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Measurements considered: J/psi 

“In this paper we devote our attention to low-pT quarkonium hadro-

production, a kinematical domain complementary to that explored 

in collider experiments.” 

u Consider all FT quarkonia polarization data 
n Data in three different frames
n Different particles (p, π+, π−, �̅�) and energies

n sqrt(s) from 15.3 to 41.6 GeV
n Absence of acceptance correlation between cos𝜃 and 𝜑
n Most polarization values for J/psi are near 0
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Polarization

u J/𝜓 is a 1− − particle; its third component is Jz = 0,+1, −1. 
n 𝛼 = +1  : 100% transverse polarization (Jz = ± 1) 
n 𝛼 =   0  :  unpolarized
n 𝛼 =  -1  :  100% longitudinal polarization (Jz = 0) 

u Polarization observable
n angular momentum, chirality, parity conservations preserve the properties of the J/𝜓: from 

production to the 2µ decay
n Nature wants to help us, for 𝑞(𝑞: 𝛼 ≃ +1, but for 𝑔𝑔: 𝛼 ≃ −1
n Key variable for understanding the bound state formation
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CHAPTER 5

8% for mc and approximately 2.4% for mb) that can be very significant for quarkonium rates that are

proportional to a large power of the mass.

Many of the largest uncertainties in the theoretical predictions, as well as some of the experimental

uncertainties, cancel in the ratios of cross-sections. Examples in charmonium production are the ratio

Rψ of the inclusive cross-sections for ψ(2S) and J/ψ production and the ratio Rχc of the inclusive

cross-sections for χc1 and χc2 production. These ratios are defined by

Rψ =
σ[ψ(2S)]
σ[J/ψ]

, (5.9)

Rχc =
σ[χc1]
σ[χc2]

. (5.10)

Other useful ratios are the fractions FH of J/ψ’s that come from decays of higher quarkonium states H .
The fractions that come from decays of ψ(2S) and from χc(1P ) are defined by

Fψ(2S) = Br[ψ(2S)→J/ψ + X]
σ[ψ(2S)]
σ[J/ψ]

, (5.11)

Fχc =
2∑

J=0

Br[χcJ(1P )→J/ψ + X]
σ[χcJ(1P )]

σ[J/ψ]
. (5.12)

The J = 0 term in (5.12) is usually negligible, because the branching fraction Br[χc0→J/ψ X] is so
small. The fraction of J/ψ’s that are produced directly can be denoted by FJ/ψ .

Another set of observables in which many of the uncertainties cancel out consists of polarization

variables, which can be defined as ratios of cross-sections for the production of different spin states of
the same quarkonium. The angular distribution of the decay products of the quarkonium depends on the

spin state of the quarkonium. The polarization of a 1−− state, such as the J/ψ, can be measured from the
angular distribution of its decays into lepton pairs. Let θ be the angle in the J/ψ rest frame between the
positive lepton momentum and the chosen polarization axis. The most convenient choice of polarization

axis depends on the process. The differential cross-section has the form

dσ

d(cos θ)
∝ 1 + α cos2 θ, (5.13)

which defines a polarization variable α whose range is −1 ≤ α ≤ +1. We can define longitudinally and
transversely polarized J/ψ’s to be ones whose spin components along the polarization axis are 0 and
±1, respectively. The polarization variable α can then be expressed as (1 − 3ξ)/(1 + ξ), where ξ is the
fraction of the J/ψ’s that are longitudinally polarized. The value α = 1 corresponds to J/ψ with 100%
transverse polarization, while α = −1 corresponds to J/ψ with 100% longitudinal polarization.

One short-coming of the NRQCD factorization approach is that, at leading order in v, some of the
kinematics of production are treated inaccurately. Specifically, the mass of the light hadronic state that
forms during the evolution of the QQ̄ pair into the quarkonium state is neglected, and no distinction is

made between 2m and the quarkonium mass. While the corrections to these approximations are formally

of higher order in v, they can be important numerically in the cases of rapidly varying quarkonium-
production distributions, such as pT distributions at the Tevatron and z distributions at theB factories and

HERA near the kinematic limit z = 1. These effects can be taken into account through the resummation
of certain operator matrix elements of higher order in v [10]. The resummation results in universal
nonperturbative shape functions that give the probability distributions for a QQ̄ pair with a given set of

quantum numbers to evolve into a quarkonium with a given fraction of the pair’s momentum. The shape

functions could, in principle, be extracted from the data for one process and applied to another process.

Effects from resummation of logarithms of 1− z and model shape functions have been calculated for the
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Polarization: expected results   (Cheung and Vogt, priv. comm )
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Stat. errors estimates using 
Compass data

The polarization value as a function of xF is sensitive to the shape 
differences between 𝑔𝑔 and 𝑞(𝑞 contributions to the cross section
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Data used
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Measurements shown: Upsilon

u Difference between Υ(1S) and Υ(2S)+ Υ(3S) 
n ”astounding difference”
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HX, GJ, CS frame analysis of HERA-B data 

u Observations

n Inverse hierarchy for Theta and Phi results
n Reflects the difference between the frame 

definition 

n A trend towards longitudinal J/psi polarization 
at small xF. 

n Interpretation: gg process is dominant
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Model used

u Assumptions

- QQ production is dominated by 2-to-1 topologies, so that contributions producing at least one 
additional object besides the quarkonium, are considered negligible. 

- The gg → QQ and qq → QQ processes lead, respectively, to fully longitudinal and fully transverse 
polarizations of the directly produced J/ψ , ψ (2S), and Υ mesons. 
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Model used

n Relative proportion of qqbar and gg: 

Use the PDFs to calculate it

n Ratio of qqbar and gg cross sections:

Fit r to the data: (only parameter)

n Compute the polarization using:  

Assumed polarizations 𝜆gg and 𝜆qq (from -1 and +1) to
values corrected for feed-down (upp, low, central) 
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system (then inherited by the Q Q state), which is a necessary 
condition, forced by angular momentum conservation, if the scat-
tering gluons are transversely polarized and form a J = 1 state.

In summary, the data patterns seen in Figs. 1 and 3 indicate 
that: 1) 2-to-1 processes dominate; and 2) quarkonia produced in 
gg fusion have longitudinal polarization and those produced in qq
annihilation have transverse polarization.

Before concluding this section, it is important to note that 
our study is exclusively devoted to quarkonium production in the 
xF ! 0.5 domain and does not address the high xF region, where 
a trend towards longitudinal polarization has been seen by E615 
and E866 (in pion- and proton-nucleus collisions, respectively). Al-
though certainly interesting in their own right [56,57], this edge 
of phase space is likely to be dominated by processes that are not 
covered by the model that we discuss in this paper.

4. Description of the empirical model

As anticipated in the previous section, our empirical model is 
based on two assumptions. 1) Q Q production is dominated by 
2-to-1 topologies, so that contributions producing at least one ad-
ditional object besides the quarkonium, are considered negligible. 
It is worth noting that qg scattering, in particular, is expected to 
have a negligible contribution to the total production cross sec-
tion [22] and, furthermore, quarkonia produced through this pro-
cess, always with other final-state particles, are not expected to 
directly reflect the spin alignments of the colliding particles and 
tend, therefore, to have less significant polarizations than those 
produced in 2-to-1 processes. 2) The gg → Q Q and qq → Q Q
processes lead, respectively, to fully longitudinal and fully trans-
verse polarizations of the directly produced J/ψ , ψ (2S), and ϒ
mesons. For these “natural” polarizations we assume as quanti-
zation axis the (unobservable) relative direction of the colliding 
partons, which does not coincide (event-by-event) with the CS axis 
because of the (small but) nonzero parton transverse momenta, "k1T
and "k2T.

In fact, for measurements performed at low pT, small |xF|, 
and light particles (such as the J/ψ ), the transverse component 
of the parton motion inside the colliding hadrons has an effect 
on the observable polarization. For the scope of the present dis-
cussion, we will assume that the parton kT reaches a magnitude 
〈k2

T〉 = O(1 GeV2), compatible with the measured pT distributions: 
〈p2

T〉 % 2 〈k2
T〉 % 2 GeV2 (see, e.g., Ref. [58]). This effectively means 

that the meaning of "kT is extended with respect to the bare in-
trinsic momentum owned by partons for being confined inside 
a hadron of finite dimensions (#p ∼ 1/(1 fm) = 0.2 GeV), by also 
considering extra sources of transverse momentum kick occurring 
during the scattering process (soft gluon emissions, multiple scat-
tering in the nuclear target, etc.). The parton transverse momenta 
also provide the only source of quarkonium pT considered in the 
model.

The vectors "k1T and "k2T are generated in space, with the two 
moduli following a Gaussian distribution of variance 〈k2

T〉 = 1 GeV2

and the azimuthal angles φ1 and φ2 following uniform distribu-
tions. While the "kT effect has a negligible influence for ϒ produc-
tion, it has a significant impact in the observable J/ψ polarization, 
as illustrated in Fig. 5 for fully transverse (solid lines) and fully 
longitudinal (dashed lines) natural polarizations, for 

√
s = 40 GeV. 

We see that the magnitude of the λϑ parameter measured in the 
CS frame is reduced with respect to the values generated in the 
parton-parton frame, by about 20% and 10% for the fully transverse 
and fully longitudinal polarizations, respectively.

As expected, the CS frame remains the best approximation of 
the natural frame: the λϑ values observable in the GJ and HX 
frames depart more significantly from the generated one. The λϕ

values are presented in the bottom panels of Fig. 5, showing the 

Fig. 5. The λϑ and λϕ parameters as would be observed in the CS, GJ, and HX 
frames for fully transverse and longitudinal J/ψ polarizations along the direction 
of the colliding partons, for √s = 40 GeV and 〈k2

T〉 = 1 GeV2, as a function of xF
averaged over pT (left) and vice versa (right). The invariant polarization parameter 
λ̃, shown in black, is by definition identical in the three observation frames.

same inverted hierarchy that we have seen in the HERA-B results. 
There is a nonzero λϕ value also in the CS frame, as a result of 
the rotation from the natural frame. However, the transformation 
from the natural parton-parton to the “laboratory” CS frame is not 
a simple rotation in the production plane (around the y axis), as 
is the case between any two of the three experimental frames. 
While the magnitude of the polar anisotropy decreases exactly as 
in such ordinary frame rotations (for the same rotation angle), the 
correspondingly arising azimuthal anisotropy, λϕ (= 0, no longer ge-
ometrically compensates the |λCS

ϑ | decrease. In fact, in this case the 
rotation plane (formed by the parton-parton and proton-nucleon 
relative momentum directions) does not coincide with the exper-
imentally defined production plane. The angle between the two 
planes changes from one event to the next, so that the azimuthal 
anisotropy resulting from the tilt between the natural polarization 
axis and the experimental axis tends to be smeared out in the in-
tegration over all events. Consequently, the invariant polarization 
parameter λ̃ [59,60] (shown as black curves on the top panels of 
Fig. 5), while slightly closer to the natural value, does not return its 
full magnitude: the natural polarization is unrecoverably smeared 
in any observation frame.

The relative proportion of quarkonia directly produced through 
qq annihilation and gg fusion processes and, therefore, their ob-
servable mixture of longitudinal and transverse polarizations, is 
fully determined in the model by the product of two ratios, R and 
r. The first one is the ratio between the qq and gg parton densi-
ties,

R =
∑

q[F q
1(x1, ŝ) F q

2(x2, ŝ) + F q
1(x1, ŝ) F q

2(x2, ŝ)]
F g

1 (x1, ŝ) F g
2 (x2, ŝ)

, (1)

where ŝ = M2
Q + p2

T and x1 x2 = ŝ/s, with MQ being the quarko-

nium mass and pT = |"k1T + "k2T|; the indexes 1 and 2 refer, respec-
tively, to the beam proton and the target nucleon, and the sum is 
made over the participating quark flavours (q = u, d). Nuclear mod-
ification factors for the nucleon in the target, different for sea and 
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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 
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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Ratio of qqbar to gg “luminosities” for a proton beam

u Luminosity = product of PDFs

u Observations
n Dominance of gg near xF = 0
n Large difference J/𝜓 vs Υ

u General
n Low pT data: 2 ---> 1 process
n qq = transverse pol.; gg = longitudinal  pol. 
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Model vs Data for proton-nucleus collisions
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“As mentioned before, these Υ(2S+3S) measurements are clearly a notable exception in the 
global panorama of the existing data. Faced with this large discrepancy, we must wonder if 
there could be some experimental factor causing a difference between the Υ(2S+3S) 
measurement and the J/ψ or Υ(1S) measurements.”
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Pion-nucleus collisions

u Observations
n Very large effect, as expected.

“The xF dependence of this ratio, as well as its 
average value and the covered xF range, depend 
quite significantly on the chosen PDF set, 
probably because of the poorly-known gluon 
density in the pion” 
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Pion-nucleus collisions 
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Confirmation: GRV produces the best agreement



Predictions for AMBER
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