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Polarization measurements are usually considered as the most difficult challenge for the QCD description 
of quarkonium production. In fact, global data fits for the determination of the non-perturbative 
parameters of bound-state formation traditionally exclude polarization observables and use them as a 
posteriori verifications of the predictions, with perplexing results. With a change of perspective, we 
move polarization data to the centre of the study, advocating that they actually provide the strongest 
fundamental indications about the production mechanisms, even before we explicitly consider perturba-
tive calculations.
Considering ψ(2S) and Υ (3S) measurements from LHC experiments and state-of-the-art next-to-leading 
order cross sections for the short-distance production of heavy quark–antiquark pairs of relevant colour 
and angular momentum configurations, we perform a search for a kinematic domain where quarkonium 
polarizations can be correctly reproduced together with the respective cross sections, by systematically 
scanning the phase space and accurately treating the experimental uncertainties. This strategy provides 
a straightforward solution to the “quarkonium polarization puzzle” and reassuring signs that the 
factorization of short- and long-distance effects works, at least in the high-transverse-momentum region, 
least affected by limitations in the current fixed-order calculations. The results expose unexpected 
hierarchies in the phenomenological long-distance parameters that open new paths towards the 
understanding of bound-state formation in QCD.

© 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.
1. Introduction, motivation and conceptual remarks

Up to the early 1990s, quarkonium production was believed to 
be reasonably well described by the (leading order, LO) colour sin-
glet model (CSM) [1], which basically assumes that the produced 
quark–antiquark (Q Q ) pair has, since its inception, the spin (S), 
angular momentum (L) and colour quantum numbers of the ob-
servable quarkonium, and that no L/S-changing transitions occur 
during the bound-state formation. Measurements of the J/ψ and 
ψ(2S) production cross sections by the E789 fixed-target experi-
ment at Fermilab [2], which exceeded the predicted values by fac-
tors of 7 and 25, respectively, challenged this model. Nonetheless, 
since the data were collected at relatively low transverse momen-
tum, pT, where non-perturbative effects not addressed by the CSM 
could dominate, this discrepancy was not immediately perceived 
as a potentially serious problem.

* Corresponding authors.
http://dx.doi.org/10.1016/j.physletb.2014.07.006
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.
The results obtained by CDF at the Tevatron [3] covered a much 
higher pT range and showed an even larger difference between 
the calculated and measured prompt production cross sections (af-
ter subtracting the non-negligible yield from B meson decays). The 
J/ψ discrepancy could be attributed to feed-down contributions 
from decays of the P -wave states χc1 and χc2, poorly-known ex-
perimentally and expected to dominate prompt J/ψ production be-
cause the directly-produced J/ψ component was supposed to be 
phase-space suppressed by the need of an extra gluon. The clear-
cut perception that there was a problem in the understanding of 
directly-produced charmonium production was unravelled by the 
ψ(2S) measurement, insensitive to feed-down decays and a factor 
50 higher than calculated in the CSM, a surprisingly large discrep-
ancy nicknamed “the CDF ψ(2S) anomaly”.

Meanwhile, significant progress was being made on the theory 
side, with the birth of the non-relativistic quantum chromodynam-
ics (NRQCD) factorization approach [4]. While in the CSM the 
observed bound-state meson can only result from quark pairs 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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produced in a singlet state, NRQCD includes terms where the orig-
inal quark pairs are in colour-octet states. In this effective field 
theory, the non-perturbative evolution that converts the (coloured) 
Q Q into a physically-observable bound meson, possibly changing
L and/or S , is described by long-distance matrix elements (LDMEs), 
factorized from the parton-level contributions. In NRQCD the 
LDMEs are supposed to be constant (i.e. independent of the Q Q
momentum) and universal (i.e. process-independent). They cannot 
be calculated within the theoretical framework and need to be de-
termined by comparisons to experimental data.

The NRQCD formalism was greeted with encouraging words 
given its seeming success in reproducing the CDF charmonia 
pT-differential cross sections. One should bear in mind, however, 
that the colour-octet terms have free normalisations (essentially 
determined by the LDMEs), so that we should not be surprised if 
the measured cross sections can be well described (the CSM, in-
stead, had zero adjustable parameters).

A reasonable way of evaluating if a given theory provides a suit-
able representation of reality is to fix its free parameters through 
fits to a given set of measurements and then check how well it 
predicts other physical observables, not previously considered. This 
procedure has been followed over the last years in quarkonium 
production studies: first the NRQCD LDMEs are determined by fit-
ting the cross-section measurements to a superposition of singlet 
and octet terms; then the resulting model is used to predict the 
quarkonium polarizations. The outcome (see Ref. [5] and references 
therein) is that the predicted quarkonium polarizations are signif-
icantly different from the measured ones, a situation dubbed “the 
quarkonium polarization puzzle”.

It is worth emphasising at this point that the detailed NRQCD 
modelling of quarkonium production crucially depends on the 
LDMEs, which are determined by the quality (and variety) of the 
available experimental measurements. This, by itself, is not an un-
common situation in high-energy physics. For instance, most QCD 
calculations require the use of data-driven parton distribution func-
tions (PDFs) and fragmentation functions (FFs) to translate parton-
level calculations into predictions that can be compared to ex-
perimental (hadron-level) data. Assuming that the PDFs and FFs 
are universal, one can measure them using suitable processes (like 
deep-inelastic scattering and e+e− interactions) and then use them 
as inputs for calculating other measured processes.

But why is it that, until recently, quarkonium production analy-
ses only considered cross-section measurements to fit the LDMEs? 
This is obviously not the only viable strategy. One could start by 
fitting the polarization measurements and then predict the differ-
ential cross sections, apart from their absolute normalisation; or, 
more democratically, one could make a global fit of both sets of 
measurements, cross sections and polarizations. The answer is that 
quarkonium polarization measurements are very complex and re-
quire exceptional care in the corresponding data analyses. Most of 
the quarkonium polarization results published before 2011 are in-
complete and ambiguous [6]. Results obtained by the CDF and D0 
Tevatron experiments, in particular, have been plagued by a series 
of suspicious observations, with at least two cases (CDF Run 1 ver-
sus CDF Run 2 for the J/ψ [7,8] and CDF versus D0 for the Υ (1S)

[9,10]) where two measurements mutually excluded each other. In 
these conditions, it is not surprising to see the fundamental role of 
polarization measurements purposely downgraded to an a posteri-
ori crosscheck of the predictions.

The experimental situation has dramatically improved in the 
last years, first with the most recent CDF measurement of the three 
Υ (nS) polarizations [11], and then with the LHC measurements, 
made by CMS for the five S-wave quarkonium states (two charmo-
nia [12] and three bottomonia [13]) and by LHCb for the J/ψ [14]
and ψ(2S) [15]. These studies were made following the much-im-
proved methodologies proposed in a series of recent publications 
[6,16–18]. The mutual consistency of all these recent results re-
flects their vastly improved robustness with respect to the previous 
measurements.

These new results allow for a change of strategy. We can now 
proceed with “global fits” of quarkonium data, considering the po-
larization measurements at the same level as the cross sections. 
Actually, polarization is much more straightforwardly related to 
the variables of the theory than the momentum distributions, the 
different colour channels for Q Q production being characterised 
by simple and distinctive polarization patterns. This consideration 
guides our analysis, allowing us to make immediate simplifications 
and improve the robustness of the results.

To fully benefit from the improved quality and constraining 
power of the new measurements, efforts must be devoted to a 
careful treatment of the experimental and theoretical uncertainties. 
Correlations induced by systematic uncertainties due to luminos-
ity measurements must be correctly taken into account. A more 
complex type of correlation is the one induced by the strong de-
pendence of the acceptance determinations on the shape of the 
dilepton decay distributions. Previously-reported NRQCD global fits 
[19–22] compared theory curves corresponding to significantly po-
larized quarkonia to differential cross sections measured with ac-
ceptance corrections evaluated assuming unpolarized production, 
a clearly inconsistent procedure. As a further improvement, theo-
retical uncertainties must be modelled in the fitting algorithm, in 
order to allow for a realistic evaluation of the goodness of fit, an 
aspect of the verification of the theory that has not been quantita-
tively addressed in previous analyses.

Furthermore, we should also revisit the very spirit and moti-
vation of these fits. In past studies, measurements made at rather 
low pT, even lower than the mass of the quarkonium state, have 
been included in the NRQCD fits. At first sight, this might seem 
a good idea, because the lowest pT data points are usually the 
ones with the best statistical accuracy and, hence, are the ones 
that most strongly constrain the free parameters of the fits. How-
ever, we cannot a priori expect that low-pT data are reproduced 
by perturbative calculations at fixed order, the presently available 
ones being limited to next-to-leading order (NLO) in αs , and us-
ing them to constrain the fitted parameters is a priori unjustified. 
Even worse, their high statistical accuracy might lead the fit into 
strongly biased results. When we compare data to theory, the per-
tinent question is not “Do current calculations reproduce heavy 
quarkonium data?” but rather “Is there a kinematic domain where 
current calculations reproduce heavy quarkonium data?”. To search 
for possible domains of validity of the present calculations in the 
description of charmonium and bottomonium production, we will 
apply progressively changing kinematic thresholds to the data and 
study the corresponding variations in the fit results.

The paper is organised as follows. After a preliminary descrip-
tion of the theory ingredients in Section 2, we present some basic 
considerations that drive our analysis, inspired by recurring pat-
terns in the data and in particular in the polarization measure-
ments. The use of LHC data to study the possible domain of va-
lidity of the presently available NLO calculations is described in 
Section 4. The main results of the global analysis are presented in 
Section 5 and discussed in Section 6.

2. Theory ingredients

In the hypothesis of factorization of short- and long-distance 
effects, the cross section for the inclusive production of the bound 
meson H (plus unobserved particles, X) in a collision of initial sys-
tems A and B is expressed by the formula
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Fig. 1. Prompt J/ψ differential cross section measured by CDF in p–p̄ collisions at √
s = 1.96 TeV [24], compared to individual SDCs calculated at NLO [23] and scaled 

by LDMEs fitted [19,20] to the data. The 3P [8]
J contribution is negative for pT <

7.5 GeV, as indicated by the dashed curve.

σ(A + B → H + X) =
∑
S,L,C

S
(

A + B → Q Q
[2S+1LC

J

] + X
)

×L
(

Q Q
[2S+1LC

J

] → H
)
. (1)

In each term of the sum, the (kinematics-dependent) short-dis-
tance coefficient (SDC), S , is proportional to the parton-level cross 
section for the production of the pre-resonance Q Q in a given 
angular momentum (L, S) and colour (C ) configuration, while the 
corresponding (constant) LDME, L, is proportional to the proba-
bility of the bound-state formation. The theory ingredients of our 
analysis of ψ(2S) and Υ (3S) production in pp collisions at the LHC 
are the perturbative calculations of the transverse and longitudinal 
SDCs for colour-octet and colour-singlet Q Q pairs. The LDMEs are 
fit parameters determined from data. In the non-relativistic limit, 
the production of S-wave vector quarkonia is expected to be dom-
inated by the colour-singlet (3S[1]

1 ) and three colour-octet (1S[8]
0 , 

3S[8]
1 and 3P [8]

J ) channels. We use the calculations made at NLO re-
ported in Ref. [23], provided for a rest energy of the colour-singlet 
or colour-octet pre-resonance state E Q Q = 3 GeV, rescaled to the 
actual mass of the considered quarkonium state, as explained in 
Section 4. For illustration, Fig. 1 shows the individual contribu-
tions (products of pT-dependent SDCs times constant LDMEs) of 
the four Q Q colour configurations, and their sum, compared to 
the prompt J/ψ cross section measured by CDF in p–p̄ collisions 
at 

√
s = 1.96 TeV [24]. The LDMEs multiplying the octet SDCs have 

been obtained from a global fit of hadro- and photo-production 
data [19,20]. It is worth noting that the 3P [8]

J NLO SDC is positive 
up to pT ≈ 7.5 GeV and negative for higher pT values. Once mul-
tiplied by the negative LDME returned by the fit, this octet term 
gives a negative contribution to the low pT cross section.

Fig. 2 illustrates how the individual SDCs change from LO to 
NLO. The 3P [8]

J SDC, for pT above 7.5 GeV, changes from positive 
at LO to negative at NLO. Fig. 3 shows the pT dependence of the 
polarization parameters λϑ , calculated at NLO for vector quarkonia 
produced in different Q Q colour configurations, where λϑ = (ST −
SL)/(ST + SL) and ST (SL) is the transverse (longitudinal) short 
Fig. 2. Ratios between the NLO and LO SDCs calculated for a quarkonium of mass 
M = 3 GeV and √s = 7 TeV [23]. For pT < 7.5 GeV, the 3P [8]

J SDC changes from 
positive at LO to negative at NLO.

Fig. 3. Polarizations parameters λϑ calculated at NLO for the colour-singlet and 
colour-octet terms, for a quarkonium of M = 3 GeV and √s = 7 TeV [23] (at LO, 
λϑ ≈ 1 for 3S[1]

1 and 3S[8]
1 , and λϑ ≈ 0 for 1S[8]

0 and 3P [8]
J ).

distance cross section, in the helicity frame (HX). At LO, except for 
small deviations at low pT, vector quarkonia have λϑ either equal 
to +1 (from 3S[1]

1 or 3S[8]
1 ) or to 0 (from 1S[8]

0 or 3P [8]
J ).

Among the colour-octet contributions, the 3P [8]
J transverse and 

longitudinal short-distance cross sections raise attention for sev-
eral peculiarities, calling for extra efforts in improved calculations. 
Firstly, both the Q Q yield and its polarization change drastically 
from LO to NLO. Secondly, at NLO they have unphysical behaviours, 
the yield being negative at low or high pT, depending on the sign 
of the corresponding LDME, and the polarization parameter λϑ

reaching values higher than +1 (and even diverging for a certain 
value of pT, when ST = −SL). Usually this is not considered as 
a conceptual problem. In existing NRQCD analyses only the sum 
over all subprocesses is expected to lead to physically meaning-
ful observables, while cross sections and polarizations of individual 
subprocesses are not required to be physical. From a methodologi-
cal point of view, however, it is not safe to assume that the fit will 
accomplish the exact cancellation of the unphysical effects. At least 
in principle and at least in some phase space regions, such exact 
cancellations may be affected by approximations in the models (in-
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cluding the use of the model outside its domain of validity), by a 
not sufficiently accurate treatment of the experimental constraints 
on the theoretical parameters, or even simply by their statistical 
and systematic fluctuations. Fits relying on delicate compensations 
clearly demand special care.

In our analysis we also want to explore the additional hypoth-
esis that all contributing processes are individually observable and 
discernible via experimental measurements of suitable precision. 
Adopting this scenario, we are effectively embracing the “intuitive” 
view of quarkonium production as a two-step process, in which 
the Q Q production step and the hadronization step are observ-
able physical processes. We believe that this hypothesis is worth 
testing because of its attractiveness in terms of the phenomeno-
logical understanding of bound-state formation and because it has 
important repercussions, for example in the scope of experimental 
studies of quarkonium absorption in proton–nucleus and nucleus–
nucleus collisions. These measurements effectively probe the in-
teraction of the Q Q pre-resonance state with the nuclear mat-
ter, usually much before the formation of the quarkonium bound 
state, and phenomenological interpretations naturally treat this 
Q Q pre-resonance state as an object with definite physical prop-
erties [25,26].

We note that the presently available NLO SDC calculations sup-
port this scenario, in the sense that the different colour-singlet and 
colour-octet contributions have significantly different pT distribu-
tions and polarizations. This means that it is possible to measure 
all contributions individually, through a global fit to the data, to 
the extent allowed by the accuracy of the measurements. If the 
3P [8]

J NLO SDC, as known today, were included in such global fits, 
it would be possible to define suitable kinematic discriminants that 
would use its individual characteristics to distinguish it (on a sta-
tistical basis) from the other terms. This means that the global-fit 
analysis would identify regions of phase space where quarkonia 
would have negative cross sections and decay distributions vio-
lating angular momentum conservation. This reasoning suggests 
that the presently existing NLO 3P [8]

J results might be unreliable 
and that higher order corrections should be sizeable, so that we 
perform our global fit analysis neglecting this component. Other, 
data-driven, motivations for this choice are reported in the next 
section.

3. Data-driven considerations

Our analysis is inspired and guided by two main data-driven 
considerations. The first is illustrated by Fig. 4, which shows the 
mid-rapidity differential cross sections for the production of seven 
different quarkonium states, as measured by the ATLAS and CMS 
experiments [27–31]. We applied a mass rescaling to the pT vari-
able in order to equalise the kinematic effects of different average 
parton momenta and phase spaces. When transformed to pT/M
distributions, the shapes of the differential cross sections of these 
seven states are well described (at least for pT/M > 3) by a simple 
empirical function [32],

pT

M
·
(

1 + 1

β − 2
· (pT/M)2

γ

)−β

, (2)

with common values of the β and γ parameters (the normalised 
χ2 of the global fit is 1.0 with 77 degrees of freedom).

The easiest conjecture explaining this common behaviour is 
that a very simple composition of processes, probably dominated 
by one single mechanism, is responsible for the production of all 
quarkonia. If several mechanisms were simultaneously at play, we 
would expect to see variations of their mixture because the differ-
ences in the masses of the component quarks and in the binding 
Fig. 4. Mid-rapidity quarkonium differential cross sections as a function of pT/M , 
measured at √s = 7 TeV by the ATLAS and CMS experiments [27–31]. The solid 
curve is a fit to the J/ψ data of CMS (for pT/M > 3), using Eq. (2), which leads to 
β = 3.62 ± 0.07 and γ = 1.29 ± 0.32; the dashed curves are replicas with normali-
sations adjusted to the individual datasets.

energy of the observed hadrons should induce changes in the non-
perturbative effects. We must also keep in mind that the produc-
tion kinematics addressed by these measurements differ from each 
other in that they contain almost pure S-wave (ψ(2S) and Υ (3S)) 
or P -wave (χc1 and χc2) contributions or, because of feed-down 
effects, a mixture of the two (J/ψ , Υ (1S), Υ (2S)). If confirmed 
with higher precision, the observed pT/M scaling would provide a 
strong physical indication without relying on explicit theoretical 
calculations. In fact, since the kinematics of colour-singlet pro-
cesses is necessarily dependent on the angular momentum of the 
observed state, observing that states of different angular momen-
tum quantum numbers are produced perturbatively with identi-
cal kinematics directly implies that colour-singlet processes play a 
negligible role.

The second, even stronger, hint comes from the quarkonium 
polarization measurements. As shown in Fig. 5, the polarizations 
of the S-wave quarkonia recently measured by CDF [11] and at 
the LHC [12–14,34] cluster around the unpolarized limit, with 
no significant dependencies on pT or rapidity, no strong changes 
from directly-produced states to those affected by P -wave feed-
down decays, and no evident differences between charmonium and 
bottomonium. This observation strengthens the conjecture that, 
in “zero-order” approximation, all quarkonia are dominantly pro-
duced by a single mechanism. Naturally, the polarization observ-
able has an immediate interpretation in terms of angular mo-
mentum properties, especially strong given the peculiarity of the 
unpolarized result: the dominant channel must be the one leading 
to the “ground-state” pre-resonance object 1S[8]

0 .
One may wonder whether this conclusion is in contradiction 

with previous NRQCD studies that, exclusively fitting pT distri-
butions, point to a mixture of the 1S[8]

0 , 3S[8]
1 and 3P [8]

J channels 
definitely leading to transverse polarization [19,20]. The answer is 
that the process mixture resulting from the fit depends in a dra-
matic way on the pT range where the fit is performed. We can 
have opposite physical indications when the data are fitted down 
to the lowest measured pT (the results being dominated by the 
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Fig. 5. Charmonium (top) and bottomonium (bottom) polarizations, as measured by 
CDF [11], ALICE [34], CMS [12,13] and LHCb [14].

more precise low-pT data points) or when we assume a “validity 
domain” of the theory starting from a higher pT value. To illus-
trate this statement, Fig. 6 shows how the 3S[8]

1 and 1S[8]
0 SDCs for 

J/ψ production compare to the data when they are normalised to 
the lowest- or highest-pT point. While the low-pT points are well 
described by the 3S[8]

1 contribution and determine, therefore, a pre-
diction of transverse polarization if included in the fit, at higher 
pT the data are closer in shape to the 1S[8]

0 SDC: a fit starting at 
a pT value in the range 10–15 GeV would lead to a dominance of 
the unpolarized 1S[8]

0 contribution. In fact, a surprisingly important 
role of the 1S[8]

0 component was already seen in Ref. [33], where 
charmonium data were fitted adopting a pT threshold higher than 
in previous analyses. These considerations illustrate the crucial im-
portance of performing a scan of kinematic thresholds to search 
for a possible domain of validity of the theory. This procedure will 
be the subject of Section 4.

Despite often-heard claims to the contrary, a careful look at 
Fig. 1 reveals that the fitted curve is a very unsatisfactory descrip-
tion of the measurements, given their rather small uncertainties. 
It is usually argued that theoretical uncertainties, not included in 
the fit, can cover the observed discrepancy, reconciling theory and 
data. However, as shown in Figs. 1 and 3, the 3P [8]

J octet is the only 
component that significantly changes from LO to NLO, in polariza-
Fig. 6. 3S[8]
1 and 1S[8]

0 SDCs of J/ψ production [23] normalised to the first data point 
(dashed lines) or to the last data point (solid lines) of the prompt J/ψ cross section 
measured by CDF [24].

tion and in the shape of the pT distribution (changes in normalisa-
tion are absorbed in the LDMEs and do not affect the fit quality). 
Actually, judging from the difference between the LO and NLO cal-
culations, the current theoretical uncertainty in the 3P [8]

J term is so 
large that by considering it in the fit we would introduce an exces-
sive freedom, running the risk that this undetermined contribution 
would artificially absorb the data-theory discrepancy: the fit would 
improve its “mathematical quality” at the expense of losing all its 
physical impact.

We should also mention that, particularly in cases where a 
model does not describe faithfully the data, the fit can lead to 
meaningless and unstable results. It is helpful, at least as an ini-
tial step — in our case, the kinematic domain scan — to reduce the 
freedom of the fit to a minimum of essential parameters, with the 
aim of obtaining stable and univocal results in each tested condi-
tion. Besides its large uncertainty, the mathematical peculiarities 
of the 3P [8]

J SDC, mentioned in Section 2, represent a further dan-
ger to the robustness of the fit. Therefore, and in line with the 
arguments exposed in the previous section, we will perform our 
domain scan considering only the 3S[1]

1 , 3S[8]
1 and 1S[8]

0 components. 
More than a practical solution, this choice emerges from the pre-
viously discussed data-driven expectation that, within the domain 
of validity of the theory, the 1S[8]

0 octet must be the dominant con-

tribution; the 3P [8]
J term, with its unphysical polarization, can only 

represent a relatively small correction. In any case, the impact of 
this initial assumption will be tested a posteriori, after a stable 
point in the kinematic domain scan has been found.

4. Kinematic domain scan

Our analysis considers a total of 121 data points, measured in 
pp collisions at 7 TeV by three LHC experiments: ATLAS (Υ (3S)

cross sections [29]), CMS (ψ(2S) [28] and Υ (3S) [30] cross sec-
tions; and ψ(2S) [12] and Υ (3S) [13] polarizations) and LHCb 
(ψ(2S) [35] and Υ (3S) [36] cross sections). They correspond to 
ψ(2S) data of pT > 4 GeV (43 points) and to Υ (3S) data of pT >

10 GeV (78 points), including pT-differential cross sections



P. Faccioli et al. / Physics Letters B 736 (2014) 98–109 103
(99 points) and polarizations (λϑ , 22 points). We only consider 
ψ(2S) and Υ (3S) measurements to minimise the feed-down ef-
fects in the comparison between the data and the calculations, 
which are exclusively made for directly-produced quarkonia. While 
ψ(2S) production is certainly insensitive to feed-down contamina-
tions, neglecting such effects in the Υ (3S) case is an approxima-
tion that lacks experimental support and that might need to be 
revisited once measurements of the χb(3P ) to Υ (3S) feed-down 
fraction will be made available. The description of the production 
of the remaining S-wave quarkonia involves a larger number of 
free parameters, the LDMEs of the χ1 and χ2 states, and will be 
addressed in a future development of our work, which will include 
additional constraints from detailed measurements of the P -wave 
cross sections and polarizations, as well as new measurements of 
S-wave states, including the measurement of the ψ(2S) polariza-
tion at forward rapidity and low pT recently reported by the LHCb 
Collaboration [15].

The experiments have provided a thorough account of the de-
pendence of each cross-section data point on the polarization hy-
pothesis assumed in the acceptance determination. It is crucial to 
take this effect properly into account because it induces a strong 
correlation between the cross-section data points and the actual 
polarization prediction tested in the fit, thereby correlating the 
data points themselves. In our fit procedure, for each value of the 
explored parameter space (i.e., the 1S[8]

0 and 3S[8]
1 LDMEs of the 

ψ(2S) and Υ (3S): four free parameters) we start by calculating 
the polarization prediction for each cross-section measurement; 
then we use this polarization value to recalculate the cross sec-
tions, using an acceptance correction taken from the tables pro-
vided by the experiments (with suitable interpolations). We also 
explicitly treat the point-to-point correlations induced by the lu-
minosity uncertainties in the cross-section measurements. To do 
this, for each cross-section data set we introduce a nuisance pa-
rameter representing a global rescaling of all points, constrained 
according to the relative luminosity uncertainty.

Concerning the theoretical ingredients, we use SDCs (and their 
longitudinal and transverse components) calculated for the produc-
tion of a Q Q pair of E0 = 3 GeV rest energy [23]. To obtain the 
shape of the SDC for the production of a Q Q object of rest en-
ergy equal to the mass of the considered quarkonium state, M , we 
must rescale the pT variable by M/E0. It can be objected that this 
is not sufficient, because the rest energy of the Q Q pair, E Q Q , 
is not necessarily equal to M . However, we must also consider 
what happens, from the kinematic point of view, in the transition 
from the Q Q to the observable quarkonium, because of the emis-
sion or absorption of soft gluons. It can be shown that the average 
quarkonium three-momentum p and the Q Q three-momentum P
(both in the laboratory) are related by the approximate expres-
sion 〈p2〉/P 2 � M2/E2

Q Q
. The approximation is excellent (correc-

tions ≤ 2%) for |E Q Q − M| of the order of the energy splitting 
between the radial and orbital angular momentum excitations of 
quarkonia. Towards mid-rapidity we can assume that, on average, 
pT/p Q Q

T � M/E Q Q . Even if, assuming that E Q Q were known, we 
rescaled the Q Q pT by E Q Q /E0 to obtain the observed quarko-
nium kinematics, we should then also scale the pT by M/E Q Q . 
The net result of the two scalings is equivalent to one overall scal-
ing by M/E0, which is, therefore, an as-much-as-possible accurate 
representation of the quarkonium production kinematics.

We complement the pT rescaling of the SDCs with a nor-
malisation rescaling exponentially depending on the quarkonium 
mass, approximately reflecting the normalisation dependence of 
the measured pT/M distributions (Fig. 4). Since any normalisation 
shift in the SDC S is effectively reabsorbed in a rescaling of the 
corresponding LDME L (except for the singlet term, which gives 
Fig. 7. Normalised χ2 of the fits to the Υ (3S) and ψ(2S) data, as a function of the 
mass-scaled pT threshold used to select the data, pmin

T /M .

a negligible contribution), this choice has no influence on the fit 
quality nor on the results for the cross sections of the individual 
octet processes, σ(A + B → Q Q [2S+1 L[8]

J ] → H + X) = S(A + B →
Q Q [2S+1 L[8]

J ] + X) ×L(Q Q [2S+1 L[8]
J ] → H). Only these cross sec-

tions, denoted by σ(2S+1 L[8]
J ) in what follows, can be directly com-

pared among analyses; the LDMEs fitted from the ψ(2S) data, for 
instance, differ by about a factor of two if we use the unscaled 
SDCs.

From a physical point of view, our redefinition of the SDCs 
equalises the meaning of one given LDME among different states: 
two states of different mass but same value of L(Q Q [2S+1 L[8]

J ] →
H) are characterised, with this convention, by approximately the 
same probability of the Q Q [2S+1 L[8]

J ] → H transition; using the 
E0 = 3 GeV convention for both ψ(2S) and J/ψ , for example, the 
two probabilities would differ by about a factor of two.

As explained in the previous sections, our central question is 
whether it is possible to define a kinematic domain, at sufficiently 
high pT, where current calculations give a statistically satisfy-
ing description of the available data. The first step in our analy-
sis is, therefore, a series of fits performed by selecting only the 
data points (for cross sections and polarizations, from all consid-
ered experiments) satisfying the selection pT > pmin

T , for a pro-
gressively increasing choice of pmin

T . Following the motivations 
given in Sections 2 and 3, we consider the LDMEs L(1S[8]

0 → H)

and L(3S[8]
1 → H) as the only two parameters of interest, assuming 

that L(3P [8]
J → H) is negligible. For stability reasons, we perform 

the pmin
T scan without including a modelling of the theoretical un-

certainties (which will be discussed in Section 5). In the absence 
of theoretical uncertainties, the fits to ψ(2S) and Υ (3S) data are 
essentially uncorrelated and can be treated as two independent 
procedures. Fig. 7 shows how drastically the quality of the two fits 
change with varying pmin

T , while Fig. 8 shows the corresponding 
behaviour of the fitted parameters.

Let us first consider the Υ (3S) case. Above pmin
T /M ∼ 3 the nor-

malised χ2 of the fit stops showing a decreasing trend and reaches 
a value of order 1 (the exact value being lower than one simply in-
dicates the presence of correlations in the published point-to-point 
systematic uncertainties and is not relevant for our studies). Corre-
spondingly, the LDMEs cease to show any systematic trend above 
pmin ∼ 30 GeV and start a statistical-like oscillation around a com-
T
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Fig. 8. Dependence with pmin
T of the 1S[8]

0 (green in the web version, left y-axes) 
and 3S[8]

1 (red in the web version, right y-axes) LDMEs fitted from the Υ (3S) (top) 
and ψ(2S) (bottom) data. See the text for details.

mon value, with obviously increasing uncertainty. This behaviour is 
typical of the stabilisation of the fit results, when tensions between 
data and theory disappear and further rejection of data already re-
moves points inside the domain of the theory. With this criterium, 
we can consider the Υ (3S) results as being well described by the 
theory for pmin

T /M > 3. Also in the ψ(2S) scan we reach a small 
and rather stable normalised χ2 value for pmin

T /M > 3, even if the 
trend of the LDMEs still leaves open the possibility that a complete 
stabilisation may only happen at slightly higher pmin

T /M values.
While future data, extending with better precision towards 

higher pT, are needed for a conclusive statement, we do not expect 
a significant change of the physical conclusions, as can be appre-
ciated from Fig. 9. The relative importance of the σ(1S[8]

0 ) colour-
octet cross section with respect to the total contribution of colour-
octet processes, calculated at an arbitrary reference pT/M = 6 and 
mid-rapidity, saturates close to unity in the ψ(2S) case, clearly 
indicating that the 1S[8]

0 octet state dominates ψ(2S) production, 
whereas the Υ (3S) trend points to a more democratic share be-
tween the 1S[8]

0 and 3S[8]
1 contributions, at such high pT values.

Fig. 9 also shows, for both quarkonia, that a fit performed by 
undiscriminatingly including all available data down to the low-
est pT would lead, with high significance, to the opposite physical 
conclusion: that 1S[8]

0 production is negligible and the S-wave cross 
sections are dominated by the (transversely polarized) 3S[8]

1 contri-
bution. As anticipated in Section 3, this conclusion, “traditionally” 
presented as a theoretical prediction, is in reality a result com-
Fig. 9. Dependence with pmin
T /M of the σ(1S[8]

0 ) fraction in the total octet cross 
section, calculated for pT/M = 6.

pletely determined by the use of data not belonging to the domain 
of validity of the theory calculations.

We conclude this section by clarifying that our considerations 
would not be modified by the inclusion of photoproduction data, 
given that all such measurements are presently restricted to the 
low-pT region, excluded by our study. Therefore, the hypothesis 
that the LDMEs are universal cannot be tested until precise photo-
production data will become available at high pT.

5. Results and predictions

Given the results shown in the previous section, we continue 
our analysis only using the 44 data points (30 cross sections and 
14 polarizations) that belong to the kinematic domain pΥ (3S)

T >

30 GeV and pψ(2S)

T > 12 GeV. These numerical values are clearly 
affected by some degree of arbitrariness and might have to be ad-
justed, at least in the ψ(2S) case, when more precise high-pT data 
will become available.

We start by addressing our data-driven assumption that we can 
neglect the 3P [8]

J contributions in the description of S-wave quar-
konium production. Given the very good quality of the fits per-
formed with L(3P [8]

J ) = 0, the current Υ (3S) and ψ(2S) measure-
ments are far from indicating the necessity of a non-vanishing 
P -wave octet component. Despite the caveats exposed in Sec-
tions 2 and 3 (in particular, we must be very critical regarding 
fits including this octet component, given its overwhelming theo-
retical uncertainty), we have repeated the fit with the additional 
free parameter L(3P [8]

J ). In the ψ(2S) case, the central values of 
the fit results do not change, the fractional contributions to the 
octet cross sections at pT/M = 6 being (80 ±8)% (1S[8]

0 ), (20 ±20)%

(3S[8]
1 ) and (0 ± 20)% (3P [8]

J ), fully consistent with our hypoth-

esis and with the result shown in Fig. 9. The large 3S[8]
1 and 

3P [8]
J uncertainties are strongly anti-correlated. The Υ (3S) fit be-

comes strongly under-constrained, still favouring, nevertheless, the 
1S[8]

0 -octet cross-section component (at 80+70
−30%).

For a realistic evaluation of the LDMEs, we have included the-
oretical uncertainties in the fit procedure. For the 1S[8]

0 and 3S[8]
1

SDCs and polarizations, we assume as uncertainty (corresponding 
to a ±1σ variation) the magnitude of the difference between NLO 
and LO calculations (shown in Section 2). In the case of the colour-
singlet cross section and polarization, we keep the NLO calculation 
as central model but define the uncertainty as the difference with 
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respect to the partial NNLO calculation of Ref. [37], except for the 
−1σ uncertainty in the cross section case, taken to be the LO 
model, to constrain the cross section to positive values. The nui-
sance parameters describing these allowed variations of the short-
distance ingredients are kept common to the Υ (3S) and ψ(2S) in 
one global fit, accounting for the correlation that the theoretical 
uncertainties induce between them.

Fig. 10 shows the fitted data and the best-fit curves for the 
cross sections and polarizations, including the individual colour-
singlet and colour-octet contributions. Uncertainty bands are also 
shown for the 1S[8]

0 and 3S[8]
1 cross section and polarization compo-

nents. The best-fit normalisation of the colour-singlet contribution, 
constrained within the theoretical uncertainties, is slightly lower 
than the NLO calculation.

Fig. 11 shows the ψ(2S) and Υ (3S) probability densities of the 
fitted 1S[8]

0 and 3S[8]
1 LDMEs, in the form of two-dimensional con-

tours, while Fig. 12 shows the corresponding distributions of the 
3S[8]

1 /1S[8]
0 LDME ratio. Remarkably, the magnitudes of the two ma-

trix elements are very different, in contradiction with expectations 
based only on the scaling with the heavy-quark velocity, as dis-
cussed in the next section.

Overall, in both the ψ(2S) and Υ (3S) cases, the 1S[8]
0 octet is 

the dominant production channel. However, at very high pT the 
3S[8]

1 contribution seems to start prevailing in the Υ (3S) case, 
as can be observed in the top left panel of Fig. 10, indicating 
that very-high-pT Υ (3S) mesons might be produced with a strong 
transverse polarization. This is clearly illustrated in Fig. 13, which 
shows the cross sections and polarizations corresponding to the 
fitted LDMEs, extrapolated to pT values well beyond the ranges 
probed by the existing measurements. These predictions were cal-
culated using the two-dimensional probability-density function for 
the fit parameters, thereby taking into account parameter correla-
tions and the modelled theoretical uncertainties, besides the ex-
perimental ones.

To put our results in the context of the existing literature, we 
stress that this is the first analysis specifically dedicated to the 
strategy for the comparison of existing theory calculations to mea-
surements, with a data-driven attitude and a focus on the treat-
ment of the experimental results. Previous “global-fit” analyses 
were, instead, byproducts of studies centred in the calculation of 
the short-distance ingredients of NRQCD. In fact, remarkable ef-
forts by a few groups triggered a great progress on this front over 
the last years, leading to full NLO cross-section and polarization 
calculations for different collision systems, energies and kinematic 
domains, for all relevant colour-singlet and colour-octet processes, 
including P -waves. The comparisons with data, however, have not 
followed detailed strategies and rigorous reproducibility criteria, 
so that it is often difficult to appreciate the consequences and 
prospects of the different fit approaches. It is sometimes impossi-
ble to understand the reasons for the differences in the fit results, 
which in some cases are very significant, giving the wrong over-
all impression that the NRQCD framework is either very unstable 
with respect to variations in the inputs or that it can at most 
give order-of-magnitude evaluations of cross sections and qualita-
tive estimates of polarizations.

Some analyses include cross-section measurements down to 
pT = 3 GeV [19,20], others apply a fixed threshold pT > 7 GeV [21,
22]. With different data sets from analysis to analysis, it is dif-
ficult to quantify exactly how the choice affects the results and 
the quality of the theory-data agreement. In fact, the quantifica-
tion of the agreement only addresses the cross sections or is not 
even reported. Moreover, since the polarization uncertainty corre-
lations and luminosity uncertainties are never mentioned, one has 
to assume that they are neglected or assumed to be uncorrelated 
among different kinematic intervals, a choice that introduces an 
artificial freedom in the predicted shapes.

We take as examples three recent analyses of prompt charmo-
nium production: BK [19,20], CMSWZ [21] and GWWZ [22]. BK 
considers a large amount of J/ψ data from Tevatron, LHC, RHIC 
and photo-production, using only pT distributions as constraints 
and neglecting the feed-down from χc decays. CMSWZ only con-
siders J/ψ data from CDF, for pT > 7 GeV, including the polariza-
tion as constraint and neglecting the χc feed-down. GWWZ uses 
CDF and LHCb data for J/ψ , ψ(2S) and χc , with pT > 7 GeV, 
excluding polarizations and including the modelling of the feed-
down for the J/ψ , fitting the χc0

3S[8]
1 LDME. The outcomes of BK 

and GWWZ are, despite the very different strategies, substantially 
similar: a strong transverse polarization is predicted for directly 
produced S-wave charmonium in the pT range covered by the 
CMS measurements. CMSWZ reproduces the unpolarized scenario 
by allowing a mutual cancellation of the transverse polarizations 
of the 3S[8]

1 and 3P [8]
J cross-section terms, which are found to 

have opposite signs. However, the study suggests that no unique 
scenario can describe at the same time the CDF pT distributions 
(7 < pT < 20 GeV) and the LHC ones (7 < pT < 70 GeV). The lat-
ter are shown to lie entirely, with their error bars, between two 
curves, corresponding to the octet cross-section term containing 
either 0% or 100% contribution of 1S[8]

0 , which exclude the CDF 
best-fit result. It is concluded that the current LHC measurements 
lack constraining power on the parameter space, especially on the 
1S[8]

0 LDME. No quantification of the goodness of agreement is re-
ported for any of the considered scenarios.

6. Discussion regarding the observed LDME hierarchies

The results of our study point to the existence of a much 
stronger hierarchy of LDMEs than the one predicted by the usual 
power-counting scheme of NRQCD, based on elegant and very 
general considerations on the formal structure of the NRQCD La-
grangian and operators. In NRQCD the three octet contributions 
1S[8]

0 , 3S[8]
1 and 3P [8]

J are expected to scale in the same way for 
small values of the heavy-quark velocity v in the Q Q rest frame 
and, therefore, to have similar magnitudes. Two basic considera-
tions compete in the determination of this result. On one hand, 
independently of the observed particle (S-wave or P -wave quarko-
nium), transitions from octet (or singlet) states with non-zero or-
bital angular momentum are suppressed, reflecting the fact that 
the perturbative Q Q state must be produced at short-distance 
and small relative momentum. In particular, transitions from pre-
resonance P -wave octet (and singlet) states are suppressed by a 
factor v2 (coming from two additional spatial derivatives in the 
structure of the respective operators). On the other hand, the 
probability of soft-gluon emission depends on the process. The 
3P [8]

J → ψ/Υ + g process is a chromoelectric transition (�L = ±1, 
�S = 0), while 1S[8]

0 → ψ/Υ + g is a chromomagnetic transition 
(�L = 0, �S = ±1): their probabilities scale, respectively, like v2

and v4. The 3S[8]
1 → ψ/Υ + gg process is predominantly a double-

chromoelectric transition, its probability scaling like v4. These two 
considerations alone lead to the prediction that the three colour-
octet contributions should have comparable magnitudes (all scaling 
like v4).

In order to understand why, instead, the data indicate the hi-
erarchy 3P [8]

J � 3S[8]
1 � 1S[8]

0 , these rules must apparently be in-
tegrated with further conjectures on the mechanism of quarko-
nium formation. For example, the dependence of the interaction 
potential on the colour state of the quark–antiquark pair may 
play a role. With colour neutralisation, the short-distance poten-
tial changes from weakly repulsive, V 8 ≥ 0, to attractive, V 1 < 0. 
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Fig. 10. Data points used in the global fit and resulting curves for the total and individual terms. The colour-singlet contribution is represented by the LO (dashed), NLO 
(dot-dashed) and partial NNLO (dotted) calculations, together with the corresponding best-fit curve (solid).
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Fig. 11. Probability densities of the fitted 1S[8]
0 and 3S[8]

1 LDMEs, for the ψ(2S) and 
Υ (3S), represented by the 68.3%, 95.5% and 99.7% confidence level contours.

Fig. 12. ψ(2S) and Υ (3S) probability densities of the 3S[8]
1 /1S[8]

0 ratio of LDMEs.

Therefore, in the octet-to-singlet transition the Q Q pair under-
goes a significant decrease in potential energy, �V (8 → 1) � V 1 �
−T , of the order of the kinetic energy T of the bound state, 
i.e., of the energy splitting between radial and orbital angular 
momentum excitations of the quarkonium, ∼ 0.4–0.6 GeV (very 
similar for charmonium and bottomonium). Transitions in which 
the Q Q kinetic energy decreases (�T < 0) should therefore be 
disfavoured, because they require that the emitted soft gluons 
have comparatively high energy: E g = |�V | − �T . In particular, 
the 3P [8]

J → J/ψ[Υ (1S)] transition, with �T ∼ m(J/ψ[Υ (1S)]) −
m(χ) ∼ −0.4 GeV, should be suppressed, while the transition from 
1S[8]

0 , with �T ∼ m(J/ψ[Υ (1S)]) − m(ηc[ηb]) ∼ +0.1 GeV, would 
be the least subject to the energy requirement on the gluon ra-
diation. This sort of threshold effect may explain why ψ(2S) and 
Υ (3S) production is dominated by the 1S[8]

0 and 3S[8]
1 octets.

Another fact worthy of attention is that the measured 3S[8]
1 sup-

pression with respect to 1S[8] is not as strong for the Υ (3S) as for 
0
Fig. 13. Fitted ψ(2S) and Υ (3S) mass-scaled pT-differential cross sections (top) 
and polarizations (bottom), as shaded bands, extrapolated to much higher pT values 
than the ranges covered by the fitted data, also shown on the figures. The partial 
contributions are also shown, for comparison.

the ψ(2S). This may possibly reflect the fact that the b quark in 
a bottomonium state, having larger average momentum than the 
c quark in a charmonium state, can emit higher-energy gluons. 
Clearly, this is only one possible conjecture. Alternative velocity-
scaling schemes [38,39] also go in the direction of a better quali-
tative description of the measured LDME hierarchy, by reducing or 
eliminating the relative suppression of the chromomagnetic octet-
to-singlet transition with respect to the chromoelectric one, there-
fore favouring the single-emission transition 1S[8]

0 over the double-

emission transition 3S[8]
1 . Incidentally, the different quality of the 

interaction potential for singlet and octet quark–antiquark pairs 
may also have a role in the observed dominance of octet processes 
over the singlet ones, given that the expansion of the initial “point-
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like” Q Q towards bound-state sizes is energetically favoured when 
the short-distance potential is repulsive rather than attractive.

These reasonings do not pretend to represent rigorous and 
univocal explanations of the measured effects. They should be 
considered as illustrations of how the observation of definite scal-
ing hierarchies for the LDMEs as a function of quarkonium mass, 
binding energy and quark flavour can have strong implications 
concerning the long-distance processes at play. Clarifying such hi-
erarchies is one of the most stimulating reasons justifying accurate 
quarkonium production measurements at high-pT, to be made at 
the LHC, so that we can pave the way towards a clear-cut under-
standing of bound-state formation in QCD.

Concerning P -wave quarkonium production, the double chro-
moelectric transition 3P [8]

J → χ + gg is disfavoured with respect 
to the single 3S[8]

1 → χ + g one, besides being suppressed be-
cause of the higher angular momentum of the colour-octet state. 
For P -wave quarkonium production it is expected, therefore, that 
the P -wave octet contribution is negligible. Among the remaining 
ones, the single chromoelectric transition 3S[8]

1 → χ + g should be 
favoured with respect to the double chromomagnetic+chromoelec-
tric 1S[8]

0 → χ + gg transition, but the relative importance of the 
two may be influenced by the �T > 0 enhancement of the latter 
and, a priori, both should be taken into consideration.

The possibility of a non-negligible role of the 1S[8]
0 contribu-

tion in χ production, in analogy with ψ and Υ production, is 
suggested by the two experimental facts discussed in Section 3: 
(1) the approximate universality of the pT/M scaling of S-wave 
quarkonium cross sections, indicating that states with a significant 
χ feed-down behave similarly to the others; (2) the absence of 
a clear polarization pattern differentiating directly produced states 
from those affected by a large χ feed-down. Future χ polariza-
tion measurements will be crucial to distinguish between the 1S[8]

0

and 3S[8]
1 contributions, respectively characterised by lack of po-

larization (χ from 1S[8]
0 ) or by moderate transverse polarizations 

(high-pT χ1 and χ2 from 3S[8]
1 have λϑ = +1/5 and +21/73, re-

spectively, in the centre-of-mass helicity frame1).

7. Summary and conclusions

Non-relativistic QCD, a rigorous and consistent effective theory 
based on QCD, should provide an accurate description of heavy 
quarkonium production. However, the efforts to validate NRQCD as 
a working framework have brought to light serious and persistent 
mismatches between data and calculations, especially concerning 
polarization. Recent CMS measurements of the polarizations of (di-
rectly produced) ψ(2S) and Υ (3S) have seemingly removed any 
residual ambiguity in this evidence.

We have addressed the “quarkonium production puzzle”
through a deep reconsideration of the strategy for theory–data 
comparisons, following a “biased perspective” based on simple 
and intuitive indications seemingly offered by the data. While the 
polarization data are traditionally excluded from global analyses 
of quarkonium production (and used only as a posteriori verifi-
cations of the predictions), we argue that they are actually the 
most stringent and straightforward constraints in discriminating 
the underlying fundamental processes and we move them from 
the periphery to the centre of the study.

1 These values are calculated following the method of Ref. [40], applied to the 
decay chain 3S[8]

1 → χ1,2 + g , χ1,2 → ψ/Υ +γ , where 3S[8]
1 has angular momentum 

projection J z = +1 or −1 (transverse polarization), and assuming electric-dipole 
gluon and photon radiations.
In fact, the measured unpolarized scenario points to a straight-
forward Occam-razor interpretation: the different colour-octet con-
tributions to the S-wave quarkonium yield follow a magnitude 
hierarchy reflecting their degree of polarization. The unpolarized 
1S[8]

0 channel should dominate, while the 3P [8]
J one, with a polar-

ization more transverse than what is physically allowed, should at 
most be a tiny correction. A small 3S[8]

1 contribution, characterised 
by a fully transverse (but physical) polarization, would be sufficient 
to explain the possible tendency of the measured polarizations to-
wards slightly transverse values at higher pT.

The data show another interesting pattern: the differential 
cross sections of seven quarkonium states are compatible with a 
common pT/M scaling, at least for pT/M > 3. Given that these 
quarkonia include two essentially pure S-wave states (ψ(2S) and 
Υ (3S)), three S-wave states affected by a significant feed-down 
from P -wave states (J/ψ , Υ (1S) and Υ (2S)) and two P -wave 
states (χc1 and χc2), their very similar behaviour suggests that 
quarkonium production is the result of a simple mixture of pro-
cesses, stable with varying mass and quantum numbers. This ob-
servation clearly favours a scenario where one single process dom-
inates and, together with the polarization argument, makes it even 
less reasonable to consider that the unpolarized measurements 
could be the result of a delicate cancellation of strongly polar-
ized processes. Furthermore, given that both the 3P [8]

J and 3S[8]
1

octets are transversely polarized, their mutual cancellation implies 
that one of them needs to contribute with a negative cross sec-
tion.

These data-driven considerations guide us in our global fit 
of LHC measurements of ψ(2S) and Υ (3S) cross sections and 
polarizations. Having a prior expectation of what a reasonable 
result will be helps us avoiding the pitfalls of ill-posed, under-
constrained or unstable fits. By excluding polarization data from 
the fits, previous analyses have effectively chosen to restrict the 
safe domain of the theory to the description of the unpolarized 
cross-section observables. We propose a different definition of field 
of validity, including polarization observables as crucial players 
while possibly excluding the lowest-pT data, knowing that fixed-
perturbative-order factorization calculations are supposed to work 
only at sufficiently high pT. The systematic search for the domain 
of validity of the theory through a scan of the kinematic phase 
space is a crucial step in our analysis.

For the first time in this kind of studies, we perform a rigor-
ous treatment of correlated experimental uncertainties, including 
the dependence of experimental acceptances on the polarizations. 
Once a candidate domain of validity is defined, we also include 
in the fit a modelling of the theoretical uncertainties, so that they 
are reflected in the output parameters. This effectively introduces 
a partial correlation between the ψ(2S) and Υ (3S) systems: char-
monium and bottomonium fits become one global quarkonium 
fit.

Bringing the polarization data to the centre of the stage and 
decreasing the (statistically strongest) weight of the low-pT data 
seems to provide a straightforward solution to the puzzle: the 
cross sections and the polarizations are both perfectly fitted by 
the theory in a domain approximately defined by the selection cut 
pT/M > 3. Confirming our initial expectation, no P -wave compo-
nent is needed to describe the data. We also find that the data 
favour a colour-singlet component smaller than the NLO calcula-
tion and even ten times smaller than the partial NNLO calcula-
tion.

These facts, together with the further hierarchy L(3S[8]
1 ) �

L(1S[8]
0 ), are physically intriguing and are to be interpreted as 

strong indications for the understanding of the mechanisms of 
bound-state formation (an example of such interpretations being 
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presented in Section 6). Furthermore, finding that the 3P [8]
J octet 

is not required for the faithful description of quarkonium produc-
tion data is also extremely interesting from another perspective. 
In fact, contrary to what happens in the P -wave octet case, the 
SDCs of the dominant S-wave octet components have a very sta-
ble shape from LO to NLO, indicating that, at the present status of 
the perturbative calculations, the theoretical uncertainties in the 
framework are relatively small. This points to a great potential of 
these calculations as a precision instrument to address and isolate 
the intriguing aspect of the process, the formation of the bound 
state, as described by the non-perturbative LDMEs. If these ob-
servations are confirmed by future data, the LHC measurements 
will provide precise determinations of the LDMEs of all quarko-
nium states in a consistent framework. On the other hand, we 
must call attention to the fact that the existing photo-production 
data belong to the kinematic domain that our study has excluded. 
Therefore, a test of the universality of the LDMEs must wait for 
precise high-pT measurements in processes different from direct 
production in pp collisions.

We must also mention that, while the pT distributions for 
pT/M < 3 cannot be described at NLO using the same process mix-
ture implied by higher-pT data, they are, nevertheless, still compat-
ible with the zero-polarization pattern, smoothly continuing the 
high-pT trend (see Fig. 5). In other words, there is no evidence 
from data alone of a significant change in production mechanism 
from high to low pT. The implied dominance of quarkonium pro-
duction via an intermediate isotropic wave function (presumably 
1S[8]

0 ) finds its simplest explanation in one of the crucial aspects 
of the factorization concept: the quantum numbers of the pro-
duced Q Q change during the bound-state formation, making it 
possible that, for example, a J = 1 quarkonium exhibits a distinc-
tive J = 0 polarization pattern. At the same time, the indication 
comes invariably from low- and high-pT data and is, therefore, 
more “universal” than the validity of the current factorized NLO 
calculation, as established by the results of our high-pT fits. Fur-
thermore, the 1S[8]

0 polarization is zero at all perturbative orders 
and the factorization prediction for the production via 1S[8]

0 is, 
obviously, unpolarized when resummed to all orders in any kind 
of perturbative expansion, in agreement with data down to low 
pT. This leaves open the possibility that the factorization frame-
work may describe simultaneously high- and low-pT data, if more 
advanced calculations improve the pT description (specifically, by 
reducing the steepness of the 1S[8]

0 pT distribution at low pT). 
Also in this case, polarization data show their power in driving 
us towards encouraging indications on the reliability of the theory 
framework.

Finally, we have also extrapolated the fitted cross sections and 
polarizations to very high pT, providing predictions for future LHC 
measurements; the 3S[8]

1 term seems to become more important, 
at least for the Υ (3S), increasing the fraction of transversely po-
larized mesons.

The picture that quarkonia are dominantly produced through an 
intermediate 1S[8]

0 pre-resonance, if confirmed in a broader global-
fit analysis including cross sections and polarizations measured for 
other S-wave and P -wave states, should be an important data-
driven guiding principle for future progress in our understanding 
of hadron formation, complementing recent theory-driven devel-
opments [41–43].
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