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Spin asymmetries for C-even quarkonium production
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Within the framework of transverse momentum dependent factorization in combination with nonrelativistic
quantum chromodynamics (QCD), we study charmonium and bottomonium production in hadronic collisions.
We focus on quarkonium states with even charge conjugation, for which the color-singlet production
mechanism is expected to be also dominant in the small transverse momentum region, g7 < 4M? . Itis shown
that the distributions of linearly polarized gluons inside unpolarized, longitudinally, and transversely polarized
protons contribute to the cross sections for scalar and pseudoscalar quarkonia in a very distinctive, parity-
dependent way, whereas their effects on higher angular momentum states are strongly suppressed. We derive
analytical expressions for single and double spin asymmetries, which would allow for the direct extraction of
the gluon transverse momentum dependent distributions, mirroring the phenomenological studies of the Drell-
Yan processes aimed at the extraction of their quark counterparts. By adopting Gaussian models for the gluon
transverse momentum dependent distributions, which fulfill without saturating everywhere their positivity
bounds, we provide numerical predictions for the transverse single-spin asymmetries. These observables could

be measured at LHCSpin, the fixed target experiment planned at the LHC.
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I. INTRODUCTION

It is well known that bound states of heavy quarks
(quarkonia) produced in proton-proton collisions can be
considered as direct probes of the gluon content of the
proton, providing detailed information about gluon momen-
tum distributions and in particular their transverse momen-
tum dependence. Here we will focus on those quarkonium
states which are produced by the fusion of two gluons in a
2 — 1 partonic reaction at leading order in the strong
coupling constant a,, with no additional gluon emission
in the final state. Thus, in analogy to the Drell-Yan
processes, the kinematics are very simple, with gluon
momentum fractions directly related to the rapidity of the
observed quarkonium state Q. Furthermore, the charm and
bottom masses are large enough to justify the use of
perturbative QCD even when the transverse momentum
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gr of the quarkonium state is small, namely g7 < M3, In
this kinematic region transverse momentum dependent
(TMD) factorization is expected to be applicable. In par-
ticular, we consider scalar and pseudoscalar C-even quar-
konia, i.e. states with definite total angular momentum J,
parity P and charge conjugation J*¢ = 0**. Namely, using
the alternative spectroscopic notation 25*'L,, with S being
the spin and L the orbital angular momentum, we study the
1S, states 17,., 7, and the P, states y.o. y0- The *P, 271) y o
and y,,, states will be investigated as well. Although we will
refer to such states collectively as C-even quarkonia, we note
that charge parity at no point enters in our analysis and no
underlying assumption based on this property will be made.
On the other hand, y. and y;,, states would require a
different treatment because they suffer from the same
problem as other vector states, such as the J/y meson:
due to the Landau-Yang theorem, their production from two
on-shell gluons requires the emission of an additional gluon.

As pointed out in Refs. [1,2], another advantage of
dealing with 0¥+, 2%+ quarkonia is that they suffer neither
from large QCD corrections nor from the many open
theoretical issues affecting the predictions for J/y and
T production rates and polarization [3-5]. The latter state-
ment can be understood by employing the effective field
theory approach of nonrelativistic QCD (NRQCD) [6],
according to which quarkonium production in proton-proton

Published by the American Physical Society
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collisions is described in terms of a double power series
expansion in a, and the relative velocity v of the heavy
quark-antiquark pair in the quarkonium rest frame, with
v < 1. The magnitude of the velocity is given by > ~ 0.3
for charmonium and v? ~ 0.1 for bottomonium. Within this
framework, a heavy quark-antiquark pair can be produced at
short distances not just as a color-singlet, but also in a color-
octet configuration, which subsequently evolves into a
physical quarkonium state by radiating soft gluons. The
hadronization of the pair is encoded in universal long-
distance matrix elements (LDMESs), which are expected to
scale with a definite power of v. These matrix elements are
not calculable perturbatively and have to be extracted from
data. For S-wave quarkonia, in the limit » — O the heavy
quark-antiquark pair is produced directly with the same
quantum numbers of the observed bound state and the
traditional color-singlet model (CSM) [7-9] is recovered.
While the CSM fails to describe the large transverse
momentum spectra of the vector states J/w, w(2S) and
T, that should not be the case for the quarkonium states
under investigation here, for which NRQCD shows that
color-octet contributions are (at least) order v> suppressed
with respect to the color-singlet ones [6]. This is confirmed
by the study of the low transverse momentum part of the
spectrum of y . , [10]. More recently, it has been found that
the CSM provides an excellent description of the LHCb data
on inclusive 7. production [11], probed through the pp
decay channel [12]. Furthermore, according to Ref. [2],
color-octet contributions can certainly be neglected for
C-even bottomonium, in agreement with the analysis on
n, mesons of Ref. [13].

Based on the above considerations, in this paper we employ
the CSM in combination with TMD factorization to study the
effects of gluon distributions on 0" and 2** quarkonia
produced in proton-proton collisions, with one or both
protons being polarized. Following the same approach, in
Ref. [1] the distribution of linearly polarized gluons inside an

unpolarized proton, named hllg , has been investigated. This
function corresponds to an interference between +1 and —1
helicity gluon states that would be suppressed without
transverse momentum. It has been shown that it modifies
the unpolarized cross sections for the production of scalar and
pseudoscalar scalar quarkonia in different ways, while its
effect on higher angular momentum states is strongly sup-
pressed. Similarly, here we show how single and double spin
asymmetries arise from other helicity-flip distributions of
linearly polarized gluons inside transversely polarized pro-
tons (hY, h¥) and longitudinally polarized protons (k7).
Furthermore, the Sivers function [14,15] needs to be taken
into account, which describes the transverse momentum
distribution of unpolarized quarks and gluons inside a
transversely polarized proton, where the transverse momen-
tum forms a sin¢ distribution around the transverse spin

direction. Using the NRQCD approach together with TMD

factorization, it has indeed been shown that the gluon Sivers
function generates a single spin asymmetry only in the CSM
in proton-proton collisions, and only in the color-octet model
in lepton-proton collisions [16].

Because of their gauge link dependence, TMDs are not
universal. For the processes under study, gauge links are
exclusively past pointing, [—, =], as for Higgs [17-20] or
photon pair production [21] in hadronic collisions. About
quarkonium final states at the LHC, the same gauge-link
structure holds for J/w-photon [22] and double-J/w
[23,24] production as well, assuming the dominance of
the color-singlet quarkonium formation mechanism. A
global analysis of gluon TMDs from the above reactions
would have the advantage of mapping out their scale
dependence. On the other hand, their universality properties
can be tested by relating the [—, —| gluon TMDs to the
[+, +] ones, with two future-pointing gauge links, con-
tributing for instance to dijet, open heavy-quark pair [25],
inclusive J/y [26,27], J/w-jet [28,29] and J/y-photon
[30] production in electron-proton collisions, which are in
principle accessible at the future Electron-Ion Collider
(EIC). The [—, —] gluon TMDs investigated in this paper
correspond to the Weiszéicker-Williams (WW) distributions
at small x. It turns out that, unlike the [+, —] or dipole ones,
which have one future and one past pointing gauge link, the
WW gluon TMDs for a transversely polarized proton are
suppressed with respect to the unpolarized gluon distribu-
tion by a factor of x [31]. This implies that the transverse
spin asymmetries under study will become suppressed in
the small-x limit.

The proposed measurements require the observation of
C-even quarkonium states with small transverse momen-
tum, resulting from the transverse momenta of the partons
initiating the 2 — 1 reactions. At collider facilities like the
LHC, forward detectors such as LHCb are needed, together
with powerful particle identification for a complete study of
the different quarkonium states through their decay chan-
nels. Moreover, the possibility of having a polarized gas
target in front of the LHCb spectrometer, the so-called
LHCSpin experiment [32], will offer the unique oppor-
tunity to probe polarized gluon TMDs through the analysis
of single-spin asymmetries (SSAs).

The remainder of the paper is organized as follows. In
Sec. II we recall the definition of the gluon correlator and
the leading twist TMD distributions in terms of QCD
operators. Details of the calculation of the cross sections of
interest, together with the analytic results for the azimuthal
modulations, are presented in Sec. IIl. The Fourier trans-
forms in transverse position space of the expressions for the
gluon correlator and the convolutions of TMDs contribut-
ing to the azimuthal asymmetries are listed in the
Appendix. Our numerical estimates of the transverse
single-spin asymmetries obtained by adopting Gaussian
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models for the gluon densities can be found in Sec. IV.
Finally, Sec. V contains our summary and conclusions.

II. TRANSVERSE MOMENTUM DEPENDENT
GLUON DISTRIBUTIONS

Transverse momentum dependent gluon distribution
functions in a spin-1/2 hadron are defined through a
matrix element of a correlator of the gluon field strengths
F#(0) and F*°(£), evaluated at fixed light-front (LF) time
Et =¢E-n =0, where n is a lightlike vector conjugate to
the four-momentum P of the parent hadron. Decomposing
the gluon momentum as p = xP + pr + p~n, the corre-
lator is given by [33-35]

U U\ n,ns d(f ' P)dzéT
r (x.pr) = /
! 7 (pony (2n)?
X eiP"f<P, S|Tr[F”/’(O)U[Oy5] F*(¢) U/[?;.O]]
X |P,S)] Lk, (1)
where S is the hadron spin vector, while U 0.8 and U /[o, g are

process-dependent gauge links, which make the correlator
gauge invariant. For the process under study, Ujpg is a
staple-like Wilson line running from O to &, namely

-l _ gyl T (]
Ug = Yoo Vio &1 Vi ?

0 and is given by U{g]o] U %(;,];]’ as illustrated in Fig. 1.

Henceforth, the explicit dependence on the gauge links will
be omitted.

According to the hadron spin, the correlator can be split
into three parts: the unpolarized (U), the longitudinal
polarized (L), and the transversely polarized (7)) compo-
nents,

while U ié.O] runs from & to

0 (x,pr) =Ty (x,pr) + T (x.p7) + Up(x,p7). (2)

At leading twist, the correlator for an unpolarized hadron
can be parametrized in terms of two gluon TMDs as
follows:

{~rst)
(I g B i) o)

1
F§Z<xva) oy

T 2M2
|

FZ;(xva) =

TST
€ . DPT'S
{9}; L lT(xPT) + i€y M
h
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G
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e

FIG. 1. Illustration of the [—,—] gauge link structure. The
horizontal axis corresponds to the light-cone direction n_, while
the vertical one represents the two transverse directions. The two
dots denote the points 0 and ¢&.

where p% = —p?, M, is the hadron mass and the symmetric
transverse projector ¢y is defined as ¢y =¢g** —P*n*/P-n—
n*P¥/P-n. Furthermore, in Eq. (3) f¢ and hy? are the
T-even unpolarized and linearly polarized gluon distribu-
tions, respectively. In order to write the other two corre-
lators in a convenient form, we define the longitudinal and
transverse components of the hadron spin through the
Sudakov decomposition

N M2
Sﬂ——L<Pﬂ—P—_"nnﬂ>+S”, (4)

M,

with $? + 7 = 1. Hence, the correlator for a longitudi-
nally polarized hadron can be written as

PT{MP;} |
7 hyf (x ,p%)},

(5)

v 1 . v
Ty (x.pr) =55 { i€y g (x.p7) +

where we have introduced the antisymmetric transverse
projector €% = ¢ Pan/;/P n, with e}?

the notations > = €T aqubp and a#p*t = a*b¥ 4 ab*. In

= +1, as well as

Eq. (5) ¢{, is the T-even helicity distribution, whereas h1 I
is the T-odd distribution of linearly polarized gluons inside
a longitudinally polarized hadron. Finally, for a trans-
versely polarized hadron

T v St v
, lg(x ) _ef P{ﬂS}+€ {MpT}hq(
4M,,

9ir x,P%)

+
S

i) (6)

034038-3



NANAKO KATO, LUCA MAXIA, and CRISTIAN PISANO

PHYS. REV. D 110, 034038 (2024)

Note that the symmetric part of the correlator,
(7 + T3 /2, is parametrized in terms of three T-odd

distributions, namely the Sivers function fﬁ? and the two
helicity-flip distributions /¢ and 4;7. On the other hand, the

TMD distribution g;7 is T-even.

Because of the lack of data on processes that could be
used for extractions, our current knowledge of gluon TMDs
is still very limited. Recently a small set of LHCb data on
double-J/y production at 13 TeV [36] has been used to
perform a first fit of f¥, assuming a simple Gaussian
dependence on the parton transverse momentum [23].
Theoretical computations of gluon TMDs within the color
glass condensate (CGC) framework [25,37,38] and spec-
tator models [39-42] have also been carried out.

III. AZIMUTHAL MODULATIONS AT SMALL
TRANSVERSE MOMENTUM

We consider the inclusive scattering process

p(Ps.Ss) + p(Py. Sp) — QOPSTLY)(q) + X, (7)

where the two colliding protons or, more in general, two
spin-1/2 hadrons have four-momenta P, and Py and spin
vectors S, and Sz, such that S% =5%=-1 and
Sy P4y =Sp-Pp=0. We assume that a heavy quark-
antiquark pair (QQ) is produced in an intermediate Fock
state with four-momentum ¢, spin S, orbital angular
momentum L, total angular momentum J and in a colorless
configuration, specified by the superscript (1). The squared
invariant mass of the resonance is M? = g2, with M twice
the heavy quark mass up to small relativistic corrections.
According to the CSM, these quantum numbers match the
ones of the outgoing observed quarkonium. Hence, smear-
ing effects in the hadron formation process encoded in the
so-called TMD shape functions [43,44] are expected to be
suppressed [17,45] and will therefore be neglected. At the
lowest order in perturbative QCD, one only has to consider
the gluon-gluon fusion process

9(pa) + 9(py) = QO LM (), (8)
|

ab 2

A1}

Pa 9999999999994

A )

Db 999999999999

FIG. 2. Leading order diagram for the process gg — Q, where
Q is a heavy quark-antiquark bound state with quantum numbers
25+1L§1). The crossed diagram, in which the directions of the
arrows in the fermionic lines are reversed, is not shown.

which is described by the Feynman diagram depicted
in Fig. 2.

In the kinematic region where the transverse momentum
qr of the produced quarkonium state is much smaller than
its invariant mass, namely gy << M, TMD factorization is
expected to be applicable and the cross section for the
process in Eq. (7) can be written as

_1 da / dx,dx,d2p . d2pyr (27)*
25 (271')326]0 a“b aT bT
X5 pu+pb ZF uvpaT
colors
X Fzg(xbvpr>Aﬂp(Aw)* (9)

where s = (P, + Pp)? is the total energy squared in the
hadronic center-of-mass frame, Iy is the gluon correlator
parametrized in Egs. (2), (3), (5), (6) and A is the scattering
amplitude for the specific partonic process gg - Q. We
note that the partonic momenta fulfill the relation p,; =
p; =0 in our calculation. Moreover, for the proton with
momentum Pjp the role of the forward and backward light-
cone directions is exchanged as compared to the other
proton with momentum P4, hence in Egs. (5) and (6) the
epsilon tensor should be taken with opposite sign:
er — —er.

It turns out that the only nonzero scattering amplitudes
correspond to the 'Sy (170) and Py, (yp0.,) states, where
QO=cb|[l]

](pzupb’ q) = 2i\/—N—WRO(O)e"”/"’pappbo,
c T

ab 2
v _ H 9s / v 2 v
A [ Kpa’ ) = =2i \/N:WRI(O) |:_3gﬂ + Mz qﬂpa:| ’
APy q) = 2T [ R 0)65(0) [ oy — s~ it (10
a» \/— s JZ M2 apt’ac pPIo pIo |

with N, being the number of colors, g, the QCD coupling and ¢;_ the polarization vector of the J =2 bound state.
Furthermore, R; (r) is the radial wave function of the quarkonium state with orbital angular momentum L and R} () its first
derivative, in terms of which the NRQCD LDMEs are given by
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(007 (*50)10) = %IRo(O)IZ[l +0(u*)],

3N.
2

(007 (*P))0) =

27+ D[R 0)P[1 + O(w?)], (11)

with J = 0, 1, 2 and v being the relative velocity of the heavy quark-antiquark pair in the quarkonium rest frame. We point
out that for these quarkonium states TMD factorization has been proven at one loop level [46,47].
The differential cross section in Eq. (9) for the production of a generic C = +1 quarkonium state, in a frame where its

azimuthal angle is zero, namely ¢ = 0, can be written as

do[Q)]
dydzq T

C

Q,
+ F2 Sy Sp. + Frp

Q.cos(¢ps, —psy)
+ |Sarl|Spr|(Fpp 47"

with y and gq; being the rapidity and the transverse
momentum of the outgoing quarkonium, respectively.
Furthermore, ¢, (¢s,) is the azimuthal angle of the spin
vector S, (Sg). The subscripts of the structure functions F<
refer to the polarization of the incoming protons. Each
structure function in Eq. (12) can be factorized in a hard
part H2, which is calculable as a perturbative expansion
in aj,

HO =Y (“;) "HO, (13)
n=0

and a nonpertubative part, given by one or more con-
volutions of gluon TMDs multiplied by one of the LDMEs
in Eq. (11). In momentum space, these convolutions are
defined as

C{Wfﬁlfg] = C[W(paT’pr)fsll(xavpaT)fg(xb’pr)]
= / 2I’aTdZI’bTW(PaTJ’bT)ﬁ()CaJ’aT)
X f3(Xp.Po1)0* Pt + Por — 47 (14)

where f;, with i =1, 2, are the gluon TMDs and
w(p.r,Ppr) is a proper weight function that depends on
the particular gluon distributions involved. Neglecting
terms suppressed by powers of qr/M, for the process

under study the light-cone momentum fractions are given
by

e, X, =—=e7. (15)

In the following we provide the explicit expressions of
the structure functions in Eq. (12) at the order a2, as
obtained from the evaluation of diagrams like the one

Q,sing,
:F%U—’_FgLSBL "‘F?USAL +Fyr "

0s g Q,
" Sar|Sprlcos gs, + Frp

cos(¢s, — ¢bs,) + Frr

Q.sin g,

ISgr|sin g, + Fry |Sar|sin ¢,

cos g
! |SAT|SBL (M ¢SA

P cos (s, + ). (12)

in Fig. 2. We note that higher-order corrections will not
modify the TMD convolutions involved, but more terms
will have to be included in the a -expansion in Eq. (13). In

particular, the fully unpolarized structure functions F 2 y for
J =0 and J = 2 quarkonia read

F8, = He(C[f{f]] = Clwlyyhy "hi ")) (010} (1Sy)[0),
Fify = HAoo(CIFL£]] + Clwlyhy " hy ) (0107 (P Py) 0).

Fify = HeeC[f] (0|07 (2 P,)[0), (16)
with
o _ 2na?
0 oM3s’
roo _ 870
O T 3MSs]
3273
)0(Q2 — ﬂSaA , (17)
OM°s

and the weight function being given by

1

W’ll]U = M 2(par 'pr>2 —Pirpzz,r]
172TI72
=E o= )l (18)

with ¢, and ¢, being the azimuthal angles of p,; and p,r,
respectively. The results in Eq. (16) are in agreement with
Ref. [1] and, upon integration over g7, with Ref. [9]. Hence,
we confirm all the features discussed in Ref. [1], and in
particular the sign difference in the term C[w!,, h1 k7] for
opposite parities of the J = 0 quarkonium states, and its
absence for X 02 Indeed, a nonzero contribution from
linearly polarized gluons for J = 2 states would require
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a four-unit helicity flip, which is strongly suppressed.
Hence, at leading order in v?, the ratio of the cross sections
for ¥ oo and y > can be used as a direct probe of the quantity

Clwhy i ?hy®)/CLf9f9). Note that both the uncertainties
from the unpolarized gluon TMD and the hadronic matrix
elements cancel out in this ratio, see Eq. (11).

To the best of our knowledge, the explicit expressions of
the other structure functions in Eq. (12), depending on
single and double polarization effects of the initial protons,
are presented here for the first time. Due to parity
|

No-sings,
Fyr = H'o(

conservation, for the single-longitudinally polarized con-
tributions one has

Mo __ pllo __
FUL_FLU_O’
00 __ pXo0 __
Fii = F5 =0,

Fii = Fi§ =0. (19)

Therefore, only the transverse polarization is relevant in the
single polarization case. We find

~Clwyrf1f17) + COovlrhy *h] = Clwlsr by i) (01O (1 50)[0).

singg, O
Fg ™" = Heo (=Clwiyr f117] = Clwlyr by "] + Clwlyrhi i) (0107 ( Po)|0),
Fg ™" = Bl 10101 () 0). (20)
with
W{JT = Iﬁ;j COS ¢b,
Pa
}ll]T - 47;[5;7” COS(¢b - 2¢a)’
2 3
we _ Parlporl )
o —ralZoT ] 3¢, —2¢,); 21
ur 8M?J COS( ¢b ¢a> ( )
and
,sin ¢, N
Fri " = He(Clwpo ffi7] = Clowhy i) + Clhwiy by ) (0107 ('0)[0),
Z00Sin s, 1 Ly lgy, L
FTlQJO "= Hre (C[WTUf!{flj?} + C[W¥Uh1 ni] - C[W%/h h q])<0|OJfQO(3PO)|O>’
,sin ¢, N
Fri ™" = B Clwiy f1A7)(0101" CPy)|0). (22)
|
where the weight functions in Eq. (22) can be obtained from  with
the ones in Eq. (21) with the replacements U <> T and
a <> b. Analogously to F 3(1» the structure functions in
Egs. (20) and (22) for the y 5, mesons receive a contribution .\ 1 s,
solely from unpolarized gluon distributions, namely f4 and wrp = 4why = 7 [2(par - Pur)” — ParPir]
P
A7 9. Moreover, the convolutions involving distributions of 2
linearly polarized gluons, C[wyrhy?hd] and Clwyrhy kY], Z%COS[Z(% - ). (24)

enter the structure functions for J = 0 states with a sign
depending on the quarkonium parity. As will be further
discussed in Sec. IV, in principle a combined analysis of these

observables could allow to probe the gluon TMDs f77, h!
and hy?.

The double-longitudinally polarized structure functions
read

Fi§ = H'(Clgi g],] + Clwi i Iif]) (0101 ('))10).
Fi$ = B (Cly],¢],) = Clwinf nf]) (0|07 (O Py) 0),
Fif = —HClg], g, ](0]0{" (P1)|0). (23)

p

We note that they turn out to be very similar to Fy;;;, with
the role of the unpolarized gluon TMD taken by the helicity
distribution g;. Since the magnitude of the collinear g,
gluon distribution is much smaller than the unpolarized
one, as suggested in Refs. [48-52], we expect that the same
is valid also for its transverse momentum dependent
counterpart. Hence, measurements of observables related
to these convolutions are expected to be challenging.

Moving to the mixed double-polarized structure func-
tions, we obtain
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,Cos ¢ B 1lg, L
Fi5 " = e (=Clwi gl 017) = Clwlphi h]] = Clwlph 1 £1)(01 01 (150) 0).

.COs ¢
Fi20 0 = Hron (=Clwi g, gif) + Clwlhphn P ) + Clwhphi i £1) (0107 (P Py)|0),
,Cos g
FiE " = HreClw]1g], g1#1(0107 (3P,)[0), (25)
with
WQT = W{JT = MCOS%,
MP
2
Dy
WZT = 2WIZJT = ZTAII;’T' COS(¢b - 2¢a)f
P
Wi =l = 2ol o3 og: (26)
P
and
,cos ¢, X L
Fp3 " = Hve (=Clwhy 1791, ] — Clwiy B, ] — Clwhy ki, 1) (0|01 (15,)[0),
1g
why i 2h, 1) (0|05 (Py)|0),
(27)

= HXQO(_C[W';LQ#QTL] + Clwi hih ] +C|

F ];{go,cos bs .
X02,C08 P 1
Frp” " = HeClwiy 61791, 1(0] 0% (3P,)0),
where the weight functions in Eq. (27) can be obtained from Eq. (26) performing the substitutions 7 <> L and a <> b.
The double-transverse polarization completes the picture. In this case, we find two separate structure functions

corresponding to two different azimuthal modulations. Explicitly, these are
= H'0(0|01 ('S0)|0) (=Clwrrf17.fi7) + Clowrrgif i) + Cowhrhihi]) + Clwirhif i)
L1
] = Clwhhih{) = Clwly 2 hif)).

F’IQsCOS(l/’sA—I/’sB)
T
00-COS l/",\—f/{ )
FFeoPsa=tss) . pren (007 (3Py) 0) (~ClWhp FHLF 1] + Clwlrgi gt
02:€08(¢ps, —hs) g )
F 00! = e (—Clwhe fiif17] = Clwdr917914)) (01072 (3P)|0). (28)
with
Wrr = %@bﬂcos(g{)a - ¢b)’
Parllpor]
Wiy = WCOS(% — ),
Parl*Ipsrl?
why = 167]”{005[3(% —¢.); (29)
and
.cos(¢s, +sp) _ _ _ oyl _pl
FIeePctts) — pno (010710 (15)[0) (Clpr 12 12) + Clivprg £ai) + CLat hhi) + Clivks i hd),
00:¢08(s, +bs,) _ 1 _ 1g 1 _ _
Fyg il — Hren (0|07 (3Py)|0) (CWhr f1£F17] + Clvgrgiigif] — CIwi h{hif) — Clwi i h])).
02.08(¢s, +bs,,) _ _ g g 2
Fp 0ol — gro (Clwhe f1Af17] — Covgrgia1#]) (0|07 (3 P,) 0). (30)
with
Wrp = %II;T'COS(Q% +¢y),
it Parllporl?
Wil = WCOS@% —ba).
(31)

3
Wi = L%m c0s(3ba = by)-
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Unlike the previously discussed structure functions,

F?'TCOS((/)SAH)‘YB) nd F; < Cog(%" ) for Xo2 production

involve two different TMD convolutions. However, since
we expect to extract the gluon Sivers function from
(transverse) SSAs, a measurement of the double-polarized
structure functions for J = 2 could be useful to isolate the

contribution from g,L J. Interestingly, the two structure
functions for the J =0 states provide complementary

information: F TT(¢SA o) i mainly sensitive to the mag-

nitude of the distributions since it always involves the
convolutions of the “square” of two gluon TMDs, whereas

FcToTs(qbsA +sy) could probe the relative sign of /] and h#

because it contains the convolutions of these two TMDs.

We note that the convolutions in Eqs. (16)—(30) are
calculated in momentum space. In the Appendix we present
instead, for a general spin-1/2 hadron, all the above
convolutions in bz-space [see Eqs. (A6)—(A22)], where
by is the Fourier conjugate of gr. Such expressions are
particularly useful for future implementations of TMD
evolution, which is multiplicative in by-space. To this aim,
a thorough calculation at the one-loop level of the so-called
matching coefficients for all leading-twist gluon TMDs is
underway [53].

IV. ESTIMATE OF THE UPPER BOUNDS OF THE
TRANSVERSE SINGLE-SPIN ASYMMETRIES

The angular modulations of the cross section for the
process pp — QX, presented in Eq. (12), can be singled
out by taking average values of appropriate circular
functions of ¢g, and ¢y, , denoted as W(ds, , Ps, ),

f d¢SAd¢sB W(¢SA’ ¢s3)d5
f d¢SA d¢SB do

’

(W(gs, ¢s,)) = (32)

where we have used the notation do = do/(dyd?qy). In the
following we focus on the specific configuration where
only the proton with momentum Pjp is transversely polar-
ized, whereas the proton with momentum P, is
|

unpolarized, see Eq. (7). Such processes could be in
principle accessible at LHCSpin, the fixed target experi-
ment planned at the LHC. In this case, we can define the
azimuthal moments as

AQsndsy _ o [ dgs, sings, [do(¢ps,) — do(ps, + )]
N [ deps,[do(ps,) + do(eps, + 7)]
= F%y = 2(sin ¢pg, ), (33)

where we have assumed that the initial proton is fully

Q.sin gy, are

polarized, namely [Sz7| = 1, while Fg,, and Fy
given in Egs. (16) and (20), respectively.

In order to provide an estimate of the upper bounds of the
SSAs, we assume that the unpolarized gluon TMD has the

following Gaussian form [18,23],

9

(. p2 :f.l(x)ex _P%
Aer) = o p{ <p%>} G4

with f9(x) being the collinear gluon distribution. The width
{p%) could in principle depend on the energy scale, which
is set by the quarkonium mass M. Furthermore, we take
(p2) to be independent of x. The effect of the other
unknown TMDs will be maximal when they saturate the
following, model-independent, positivity bounds [33]

FE P3| |7 (x,p3)| < % fi(x.p%).
1 M
51 (x.p3)| < p—é’f‘f(x,p%),
1 3
3 I (x.p})| < =L fl(x.p3).  (35)

prl?

These bounds are always fulfilled, although not everywhere
saturated, if we take, along the lines of Refs. [1,18],

. ¥ fl(x) 2(1 = py) l_i Pr
17 (x.p7) = No( )ﬂ<p%>3/2Mp 2o [2 2o <PT>]
I(x x fi(x) Mex L_1pr
il p%) Nix) <P >2/2M P1 P [2 P1 (PT>]
Lot g0 A o =p) [ 10
) = 20t ey e 1,
e e R | &
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where the free parameters p; are such that 0 < p; <1
and

(ai +pi) P
o' py
with |N;| < 1. The functions N;(x) account for a different

x-dependence of the gluon TMDs in Eq. (36) with respect
|

Ni(x) = Nx%(1 — x)Pi , (37)

Ryy = C[W?/Uhfghllg]/c[f?fﬂ

to the unpolarized one. Since in this section we aim at

providing only the upper bounds of A ¢SB, we take

Ni(x) = 1 and let the x-dependence saturate the positivity
bounds. Moreover, we note that all TMDs are taken to be
positive.

Hence, the ratios of TMD convolutions entering the
SSAs are given by

1 (1_92)2 4 LX) 5/ 2\2 |: 1-=p ‘I%‘ ]
— -8 + 8 exp |2 — , 38
16<p%~>2 0 (qT /)2<pT>qT /)2<pT> ) p 0 2<p%> ( )
Ry = Clwirfi37)/CLAA)
2 2(1—po)< Po ) {1 l-po g7 }
= 5= , 39
(pp)'? p o) 7190 |3 1+ p02(p7) (39)
R’ll]T = C[W@Thllghﬂ/c[f?fﬂ
1 2(1-py), PP} [3 2-pi—p2 41
= L=py) ———3 + exp |5 — : 40
<p%>3/2 o1 (1=p2) EYSE |qT|( = 2(p1 +p2)(p >) P 3 o1+ o 2<P%> (40)
Rl = Clwhrhy W) /CIF1 ]
1 2(1 = p3)]3/2 P2t
= (p2)3/? { ( 3, 3)} (1 —Pz)mwﬂ(‘ﬁ —6(p2 + p3)(pF)a7 + 6(p2 + p3)*(P7)?)
T
5 2-pr—p3 47 ]
X exp |= — , 41
P [2 p2+ps 2(p7) “D

with each of them varying between zero and one. Note that,
while Ry # 0 at g7 = 0, Ryy = 0 independently of the
convolution considered. The azimuthal moments in
Eq. (33) can therefore be rewritten as

_R{JT + R}ILJT - RIZ/LT

A’IQsSi“lﬁsB _ .
N 1—Ryy
. f L
A;(Qo,smqbsg _ _RUT - R?/T + R?/T
N 1+ Ryy ’
X02.8in ¢,
A s — RS (42)

In the following numerical study we focus on charmo-
nium production. From existing phenomenological analy-
ses, the value (p%) = 1 GeV? turns out to be a reasonable
choice for the Gaussian width of the unpolarized gluon
TMD at the scale > = 4M? [54-56]. Because of TMD
evolution of the gluon densities, larger values of (p2) are
expected for bottomonium production. Moreover, we show
our prediction for gy <2 GeV, to guarantee that our

analysis is restricted in the kinematic region where TMD
factorization is expected to be applicable.

In Fig. 3 the ratio Ryy, contributing to the transverse
momentum spectrum of the unpolarized cross section and
the denominators of the SSAs for (pseudo)scalar quarkonia,
is shown as a function of g; and for different values of the
parameter p,, in the range 0.1 < p, < 0.9. Moreover, for
comparison, we have shown the ratio Ryy derived by
allowing h f ¥ to saturate its positivity bound in Eq. (35) for
every gr. Note that for certain values of g, due to the
modulation of the Bessel functions, the ratio involving the
saturated TMDs may be smaller than that in Eq. (38),
employing the Gaussian parametrization. Similarly, R{/T,

R, and R, appearing in the numerators of the SSAs (the
last two only for 7y and y() are presented in Fig. 4 for
several values of p, p1, p», p3, as described in the caption.
The same ratios, calculated with the TMDs saturating their
positivity bounds, are presented as well. These quantities
measure the relative magnitude of the linearly polarized
distributions and the Sivers function to the unpolarized

034038-9
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(p7) =1 GeV? p=1/3
\ =

— - Saturated

0.8 :' \

1 1 1 1 1
0.75 1.00 1.25 1.50 1.75
qr [GeV]

1
0.00 0.25 0.50

FIG. 3. Theratio Ry as a function of g;. The gluon TMDs A ll g
and f"l’ are evaluated according to a Gaussian ansatz, with the
average of the transverse momentum squared set at 1 GeV?2.
Different blue lines are obtained by varying the parameter p, in
Eq. (38) from 0.1 to 0.9 with steps of 0.01. We have highlighted
the ratios obtained with two specific values of p,, namely p, =
1/3 (solid black line) and p, = 2/3 (dash-dotted line). Finally,
for illustration, a dashed line is also shown, which has been

obtained by letting hng saturate its positivity bound in Eq. (35).

gluon TMD. We note that our predictions are rather stable
with respect to the choice of {p?%): the curves are shrunk to
lower values of g7 as (p%) decreases, while they broaden as
(p2) increases, with the size of the ratios staying practically
unchanged.

Our main results on the upper bounds of the azimuthal
moments in Eq. (42) for the / = 0 and J = 2 charmonium
states are shown in Fig. 5 as a function of ¢;. The
parameters p; have been chosen in order to maximize
the asymmetries in the TMD region. The red full lines
indicate the SSAs for y,, production, which are entirely
driven by the gluon Sivers function. By comparing the
SSAs for ny (green dashed lines) and yg, states (blue

dash-dotted lines) with those for y, it would be possible,
in principle, to assess the relevance of the combined effects
of the linearly polarized gluon TMDs. The additional
modulations in the asymmetries for (pseudo)scalar mesons
as compared to the ones for spin-2 states are due to the
presence of 49 and A7 in the numerators, but also of ;" in
the denominators. For this reason, we also present the
former asymmetries with 4 = hi¢ = 0, corresponding to
the pink dashed (779) and gray dash-dotted (y,) lines in
Fig. 5. A comparison between either the pink and green
dashed lines for 7, or the gray and blue dash-dotted lines

for y oo displays that the effect from 4{ and 7 may still be
experimentally accessible, in case the data will show

modulations exceeding the ones expected from hlL g,
Moreover, according to our Gaussian model, the maxi-
mized impact of ! and hi is significantly large in the
kinematic region gy < 1 GeV, which is therefore expected
to play an important role in accessing these completely
unknown gluon TMD distributions.

Finally, the asymmetries presented in Fig. 5 have also
been calculated at a different value of (p2). In particular, in
Fig. 6 we have taken (p2) = 3 GeV?2, which we consider a
reasonable choice for the bottomonium production since
the energy scale of this process would be similar to that
explored in di-J/y production in Ref. [23]. At variance
with the previous figure, we show our results up to
qr = 3 GeV, since the transverse momentum region where
TMD factorization is applicable becomes wider for higher
scales. From a direct comparison between Figs. 5 and 6, we
see that the predictions driven by the Gaussian paramet-
rizations of the TMDs are completely analogous to each
other and present the same features, but at different values
of gr. More specifically, the SSAs at (p2) = 3 GeV? are
broader in g7, as expected from the nature of the Gaussian
parameterizations employed.

0ok () = 1 GeV? , ok N () = 1 GeV?

— p=1/3and py=1/3
/ —— p=2/3and p; = 3/5
— - Saturated

o3f  / \

b ! \

R
7

01F \

0.0F
/ — p=1/3and p=1/3
—= pm=2/3and pi =3/5 _oab N _

— = Saturated

4 [GeV]

()

; . . . . . . . . . A .
000 025 050 075 L0012 150 L7 200 000 025 050 0.7
4:[GeV]

L L ! L L L L L L A . L
1.00 1.25 1.50 175 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
4:[GeV]

(b) (©)

FIG. 4. The three ratios contributing to the numerators of the transverse SSAs as a function of g. The TMDs are evaluated according
to a Gaussian ansatz, with the average of the transverse momentum squared set at 1 GeV?. Different curves are drawn by varying each
parameter in its space. In particular: in (a) the green lines correspond to 0.1 < p, < 0.9 with steps of 0.01; in (b) the thicker orange lines
are obtained by taking p, = 1/3 and p, = 2/3 and varying 0.1 < p; < 0.9 with steps of 0.01, while for the thinner ones we have varied
both p, and p; independently with larger steps (for visualization reasons); in (c) thicker and thinner red lines are evaluated as in (b), but
with p; replacing p;. In each of the three panels we have highlighted two curves in black that correspond to the ratios obtained with two
specific choices of the parameters (see the legend boxes in each figure). In addition, the dashed lines are obtained by letting the TMDs

saturate their positivity bounds in Eq. (35).
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FIG. 5.

SSAs for different C-even quarkonia as a function of gy. More specifically, the red solid line corresponds to y g, the green

long-dashed line to 77y, and the blue dash-dotted line to y states. The gluon TMDs are evaluated according to Eqgs. (34) and (36) for
different values of their parameters p; (check the text boxes in each panel for more details). The dark blue dashed and dark green dash-

dotted thin lines represent the SSAs of 1y and y g, respectively, with the TMDs A{ and hlL 2 set to 0.
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FIG. 6. Same as in Fig. 5, but for (p7) = 3 GeV>.

V. SUMMARY AND CONCLUSIONS

In this paper we have investigated the production of
C-even quarkonium states in (un)polarized proton-proton
collisions within the framework of TMD factorization.
Supported by NRQCD arguments, we have adopted the
color-singlet model to describe the quarkonium formation
mechanism. We have derived the analytical expressions for
the azimuthal modulations of the cross sections, arising
from the convolutions of different leading-twist gluon
TMDs. We therefore suggest that a phenomenological
investigation of these quantities would provide direct
access to the WW-type gluon distributions, in strong

analogy with the studies of the Drell-Yan processes for
the extraction of quark TMDs [57].

A striking, model-independent feature of our results is
that all the linearly polarized gluon TMDs inside unpolar-
ized, longitudinally and transversely polarized protons,

namely i, hi¢, h! and hiZ, contribute to the production
of parity-odd »,, states with opposite signs with respect to
the parity-even y,  states. On the other hand, their effects
on higher angular momentum quarkonia like y,, are
strongly suppressed. As a consequence, as already pointed
out in Ref. [1], by only looking at unpolarized scattering,

the y g, cross section could be used to probe the distribution
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of unpolarized gluons f¢, while a combined study of Mo

and y o would shed light on o,

Moreover, by employing simple Gaussian parameter-
izations for the gluon TMDs, which fulfill without saturating
everywhere the well-known positivity bounds, we have
estimated the maximal values of the transverse single-spin
asymmetries, showing that they could be measured in
principle at LHCSpin, the fixed target experiment planned
atthe LHC. Such observables for y , are driven by the gluon
Sivers function f ]LT" . Once this is known, SSAs for n, and
X oo can be used to determine h{ and hlng . Measurements of
other observables, such as transverse and longitudinal

double-spin asymmetries would be needed to have a full
knowledge of the gluon distributions of the proton.
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APPENDIX: TMD CONVOLUTIONS
IN FOURIER b,-SPACE

In this appendix we present the gluon correlator and
the convolutions of TMDs in by-space, with by being the
Fourier conjugate of the transverse momentum p;. The
Fourier transform of the correlator is defined as

(A1)

1 L b2 -
S LAY [

Uy + UV~ Mz 287
ZXFZL (x.br) = SL{W’; 9iL(x.b7) = The?{ﬂbT}h#) (x, b%)}

fo’;l}(x, by) = iM, ¢y €7 TSTf

113
— M

Y (x,b3) — My(Sy - bp)Gi" (x, b3) — i,

4(bT . ST)€I;~T{”bI;} +b%[€;’f{ﬂsl]’} + G;T{ﬂbl%}]

prel]{{ﬂS;}_i_STpéﬁ{ﬂb;j hg ( 42 )
4

+1g(3
i (x,3),

48

where we recall that M), is the mass of a general spin-1/2 hadron (M,

the Fourier transform of the generic TMD f

Flxb2) = / ety f(x.ph) = 2n A ™ dpr|lprlo(brllpr])f (x.p3).

and its derivatives with respect to b%

F0)(x.12) = n! <_ T

2 0 \"- 2n'n
20y 2

(A2)

= M, for protons). Furthermore, we have introduced

(A3)

[ dorlienl (B5) rlprbsen a9

Moreover, J,, in the above equations is the Bessel function of the first kind of order n, defined as

Jn(z) =

27l

1 2n i X
— d(pelm/’e'zcos(/’.
0

(AS)
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By means of Egs. (A3) and (A4), we find the following convolutions in bp-space

1 e - -
CLASA] :ZA dlbr|lbr|Jo (b7 llgr])f] (xa. bF)f1 (xp. B,

My [ =142 =142
Chwpuhi'hi") = 5= A dlor1br[To([rllar)i " (vo. by (3,53,
wf g M, 2 g 2 2
Cl UTff ] E. A d|bT|bTJ (‘bTHqTDf (x4, b7 ) 1T (xb’bT)’
hoplapg M, [ 4 71g(2) 2779(1) 2
C[WUTh hl]:_m o d|bT|bTJ](‘bTHqT|)h1 (xa’bT)hl (x5, b7).

MS

Clhwirrhy*hyf] =

o / dibrlb§T1 (brllgr) iy (xg. b3 (3. 57).

1 [o ~ -
Clatu ) = 5 [ brllbrido(1rlar ), o B3, (1057
9 19 M2 q( 2179(2) 2
C[WLththL] :E A d|bT||b |JO<|bT||qT|)h1L (x a’bT)hlL (x5, b7),
My [ 2 ~ 2y~Lo(1) 2
[WLngLg ] P o d‘leijl(leHqTDg?L(xa )er (xp. b7),
hop9 10 M, [ 4 79(2) 23 7.9(1) 2
Clwirhi hi] = T8 A dlbr (b7, (Ibrlgr|)h, (x4 b)Y (x5, b7),
g M?z 6 9 2 2
C[WLThth ] %1 A d|bT|b Ji (|bT||‘IT|)h1L (x4, b7 ) 1T (xbvbr)»
Wf M%l 3 J_(/ 1 2 2
CWyrfiifid] = -1 d|bT||bT| Jo(|brllgr))fi (x40 b )f Y(x,.03),
471' 0

M; [ S Lg(1 S 1g(1
Chwrraifont] = =t /O dlbrlbr T (b lgr 37" (0 b1)07 " (x5 5.

M; [ =g(1 =g(1
Clwhrhihf) = 2" / dlbr|br*o(brllgr A (x. 53R (3, B7).

M6
Clwhe hhlhlq _ h
wir rl= 11527

Cll, piarin = M / dlbr b7 P T (br g )7 (. 537 (5. B3).

M2

— lg 1 ~Llg(1
Clwtrait) =5k [ brlbeP2(brllar Dt 831312 (0 53),
M;,

L 1
C[W% hqhug] = ~ %1

/) dlbr b7 (b7l lgr)) A" (x0 83) 07 (x,.83).
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