of a color-octet vector pair, [QQ(v8)],
we need only the hard parts that are antisymmetric under
the transformation of {;< — {; or {,<> — {,. That is, only
the terms that are of odd powers in both {; and ¢, are
relevant. From Egs. (45) and (46), we obtain

dé* . )
;%*“ ® b5-b @ 140410008 ® P5o08)-100°

Q(GS)]*[QQPSE”)]—V/W ’
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its complex conjugate reverses its direction, the calculated

(1) . .
£ D[QQ(aS)]—»[ (351 - (Z u,v, /" mQ) which is
proportional  to A (u, U) is symmetric, while

(1)

[00(28)]-[00 (s )|~ H
This symmetry property effectively requires that under
the same transformation, only the symmetric part of
partonic hard parts for producing a [QQ(a8)] pair, or the
antisymmetric part of partonic hard parts for producing a
[QO(v8)] pair, can give a nonvanishing contribution to the
production cross section at this order. For example, the LO
QCD factorization contribution from Eq. (1) to hadronic

(zou,v,u*;mp) is antisymmetric.

J /y production via a color-singlet [QQ(*S )] channel can

be symbolically given by

S\=d/w

(58)

(N2 =4)(NZ-1) [( + &)
H;‘éﬁ[QQ(vf%)]y - 4N3 { ]Clﬁ:z (62)

=016H (63)

qq—> [00(a8)lg’
where the superscript “A” indicates keeping the antisym-
metric terms when (<> —{; or {,<> —{,. From the
Appendix, we find that the relation in Eq. (63) is actually
true for all partonic scattering channels at O(a3),

Hapigouse = (4 =00 = DH o5y (64)
where the identities u — # = {; and v — v = {, are used,
and a, b and c, run over all possible parton flavors: quark,
antiquark and gluon.

In Fig. 7, we compare the NLO results of J/y production
(solid line), calculated in terms of the color-singlet model (a
special case of NRQCD), with the LO results of QCD
factorization (dashed line). Both results are for J/y
production multiplied by the branching ratio to a u*u~
pair and evaluated at the Tevatron energy v/S = 1.96 TeV
and in the central rapidity region with |y| < 0.6. The NLO
results of the CSM calculation are from Ref. [38]. The LO
QCD factorization results were generated by using Eq. (1),
or more precisely, Eq. (58), for proton-antiproton collisions
with the LO partonic hard parts and the perturbative FFs
calculated in this section without evolution (or resumma-
tion). We set the factorization scale ur equal to the
renormalization scale u, and y = u = p. To be consistent
with our factorized LO calculations, we used CTEQG6LI1
parton distribution functions [39] and the one-loop
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FIG. 7 (color online). Upper panel: Comparison of LO QCD
factorization results with FFs calculated in the “CR”—the cutoff
regularization and renormalization scheme (solid line) with the
LO (dot-dashed line) and NLO (dashed line) results calculated in
CSM. Middle panel: Ratio of LO QCD factorization results over
NLO CSM results. Lower panel: Polarization parameter evalu-
ated with the LO QCD factorization formalism and FFs given in
Egs. (68) and (69).

expression for a; with ny =35 active flavors and

AS%D = 165 MeV. In addition, we set the charm quark

mass  mgp=15GeV, and NRQCD  LDME,
{ [JQ/E@SW — 1.32 GeV?. From the upper and central

panels of Fig. 7, we find that our LO contribution to the
production cross section, which is effectively a NLP
contribution from the QCD factorization formalism in
Eq. (1), gives a nice description of the very complicated
NLO CSM results when the J/y’s py is sufficiently large.
In addition, as shown in Ref. [28], the QCD factorization
formalism in Eq. (1) with fully analytical LO short-distance
hard parts and fully analytical NLO FFs calculated in
NRQCD, without higher-order resummation or evolution,
can reproduce the state-of-the-art, numerical NLO NRQCD
results, channel by channel for py = 10 GeV.

In Fig. 7, we have also plotted the LO results of the CSM
(dot-dashed line), which is much more than an order of
magnitude smaller than the NLO results of the CSM
calculation. This is exactly caused by the order-p7./mg,
power enhancement that the NLO has over the LO in the
CSM calculation (the same issue appears in NRQCD
calculations as well) [22]. That is, the expansion of
CSM in powers of «a, is not perturbatively reliable because
some of the higher-order terms are enhanced by large
powers and/or logarithms of such large powers [22].
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Although the LO QCD factorization results (solid line)
are from the NLP terms (~O(1/p$)) of the QCD factori-
zation formalism, they are still power enhanced in com-
parison to the LO CSM results, which are actually of the
O(1/p8) [22]. The key difference between the QCD
factorization formalism in Eq. (1) and the NRQCD fac-
torization formalism in Eq. (47) is that all perturbatively
calculated short-distance hard parts and evolution kernels
of the QCD factorization formalism are evaluated at a
single hard scale so that they are free of any large higher-
order enhancement from the power of large momentum
ratios or the logarithms of such large ratios.

IV. HEAVY QUARKONIUM POLARIZATION

Understanding the polarization of produced heavy quar-
konia is critically important for determining the true QCD
dynamics, as well as the mechanism of production. In terms
of the QCD factorization formalism in Eq. (1), as pointed
out earlier in this paper, all hadronic properties of the heavy
quarkonia, including their spin and polarizations, are only
sensitive to the FFs at the input scale py 2 2m, since all
perturbatively calculated partonic hard parts and evolution
kernels of FFs are insensitive to the details of the produced
states. In this section, we adapt the same NRQCD factori-
zation conjecture to evaluate the input FFs to a polarized
heavy quarkonium state. We introduce the basic method for
calculating these input FFs, and present a complete
example for the calculation of the input FFs to a polarized
J/y via a polarized color-singlet and spin-1 nonrelativistic
heavy quark pair S [11]). A complete set of polarized heavy
quarkonium FFs, and their derivation in detail, calculated to
NLO in the NRQCD factorization approach, including all
possible partonic scattering channels at this order, can be
found in Refs. [26,27,29].

If we keep only the LP term in QCD collinear factori-
zation, Eq. (1), for the production of a heavy quarkonium at
pr > mg, the hard partonic collision produces a single,
energetic virtual parton state at the short-distance scale
~O(1/pr), followed by a fragmentation process to gen-
erate a physical J/y, represented by the FFs of the
produced single parton. Although the single-parton FFs
to a heavy quarkonium are nonperturbative, their factori-
zation scale dependence is given by the DGLAP evolution
equations with perturbatively calculated evolution kernels
(expanded in powers of a,). The DGLAP equations evolve
the fragmentation process, initiated by the energetic parton,
perturbatively, to the input scale, yy 2 2m or a distance
scale ~O(1/2m), where a heavy quark pair emerges from
the fragmenting parton, and the pair eventually fragments
into a heavy quarkonium nonperturbatively. The polariza-
tion of the produced heavy quarkonium from this LP
production chain is determined by the polarization of the
fragmenting parton at the input scale, and the dynamics
behind the emergence of the heavy quark pair from the
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fragmenting parton, as well as the emergence of the heavy
quarkonium from the heavy quark pair.

In this whole LP production chain of a heavy quarko-
nium at high p7, no heavy quark pair was produced in the
fragmentation process all the way down to the input scale
Mo % 2mg, at which the logarithmic contribution in terms of
In(po/(2mg)) is comparable with the corrections in powers
of 2mg / uy. More precisely, the heavy quark pair, necessary
for the production of the heavy quarkonium, is only
produced as a part of the input FFs. When the available
phase space for radiation is much smaller than the mass of
heavy quarks, the polarization of the J/y should be very
much the same as the polarization of the heavy quark pair,
which is more or less the same as the polarization of the
“final” parton, most often a gluon that splits into the pair.
Since a virtual gluon of invariant mass much less than its
momentum is likely to be transversely polarized, the LP
QCD factorization formalism for the production naturally
predicts that J/y produced at a high p; is transversely
polarized, which is also consistent with the prediction of the
NRQCD factorization formalism [1]. However, almost all
data on the polarization of high-p; J/yw as well as T,
produced at Tevatron and the LHC energies, do not favor
the dominance of transverse polarization at the current
values of py; instead, they are consistent with no strong
polarization. This is in fact an outstanding puzzle whose
solution must be crucial for understanding the true mecha-
nism of heavy quarkonium production in high-energy
collisions.

v, 1

_ A P
PI(p) = ' = |- = 5!
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If the NLP term in the QCD factorization formalism in
Eq. (1) is important, which seems to be the case [9,28,31,40],
heavy quark pairs produced at all distance scales from
O(1/pr) to O(1/2my) could contribute to the production
of heavy quarkonia significantly, and the knowledge of
heavy quarkonium FFs from a heavy quark pair at the input
scale y is then crucial for understanding the polarization of
produced heavy quarkonia. In the following, we use an
example to describe the calculations of these input FFs to a
polarized J/w. More details for fragmentation via other
NRQCD states can be found in Ref. [29].

Like the perturbative NRQCD calculation for the unpo-
larized heavy quarkonium FFs, as discussed in the previous
section, we use the same Feynman diagrams in Fig. 6 for cal-
culating the FFs to a polarized heavy quarkonium, but with
different spin projection operators to identify the polarization
states of the produced heavy quark pair (the upper lines in
Fig. 6). For a heavy quark pair moving in the +z-direction, we
can write p* = p - ai# + p*/(2p - A)A¥, with two auxiliary
vectors, 7* = (a*,n",m,)=(1,0,0,) and #* = (0,1,0,),
and we define the polarization vector for a longitudinally
polarized spin-1 heavy quark pair,

€, | nint r it (65)
=——=|p-nn' - n

A 2p-i |

with p - €y = 0 and €} = —1. From €_y» we can derive the

following spin polarization tensors in this frame, which is
effectively the S-helicity frame [41],

2
ﬁ”][p-ﬁﬁ”— P n}
2p - il

v _1 Moy 1 v UV AU AV _1 v v
PE(p) =3 S ees =5 l=g + Wit + ] = 5 [P*(p) - Pi(p). . (66)

for producing a longitudinally and transversely polarized spin-1 heavy quark pair of momentum p, respectively. The tensor

P (p) in Eq. (66) is defined as

v

p'p

P (p) = Z €€l = —g" + et (67)

A=0,%1

which is the polarization tensor for an unpolarized spin-1 heavy quark pair of total momentum p, which was used for calculating

the unpolarized input FFs in the last section.

Similar to those unpolarized input FFs, presented in Eqs. (53), (54), (56) and (57), we derive the input FFs to a polarized
heavy quarkonium H via a color-singlet spin-1 NRQCD heavy quark pair, by using the polarization tensors in Eq. (66),

L.CR 2.
[QQ(vS)]—»[QQGSV]”)]—»H(Z’u’v’” st)
o
1 [00(s)))] s 1
= — == A_(u, s L N=1(1=
2N 3my, (w0 x 77 @ +1) 1+ r(2)
T.CR , 2.
[QQ(HS)HQQ@S]I])PH(Z,u,v,u ;)
O Y
1S [00(s)")] a 1
L N a1 =z2)|1 = , 68
2N2  3my (u U)XZHZ( 2) 1+ r(z) (68)
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for the fragmentation of a [QQ(v8)] state, and [21]
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,CR 2.
[QQ(aS)]ﬁ[QQ@SE]])]—»H(Z’ u,v,u ,mQ)
OF
1 [000si) a 1
— e A S(l=2)1 D-(1-———)|.
N 3mg +(u,0) x5 2(1 = 2) [In (r(z) + 1) @)
T,CR 2.
100(@)]~[00CsM D % ¥ H Mo)
ot _
1 [000s!) a 1
= A (o) x=2z(1 =) 1= — 69
T A SR FRICh ] L pray )

for the fragmentation of a [QQ(a8)] state. Comparing with those unpolarized input FFs derived in the last section, it is clear
that the relation D(p) = 2D7(p) + D (p) is satisfied. Similarly, in a dimensional regularization and MS renormalization

scheme, we have

L, DR 2.
[QQ(vS)]—»[QQ(3S[1”)]—>H(Z’ u,v,u ,mQ)
of
1 < [QQ(SS[I])] o z ﬂ2
= O A (u0)x I ~1],
2N2 T 3my (. v) >z | M1 -z2)m}
7,DR 2.
(00(w)1-1000s]" i & 1+ V73 M)
oy
B [00Cs)")] a
= —= 12 A —7(1 —
N2 3mg - v)x 52l -2) (70)

for the fragmentation of a [QQ(v8)] state, and

L . DR
(00(a8)]-[00(C S =H
H
1 <O[QQ<3SE”>]>
3mQ

T 2N2
T.DR
[00(a8)]-[00(s!)|~H

H
1 <O[QQ(3S[,”)]>

3mQ

- 2N?

for the fragmentation of a [QQ(a8)] state. In Egs. (68),
(69), (70), and (71) above, we have assumed that the
NRQCD LDME for an unpolarized spin-1 heavy quark pair
to an unpolarized heavy quarkonium H, (Of’Q Q(3S[”)]>’ is the
same as that for a polarized spin-1 heavy quark pair to a
polarized heavy quarkonium H in the same polariza-
tion state.

In the polarized input FFs in Egs. (68), (69), (70), and
(71), it is interesting to note the following feature: the FFs
to a longitudinally polarized heavy quark pair are enhanced
by alogarithmic term, In(r(z) + 1) ~ In(1/(1 = 2)?) + - - -,
as z — 1, while those to a transversely polarized pair are
not. This is a natural result of the UV power counting,

(zou, v, p* my)

A, (u,v) x;—sz(l -2) [In(#) —3},

(zou, v, 4% mgp)

Q

A, (u,v) x;—;z(l ~2) (71)

because only the p - iin# term of the longitudinal polari-
zation vector, € in Eq. (65), which leads to an equivalent
spin contraction y - p for the produced heavy quark pair,
picks up the leading logarithmic UV divergence of the
diagrams in Fig. 6 when the fragmenting heavy quark pair
is in a vector or axial-vector spin state (contracted by y - 71
or y - iys). While the UV divergence, when the transverse
momentum of the radiated gluon k5 — oo, is renormalized
leading to the logarithmic factorization scale y> depend-
ence of the FFs, the opposite limit when k3 — 0 corre-
sponding to z — 1 gives the logarithmic enhancement of
the FFs to a longitudinally polarized heavy quark pair. That
is, a perturbatively produced color-octet heavy quark pair,
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in either a vector or an axial vector spin state, is more likely
to fragment into a longitudinally polarized color-singlet
spin-1 NRQCD heavy quark pair when the momentum
fraction z, carried by the NRQCD heavy quark pair,
is large.

From the QCD factorization formalism in Eq. (1), the
hadronic cross section for heavy quarkonium production at
large pr is proportional to a convolution of two PDFs and
one FF for each partonic scattering channel. With two
steeply falling PDFs as a function of parton momentum
fraction x, the hadronic production cross section is domi-
nated by the phase space where the momentum fractions x
of colliding partons are small while the produced outgoing
hadron momentum fraction z is large [42]. That is, the
heavy quarkonium produced by the fragmentation of a
perturbatively produced heavy quark pair via a color-
singlet and spin-1 NRQCD heavy quark pair is likely to
be longitudinally polarized. To demonstrate this feature
quantitatively, we define the polarization parameter,

6£+B Ty )_GIZ+B J/w(p)
alp) = LTl ()
A+B—J/y(p) A+B=J/y(p)

T L ;
where oy gy A 04 gy, are the cross sections

for producing a transversely and a longitudinally polarized
J/w of momentum p, respectively, and are given by the
same factorized expressions in Eq. (58) with the FFs
replaced by corresponding FFs to a transversely (or
longitudinally) polarized J/w in Eq. (68) [or in
Eq. (69)]. In the bottom panel of Fig. 7, we have plotted
the polarization parameter a(p) for J/w production as a
function of its py. It is clear from Fig. 7 that most J/y’s
produced through spin-1 and color-singlet heavy quark
pairs are longitudinally polarized [21]. Like the cross
section shown in Fig. 7, the polarization parameter a,
calculated by using the QCD factorization formalism at the
LO and with the calculated FFs, completely reproduces the
NLO CSM calculation in Ref. [43]. Having the complete
set of input FFs to a polarized heavy quarkonium [29],
which are universal, it should be straightforward in terms of
the QCD factorization formalism in Eq. (1) to evaluate the
production rate for both transversely and longitudinally
polarized heavy quarkonia in high-energy hadron-hadron,
hadron-lepton, and lepton-lepton scatterings, and to test the
QCD factorization formalism and our understanding of the
mechanism responsible for the heavy quarkonium produc-
tion, which we leave for future work.

There have been many proposals to resolve the polari-
zation puzzle of heavy quarkonum polarization [1], and
many of them are within the NRQCD factorization
approach [9,31,40]. By adjusting the value of NRQCD
LDMEs so that the two leading power production channels,

via [0Q(S™)] and [@O(PY)] states, which likely pro-
duce the transversely polarized J/y, are canceled between
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them, it is possible to leave the production dominated by

the channel with an unpolarized [QQ(IS([)S])] state. As
demonstrated in Ref. [31], the contribution from this
channel for the relevant py region cannot be reproduced
by the QCD factorized fragmentation restricted to LP.
Instead, as demonstrated in Ref. [28], the contribution

from the [QQ('SL))] channel from the state-of-the-art NLO
NRQCD calculation is completely reproduced by the LO
contribution from QCD factorization in Eq. (1), evaluated
with heavy quarkonium FFs calculated in NRQCD, and is
found to be dominated by the NLP contribution for the
most relevant py range of the existing data. It seems likely,
then, that the NLP contribution to heavy quarkonium
production is crucial for resolving the outstanding puzzles
of heavy quarkonium polarization at the current collision
energies.

In terms of the QCD factorization formalism in Eq. (1),
there are two major sources of NLP contributions that could
generate heavy quarkonium polarization different from
that at the LP. One is directly from the NLP term of
the factorization formalism, or more specifically, from the
heavy quark pair FFs to a heavy quarkonium, and the other
is indirectly from the LP term due to the NLP corrections to
the evolution equations of the single-parton FFs to a heavy
quarkonium [22].

The direct contribution to heavy quarkonium polariza-
tion should come from the knowledge of input FFs to a
polarized heavy quarkonium, since the partonic hard parts
are insensitive to the details of the hadronic states pro-
duced. Like the color-singlet contribution discussed in this
section, longitudinally polarized heavy quarkonia at large
pr can be naturally estimated using the model FFs of
Refs. [26,27,29], in this direct NLP contribution.

As required by the consistency of QCD factorization at
NLP accuracy, which was pointed out in Ref. [22], the
DGLAP evolution equation for the factorization scale
dependence of the single-parton FFs to a heavy quarko-
nium needs to be modified to include an NLP correction.
This modification takes into account the power-suppressed
contribution to the evolution of single-parton FFs, in which
a single parton evolves into a heavy quark pair, in addition
to its evolution to other single partons at LP. The pair
subsequently evolves into a heavy quarkonium via the
heavy quark pair FFs. While the LP evolution of the single-
parton FFs leads to a dominance of transverse polarization,
the NLP correction to the evolution of single-parton FFs
could lead to more longitudinally polarized heavy quarko-
nia. It is clear that both the direct and the indirect NLP
contributions to heavy quarkonium production from the
QCD factorization formalism in Eq. (1) reduce the domi-
nance of transversely polarized heavy quarkonia, as pre-
dicted by the purely LP fragmentation contribution to
heavy quarkonium production. It is therefore critically
important to evaluate the production rate of polarized
heavy quarkonia in high-energy scattering in terms of

014030-20



HEAVY QUARKONIUM PRODUCTION AT COLLIDER ...

the QCD factorization formalism in Eq. (1) using the heavy
quarkonium FFs calculated in the NRQCD factorization
approach [26,27,29].

V. SUMMARY AND CONCLUSIONS

We have calculated, in terms of the QCD collinear
factorization formalism in Eq. (1), a complete set of
short-distance partonic hard parts at O(«;}) for the NLP
contribution to hadronic heavy quarkonium production at
large transverse momentum py at collider energies. This
new factorization formalism organizes the production cross
section of heavy quarkonia at large p7 in terms of a power
expansion of 1/py, with both the LP and NLP contribu-
tions factorized into convolutions of perturbatively calcu-
lable short-distance partonic hard parts and the universal
but nonperturbative heavy quarkonium FFs [22]. Like all
QCD factorization formalisms, the short-distance partonic
hard parts are insensitive to the details of the hadrons
produced. The short-distance hard parts at LP are the same
as the hard parts for LP hadronic production of light
hadrons, and are available in the literature for both LO
and NLO at O(a?) and O(a}), respectively [25]. Our
calculated LO partonic hard parts to the NLP contribution
at O(a?), in principle, depend on the separation of LP from
the NLP contribution to the cross section from the same
partonic scattering diagrams. In practice, as discussed in
Sec. II, we introduce a gluon contact term to remove the LP
contribution analytically in our calculation at O(a)).

With the short-distance partonic hard parts calculated in
this paper and the evolution kernels for the scale depend-
ence of FFs calculated in Ref. [22], the predictive power of
the QCD factorization formalism for heavy quarkonium
production still depends on our knowledge of heavy
quarkonium FFs at an input scale y. Because of the large
heavy quark mass, m, > Agcp., and the clear separation of
momentum scales between the perturbative scales,
Mo Z Mg, and the nonperturbative scales of the input
FFs, such as heavy quark momentum ~mgv, and energy
~mg v?, we have proposed, as a conjecture or model, to use
NRQCD factorization to evaluate the heavy quarkonium
FFs at the input scale. Then, the large number of unknown
heavy quarkonium FFs from either a single parton or a
heavy quark pair can be factorized into perturbatively
calculable functional dependence on momentum fractions,
z, ¢; and {,, at the NRQCD factorization scale
pp ~mg ~ O(ug), which can be combined with a few
universal NRQCD LDMEs organized in terms of their
effective powers in heavy quark velocity ». This increases
the predictive power of the QCD factorization formalism,
as well as its testability. Since the QCD factorization of the
production cross section and the NRQCD factorization of
the universal FFs at the input scale are two independent
factorizations, using different expansion parameters and
power counting, we can improve overall predictive power

PHYSICAL REVIEW D 91, 014030 (2015)

or accuracy on the production cross section by increasing
the perturbative accuracy of each perturbative expansion.

If the NRQCD factorization for the universal input FFs
is proved to be valid, the QCD factorization approach
with calculated FFs in NRQCD is effectively equal to the
NRQCD factorization for the first two powers of the 1/py
expansion of the production cross section, although the
QCD factorization and NRQCD factorization organize
their perturbative expansions of the cross section differ-
ently. The QCD factorization includes all-order resumma-
tion of In(p3./ sz)—type large logarithmic contributions at
high p7, and is more suited for heavy quarkonium
production in the high-p; region, while the NRQCD
factorization, including the explicit heavy quark mass
dependence, is better for the production at pr 2 mg. We
proposed a matching equation in Eq. (52) to expand the
coverage of the factorization formalism for heavy quarko-
nium production at collider energies.

Understanding the polarization of produced heavy quar-
konia in high-energy scattering is a major challenge for the
NRQCD factorization formalism. We demonstrated that the
QCD collinear factorization including the NLP contribu-
tion associated with short-distance heavy pair production
has potentially both direct and indirect ways to suppress the
dominance of transverse polarization predicted by the LP
fragmentation contribution. Since short-distance coeffi-
cients are insensitive to hadron properties, the universal
FFs at the input scale are largely responsible for the
polarization of produced heavy quarkonia, while the
NLP corrections to the evolution equations of single-parton
FFs may also be very important to reduce the dominance of
transverse polarization. The input FFs to a polarized heavy
quarkonium state, both longitudinal and transverse, are
now calculated in the NRQCD factorization approach
[26,27,29]. With the partonic short-distance hard parts
calculated in this paper, the evolution kernels of heavy
quarkonium FFs calculated in Ref. [22], and input FFs to a
polarized heavy quarkonium, we are now in a position to
evaluate, consistently, QCD predictions for the polarization
of heavy quarkonia produced in high-energy scatterings.
By calculating partonic hard parts for heavy quarkonium
production in e e~ and lepton-hadron collisions, and using
the existing universal evolution kernels and input FFs, it is
completely possible to perform a QCD global analysis of
all data on heavy quarkonium production to test our
understanding on how heavy quarkonia are really pro-
duced, forty years since the first heavy quarkonium, J/y,
was discovered [44,45].
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APPENDIX: PARTONIC HARD PARTS

In this appendix, we summarize the partonic hard parts
for the NLP contribution to heavy quarkonium production
from all partonic scattering channels, i(p;) + j(p,) =
[00(x)](p) + k(p3), for hadronic collisions. We define
the hard part, H;;_, g (., in terms of the invariant partonic
cross section,

ij—[00(x ) A N
E J [ ( )] — lil] [QQ (K)](S(s + t + u),

p d3p

>
<
<
<A
<

with Mandelstam variables defined as

(1) Quark-antiquark scattering:

N2 —17 + i?
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(1 +p2)* = (p+p3)*
(P2=p3)*=(p—p1)°

(Pr=p3)* = (p—=p2)*

§

~>
I

it

As discussed in Sec. II, the partonic hard parts at NLP
depend on the subtraction of the LP contribution from the
partonic scattering, and the corresponding choice of the
regularization. The following results are calculated by
using the gluon contact term to remove the LP contribution
at this order analytically. The dependence on the auxiliary
vector 7#, which defines the gluon contact term, is kept
explicit, in the form of p- 7= p* for any momentum
vector p. More discussion on the definition and the choice
of n* can be found in Sec. II.

H g 10001y = 2ND & (A2)
N2 -1 +i?
Hygml000m) = 3 3 6162 (A3)
NZ—12+@* (N2 -4
Hoa-t00ws)y = 4y~ ( N ¢ 152>’ (A4)
N2—12+ 0% (N2—4
H y5-10008)g = 4N, e < N2 + ClCz) 418
N2 -1 Lpt 1pi\/P?+d* 1
¢ 2 2L P2 — V1= =2
4N, { (ﬁp* + ipt 32 N2 (1= =8)
n L[/1pf 1pi\P+a? 1 1
2\ipt apt) & [
i—i N2-4
«[Fr@rg-ama M G an-aa) ) (43)

In Eq. (A5), the term proportional to {;{, comes from the contribution of (a) 4 (b) in Fig. 2, and the term
proportional to ({; +&,)(1 =¢{,) comes from the contribution of interference between (a)+ (b) and
(c) 4+ (d) + (e) in Fig. 2. It is straightforward to check charge conjugation symmetry:

Hq@a[QQ(K)]g(pl » P25 P3s z.:l ’ 4‘2) = Hq[]—)[QQ(K)]g(pZ’ P1: P3, _é‘l ’ _4’2)'

(A6)

Results for gg initial states can be obtained from results of ¢g initial states by exchanging p; and p,:

H(‘{q—»[QQ(K)]g(pl’ P2, P3, Clv Z.:Z) = Hq{?ﬁ[QQ(K)]y(p27 P1, P3, Clv €2)

= qu*[QQ(K)]g(pl ) p29 p3’ _é:l 5 _gz)
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(2) Quark-gluon and gluon-quark scattering: Similarly, results for gg, gg, gg and gq initial states are given by the
following crossing relationships:

N,

Hqg—)[QQ(K)]q(pl » P25 P3s z.:l ’ CZ) = _quq—%QQ(K)]g(pl’ —P3s—P2 é‘l ’ CZ)? (AS)
N,

Hyy100(0)7(P1> P2, 3, 61.82) = —quqﬁ[QQ(K)}g(Pu —p3,—P2,—¢1, =), (A9)
N,

ng—»[QQ(K)]q(plprp%§17C2) = _qu(_]—)[QQ(K)]g(p27 -3, =P1,$1,$2)s (A10)
N,

ngﬁ[QQ(K)]q(Pth,Ps, C1.6) = _ﬁHq(_]—)[QQ(K)]g(p27 —p3.—P1,~¢1, =), (Al1)

where the overall color factor accounts for differences of averaging over initial color states. We give the results for gg
initial states explicitly:

Hyg-i00@g =~ 32— (A12)
|
H gy 100(01))g = _WTQQ’ (A13)
142 +3% (N2-4
ng—»[QQ(aS)]q:_Z 3 <—N% +C1Cz), (A14)
192+ 5% (N2-4
H g4 100(8)lg T4 P < N2 +§1§2)§1Cz
L[ (lpy 1p3\(@’+3 1
+4{2<§p+—up+ 7 )1 - -8)
TRV AL S
2[\apt sp*t) P i3
a-3 N2-4
PR g-me G -ae)| | (A15)
(3) Gluon-gluon scattering:
2 5
Hyg-loo@s = Nz —y5 (A16)
2 8
Hyy 10001y = v3 7 <3 $1525 (A17)
99—[00(v1)]g N%—lS%
N2 S3[N2-4 53
Hyg*[QQ(aS)]y:N%_ls_%{ N2 + <1—5S—%)5152}, (A18)
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N2 Si[N%2-4
C 2|:L +<1_

Hot000800 = 3z 753 | a2

N2—-153

p pt

Ne 5 {2(?3ﬁ+ 0
'S

p
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S2
5S—§>C1CQ]C152
2

+ +
3%_3311;_1)(1—@(1—4%)

+ 53 p+ p+ p+

1 pT + + 282 /. pt + +
+2[—3(t3p1++a3p2—§3p3)+2<t2pl+a2pz—§2p3>—4s3]

C (40— za%c%)},

(A19)

where we have used the method described in Ref. [46] to write these expressions in symmetric form, with symmetric

variables defined as

>
~>

”>
>

(A20)
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