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Quarkonium production at low transverse momentum in hadron collisions can be used to extract
Transverse-Momentum-Dependent (TMD) gluon distribution functions, if TMD factorization holds there.
We show that TMD factorization for the case of P-wave quarkonium with JP¢ =0%+, 2*+ holds at one-
loop level, but is violated beyond one-loop level. TMD factorization for other P-wave quarkonium is also
violated already at one-loop level.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

Collisions with hadrons provide important information about
the interactions and inner structure of hadrons. There are pro-
cesses, where a small transverse momentum is involved. E.g., the
lepton pair in Drell-Yan processes are produced in low transverse
momentum. This type of processes is of particular interest. In gen-
eral such a small transverse momentum is generated at least partly
from the transverse motion of partons inside a hadron. Therefore,
studies of the processes will provide information about transverse
momentum distributions of parton in a hadron.

In order to extract the distributions from experimental mea-
surements, one needs to establish QCD Transverse-Momentum-
Dependent (TMD) factorizations to consistently separate nonper-
turbative and perturbative effects in relevant processes. The non-
perturbative effects are represented by TMD parton distribution
functions and a soft factor. These quantities are defined with QCD
operators. TMD factorization has been established for a number
of processes like eTe~-annihilations [1], Drell-Yan processes [2,3]
and Semi-Inclusive Deeply Inelastic Scattering (SIDIS) [4,5]. From
Drell-Yan processes and SIDIS only TMD quark distribution func-
tions can be extracted. Besides TMD quark distribution functions
there exist TMD gluon distribution functions describing gluon con-
tents of a hadron. Several processes like Higgs-production [6,7],
quarkonium production [8], two-photon production [9] and the
production of a quarkonium combined with a photon [10], are sug-
gested to determine TMD gluon distribution functions. In this letter
we are interested in TMD factorization for P-wave quarkonium pro-
duction at low transverse momentum.
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In the production of 'Sy quarkonium at low transverse momen-
tum, TMD factorization is explicitly examined at one-loop level in
[11], where the quarkonium will not interact with soft gluons at
leading power. Therefore, it is expected that the factorization holds
beyond one-loop level. Here we will show that TMD factorization
for 3Py and 3P, quarkonium holds at one-loop level. But it is vi-
olated beyond one-loop. We will also discuss TMD factorization of
1py quarkonium.

We use the light-cone coordinate system, in which a vec-
tor a* is expressed as a* = (at,a",d,) = (@ + a3)/v2, @ —
a®)/v/2,a',a?) and @ = (a')? + (@*)?. g'” is the transverse part
of the metric. Its nonzero elements are g!' = g2> = —1. The pro-
cess we consider is:

ha(Pa) +hp(P) — xo0,2(q) + X, (1)

in the kinematic region with q; <« M, where M is the mass of the
quarkonium xo or xz, i.e., g2 = M? = Q2. We use x to denote the
quarkonium x¢; or x»;. The momenta of initial hadrons are given
by P!y ~ (P£,0,0,0) and P§ ~ (0, P5,0,0). We take the initial
hadrons as unpolarized.

It is noted that one can use collinear factorization for the pro-
cess if the produced quarkonium has large transverse momentum,
i.e, g1 > Aqcp. In this case the nonperturbative effects of ini-
tial hadrons are parameterized with standard parton distribution
functions. The transverse momenta of partons from initial hadrons
are neglected in comparison with large g, . But, in the kinematic
region with q; ~ Aqcp < Q, the collinear factorization is not ap-
plicable. The transverse momenta of partons cannot be neglected
because they are at the order of q,. In this region one may use
TMD factorization.
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A quarkonium mainly consists a heavy quark Q Q-pair. The
heavy quark Q or Q moves with a small velocity v in the rest
frame of the quarkonium. One can use nonrelativistic QCD to study
a quarkonium. To factorize the nonperturbative effects related to a
quarkonium in its production or its decay one can used NRQCD
factorization suggested in [12]. In this factorization, one makes an
expansion in v and the nonperturbative effects are represented by
NRQCD matrix elements. At the leading order of v, one needs to
consider the production of a heavy quark Q Q -pair in color-singlet
or color octet for a P-wave quarkonium. The color-octet QQ—pair
is in 3Sq-state and the singlet is in 3P]-state. Hence, the produc-
tion rate of a 3P]-quark0nium can be written as a sum of two
components at the leading order of v in NRQCD factorization:

do (x)) =do (*P}") +do (>s(V). (2)

The first component denotes the contribution in which a Q Q -pair
is produced in a color-single 3P]—stalte and then the pair is trans-
mitted into the quarkonium x;. The second component denotes
the contribution in which a QQ—pair is produced in a color-octet
35, -state and then the pair is transmitted into the quarkonium x IB
The production of a heavy quark pair can be studied with pertur-
bative QCD. The transmissions are nonperturbative and can be de-
scribed with NRQCD matrix elements. We notice here that NRQCD
factorization of the color-octet component can be violated at two-
loop level and it can be restored by adding gauge links in NRQCD
color-octet matrix elements [13].

The production of a Q Q-pair can be through different pro-
cesses initiated by partons from initial hadrons. Because of high
energy of initial hadrons, it is expected the production is initi-
ated by gluons from hadrons in the initial state. At leading power
or leading twist, the nonperturbative effects related to the initial
hadrons are parametrized with TMD gluon distribution functions.
We take hy to give the definitions. We first introduce the gauge
link along the direction u* = (u™,u~,0, 0):

0

Ly(z,—00) = Pexp(—igs f diu-G(Au ~|—z)>, (3)

—00

where the gluon field is in the adjoint representation. At lead-
ing twist one can define two TMD gluon distributions through the
gluon density matrix [6,14]:

L / %e—b‘é* Py 4iEL kL
xP+ 2m)3

x (hal (GHH (&) Ly (&, —00)) (£1(0, —00) G+ (0))" ha)

1
= —Egﬁvfg/f\ (x. ki, ¢2. 1)
1
+ (kﬁki + Egﬁvki>hg//\ (x. k1.2, 1) (4)

with & = (0,5‘,&_). The definition is given in non-singular
gauges. It is gauge invariant. In singular gauges, one needs to add
gauge links along transverse direction at £&~ = —oo [15]. Because
of the gauge links, the TMD gluon distributions also depend on
the vector u through the variable ¢2 = (2u - P4)?/u?. In the defi-
nition the limit u™ « u~ is taken in the sense that one neglects
all contributions suppressed by negative powers of g“uz. The TMD
gluon distribution function of hp is defined in a similar way. Be-
cause hp moves in the (—)-direction, the used gauge link is along
the direction v#* = (v*,v—,0,0) with vt > v—.

The above definition in Eq. (4) is for an unpolarized hadron.
There are two TMD gluon distributions. The distribution fg/4 de-

(@)

Fig. 1. Tree-level diagrams for the amplitudes of gg — Q Q.

scribes unpolarized gluons in hy and can be related to the stan-
dard gluon distribution in collinear factorization, while the distri-
bution hg/4 describes lineally polarized gluons in ha. The phe-
nomenology of hg/4 has been recently studied [7,16,17]. In this
work we will only consider the contributions with fg/4. As show-
ing in the studies of TMD factorization with TMD gluon distribu-
tion functions in [6,11], one needs a soft factor to factorize the
effect of exchanges of soft gluons. The soft factor S is defined as:

d?by

Gre ST b ),

3(5,#,,0):/

S(ELM’P)

1 - -
= ——— (O Tr[ £} (b1, —00) Lu(bL. —00)
N2 -1

x L5(0, —00) Ly (0, —00)](0). (5)

The defined TMD gluon distribution functions and the soft fac-
tor are nonperturbative ingredients in TMD factorizations in the
mentioned processes for extracting TMD gluon distributions. The
importance of TMD factorization is not only limited for exploring
inner structure of initial hadrons, but also for resummation of large
log terms in perturbative coefficient functions in collinear factor-
izations. Studies of the resummation in quarkonium production in
kinematical regions of moderate transverse momenta have been
carried out in [18,19].

In general, a QCD factorization, which is proven for a hadronic
process, also holds if one replaces hadrons in the hadronic process
with partons. It means that one can examine a factorization with
corresponding partonic state. In our case, especially for showing
violation of TMD factorization for the process in Eq. (1) initiated by
gluons from hadrons, we only need to replace each initial hadron
with an on-shell gluon and to study the process:

g(p,a)+g(p.b) > Q(p1)Q (p2) + X. (6)

In the above we have replace hy and hg with the gluon g(p) and
g(p), respectively. The momenta of the initial gluons are given by
p* =(p*,0,0,0) and p* = (0, p—, 0, 0). The momentum of Q and
Q is given by
q q

pi=5+4,  p=5-4 (7)
The small velocity expansion here is an expansion in A. From the
Q Q -pair one can project out a state with given quantum numbers.

At tree-level, the amplitude for the partonic process in Eq. (6) is
given by diagrams in Fig. 1. It is standard to perform the projection
from the Q Q -pair into 3P51)- and 3558) state combined with the
expansion in A. At tree-level, we have the result for the differential
cross-section:

do(x02) _ 7ooCPG))
dxdyd’q, ~ Q2
x 8(1—x38(1 - y)8%(qL), (8)

8(xys — Qz)
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with g7 =xpt, g~ = yp~ and s = (p + p)?. The coefficients oy are
given by:

3(4mo)?
o0(Po”) = v =1 z(vzn—a1))m3Q 00 P")lo0).
2
o0(PPY) = — X 653Dy 0y, 9)

5Nc(NZ — 1ym},

The matrix elements are of NRQCD operators denoted as O3 P(()lg)
The color-octet component is with the matrix element of NRQCD
operator (9(3528)). The definition of these operators can be found
in [12]. These matrix elements characterize the transition from
the produced Q Q -pair with given quantum numbers into the ob-
served quarkonium. It is noted that at tree-level the color-octet
component is zero.

Now we discuss the one-loop contribution to the process
Eq. (6). The one-loop contribution consists of the real- and vir-
tual correction. In the virtual correction the unobserved state X is
the same as that in the tree-level contribution, i.e., X is the vac-
uum. In the real correction the X-state consists of a gluon. The
real correction is represented by diagrams in Fig. 2.

In calculating the real correction, one needs to expand it in
q1/Q = A, because of that we are interested in the kinematical
region with A « 1. In this region, the exchanged gluon must be
collinear to the initial gluons or soft. It is straightforward to obtain
the real contribution at the leading order of A:

do (X0,2)
dxdyd2q ] |eq
noo(3P(()1%) asN¢ ) [(1 —x+x%)2
= S(xys — —65(1 —
Q*  miq} (s = Q) xa—xy oY
(1—y+y>? q'j}
— 2 5(1—-%x)—-81-x5(1—-y)In—
Sy, -0 =80 - 030 - y)n
+0o(x7h. (10)

The leading order here is at A~2 which is the same as the or-
der of the tree-level result in Eq. (8). It is singular if we take
g, — 0. It is interesting to note that at one-loop only the color-
singlet component gives the contribution at the leading order of A.
The color-octet component gives contributions at higher orders of
A. The virtual corrections from one-loop has been studied in [20].
The virtual correction for 3P51) with ] =0,2 is:

do (X))
dxdyd?q 1 |
mooCP|") o
= T’é(xys = Q)31 =081 = »)§* @ —
4 2 4mwp? 5 Am pu?
XI:—NC<€—2+E11'1€VQ2 —In esz‘i‘E
Bo (2 4 /30
7 w2 1 572
Co=Crl—=+=)+Nc(=+==
o=cr(-3+7 )+ c(3+ 12),
Comacr N L4 2m2s (11)
2= F c 3 3 6 .

The above result is obtained from the original one given in
Eq. (124) of [20] after factorizing the Coulomb singularity and

subtracting the UV divergence. The Coulomb singularity is factor-
ized into NRQCD matrix elements. The divergent terms as poles
of € =4 —d are for collinear- or IR divergences. The scale s is
related to these divergences. w is the UV scale.

To study the TMD factorization of the process in Eq. (6), one
needs also to study the TMD gluon distribution function defined
in Eq. (4) by replacing hy with a free gluon. After the replace-
ment, one can calculate the function with perturbative theory. The
defined soft factor S can also be calculated perturbatively. The re-
sults at one-loop with different regularizations of collinear- and IR
divergences can be found in [6,11]. With these results one can find
that the differential cross-section at one-loop accuracy can be fac-
torized as:

)
do(x;)  7mooCP}’) [ s
= H d“kq dky  d“e
dXddeqL Q2 J ald"Kp a~£
x 82 (kay +kpy + €1 — d0)8(xys — Q?)
x fgra(X.kaL,¢u) fg/ (V. kp1, )S(L, p),
N 2
Hoa=1+—— [(ln Q +1n2Q
4 ¢ ¢
w w4 4
_ln92<1+21nQ—)+21nQ—)+3T[ +6+N—C1}
+0(3), (12)

with the corrections suppressed by powers of A and the small
velocity v. All singular contributions from the virtual and real cor-
rection are factorized into TMD gluon distribution functions and
the soft factor. Therefore, the perturbative coefficient Hp is fi-
nite. The result shows that there is TMD factorization at one-loop
for the process. In Eq. (12) we have written in the factorized form
with TMD gluon distribution functions defined in Eq. (4) and the
soft factor in Eq. (5). There are different definitions of TMD parton
distribution functions, e.g., the one suggested in [21]. The differ-
ence between them can be calculated perturbatively and it has
been studied in [22]. Taking the difference into account, the fac-
torized form in Eq. (12) essentially takes the same form as that for
different processes studied in [6-11]. The only difference is that
the perturbative coefficient H is different. The difference is from
the difference of the definition of TMD gluon distributions and that
of the considered processes.

Since we will show the derived TMD factorization does not hold
beyond one-loop, it is useful to understand why the factorization
holds at one-loop. In the factorization in Eq. (12), the collinear
divergences introduced by gluon-emission from initial gluons in
Fig. 2e and Fig. 2f are factorized into TMD gluon distribution func-
tions. The IR divergences from soft gluons emitted from initial glu-
ons are factorized into TMD gluon distribution functions and the
soft factor. From the finiteness of the perturbative coefficient Hog 2
one can realize that the emission of soft gluons from the Q Q -pair
in the final state does not introduce any IR divergent contribution,
or the Q Q pair seems to be decoupled from soft gluons at leading
power. Since the Q Q pair is in P-wave, it is in general expected
that there are interactions with soft gluons. To completely under-
stand this a detailed analysis of Figs. 2b and 2c is needed.

We denote the amplitude of g(p) + g(p) — Q (p1)Q (p2) as:

T(QQ)=u(p)I(p, b, p1, P2)V(P2), (13)

with I" is represented by the bubble in Fig. 2a. The polarization
vectors and color factors of initial gluons are also included in I".
At tree-level, I" is given by the sum of all diagrams in Fig. 1. Now
we consider the contributions from Figs. 2b and 2c, in which a soft
gluon with the momentum k* ~ Q (X, A, A, A) is emitted from Q
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I Jle I
=T

Fig. 2. Diagrams for the real correction. (a) The sum of all tree-level diagrams in Fig. 1. (d) Diagrams with one gluon emitted from propagators in tree-level diagrams. Other

diagrams are for one-gluon emission from a external leg of tree-level diagrams.

or Q in the final state with A =q,/Q <« 1. The soft gluon is with
the polarization index u and the color index c. At leading order of
) one has the sum of the contributions as

o
ip i}
- _ N r
T(QQ)l2pt2c = u(m)[( igsT€) T kiie (p. P, P1.P2)
+ I )7”95 (—igsT¢) [v(p2)
p. D, P1, P2 kLie &s D2),

(14)

from the above, the amplitude in general case is at order of A7,
If one calculates the contribution from the amplitude to the dif-
ferential cross-section, one will have an IR divergent contribution
when the soft gluon is not in the final state, or a contribution at
the leading power of A when the soft gluon is in the final state.
These contributions need to be factorized. But, if we project out a
state with given quantum numbers and make the expansion in the
small velocity v, the order of A can be changed.

For the production of x; we need to project the Q Q pair into
the state which is a spin-triplet state with the orbital angular mo-
mentum L = 1. We also need to expand the relative momentum
A defined in Eq. (7) and to take the leading order of A or v. We
denote the polarization vector of the spin-triplet as €*(s;). After
doing the projection and the expansion we obtain the amplitude

for production of a 3P(1) Q Q pair as:
M
T( P )|2b+ZC
o Y (). J211.m, 1,5,)€* (m)
m,s;

LD A )
A% |\ p1-k+ic pr-k+ie

1
—Tr[(~y - .€*
X o f[(—y - p2 +mQ)y - €%(s2)

X (¥ p1 +mQ)TCF(p,13,p1,pz)]}
A=0

=Y (J.J211.m. 1,5,)€** (m)

m,sz
S R 2
0AY \ p1-k+ie py-k+ie A—0

Tr(y - €*(s2) (¥ -q+2m)TI"(p, P, q/2,4/2)). (15)

We note that the expression of the last line is the amplitude
7'(3S§8)) of g+g— QQ(3S§8)). This amplitude is zero at tree-
level. Therefore, at one-loop the soft gluon is decoupled from the
3P(1) pair at leading power. This is why Fig. 2b and Fig. 2c gives
no contrlbutlon to the one-loop real correction at leading power
of q, as mentioned before. The decoupling discussed here can be
generalized to the case of emission of many soft gluons. It is noted
that the soft gluon is not decoupled or its effect is not power-
suppressed, if the amplitude of g + g — QQ(3SES)) is nonzero.
This can be checked by an explicit calculation if the soft gluon is
in the final state. One can calculate the contribution to the differ-
ential cross-section from the interference of the amplitude given in
Eq. (15) with the tree-level amplitude represented by Fig. 2e and
Fig. 2f, in which the gluon in the final state is a soft one. We have
for xo:

do (xo0)
dxdyd?q 2b+2c
Neao(CPS")

0 0 51— x)8(1 — y)8(xys — Q2 -1
8127{2Q2q18( x)8(1 = y)s(xys — Q%) +0(r71),

(16)

where we have parameterized the amplitude 7T (3558) ) from sym-
metries as:

TCS®) =Tr(y - €* () (y - q+2m)T T (p, b, 4/2,9/2))
1 _ _
= — f%%*(s;) - (p — P)e(p) - €(P) Fs. (17)
mq

In Eq. (17) the color index a and the polarization €(p) are of the
gluon with the momentum p, the color index b and the polariza-
tion €(p) are of the gluon with the momentum p. €*(s;) has the
property €*(s;) - (p + p) =0. Fg is a constant. From Eq. (16) one
can see that the soft gluon contribution is at the leading order
of 4, i.e., the contribution is at A~2 which is the same order of the
contribution given in Eq. (10). This clearly indicates that the effect
from the soft gluon in Fig. 2b and Fig. 2c is not power-suppressed.
We have also calculate the soft gluon contribution for y;. The
contribution for x, is zero because of the conservation of angu-
lar momentum. If there are two or more gluons in the final state,
the contribution for x, can become nonzero at leading power.

If one attempts to show the TMD factorization in Eq. (12) be-
yond one-loop level, one needs to show that the decoupling holds
at any order. To show this one needs to prove that the amplitude
T(3S§8)) or Fg is zero at any order. It is true that the amplitude
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Fig. 3. One of the four diagrams with one soft gluon emitted or absorbed by the
Q Q -pair. The soft gluon is in the final state and the Q Q -pair is in color-singlet
and 3Po,2—state. The bubbles represent the amplitude for gg — Q Q in color-octet
and 35S state starting at order of 2.

or Fg is zero at tree-level by explicit calculation. But it seems that
one cannot show this from symmetries of QCD. We note here that
Landau-Yang theorem does not apply here, because gluons, unlike
photons, have colors. By performing an one-loop calculation for the
amplitude we find the nonzero result:

2 2
fgza—$<17—14ln2—5i>+o(a§). (18)
N¢ 4
Therefore, beyond one-loop the TMD factorization in Eq. (12) for
the process in Eqgs. (1), (6) does not hold, because at least there
are contributions from soft gluons which are not factorized into
TMD gluon distribution functions and the defined soft factor S.

At first look the factorization can be restored by modifying
the soft factor for the color-singlet component and introducing an
additional factorized contribution in Eq. (12) for the color-octet
contribution with the perturbative coefficient starting at the or-
der of af. The effect of soft-gluon emission can be completely
factorized with different soft factors introduced in study of the
resummation in heavy quark pair production in [22,23]. E.g., the
emission of soft gluons from the P-wave Q Q -pair discussed for
Fig. 2 can be factorized at amplitude level with the object built
with gauge links pointing to the future:

d

AW (! (1,00 Losaw(bi, 00)) (19)

Aw=0

with w as the moving direction of the quarkonium. One can mod-
ify the soft factor in Eq. (5) for the color singlet component. How-
ever, if the factorization can be made with the modified soft factor
in this way, it is not useful for extracting TMD gluon distribution
functions, because of that we have then process-dependent soft
factors which need to be determined with nonperturbative meth-
ods.

In fact the factorization cannot be restored in the case for
quarkonium production, if the color-octet component contributes
at leading order of A and at some order of «;. To explain this, we
consider the contribution to the differential cross-section from a
class of diagrams given in Fig. 3, where the Q Q -pair is in color-
singlet and 3 Pg »-state. As discussed in the above, the contribution
from Fig. 3 with the soft gluon can be factorized with the modified
soft factor for the color-singlet component discussed in the above.
We note that the contribution from Fig. 3 without the soft gluon is
at leading order of A and factorized as the color-octet component
combined with the color-octet NRQCD matrix element. If we inte-
grate the momentum of the soft gluon, the contribution from Fig. 3
will have an IR singularity. This IR divergent contribution is in fact
factorized in the color-octet NRQCD matrix element of one-loop
with the perturbative matching according to NRQCD factorization

[12,24]. In other word, the color-octet NRQCD matrix element con-
tains the same IR singularity. In the restored TMD factorization for
the contribution from Fig. 3 the momentum of the soft gluon is
in fact not integrated, and the effect of the soft gluon is already
factorized with the modified soft factor. Therefore, this IR singu-
larity is double-counted. This implies that the IR singularity in the
color-octet NRQCD matrix element will in turn appear in the per-
turbative coefficient and the TMD factorization cannot be restored
with the modified soft factor. This is unlike the case with the pro-
duction of a free Q Q -pair studied in [22,23].

Similarly, TMD factorization for the production of a spin-singlet
P-wave quarkonium h. or hy denoted as hq is already violated at
one-loop level. According to NRQCD factorization, the differential
cross-section at the leading order of v is a sum of a color-singlet-
and a color-octet component

do (hg) =do ('P\") +do ('s). (20)

This is similar to Eq. (2). In this case the color-octet component
is not zero from the tree-level diagrams in Fig. 1, while the color-
singlet component is zero at tree-level. At one-loop with one gluon
in the final state, the color-single component obtains a nonzero
contribution from diagrams given in Fig. 3 with the Q Q -pair in
color-singlet and !Pq-state. Now, the bubbles in Fig. 3 stand for
the amplitude gg — Q Q-pair in color-octet and !Sg-state. The
amplitude is nonzero at tree-level. Therefore, the QQ—pair is not
decoupled with the soft gluon at one-loop level. From the study
of the case with g, one can conclude that the TMD factorization
for hg does not hold at one-loop. We notice here that the differen-
tial cross-section for the production of other quarkonia with J =1
becomes constant for q; — 0. Hence, there is no TMD factoriza-
tion.

To summarize: We have studied TMD factorization for P-wave
quarkonium production in hadron-hadron collisions at low trans-
verse momentum. These processes are thought to be useful for
extracting TMD gluon distribution functions of hadrons. Our study
shows that the TMD factorization for the production of a quarko-
nium with JP€ = 0"+, 2+ is violated beyond one-loop level. The
factorization for the production of h. or hp is violated already
at one-loop. Therefore, one cannot use these processes to extract
TMD gluon distribution functions. To determine them from inclu-
sive single-quarkonium production in hadron collisions one can
only use the production of 'Sy quarkonium.

Acknowledgements

We thank Dr. YJ. Zhang for confirming the nonzero result
in Eq. (18) and discussions. The work of J.P. Ma is supported
by National Natural Science Foundation of China (No. 11275244).
The work of ].X. Wang is supported by DFG (CRC110) and NSFC
(No. 11261130311).

References

[1] J.C. Collins, D.E. Soper, Nucl. Phys. B 193 (1981) 381;
J.C. Collins, D.E. Soper, Nucl. Phys. B 213 (1983) 545 (Erratum);
J.C. Collins, D.E. Soper, Nucl. Phys. B 197 (1982) 446;
J.C. Collins, D.E. Soper, Nucl. Phys. B 194 (1982) 445.

[2] ]J.C. Collins, D.E. Soper, G. Sterman, Nucl. Phys. B 250 (1985) 199;
J.C. Collins, D.E. Soper, G. Sterman, Nucl. Phys. B 261 (1985) 104.

[3] X.D. Ji, ].P. Ma, E. Yuan, Phys. Lett. B 597 (2004) 299.

[4] X.D. Ji, ].P. Ma, E. Yuan, Phys. Rev. D 71 (2005) 034005.

[5] J.C. Collins, A. Metz, Phys. Rev. Lett. 93 (2004) 252001.

[6] X.D. Ji, J.P. Ma, F. Yuan, J. High Energy Phys. 0507 (2005) 020, arXiv:hep-ph/
0503015.

[7] D. Boer, WJ. den Dunnen, C. Pisano, M. Schlegel, W. Vogelsang, Phys. Rev. Lett.
108 (2012) 032002.

[8] D. Boer, C. Pisano, Phys. Rev. D 86 (2012) 094007, arXiv:1208.3642 [hep-ph].


http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4353s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4353s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4353s3
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4353s4
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib435353s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib435353s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4D5950s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4D59s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib43414Ds1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4D5947s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4D5947s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib5365634731s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib5365634731s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib426F5069s1

108 J.P. Ma et al. / Physics Letters B 737 (2014) 103-108

[9] J.-W. Qiu, M. Schlegel, W. Vogelsang, Phys. Rev. Lett. 107 (2011) 062001,

arXiv:1103.3861 [hep-ph].

[10] W.]. den Dunnen, ].P. Lansberg, C. Pisano, M. Schlegel, arXiv:1401.7611.

[11] J.P. Ma, ].X. Wang, S. Zhao, Phys. Rev. D 88 (2013) 014027, arXiv:1211.7144
[hep-phl].

[12] G. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 51 (1995) 1125;
G. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 55 (1997) 5853(E).

[13] G.C. Nayak, J.-W. Qiu, G.F. Sterman, Phys. Lett. B 613 (2005) 45;
G.C. Nayak, J.-W. Qiu, G.F. Sterman, Phys. Rev. D 74 (2006) 074007.

[14] PJ. Mulders, ]. Rodrigues, Phys. Rev. D 63 (2001) 094021.

[15] X.D. Ji, F. Yuan, Phys. Lett. B 543 (2002) 66, arXiv:hep-ph/0206057;
AV. Belitsky, X.D. Ji, F. Yuan, Nucl. Phys. B 656 (2003) 165, arXiv:hep-ph/
0208038.

[16] F. Dominguez, J.-W. Qiu, B.-W. Xiao, F. Yuan, Phys. Rev. D 85 (2012) 045003,
arXiv:1109.6293 [hep-ph].

[17] A. Metz, J. Zhou, Phys. Rev. D 84 (2011) 051503, arXiv:1105.1991.

[18] E.L. Berger, J.-W. Qiu, Y.-L. Wang, Phys. Rev. D 71 (2005) 034007.

[19] P. Sun, C.-P. Yuan, F. Yuan, Phys. Rev. D 88 (2013) 054008, arXiv:1210.3432.

[20] A. Petrelli, M. Cacciari, M. Creco, F. Maltoni, M.L. Mangano, Nucl. Phys. B 514
(1998) 245, arXiv:hep-ph/9707223.

[21] ]. Collins, Foundations of Perturbative QCD, Cambridge University Press, Cam-
bridge, 2011;

J. Collins, Int. J. Mod. Phys. Conf. Ser. 04 (2011) 85.

[22] R. Zhu, P. Sun, F. Yuan, Phys. Lett. B 727 (2013) 474, arXiv:1309.0780 [hep-
ph].

[23] H.X. Zhy, CS. Li, H.T. Li, D.Y. Shao, L.L. Yang, Phys. Rev. Lett. 110 (2013) 082001;
H.T. Li, CS. Li, D.Y. Shao, LL. Yang, HX. Zhu, Phys. Rev. D 88 (2013) 073004,
arXiv:1307.2464 [hep-ph].

[24] G.T. Bodwin, E. Braaten, T.C. Yuan, G.P. Lepage, Phys. Rev. D 46 (1992) 3703,
arXiv:hep-ph/9208254.


http://refhub.elsevier.com/S0370-2693(14)00600-5/bib515357s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib515357s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib444C5053s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4D575As1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4D575As1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib6E72716364s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib6E72716364s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4E5153s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4E5153s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib544D444750s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib544D444A69s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib544D444A69s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib544D444A69s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib5365634732s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib5365634732s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib5365634733s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib425157s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib5375597531s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4E4C4F5151s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4E4C4F5151s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4331s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4331s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4A4331s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib51515232s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib51515232s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib51515231s1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib51515231s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib51515231s2
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4242594Cs1
http://refhub.elsevier.com/S0370-2693(14)00600-5/bib4242594Cs1

	Breakdown of QCD factorization for P-wave quarkonium production  at low transverse momentum
	Acknowledgements
	References


