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Quarkonium production
Factorization of short- 

and long-distance 
effects
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Quarkonium polarization
• Directly reflects mixture of pre-resonance configurations


• Is measured through the angular decay distribution wrt 
a quantization axis z
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General concepts of the polarization of vector quarkonia 
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zHX = direction of quarkonium momentum 
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momentum configuration. However, contrary to NRQCD, no hierarchy constraints
are imposed on these configurations, so that the cross section turns out to be domi-
nated by QQ̄ pairs with vanishing angular momentum (1S0), in either colour-singlet
or colour-octet states. In their long distance evolution through soft gluon emissions,
J = 0 states get their colour randomized, assuming the correct quantum numbers of
the physical quarkonium. As a result, the final angular momentum vector ⌅J has no
preferred alignment.

In two-body decays (such as the 3S1 � ⇤+⇤� case considered in this paper), the
geometrical shape of the angular distribution of the two decay products (emitted back-
to-back in the quarkonium rest frame) reflects the polarization of the quarkonium
state. A spherically symmetric distribution would mean that the quarkonium would
be, on average, unpolarized. Anisotropic distributions signal polarized production.
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Figure 2: The coordinate system for the measurement of a two-body decay angular
distribution in the quarkonium rest frame. The y axis is perpendicular to the plane
containing the momenta of the colliding beams. The polarization axis z is chosen
according to one of the possible conventions described in Fig. 3.

The measurement of the distribution requires the choice of a coordinate system,
with respect to which the momentum of one of the two decay products is expressed
in spherical coordinates. In inclusive quarkonium measurements, the axes of the
coordinate system are fixed with respect to the physical reference provided by the
directions of the two colliding beams as seen from the quarkonium rest frame. Figure 2
illustrates the definitions of the polar angle �, determined by the direction of one of the
two decay products (e.g. the positive lepton) with respect to the chosen polar axis, and
of the azimuthal angle ⇥, measured with respect to the plane containing the momenta
of the colliding beams (“production plane”). The actual definition of the decay
reference frame with respect to the beam directions is not unique. Measurements
of the quarkonium decay distributions have used three di�erent conventions for the
orientation of the polar axis (see Fig. 3): the direction of the momentum of one of the
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Reference frames: 
Center-of-mass helicity HX: zHX ≈ direction of quarkonium momentum


Gottfried-Jackson GJ: zGJ = direction of one beam or the target


Collins-Soper CS: zCS ≈ direction of relative velocity of colliding particles
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Angular decay distributions

The shape of the distribution is invariant and can be characterized by the frame-
independent quantity 

4

�# = �1
�' = 0

�#' = 0

Longitudinal polarization

Jz = 0

Transverse 

polarization


Jz = ±1

No polarization/ 

isotropic decay

K!"&9!#6"&0N&8!"&
,498)41(-0+&49&
N)#5"@4+$#)4#+8&

j!).!7$(!+*!79$%$7.*%)k*,!
+=!/%$2*K)(,*<*(,*(.!
<$%$2*.*%-!-#79!$-!

Quarkonium polarization 

12 Valentin Knünz (HEPHY Vienna) 25. Nov. 2011 

Frame (in)dependence and azimuthal anisotropy 
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Measurements
in fixed-target experiments 

with several beam particles, 
target nuclei and collision 

energies
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Indications from existing measurements
1. Hierarchy in λθ and λφ parameters:  

CS - GJ - HX


➡ CS axis more naturally reflects the 
alignment of the J/ψ angular 
momentum


➡ Quarkonium production is 
dominated by 2-to-1 processes, 
where the produced state is 
strongly polarized:

- gg → Q fully longitudinally polarized 

- qq → Q fully transversely polarized 


for directly produced quarkonia along the 
natural polarization axis 
(PRD 83 (2011) 056008)
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Indications from existing measurements
2. Decreasing magnitude of 

polarization with increasing pT


➡ Nonzero transverse 
momentum distribution of 
colliding partons has an effect 
for light quarkonia at low pT 
and small xF
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Indications from existing measurements

3. More longitudinal J/ψ 
polarization at small xF 


➡ Relative dominance of gg 
fusion compared to qq 
annihilation at xF close to 0
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qq / gg ratios
pp and p-nucleus collisions

• qq and gg parton densities 
computed as the product of 
the corresponding PDFs using 
CT14NLO from LHAPDF and 
EPPS16


• Minimum of ratio around xF = 0


• Nuclear effects are negligible


• qq annihilation is more 
important for heavier quarkonia
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Empirical model
Assumptions

• Observed polarization of directly produced quarkonia results from the 
interplay between qq annihilation and gg fusion processes.


• Observable mixture of longitudinal (from gg) and transverse (from qq) 
polarizations is fully determined by the product of two ratios:


1. ratio between qq and gg parton densities, R

2. ratio between qq and gg partonic cross sections, r


• Natural polarization parameter in parton-parton CS frame
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valence quarks, are computed with the EPPS16 package [55] and 
applied in the definition of F2.

The second ratio is the one between the qq and gg partonic 
cross sections,

r = σ̂ (qq → Q)

σ̂ (gg → Q)
, (2)

assumed to be universal, that is, identical for all considered vec-
tor quarkonia, Q = J/ψ , ψ(2S), ϒ(nS). In principle, one might be 
able to evaluate r within the context of specific model-dependent 
approaches, such as, for example, the NRQCD framework. It should 
be noted, however, that r is the ratio of the partonic cross sec-
tions, depending not only on the “short-distance parton-level cross 
sections” (the SDCs), which can be computed in perturbative QCD, 
but also on the probabilities of the transitions from the Q Q “pre-
resonances” (singlet and octet states) into the final quarkonium 
state (the LDMEs). These probabilities represent non-perturbative 
evolution processes and are presently not calculated, but rather de-
termined from global analyses of collider data. Besides, they are a 
priori different in the qq and gg cases, which, in general, produce 
pre-resonances of different angular momentum properties. In our 
study we deliberately try to remain as agnostic as possible regard-
ing model-dependent inputs, so that we treat r as an empirical 
parameter, adjusted through the analysis of the J/ψ data.

The resulting natural polarization parameter λ (in the parton-
parton CS frame), for a given mixture of qq and gg events (ex-
pressed by R × r), is determined according to the sum rule pre-
sented in Eq. 11 of Ref. [30], reported here as a function of the qq
and gg fractions, fqq = R × r/(1 + R × r) and f gg = 1/(1 + R × r), 
and of the corresponding assumed polarizations, λqq and λgg :

λ = fqq λqq/(3 + λ
qq
ϑ ) + f gg λgg/(3 + λ

gg
ϑ )

fqq /(3 + λ
qq
ϑ ) + f gg /(3 + λ

gg
ϑ )

. (3)

This expression is explicitly xF dependent because of the pres-
ence of R (that is, of the PDFs) in the qq and gg fractions, while 
a further kinematic dependence, also on pT, is acquired by the 
polarization parameters when translated to the observable frames 
(CS and HX); this translation is performed by generating pseudo-
events with a Monte Carlo method.

To turn the polarizations determined in this way, for the 
directly-produced quarkonium states, into values that can be com-
pared with the measured data, we need to take into account 
the effect of the feed-down contributions from decays of heav-
ier quarkonia.

Let us consider first the feed-down from excited vector quarko-
nia. As long as the mother and daughter states have the same 
mechanism of production from partonic scattering, the feed-down 
decays from heavier vector states are “invisible” from the polariza-
tion point of view. This is confirmed by the observation that the 
J/ψ mesons produced in ψ(2S) → J/ψ ππ decays have the same 
polarization as the ψ (2S) mesons themselves [47] and by the anal-
ogous observation made in the ϒ family [48,49]. On the contrary, 
P-wave states have, in general, different production mechanisms 
with respect to the vector states. Moreover, the χc and χb mesons 
decay to the J/ψ and ϒ mesons with the emission of a trans-
versely polarized photon, which alters the spin-alignment of the 
Q Q [52]. Therefore, we should expect that the J/ψ and ϒ mesons 
produced in decays of P-wave states have different polarizations 
with respect to the directly produced ones. In particular, if large 
fractions of the observed vector quarkonia are produced through 
χ feed-down decays, we should observe weaker transverse or lon-
gitudinal polarizations than what would be measured if all mesons 
were directly produced.

The J/ψ and ϒ feed-down fractions from χ mesons depend on 
the experimental conditions; for example, they can be different if 

gg fusion or qq annihilation dominates, since different selection 
rules between the initial state and the final S- and P-wave states 
are expected in the two cases. Therefore, besides using the most 
reasonable (“central”) feed-down scenario, we will also consider 
two options characterized by extreme hypotheses that, together, 
should represent a conservative “uncertainty band”. The J/ψ and 
ϒ feed-down scenarios have two ingredients: the feed-down frac-
tions from decays of the χ1 and χ2 states, and the natural λϑ

values for the J/ψ or ϒ mesons produced in each of those de-
cays.

Regarding the feed-down fractions, and starting with the J/ψ
case, our central scenario assumes that 19% of the observed J/ψ
mesons come from χc decays (for both gg and qq production), cor-
responding to the central value of the HERA-B measurement [61]. 
For the two extreme scenarios, where the χc feed-down has a 
maximal impact on the observable prompt J/ψ polarization, we 
use the value 25%, representing an upper limit evaluated taking 
into account the CDF [62] and LHCb [63] measurements. The feed-
down fractions in the bottomonium family are not well known, 
especially in the low-pT range relevant for the fixed-target results 
that we are addressing in this paper. On the basis of LHCb mea-
surements at forward rapidity [64] and of extrapolated trends of 
mid-rapidity LHC cross sections [65], we will assume that, for the 
central scenario, the ϒ(1S) and ϒ(2S+3S) results of E866 are af-
fected by χb feed-down contributions of 45% and 25%, respectively; 
these values are increased to 60% and 50% in the extreme scenar-
ios.

The values just mentioned are the total χ feed-down fractions, 
Rχ1 + Rχ2 . We obtain the two individual fractions, Rχ1 and Rχ2 , by 
assuming that they are identical, in the three scenarios, after veri-
fying that variations in the range 0.6 < Rχ1/Rχ2 < 1.4, established 
by HERA-B [61], do not lead to significant changes in the results. 
We also believe that the range of hypotheses assumed for the χ
feed-down fractions is wide enough to cover possible dependences 
of the inputs on the experimental conditions, such as the xF and 
pT ranges of the different measurements.

Concerning the polarizations, the central scenario assumes: 
a) that qq production leads to a (vector or P-wave) quarkonium 
state with angular momentum projection ±1, i.e., λϑ = −1/3 for 
J/ψ or ϒ mesons from χ1 or χ2 decays [52] (besides the already 
mentioned λϑ = +1 for the directly produced vector quarkonia); 
and b) that gg production gives angular momentum projection 
equal to 0, meaning λϑ = −1, +1, and −3/5, respectively for di-
rectly produced J/ψ or ϒ mesons, and for those coming from χ1
and χ2 decays [52]. The two alternative (“extreme”) scenarios are 
defined by the edges of the physical intervals for the polariza-
tions of J/ψ or ϒ mesons from χ1 and χ2 decays: [−1/3, +1] and 
[−3/5, +1], respectively. The scenarios using the most longitudinal 
and transverse χ polarizations are labelled as “lower” and “upper”, 
respectively. For clarity, the natural polarizations assumed in the 
three scenarios are collected in Table 2. The only available mea-
surement of χc1 and χc2 polarizations, recently reported by the 
CMS experiment [66], indicates that, at high pT and mid-rapidity, 
they tend to have opposite polarizations, as in our central scenario 
for gg fusion.

As already mentioned, the small mass difference between the 
mother and daughter particles, in all considered cases, ensures that 
the natural angular momentum alignment direction is preserved in 
the decay [52]: also for indirect production we use, therefore, the 
parton-parton direction as quantization axis.

5. Data vs. model for p-nucleus collisions

Fig. 6 compares the HERA-B and E866 measurements of the 
J/ψ polarization parameters, as functions of xF and pT, with the 
corresponding curves computed with the model described in the 
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valence quarks, are computed with the EPPS16 package [55] and 
applied in the definition of F2.

The second ratio is the one between the qq and gg partonic 
cross sections,

r = σ̂ (qq → Q)

σ̂ (gg → Q)
, (2)

assumed to be universal, that is, identical for all considered vec-
tor quarkonia, Q = J/ψ , ψ(2S), ϒ(nS). In principle, one might be 
able to evaluate r within the context of specific model-dependent 
approaches, such as, for example, the NRQCD framework. It should 
be noted, however, that r is the ratio of the partonic cross sec-
tions, depending not only on the “short-distance parton-level cross 
sections” (the SDCs), which can be computed in perturbative QCD, 
but also on the probabilities of the transitions from the Q Q “pre-
resonances” (singlet and octet states) into the final quarkonium 
state (the LDMEs). These probabilities represent non-perturbative 
evolution processes and are presently not calculated, but rather de-
termined from global analyses of collider data. Besides, they are a 
priori different in the qq and gg cases, which, in general, produce 
pre-resonances of different angular momentum properties. In our 
study we deliberately try to remain as agnostic as possible regard-
ing model-dependent inputs, so that we treat r as an empirical 
parameter, adjusted through the analysis of the J/ψ data.

The resulting natural polarization parameter λ (in the parton-
parton CS frame), for a given mixture of qq and gg events (ex-
pressed by R × r), is determined according to the sum rule pre-
sented in Eq. 11 of Ref. [30], reported here as a function of the qq
and gg fractions, fqq = R × r/(1 + R × r) and f gg = 1/(1 + R × r), 
and of the corresponding assumed polarizations, λqq and λgg :

λ = fqq λqq/(3 + λ
qq
ϑ ) + f gg λgg/(3 + λ

gg
ϑ )

fqq /(3 + λ
qq
ϑ ) + f gg /(3 + λ

gg
ϑ )

. (3)

This expression is explicitly xF dependent because of the pres-
ence of R (that is, of the PDFs) in the qq and gg fractions, while 
a further kinematic dependence, also on pT, is acquired by the 
polarization parameters when translated to the observable frames 
(CS and HX); this translation is performed by generating pseudo-
events with a Monte Carlo method.

To turn the polarizations determined in this way, for the 
directly-produced quarkonium states, into values that can be com-
pared with the measured data, we need to take into account 
the effect of the feed-down contributions from decays of heav-
ier quarkonia.

Let us consider first the feed-down from excited vector quarko-
nia. As long as the mother and daughter states have the same 
mechanism of production from partonic scattering, the feed-down 
decays from heavier vector states are “invisible” from the polariza-
tion point of view. This is confirmed by the observation that the 
J/ψ mesons produced in ψ(2S) → J/ψ ππ decays have the same 
polarization as the ψ (2S) mesons themselves [47] and by the anal-
ogous observation made in the ϒ family [48,49]. On the contrary, 
P-wave states have, in general, different production mechanisms 
with respect to the vector states. Moreover, the χc and χb mesons 
decay to the J/ψ and ϒ mesons with the emission of a trans-
versely polarized photon, which alters the spin-alignment of the 
Q Q [52]. Therefore, we should expect that the J/ψ and ϒ mesons 
produced in decays of P-wave states have different polarizations 
with respect to the directly produced ones. In particular, if large 
fractions of the observed vector quarkonia are produced through 
χ feed-down decays, we should observe weaker transverse or lon-
gitudinal polarizations than what would be measured if all mesons 
were directly produced.

The J/ψ and ϒ feed-down fractions from χ mesons depend on 
the experimental conditions; for example, they can be different if 

gg fusion or qq annihilation dominates, since different selection 
rules between the initial state and the final S- and P-wave states 
are expected in the two cases. Therefore, besides using the most 
reasonable (“central”) feed-down scenario, we will also consider 
two options characterized by extreme hypotheses that, together, 
should represent a conservative “uncertainty band”. The J/ψ and 
ϒ feed-down scenarios have two ingredients: the feed-down frac-
tions from decays of the χ1 and χ2 states, and the natural λϑ

values for the J/ψ or ϒ mesons produced in each of those de-
cays.

Regarding the feed-down fractions, and starting with the J/ψ
case, our central scenario assumes that 19% of the observed J/ψ
mesons come from χc decays (for both gg and qq production), cor-
responding to the central value of the HERA-B measurement [61]. 
For the two extreme scenarios, where the χc feed-down has a 
maximal impact on the observable prompt J/ψ polarization, we 
use the value 25%, representing an upper limit evaluated taking 
into account the CDF [62] and LHCb [63] measurements. The feed-
down fractions in the bottomonium family are not well known, 
especially in the low-pT range relevant for the fixed-target results 
that we are addressing in this paper. On the basis of LHCb mea-
surements at forward rapidity [64] and of extrapolated trends of 
mid-rapidity LHC cross sections [65], we will assume that, for the 
central scenario, the ϒ(1S) and ϒ(2S+3S) results of E866 are af-
fected by χb feed-down contributions of 45% and 25%, respectively; 
these values are increased to 60% and 50% in the extreme scenar-
ios.

The values just mentioned are the total χ feed-down fractions, 
Rχ1 + Rχ2 . We obtain the two individual fractions, Rχ1 and Rχ2 , by 
assuming that they are identical, in the three scenarios, after veri-
fying that variations in the range 0.6 < Rχ1/Rχ2 < 1.4, established 
by HERA-B [61], do not lead to significant changes in the results. 
We also believe that the range of hypotheses assumed for the χ
feed-down fractions is wide enough to cover possible dependences 
of the inputs on the experimental conditions, such as the xF and 
pT ranges of the different measurements.

Concerning the polarizations, the central scenario assumes: 
a) that qq production leads to a (vector or P-wave) quarkonium 
state with angular momentum projection ±1, i.e., λϑ = −1/3 for 
J/ψ or ϒ mesons from χ1 or χ2 decays [52] (besides the already 
mentioned λϑ = +1 for the directly produced vector quarkonia); 
and b) that gg production gives angular momentum projection 
equal to 0, meaning λϑ = −1, +1, and −3/5, respectively for di-
rectly produced J/ψ or ϒ mesons, and for those coming from χ1
and χ2 decays [52]. The two alternative (“extreme”) scenarios are 
defined by the edges of the physical intervals for the polariza-
tions of J/ψ or ϒ mesons from χ1 and χ2 decays: [−1/3, +1] and 
[−3/5, +1], respectively. The scenarios using the most longitudinal 
and transverse χ polarizations are labelled as “lower” and “upper”, 
respectively. For clarity, the natural polarizations assumed in the 
three scenarios are collected in Table 2. The only available mea-
surement of χc1 and χc2 polarizations, recently reported by the 
CMS experiment [66], indicates that, at high pT and mid-rapidity, 
they tend to have opposite polarizations, as in our central scenario 
for gg fusion.

As already mentioned, the small mass difference between the 
mother and daughter particles, in all considered cases, ensures that 
the natural angular momentum alignment direction is preserved in 
the decay [52]: also for indirect production we use, therefore, the 
parton-parton direction as quantization axis.

5. Data vs. model for p-nucleus collisions

Fig. 6 compares the HERA-B and E866 measurements of the 
J/ψ polarization parameters, as functions of xF and pT, with the 
corresponding curves computed with the model described in the 
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valence quarks, are computed with the EPPS16 package [55] and 
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, (2)

assumed to be universal, that is, identical for all considered vec-
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and of the corresponding assumed polarizations, λqq and λgg :

λ = fqq λqq/(3 + λ
qq
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gg
ϑ )

fqq /(3 + λ
qq
ϑ ) + f gg /(3 + λ

gg
ϑ )

. (3)
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Regarding the feed-down fractions, and starting with the J/ψ
case, our central scenario assumes that 19% of the observed J/ψ
mesons come from χc decays (for both gg and qq production), cor-
responding to the central value of the HERA-B measurement [61]. 
For the two extreme scenarios, where the χc feed-down has a 
maximal impact on the observable prompt J/ψ polarization, we 
use the value 25%, representing an upper limit evaluated taking 
into account the CDF [62] and LHCb [63] measurements. The feed-
down fractions in the bottomonium family are not well known, 
especially in the low-pT range relevant for the fixed-target results 
that we are addressing in this paper. On the basis of LHCb mea-
surements at forward rapidity [64] and of extrapolated trends of 
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central scenario, the ϒ(1S) and ϒ(2S+3S) results of E866 are af-
fected by χb feed-down contributions of 45% and 25%, respectively; 
these values are increased to 60% and 50% in the extreme scenar-
ios.

The values just mentioned are the total χ feed-down fractions, 
Rχ1 + Rχ2 . We obtain the two individual fractions, Rχ1 and Rχ2 , by 
assuming that they are identical, in the three scenarios, after veri-
fying that variations in the range 0.6 < Rχ1/Rχ2 < 1.4, established 
by HERA-B [61], do not lead to significant changes in the results. 
We also believe that the range of hypotheses assumed for the χ
feed-down fractions is wide enough to cover possible dependences 
of the inputs on the experimental conditions, such as the xF and 
pT ranges of the different measurements.

Concerning the polarizations, the central scenario assumes: 
a) that qq production leads to a (vector or P-wave) quarkonium 
state with angular momentum projection ±1, i.e., λϑ = −1/3 for 
J/ψ or ϒ mesons from χ1 or χ2 decays [52] (besides the already 
mentioned λϑ = +1 for the directly produced vector quarkonia); 
and b) that gg production gives angular momentum projection 
equal to 0, meaning λϑ = −1, +1, and −3/5, respectively for di-
rectly produced J/ψ or ϒ mesons, and for those coming from χ1
and χ2 decays [52]. The two alternative (“extreme”) scenarios are 
defined by the edges of the physical intervals for the polariza-
tions of J/ψ or ϒ mesons from χ1 and χ2 decays: [−1/3, +1] and 
[−3/5, +1], respectively. The scenarios using the most longitudinal 
and transverse χ polarizations are labelled as “lower” and “upper”, 
respectively. For clarity, the natural polarizations assumed in the 
three scenarios are collected in Table 2. The only available mea-
surement of χc1 and χc2 polarizations, recently reported by the 
CMS experiment [66], indicates that, at high pT and mid-rapidity, 
they tend to have opposite polarizations, as in our central scenario 
for gg fusion.

As already mentioned, the small mass difference between the 
mother and daughter particles, in all considered cases, ensures that 
the natural angular momentum alignment direction is preserved in 
the decay [52]: also for indirect production we use, therefore, the 
parton-parton direction as quantization axis.

5. Data vs. model for p-nucleus collisions

Fig. 6 compares the HERA-B and E866 measurements of the 
J/ψ polarization parameters, as functions of xF and pT, with the 
corresponding curves computed with the model described in the 
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Feed-down from heavier quarkonium states
• S-wave states have the same polarization: ψ(2S) → J/ψππ  

(PRD 62 (2000) 032002)


• P-wave states have different production mechanism due to emission of a 
transversely polarized gluon (PRD 83 (2011) 096001)


➡  Weaker polarization due to mixture from feed-down


• Total feed-down fraction from χc: 19% from HERAb (PRD 79 (2009) 012001)
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Table 2
Values of λϑ considered in the generation of 
the J/ψ or ϒ mesons resulting from feed-down 
decays of χ1 or χ2 mesons produced through 
gg fusion or qq annihilation, in the baseline 
“central” scenario and in two extreme scenar-
ios, “lower” and “upper”, leading, respectively, 
to the most longitudinal and most transverse 
values for the natural polarization of the total 
prompt-J/ψ polarization. In all scenarios, the 
directly-produced vector states are generated 
with λϑ = −1 and +1 for gg fusion and qq an-
nihilation, respectively.

λ
χ1
ϑ λ

χ2
ϑ

central gg +1 −3/5
qq −1/3 −1/3

lower gg, qq −1/3 −3/5
upper gg, qq +1 +1

Fig. 6. The xF (left) and pT (right) dependences of the J/ψ polarization parame-
ters λϑ in the CS (top) and HX (middle) frames, and λϕ in the HX frame (bottom), 
as measured by HERA-B (red points) and E866 (blue points). The cyan, green, and 
magenta bands represent, respectively, the upper (U), central (C), and lower (L) 
scenarios described in the text; they are independently computed for the HERA-B
and E866 conditions. The departure of the bands from the E866 measurements for 
xF > 0.45 (open circles) justifies the conjecture that our model is not valid to de-
scribe high-xF quarkonium production.

previous section, using the central set of the CT14NLO [53] proton 
PDFs, properly adapting the calculations to the specific conditions 
(quarkonium state, collision energy, pT and xF coverage). The con-
sidered parameters are the λϑ in the CS frame (where the model 
does not foresee visible deviations of λϕ from zero, a prediction 
confirmed by the data, as seen in Fig. 3) and both λϑ and λϕ in 
the HX frame (where the two parameters share the magnitude of 
the natural polarization effect). For each of the three scenarios, a 
range of values for the only parameter not fixed by our hypothe-
ses, the qq over gg cross section ratio, r, has been determined so 
as to maximize the agreement with the data within the xF ! 0.5
domain: the obtained ranges are 4–5, 7–9 and 8–12, for the upper, 
central and lower scenarios, respectively.

It is not possible to compare these data-driven evaluations of 
r with theory-specific values because they reflect not only the 
short-distance part of the processes, which are calculable (see, e.g., 
Refs. [67,68]), but also, and most significantly, the long-distance 
non-perturbative hadronization factors (LDMEs), which are un-

Fig. 7. Same as Fig. 6, for the ϒ(1S) λϑ parameter measured by E866 in the CS 
frame.

known and presumably different for the gg and qq processes 
(because of angular momentum and helicity conservation, among 
other factors). In particular, sets of LDMEs determined using LHC 
measurements, for example, cannot be assumed to be applicable 
to the low-pT domain of the fixed-target measurements [23].

The uncertainty in the χc feed-down contribution has a large 
effect on the numerical determination of r, but almost no influ-
ence on the agreement between model and data. The interesting 
outcome of this comparison is that it is possible to describe quite 
accurately the J/ψ data for xF ! 0.5, with the only substantial 
hypothesis that the directly produced vector quarkonium is trans-
versely polarized along the relative direction of the colliding q and 
q, and longitudinally polarized along that of the colliding gluons. 
This conclusion is reinforced by the comparison with the ϒ(1S) 
E866 measurement (λϑ in the CS frame), shown in Fig. 7 for the 
same r values as determined using the J/ψ data. The central sce-
nario is in very good agreement with the data. It is true that the 
fourth pT point departs from the band, by around three times its 
uncertainty, but the significance of this difference seems to be 
suspiciously overestimated when we consider that the λϑ value 
measured for pT values only around 1 GeV lower is perfectly repro-
duced by the model, and that almost no physical variations should 
be expected within such a small pT interval, only one tenth of the 
particle mass.

We remind that the χ feed-down fractions in the central sce-
nario are fixed to the values 19% and 45%, respectively for the J/ψ
and the ϒ(1S), where the latter is only a reasonable guess, given 
the absence of suitable measurements. For this central scenario, 
the “universal” ratio between the qq and gg cross sections for 
quarkonium production is determined to be r = 8 ± 1. The spread 
between the three bands (scenarios U, C, and L) is much larger in 
Fig. 7 than in Fig. 6 because of the very uncertain χb feed-down 
fractions.

The data-to-model comparison for the J/ψ and ϒ(1S) mesons 
involves 24 data points measured as a function of xF plus 29 points 
as a function of pT. Only a couple of points have central values 
differing from the central-scenario curves by around two or three 
times their uncertainties. While it is true that not all of these mea-
surements are statistically independent, this remains a remarkable 
outcome, especially given the simplicity of the model (with only 
one free parameter) and the diversity of measured patterns. It is 
fair to say, therefore, that the low-pT J/ψ and ϒ(1S) polarizations 
measured in proton-nucleus collisions can be well described by 
the superposition of gg fusion and qq annihilation processes, with 
maximally different polarizations, under a reasonable assumption 
for the unknown χ polarizations: all four states (χc1, χc2, χb1, 
and χb2) have angular momentum projections ±1 and 0, respec-
tively along the q–q and g–g collision directions, just as assumed 
for the directly produced vector mesons.

The last piece of our data-model comparison concerns the E866 
measurement for the (unresolved) ϒ(2S) and ϒ(3S) states, shown 
in Fig. 8: the data are significantly above all three model sce-
narios. This would seem to imply that the (slightly) heavier ϒ
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partonic cross section
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qq / gg ratio
pion-nucleus collisions

• Significant differences for 
various pion PDFs because of 
poorly known gluon densities


• Negligible differences between 
positive and negative pions


• Nuclear effects have minor 
impact on xF dependence
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Conclusions and summary
• Our simple model assumes that observed polarization results from the 

interplay between qq annihilation and gg fusion.


• Future polarization measurements in proton-nucleus collisions can test our 
model.


• The polarization observable has the potential to provide a strong constraint on 
the pion PDFs.


• ψ(2S) polarization measurements are particularly interesting since there is no 
feed-down.
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Indications from 
existing measurements

2. More longitudinal J/ψ 
polarization at small xF


➡ Relative dominance of gluon-
gluon fusion at mid-rapidity, 
qq annihilation is more 
relevant in more forward 
region
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FIG. 3. Allowed regions for the angular parameters of the
dilepton distributions produced by the decay of vector states
of any origin (light-shaded [8]), of �2 daughters (darker) and
of �1 daughters (darkest).

Ref. [10] (RSG) for the specific case of low-energy pp̄

collisions, where, due to helicity conservation, the �c is
only produced in pure Jz eigenstates with eigenvalues
m = ±1 (�c1) or ±1, 0 (�c2). The two calculations use
the J/ momentum in the �c rest frame as quantization
axis for the dilepton, as in Fig. 1(b), and provide the full
angular distribution of the correlated photon and lepton
directions. The result of RSG contradicts the one of OS,
pointing to a seemingly wrong sign in the last terms of
the �c2 distribution (Eq. 10 of OS, corrected into Eq. 20
of RSG) and of the �c1 distribution (Eq. 15 of OS, Eq. 27
of RSG).

We checked these calculations in two ways, by repeat-
ing the steps described in the two papers and by com-
paring them to our own calculation for the full decay
distribution in the special case of pure Jz eigenstates. In
the latter case, we have applied a rotation of the lepton
variables from the x

00
, y

00
, z

00 system adopted in our cal-
culation to the x

0
, y

0
, z

0 system adopted in OS and RSG.
We found that, except for an apparent misprint of OS
(the fifth line of Eq. 11 in OS has a wrong numerical co-
e�cient, corrected in Eq. 21 of RSG), both calculations
are correct. RSG argued that OS used two inconsistent
conventions for the reduced rotation matrices d1ij , adopt-
ing one ordering of the indices i and j (the one used in
RSG) in the description of the J/ ! `

+
`
� process and

the reverse ordering in the description of the �c ! J/ �
process. We have verified that, instead, the conventions
are everywhere consistently used, while RSG did not con-
form to the calculation of OS and adopted a di↵erent def-
inition of the photon angle. OS refers, for the adopted

notation, to Ref. [12], where the axes definitions are de-
scribed in the first figure of the paper. Even if there is
no explicit mention in the text, the angle ✓ in the figure
(which we denote by ⇥ in our Fig. 1) is, unmistakably,
the angle formed by the photon momentum with the an-
tiproton direction in the �c rest frame, while ✓0 (which
we denote by # in our Fig. 1) is the angle formed by
the lepton momentum in the J/ rest frame with respect
to the J/ momentum in the �c rest frame. RSG uses
the same definition of ✓0, but an opposite definition of
✓: “We will work in the �J rest frame with the Z axis
taken to be in the direction of  . The p̄ direction is in
the X-Z plane, making an angle ✓ with the Z axis”. As
a consequence, when a certain reduced d matrix is used
in OS to rotate the quantization axis by an angle ✓, the
inverse rotation must appear in the calculation of RSG.
If d1ij(✓) represents a given rotation, the inverse rotation
can be denoted either by exchanging i with j (this in-
duced RSG’s misinterpretation of the discrepancy) or by
replacing ✓ with 2⇡ � ✓. This explains the di↵erent sign
in the term proportional to sin 2✓ resulting from the two
calculations. The remaining terms, depending on cos2✓,
are not sensitive to such a redefinition of the angle.

In short, each of the two calculations is correct, if they
are made with the matching angle definition. If, on the
contrary, the definition of ✓ used by OS is used together
with the distributions functions derived in RSG, or vice-
versa, a wrong sign appears in the term proportional to
sin 2✓, leading to unphysical results. In fact, this artificial
change of sign is not reabsorbed in a di↵erent definition of
sign and/or magnitude of the higher-order multipole am-
plitudes: already in the E1 approximation, the physical
correlation between photon and lepton angles is substan-
tially altered by such a mistake. To evaluate the impor-
tance of this problem, we assumed the angle definitions
of OS and used the formulas derived in RSG, transposing
them, by rotation, to the system of axes used in our cal-
culations [Fig. 1(c)]. As a result of this forced mistake,
we arrive to a physical result which is almost opposite to
the correct one: the lepton distribution, instead of be-
ing a perfect clone of the photon distribution (in the E1
limit), becomes a consistently smeared, almost isotropic
distribution, for whatever polarization state of the � (in
other words, the domains of the �1 and �2 dilepton pa-
rameters, represented in Fig. 3, are reduced to small areas
around the origin).

We have noticed that the measurements of E760 [5]
and E835 [6], included in the present world averages of
h2, g2 and g3 in the Review of Particle Physics [13], seem
to be a↵ected by this kind of misunderstanding. Both
analyses define the photon angle ✓ as “the polar angle
of the J/ with respect to the antiproton”, as in OS,
but the formulas are taken from RSG (Table II in the
E760 paper and Tables IV–V in the E835 paper repro-
duce Eqs. 20 and 27 of RSG). On the other hand, the
quality of the global fits of the data using the adopted
parameterization is rather good and the measurements
of the higher-order multipoles are compatible with the


