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❖ Introduce the charmonium hadroproduction via color-singlet channels (a-f) and 
color-octet channels (g-h)

❖ The cross-section of quarkonium production rely on the extraction of short-distance 
coefficients (SDCs) and long-distance matrix elements (LDMEs)

➡ SDCs can calculated by pQCD

➡ LDMEs estimation rely on experimental measurement (non-perturbative QCD)

Non-Relativistic QCD (NRQCD)
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that, the crucial point to get these cancelations is the introduction of a relatively large pT
cutoff for data in the lower pT region.

In the high pT region, however, large logarithms like ln(p2T /m
2
c) may ruin the conver-

gence of perturbative expansion, thus resummation of these large logarithmic terms are

needed. This can be done by using DGLAP evolution equations to resum terms in the

leading power in 1/pT expansion, and using double parton evolution equations derived in

ref. [9] to resum terms in the next-to-leading power in 1/pT expansion. The first goal is

achieved recently [10]. By combining the NLO NRQCD result with the leading power re-

summation, authors in ref. [10] find that contributions from
3
S[8]
1 and

3
P [8]
J channels should

be almost canceled with each other and the produced J/ψ is almost unpolarized, which

is similar to our conclusion in ref. [6]. This is encouraging because it implies that the

qualitative results in the NLO NRQCD calculation are not changed by resummation.

Based on the NLO NRQCD calculation, a data-driven method is employed in ref. [11]

to fit CO LDMEs. By investigating the behavior of χ2/d.o.f. for different pT cutoff, the

authors push the pT cutoff for ψ(2S) to even larger values, say, about 12 GeV. Then they

found that the ψ(2S) production is dominated by the
1
S[8]
0 channel and the polarization

data of ψ(2S) production can be explained, which is similar to the explanation of J/ψ

polarization in refs. [6, 10]. Therefore, it seems possible that the polarizations of J/ψ and

ψ(2S) can be explained in a unified way.

However, in ref. [6], as well as in refs. [5, 10], only the direct J/ψ production con-

tribution is considered. An estimation of the impact of feeddown contributions to J/ψ

polarization is given in ref. [12], where it was pointed out that the feeddown contributions

should not change the polarization result too much. Yet, to be precise, it should be better

to include the feeddown contributions rigorously since they may contribute a substantial

amount of prompt J/ψ production. Hence, the purpose of the present article is to do a com-

prehensive analysis for prompt J/ψ production by including the feeddown contributions

from χcJ and ψ(2S) decays. Meantime, we also give predictions of yields and polarizations

for prompt ψ(2S).

The remaining context is organized as follows. We first fix our strategy for estimating

the LDMEs in section 2, and then give our predictions for the yields and polarizations of

ψ(2S) and J/ψ in the next two sections. A summary will be given in the last section.

2 Strategy for estimating LDMEs

2.1 General setup

Before going ahead, we first list some details that are used in this article. The helicity-

summed yields are calculated following the way mentioned in refs. [8, 13, 14], while the

method of the polarisation is described in refs. [6, 15, 16].

Cross section for a quarkonium Q production in pp collision can be expressed as [4]

σ(pp → Q+X) =
∑

n

σ̂(pp → QQ̄[n] +X)× ⟨OQ(n)⟩, (2.1)
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J/ψ ψ(2S) χc0 χc1 χc2

3.097 3.686 3.415 3.511 3.556

Table 1. Physical masses (in unit of GeV) of various charmonia [18].

decay channel branching ratio (×10−2)

J/ψ → µ+µ− 5.93

ψ(2S) → µ+µ− 0.75

ψ(2S) → J/ψ +X 57.4

ψ(2S) → J/ψπ+π− 34.0

ψ(2S) → χc0 + γ 9.84

ψ(2S) → χc1 + γ 9.3

ψ(2S) → χc2 + γ 8.76

χc0 → J/ψ + γ 1.28

χc1 → J/ψ + γ 36.0

χc2 → J/ψ + γ 20.0

Table 2. Branching ratios of various decay processes involved in this article [18].

where σ̂(pp → QQ̄[n]+X) are SDCs for producing a heavy quark pair QQ̄ with the quantum

number n, and ⟨OQ(n)⟩ is a LDME for Q. SDCs can be computed in perturbative QCD as

σ̂(pp → QQ̄[n] +X) =
∑

a,b

∫
dx1dx2dLIPSfa/p(x1)fb/p(x2)

×|M(ab → QQ̄[n] +X)|2, (2.2)

where the symbols a and b represent all possible partons, x1 and x2 are light-cone momen-

tum fractions, dLIPS is the lorentz-invariant phase space measure, and fa/p(x1) and fb/p(x2)

are parton distribution functions (PDFs) for partons a and b in the initial colliding protons.

In this article, we have included all important cc̄ Fock states,
3
S[1]
1 ,

1
S[8]
0 ,

3
S[8]
1 and

3
P [8]
J

for J/ψ and ψ(2S),
3
S[8]
1 and

3
P [1]
J for χcJ . All corresponding SDCs are calculated up to

O(α4
S), i.e. NLO in αS . We use CTEQ6M [17] as our default PDF. The mass of charm

quark is fixed to be mc = 1.5GeV, and an analysis of uncertainties from choosing charm

quark mass can be found in ref. [8]. The renormalization and factorization scales are

µR = µF =
√

(2mc)2 + p2T , while the NRQCD scale is µΛ = mc. Since cross sections of

charmonia are decreasing with high powers of their pT , we should consider the pT spectrum

shiftting in the decay of Q1 → Q0 +X approximately by pQ0
T =

MQ0
MQ1

pQ1
T [8], where MQ0

and MQ1 are physical masses for quarkonia Q0 and Q1 respectively. Masses of relevant

charmonia in our article are shown in table 1. Table 2 gives the branching ratios for various

decay processes involved in this article.
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Fig. 2.1 Representative diagrams contributing to 3S1 hadroproduction
via colour-singlet channels at orders α3

S (a), α4
S (b, c, d), α5

S (e, f) and
via colour-octet channels at orders α3

S (g, h). The quark and antiquark
attached to the ellipsis are taken as on shell and their relative velocity
v is set to zero

2.1 NLO corrections for colour-singlet channels

Let us first present a comparison between the measurements
by the CDF Collaboration and the result for the J/ψ ob-
tained following the procedure explained in [27, 39]. It is
worth noting that the χc cross sections are not available at
NLO accuracy. This would be necessary if we wanted to pre-
dict at this accuracy the prompt-J/ψ production cross sec-
tion, in order to compare with the most recent measurements
of RUN II [41]. These focused only on the prompt yield. As
a makeshift, we have multiplied those data by the averaged
fraction of direct J/ψ measured during RUN I [12] for the
rather similar beam energy of 1.8 TeV and a similar range in
PT and rapidity: ⟨F direct⟩ = 64 ± 6%.

In our calculation, we set mc = 1.5 ± 0.1 GeV and
mb = 4.75 ± 0.25 GeV. We used the PDF set CTEQ6L1
(respectively CTEQ6_M) [42] for LO (respectively NLO)
cross sections, and we always kept the factorisation scale
equal to the renormalisation scale: µf = µr . Except for
the associated production channel, where we took µ0 =√

(2mQ)2 + P 2
T , the central scale is fixed at µ0 =

√
m2

Q + P 2
T and then was varied by a factor of 2. To what

concerns the non-perturbative inputs, we used the values re-
lated to the BT potential [43]: ⟨OJ/ψ (3S

[1]
1 )⟩ = 1.16 GeV3

and ⟨OΥ (3S
[1]
1 )⟩ = 9.28 GeV3. For Υ (1S) production, we

considered the prompt measurement at
√

s = 1.8 TeV in [9],
multiplied by the averaged direct fraction obtained in [44]:
⟨F direct⟩ = 50 ± 12%.

In both cases, we have an illustration (Fig. 2.2) of the pre-
vious discussion. The differential cross section for the LO
contribution, i.e. gg → J/ψg, has the steepest slope and is
already an order of magnitude smaller than the NLO con-
tribution at PT ≃ 10 GeV. The differential cross section for
Q + QQ̄ has the smoothest slope. In the case of J/ψ , it
starts to be significant for PT > 20 GeV. For the Υ , the sup-
pression due to the production of four b quarks is stronger
and this yield remains negligible in the accessible value of
PT . The bands denoted NLO refer to all the contributions up
to order α4

S .
Those results were recently confirmed in [45, 46]. In

these papers, the polarisation information was kept and the
observable α was also computed. However, it is important to
stress that for ψ and Υ production, the CS yields predicted

Fig. 2.2 Differential cross sections at NLO accuracy as a func-
tion of the quarkonium transverse momentum PT at the Tevatron
(
√

s = 1.96 TeV)
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NLO Tests of Non-Relativistic-QCD Factorization with J/ψ Yield and Polarization
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Polarization of  J/ψ

 4

❖ The J/ψ production mechanism described by QCD, but…

❖ Inconsistent pT distribution between theoretical prediction and experimental data

❖ Inconsistent polarization between theoretical prediction and experimental data

❖ Several models are being considered:

❖ Color Evaporation Model (CEM)

❖ Color Singlet Model (CSM)

❖ Non-Relativistic QCD (NRQCD)

❖ The J/ψ polarization from experimental measurement ➟ still puzzle at low-pT !

➟ predicts unpolarized J/ψ ( λ = 0 )

➟ predicts longitudinal polarized J/ψ ( λ < 0 )

➟ predicts transversely polarized J/ψ ( λ > 0 )
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❖ The polarization of J/ψ can be accessed by the decay angular distribution of dimuon 
pairs. This is the way to explore the production mechanism of quarkonium.

❖ The general expression of angular distribution of J/ψ (decay into dilepton):

dσ/dΩ ∝ 1 + λ cos2θ + μ sin2θ cosϕ + (ν/2) sin2θ cos2ϕ

❖ where θ and ϕ refer to polar and azimuthal angle of lepton+ in the J/ψ rest frame.

❖ The angular parameter λ refers to the polarization parameter.

❖ The measurement of angle rely on the definition of characteristic quantization axis 
(e.g. Helicity axis, Gottfried-Jackson axis, Collins-Soper axis …).

Polarization of  J/ψ

 5
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❖ The main difference of reference frame is the definition of polar axis (z axis):

➡ Helicity (HX): direction of momentum sum of colliding beams ( b1 + b2 ).

➡ Gottfried-Jackson (GJ): direction of momentum of one of beams ( b1 ).

➡ Collins-Soper (CS): direction of momentum difference of colliding beams ( b1 − b2 ).

The Choice of Reference Frame

 6
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Experimental Result of J/ψ Polarization

❖ Including the prompt J/ψ and feed-down J/ψ (33 ± 5%) from χc, ψ’ (and b-hadron?).

❖ Obtain angular parameters with 1D fitting.

❖ Present in Helicity and Gottfried-Jackson frame.
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condition variations, uncertainties in rapidity, Z vertex, and
transverse momentum shape inputs to the simulation, as
well as the ERT efficiency pT shape. These uncertainties
were introduced as variations in the efficiency and weight-
ing parameters for different detector sectors in the simula-
tion. Resulting variations in ! were accounted for as
systematic uncertainties and are listed in Table I. The
systematic uncertainties are correlated between different
pT ranges. The total systematic uncertainty is taken to be
the quadratic sum of these components, assuming they are
uncorrelated. Additional checks included the variation of
the minimum momentum requirement of the single elec-
trons and the rejection of tracks going to the edges of the
detector. These variations returned only statistical fluctua-
tions in the polarization results.

IV. RESULTS

Figure 8 shows the transverse momentum dependence of
the J=c polarization in the HX and GJ frames. The un-
certainties of the fit are larger in the GJ frame given the
smaller cos"! range compared to the HX frame. The
numerical values are listed in Table II. Also shown are
the current available theoretical models: COM [13] and the
s-channel cut CSM [19] calculated for the HX frame.
There are no theoretical predictions for the GJ frame.

The measurements presented here are for inclusive J=c .
Feed-down from #c and c 0 may also contribute to the
observed polarization and are not separated out. The world
average result for the feed-down contribution to the J=c
yield is 33 " 5% [40]. The polarization of the indirect J=c
should be smeared during the decay process. If the J=c

from feed-down sources are unpolarized, the direct J=c
may have a larger ! in magnitude than that reported here.
The J=c polarization is consistent with zero for all

transverse momenta but exhibits a 1.8 sigma longitudinal
polarization at pT > 2 GeV=c in both the HX and GJ
frames when the quadratic sum of the statistical and sys-
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FIG. 8 (color online). J=c polarization parameter ð!J=c Þ ver-
sus transverse momentum ðpTÞ. Boxes are correlated systematic
uncertainties. (upper) Helicity frame data is compared with
COM [13] and s-channel CSM [19] calculated in the same
polarization frame, but there is no prediction for the color
evaporation model. (lower) There are no theoretical predictions
for the Gottfried-Jackson frame.

TABLE II. J=c polarization results in the helicity and
Gottfried-Jackson frames. Transverse momentum is in GeV=c.
Uncertainties correspond to statistical and systematics, respec-
tively.
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J=c !GJ

J=c

0–1 0.64 0:15 þ 0:12
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& 0:05 0:61 þ 0:39

& 0:52
þ 0:21
& 0:19

1–2 1.47 & 0:10 þ 0:09
& 0:13

þ 0:03
& 0:04 & 0:20 þ 0:30

& 0:32
þ 0:09
& 0:10

2–5 2.85 & 0:19þ 0:10
& 0:16 " 0:04 & 0:35 þ 0:18

& 0:22
þ 0:06
& 0:09

0–5 1.78 & 0:10 þ 0:05
& 0:09" 0:05 & 0:16 þ 0:18
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þ 0:09
& 0:11
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transverse momentum shape inputs to the simulation, as
well as the ERT efficiency pT shape. These uncertainties
were introduced as variations in the efficiency and weight-
ing parameters for different detector sectors in the simula-
tion. Resulting variations in ! were accounted for as
systematic uncertainties and are listed in Table I. The
systematic uncertainties are correlated between different
pT ranges. The total systematic uncertainty is taken to be
the quadratic sum of these components, assuming they are
uncorrelated. Additional checks included the variation of
the minimum momentum requirement of the single elec-
trons and the rejection of tracks going to the edges of the
detector. These variations returned only statistical fluctua-
tions in the polarization results.

IV. RESULTS

Figure 8 shows the transverse momentum dependence of
the J=c polarization in the HX and GJ frames. The un-
certainties of the fit are larger in the GJ frame given the
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numerical values are listed in Table II. Also shown are
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s-channel cut CSM [19] calculated for the HX frame.
There are no theoretical predictions for the GJ frame.
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should be smeared during the decay process. If the J=c

from feed-down sources are unpolarized, the direct J=c
may have a larger ! in magnitude than that reported here.
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Experimental Result of J/ψ Polarization

❖ Including the prompt J/ψ and feed-down J/ψ from χc, ψ’ and b-hadron.

❖ Obtain angular parameters with 1D fitting.

❖ Present in Helicity and Collins-Soper frame.
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evaluated by varying the efficiency values for each detector
element by 2% with respect to the default values in the
simulation. This choice is related to the estimated uncer-
tainty on the detector efficiency calculation. For the sec-
ond, we have used the rather conservative choice of
comparing the reference results, obtained with realistic
dead channel maps, with those relative to an ideal detector
setup. The result is typically 0.03–0.04. Finally, by quad-
ratically combining the results for the various sources,
values between 0.04 and 0.21 are obtained for the global
systematic uncertainties.

In Fig. 3, we show the results on !" and !# for inclusive
J=c production. In both frames, all the parameters are
compatible with zero, with a possible hint for a longitudi-
nal polarization at low pt (at a 1:6$ level) in the HE frame.
The numerical values are given in Table I.

The inclusive J=c yield is composed of a ‘‘prompt’’
component [direct J=c þ decay of the cð2SÞ and %c

resonances] and of a component from B -meson decays.
In the pt range accessed in this analysis, the B -meson
decay component accounts for 10% (2<pT<3GeV=c),
12% (3<pT < 4 GeV=c), and 15% (4< pT < 8 GeV=c)
of the inclusive yield, according to the LHCb measure-
ments carried out in our same kinematical domain [15].
The polarization of the nonprompt component is expected
to be quite small. In fact, even if a sizable polarization were
observed when the polarization axis refers to the B -meson
direction [25], it would be strongly smeared when it is
calculated with respect to the direction of the decay J=c
[15], as observed by CDF, who measured in this way
!"ðJ=c  B Þ $ %0:1 in the HE frame [5]. By assuming

conservatively j!"ðJ=c  B Þj< 0:2for both frames, and
taking into account the fraction of the inclusive yield
coming from B -meson decays [15], the difference between
prompt and inclusive J=c polarization was estimated and
found to be at most 0.05, a value smaller than the system-
atic uncertainties of our measurements. Concerning
higher-mass charmonia, the %c ! J=c þ & decay cannot
be reconstructed in the muon spectrometer, and the
cð2SÞ! '' statistics is currently too low. Values of the
feed-down ratios measured mainly by lower energy experi-
ments range from $10% for the cð2SÞ [26] to 25%–30%
for the %c [27], implying that there could be a sizable
difference between direct and prompt J=c polarization.
The results presented in Fig. 3 extend the study of the

J=c polarization to LHC energies and therefore open up a
new testing ground for theoretical models. At present,
next-to-leading-order calculations for direct J=c polariza-
tion at the LHC via the color-singlet channel [10,12]
predict a large longitudinal polarization in the HE frame
(!" $%0:6) at pt $ 5 GeV=c, which is in contrast with
the vanishing polarization that we observe in such a trans-
verse momentum region. The contribution of the S-wave
color-octet channels was also worked out [9] and indicates
a significantly different trend (large transverse polariza-
tion) with respect to the color-singlet contribution, but
again in contrast with our result. In this situation, a rigor-
ous treatment on the theory side of all the color-octet terms
(including P -wave contributions) is mandatory, as well as a
study of the contribution of %c and cð2SÞ feed-down
which, as outlined before, is important for a quantitative
comparison with our result [28]. Such studies are presently
in progress, and the comparison of their outcome with the
results presented in this Letter will allow a very significant
test of the understanding of the heavy-quarkonium produc-
tion mechanisms in QCD-based models.
In summary, we have measured the polarization parame-

ters !" and !# for inclusive J=c production in
ffiffiffi
s
p ¼

7 TeV pp collisions at the LHC. The measurement was
carried out in the kinematical region 2:5< y< 4, 2<
pt < 8 GeV=c. The polarization parameters !" and !#

are consistent with zero, in both the helicity and Collins-
Soper reference frames. These results can be used as a
stringent constraint on the commonly adopted QCD frame-
work for heavy-quarkonium production.
The ALICE Collaboration thanks all its engineers and

technicians for their invaluable contributions to the con-
struction of the experiment and the CERN accelerator
teams for the outstanding performance of the LHC
complex. The ALICE Collaboration acknowledges the
following funding agencies for their support in building
and running the ALICE detector: Department of Science
and Technology, South Africa; Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
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evaluated by varying the efficiency values for each detector
element by 2% with respect to the default values in the
simulation. This choice is related to the estimated uncer-
tainty on the detector efficiency calculation. For the sec-
ond, we have used the rather conservative choice of
comparing the reference results, obtained with realistic
dead channel maps, with those relative to an ideal detector
setup. The result is typically 0.03–0.04. Finally, by quad-
ratically combining the results for the various sources,
values between 0.04 and 0.21 are obtained for the global
systematic uncertainties.

In Fig. 3, we show the results on !" and !# for inclusive
J=c production. In both frames, all the parameters are
compatible with zero, with a possible hint for a longitudi-
nal polarization at low pt (at a 1:6$ level) in the HE frame.
The numerical values are given in Table I.

The inclusive J=c yield is composed of a ‘‘prompt’’
component [direct J=c þ decay of the cð2SÞ and %c

resonances] and of a component from B -meson decays.
In the pt range accessed in this analysis, the B -meson
decay component accounts for 10% (2<pT<3GeV=c),
12% (3<pT < 4 GeV=c), and 15% (4< pT < 8 GeV=c)
of the inclusive yield, according to the LHCb measure-
ments carried out in our same kinematical domain [15].
The polarization of the nonprompt component is expected
to be quite small. In fact, even if a sizable polarization were
observed when the polarization axis refers to the B -meson
direction [25], it would be strongly smeared when it is
calculated with respect to the direction of the decay J=c
[15], as observed by CDF, who measured in this way
!"ðJ=c  B Þ $ %0:1 in the HE frame [5]. By assuming

conservatively j!"ðJ=c  B Þj< 0:2for both frames, and
taking into account the fraction of the inclusive yield
coming from B -meson decays [15], the difference between
prompt and inclusive J=c polarization was estimated and
found to be at most 0.05, a value smaller than the system-
atic uncertainties of our measurements. Concerning
higher-mass charmonia, the %c ! J=c þ & decay cannot
be reconstructed in the muon spectrometer, and the
cð2SÞ! '' statistics is currently too low. Values of the
feed-down ratios measured mainly by lower energy experi-
ments range from $10% for the cð2SÞ [26] to 25%–30%
for the %c [27], implying that there could be a sizable
difference between direct and prompt J=c polarization.
The results presented in Fig. 3 extend the study of the

J=c polarization to LHC energies and therefore open up a
new testing ground for theoretical models. At present,
next-to-leading-order calculations for direct J=c polariza-
tion at the LHC via the color-singlet channel [10,12]
predict a large longitudinal polarization in the HE frame
(!" $%0:6) at pt $ 5 GeV=c, which is in contrast with
the vanishing polarization that we observe in such a trans-
verse momentum region. The contribution of the S-wave
color-octet channels was also worked out [9] and indicates
a significantly different trend (large transverse polariza-
tion) with respect to the color-singlet contribution, but
again in contrast with our result. In this situation, a rigor-
ous treatment on the theory side of all the color-octet terms
(including P -wave contributions) is mandatory, as well as a
study of the contribution of %c and cð2SÞ feed-down
which, as outlined before, is important for a quantitative
comparison with our result [28]. Such studies are presently
in progress, and the comparison of their outcome with the
results presented in this Letter will allow a very significant
test of the understanding of the heavy-quarkonium produc-
tion mechanisms in QCD-based models.
In summary, we have measured the polarization parame-

ters !" and !# for inclusive J=c production in
ffiffiffi
s
p ¼

7 TeV pp collisions at the LHC. The measurement was
carried out in the kinematical region 2:5< y< 4, 2<
pt < 8 GeV=c. The polarization parameters !" and !#

are consistent with zero, in both the helicity and Collins-
Soper reference frames. These results can be used as a
stringent constraint on the commonly adopted QCD frame-
work for heavy-quarkonium production.
The ALICE Collaboration thanks all its engineers and

technicians for their invaluable contributions to the con-
struction of the experiment and the CERN accelerator
teams for the outstanding performance of the LHC
complex. The ALICE Collaboration acknowledges the
following funding agencies for their support in building
and running the ALICE detector: Department of Science
and Technology, South Africa; Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
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FIG. 3 (color online). !" and !# as a function of pt for
inclusive J=c , measured in the HE (closed squares) and CS
(open circles) frames. The error bars represent statistical errors,
while systematic uncertainties are shown as boxes.
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Experimental Result of J/ψ Polarization

❖ Including the prompt J/ψ and feed-down J/ψ from χc, ψ’ (~27%) (and b-hadron?).

❖ Obtain angular parameters with 1D fitting.

❖ Present in Gottfried-Jackson(□), Helicity(✳) and Collins-Soper frame(•).
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Eur. Phys. J. C (2009) 60: 517–524 521

Fig. 3.2 The parameters λθ (a, b), λφ (c, d) and λθφ (e, f) measured
as functions of the average reconstructed pT (left column) and xF

(right column). The results obtained in the Collins-Soper, Gottfried-
Jackson and helicity frames are represented, respectively, by black cir-

cles, white squares and asterisks. The vertical error bars represent the
statistical uncertainties (the systematic uncertainties are listed in Ta-
bles 3.2, 3.3 and 3.4 ). The horizontal bars indicate the adopted binning

The systematic errors in different pT /xF bins are partly cor-
related.

The results indicate an anisotropy of the J/ψ decay an-
gular distribution, visible in either its polar or azimuthal
projections (in the CS and HX frames, respectively), or in
both (GJ frame). Moreover, there is a definite hierarchy in

the magnitudes of the parameters λθ and λφ . In particular,
the polar anisotropy (λθ < 0) increases when going from
the HX to the CS frame, while the azimuthal parameter λφ

changes following a reversed order. Both parameters have
in-between magnitudes in the GJ frame. A kinematic de-
pendence characterizes the results. For example, the mag-

EPJC 60, 517-524 (2009)

HERA-B

p-C and p-W collisions at √s = 41.6 GeV p-C and p-W collisions at √s = 41.6 GeV
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Experimental Result of J/ψ Polarization
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that there is some important aspect of the production
mechanism that is not yet understood.
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FIG. 4 (color online). Prompt polarizations as functions of pT : (a) J= and (b)  #2S$. The band (line) is the prediction from NRQCD
[4] (the kT-factorization model [9]).
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TABLE I. Fit results for J!c polarization, with statistical and systematic uncertainties.

P T bin Mean P T

"GeV!c# "GeV!c# aP aB

4–5 4.5 0.30 6 0.12 6 0.12 20.49 6 0.41 6 0.13
5–6 5.5 0.01 6 0.10 6 0.07 20.18 6 0.33 6 0.07
6–8 6.9 0.178 6 0.072 6 0.036 0.10 6 0.20 6 0.04
8–10 8.8 0.323 6 0.094 6 0.019 20.06 6 0.20 6 0.02

10–12 10.8 0.26 6 0.14 6 0.02 20.19 6 0.23 6 0.02
12–15 13.2 0.11 6 0.17 6 0.01 0.11 6 0.31

0.28 6 0.02
15–20 16.7 20.29 6 0.23 6 0.03 20.16 6 0.38

0.33 6 0.05

same as in the SVX sample, because the two samples differ
primarily in the z position of the primary vertex. Within
each P

J!c
T bin, a small correction is applied to the P

J!c
T

distributions of the Monte Carlo samples so that they match
with those in the data. As an example, the fit in the P T
range, 12 15 GeV!c, is shown in Fig. 1.

Three sources of systematic uncertainty are evaluated:
the trigger efficiency, the fitted prompt and B-decay frac-
tions, and the P

J!c
T spectra used in making the Monte Carlo

templates. Except in the lowest P T bins, the systematic
uncertainties are much smaller than the statistical uncer-
tainties. Our fit results are listed in Table I, and aP is com-
pared with a theoretical NRQCD prediction [7] in Fig. 2.

The measurement of the c"2S# polarization is made in
three P T bins covering 5.5 20.0 GeV!c. Both muons are

FIG. 2. (a) The fitted polarization of prompt J!c mesons for
j yJ!c j , 0.6. Full error bars denote statistical and systematic
uncertainties added in quadrature; ticks denote statistical errors
alone. The shaded band shows a NRQCD factorization pre-
diction [7] which includes the contribution from xc and c"2S#
decays. (b) The fitted polarization of prompt c"2S# mesons
for j yc"2S#j , 0.6. Error bars denote statistical and system-
atic uncertainties added in quadrature. Shaded bands show two
NRQCD factorization predictions [6,7].

required to be reconstructed in the SVX. The resulting
dimuon mass distribution is fitted with a Gaussian signal
and a linear background. We find a total of 1855 6 65
signal c"2S# events, with a signal-to-background ratio of
about 1 in a 3 standard deviation mass window around the
c"2S# mass.

As discussed above, the sample in each P T bin is further
divided into two subsamples based on the ct distribution.
Because the statistics are lower than in the J!c case, we
use ten bins in jcosu!j. The number of signal events in
each jcosu!j bin is obtained by fitting its mass distribution.
The resulting jcosu!j distributions in the two ct subsam-
ples are fitted simultaneously to the predicted number of
events to extract the c"2S# polarizations for prompt and
B-decay production. The number of predicted events in
each jcosu!j bin is derived by weighting the normalized
angular distribution I"cosu!# with the detector acceptance
[12]. We use the measured prompt and B-decay P

c"2S#
T dis-

tributions [1] to calculate the acceptance. As in the J!c
case, there is a small correlation between the measured
P

c"2S#
T distributions and the polarization. A correction is

FIG. 3. Fits to jcosu!j distributions in the short-lived c"2S#
data sample, in the three P T bins. Points: data. Dashed lines: fit.
The acceptance extends farther out in jcosu!j as P T increases.

2890

CDF RUN1

CDF RUN2

PRL 99, 132001 (2007)PRL 85, 2886 (2000)

❖ Including the prompt J/ψ (32 ± 6%) and feed-down J/ψ from χc, ψ’

❖ Obtain angular parameters with 1D fitting.

❖ Present in Helicity frame only.

ppbar collisions at √s = 1.80 TeV ppbar collisions at √s = 1.96 TeV
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Experimental Result of J/ψ Polarization

❖ Including the prompt J/ψ and feed-down J/ψ from χc, ψ’.

❖ Obtain angular parameters with 2D fitting.

❖ Present in Helicity and Collins-Soper frame.
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LHCb

Eur. Phys. J. C (2013) 73:2631 Page 7 of 16

Fig. 4 Measurements of λθ in bins of pT for five rapidity bins in (left)
the helicity frame and (right) the Collins–Soper frame. The error bars
represent the statistical and systematic uncertainties added in quadra-

ture. The data points are shifted slightly horizontally for different ra-
pidities to improve visibility

(pT, y) bins, where the weights are chosen according to the
number of events in each bin in the data sample. The average
is λθ = −0.145 ± 0.027. The uncertainty is statistical and
systematic uncertainties added in quadrature. Since the cor-
relations of the systematic uncertainties are observed to be
relevant only between adjacent kinematic bins, when quot-
ing the average uncertainty, we assume the different kine-
matic bins are uncorrelated, apart from the adjacent ones,
which we treat fully correlated.

A cross-check of the results is performed by repeating
the measurement in the Collins–Soper reference frame (see
Sect. 1). As LHCb is a forward detector, the Collins–Soper
and helicity frames are kinematically quite similar, espe-
cially in the low pT and y regions. Therefore, the polar-
ization parameters obtained in Collins–Soper frame are ex-
pected to be similar to those obtained in the helicity frame,
except at high pT and low y bins. Calculating the frame-
invariant variable, according to Eq. (2), the measurements
performed in the two frames are in agreement within the un-
certainty.

The results can be compared to those obtained by other
experiments at different values of

√
s. Measurements by

CDF [22], PHENIX [23] and HERA-B [24], also favor a
negative value for λθ . The HERA-B experiment has also
published results on λφ and λθφ , which are consistent with
zero. At the LHC, the ALICE [25] and the CMS [26] col-
laboration studied the J/ψ polarization in pp collisions
at

√
s = 7 TeV. The CMS results, determined in a differ-

ent kinematic range, disfavor large transverse or longitudi-
nal polarizations. The analysis by ALICE is based on the
cos θ and φ projections and thus only determines λθ and λφ .
Furthermore it also includes J/ψ mesons from b-hadron
decays. The measurement has been performed in bins of

J/ψ transverse momentum integrating over the rapidity in
a range very similar to that of LHCb, being 2 < pT <

8 GeV/c and 2.5 < y < 4.0. To compare our results with the
ALICE measurements, averages over the y region are used
for the different pT bins and good agreement is found for
λθ and λφ . The comparison for λθ is shown in Fig. 5 for the
helicity and Collins–Soper frames, respectively.

In Fig. 6 our measurements of λθ are compared with the
NLO CSM [39] and NRQCD predictions of Refs. [39, 40]
and [41, 42]. The comparison is done in the helicity frame
and as a function of the pT of the J/ψ meson (integrat-
ing over 2.5 < y < 4.0). The theoretical calculations in
Refs. [39, 40] and [41, 42] use different selections of ex-
perimental data to evaluate the non-perturbative matrix ele-
ments. Our results are not in agreement with the CSM pre-
dictions and the best agreement is found between the mea-
sured values and the NRQCD predictions of Refs. [41, 42].
It should be noted that our analysis includes a contribution
from feed-down, while the theoretical computations from
CSM and NRQCD [39] do not include feed-down from ex-
cited states. It is known that, among all the feed-down con-
tributions to prompt J/ψ production from higher charmo-
nium states, the contribution from χc mesons can be quite
important (up to 30 %) and that ψ(2S) mesons also can give
a sizable contribution [40–43], depending on the yields and
their polarizations. The NLO NRQCD calculations [40–42]
include the feed-down from χc and ψ(2S) mesons.

7 Update of the J/ψ cross-section measurement

The J/ψ cross-section in pp collisions at
√

s = 7 TeV was
previously measured by LHCb in 14 bins of pT and five bins

EPJC 73, 2631 (2013)

 pp collisions  pp collisions
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Comparison of J/ψ Polarization with Different Experiments

❖ What cause the inconsistency of the J/ψ polarization between each experiments?

 12

NS64CH09-Russ ARI 9 September 2014 11:34

both the experimental information and the pT behavior of the quarkonium production cross
sections. Roughly independent of target and

√
s , the differential cross section peaks near pT ∼

2 GeV for J/ψ and 4 GeV for ϒ(1S) production. For pT > 10 GeV, it falls smoothly for both
states. The low-pT range has data from collider and fixed-target experiments. The high-pT range is
covered only by collider experiments. The first question to consider is: How much does

√
s matter

in polarization results at low pT? The experiments cover the range 38.8 GeV <
√

s < 7 TeV for
pA collisions, pp̄ collisions, and pp collisions at both low and high rapidity.

5.4.1. Polarization results for J/ψ with pT < 1 GeV. In general, the J/ψ polarization mea-
surements in the cm-helicity or CS frame vary somewhat among experiments, but the polariza-
tion parameters are never large. The contributing experiments are HERA-B with pA collisions;
ALICE, LHCb, and PHENIX with pp collisions; and CDF Run 1 and Run 2 with pp̄ collisions.
Of these, ALICE and LHCb have made high-rapidity measurements; the others are central.

Figure 2 shows the λθ parameter in the cm-helicity frame for these six experiments plotted
versus pT. The HERA-B λθ measurement is nearly zero for pT > 1 GeV. For PHENIX, over
the range 0 < pT < 5 GeV, ⟨λθ ⟩ = − 0.10+0.05

− 0.09 ± 0.05. The CDF Run 2 average is ⟨λθ ⟩ =
− 0.035 ± 0.016 for 5 < pT < 9 GeV. The CDF Run 1 average, ⟨λθ ⟩ = +0.21 ± 0.05, disagrees
with the result from CDF Run 2. At low pT for J/ψ production, ALICE, CDF Run 2, HERA-B,
LHCb, and PHENIX agree that λθ in the cm-helicity frame is negative and close to zero for pT

between 1 and 10 GeV, independent of target,
√

s , or rapidity range. The CDF Run 1 result looks
like an experimental outlier.

0 2 4 6 8 10 12 14
–1.0

–0.8

–0.6

–0.4

–0.2

0.0

1.0
ALICE, CDF, HERA-B, LHCb, and PHENIX: J/ψ λθ versus pT

HERA-B
CDF Run 2
LHCb
CDF Run 1
ALICE
PHENIX

0.8

λθ

0.6

0.4

0.2

pT (GeV)

Figure 2
Measurements of λθ in the center-of-mass helicity frame for J/ψ production with pT < 10 GeV. The data
are from the ALICE, CDF Run 1, CDF Run 2, HERA-B, LHCb, and PHENIX experiments.
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❖ 1D extraction v.s. 2D extraction:

➡ The approach of 1D extraction rely on the perfectly understanding of azimuthal 
angle and μ, ν angular parameters.

➡ Better to use 2D approach in order to minimize the bias.

❖ Frame dependence of angular parameters:

➡ The results from each experiment show very strong frame dependence.

➡ Need a frame-independent approach.

❖ Feed down component from χc states:

➡ No good solution to separate ➟ requiring the global analysis.

Experimental Ambiguity

 13
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Frame-Independent Approach

 14

A complementary approach: 
frame-independent polarization 

3
1
ϑ ϕ

ϕ

λ λ
λ

λ
+

=
−

%

→ it can be characterized by a frame-independent parameter, writeable e.g. as 

λθ  = +1 
λφ  = 0 

λθ  = –1/3 
λφ  = +1/3 

λθ  = +1/5 
λφ  = +1/5 

λθ  = –1 
λφ  = 0 

λθ  = +1 
λφ  = –1 

λθ  = –1/3 
λφ  = –1/3 

z 

rotations in the production plane! 

The shape of the distribution is (obviously) frame-invariant (= invariant by rotation) 

λ = +1 ~ λ = −1 ~ 

λ = ~ or 

F  = 1/2 F  = 0 

N.B: λ is convenient because it is “homogeneous” to λϑ , 
but −1 < λ < +∞ (no upper bound!), 
while F is more conveniently normalized in the range 
0 < F  < 1 

~ 
~ 

102 Pietro Faccioli
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Frame-Independent Approach

 15

“Optimal” frames for Drell-Yan, Z and W polarizations 
Different subprocesses have different “natural” quantization axes 

For s-channel processes the natural axis is 
the direction of the outgoing quark 
(= direction of dilepton momentum) 

→ optimal frame (= maximizing polar anisotropy): HX 

V 

q 

q* 
q 

g 

HX 
CS 
PX 
GJ1 
GJ2 

example: Z 
y = +0.5 

(negative beam) 
(positive beam) 

(neglecting parton-parton-cms 
vs proton-proton-cms difference!) 

−1/3 

104 

Pietro Faccioli
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Frame-Independent Approach

❖ Propose a new quantity which is independent of the choice of reference frame:

❖ Once we obtain the angular parameter λ and ν, we can determine the invariant 
parameter which suppose to be frame-independent.

❖ On the other hand, determine the invariant parameter could be also a systematic 
uncertainty test for angular analysis framework.

 16

Pietro Faccioli et al. — Eur. Phys. J. C (2010) 69, 657-673

2λ + 3ν
2 − ν

λθ + 3νϕ
1 − νϕ

λ = =~
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COMPASS/CERN Drell-Yan Experiment in 2015

 17

❖ COMPASS has took DY data in 2015, and continue to take DY data in 2018

❖ π− beam at 190 GeV/c with average beam intensity 6×107 s−1 from CERN SPS

❖ Transversely polarized NH3 targets (110 cm) + Al target (7 cm) + W target (120 cm) 

COMPASS @ CERNCOMPASS
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Z Vertex Distribution Selecting Dimuon

 18

❖ In  COMPASS  2015  setup,  the  NH3  targets,  Al  target  and  W  target  are 
distinguishable. (with Z vertex resolution σz ~ 11 cm)

❖ The analysis of the angular distribution of events from NH3 targets will be presented 
in this talk.
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COMPASS/CERN Drell-Yan Experiment in 2015
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❖ Several sources of dimuons have been 
considered:
➡ Drell-Yan process
➡ Resonance: J/ψ, ψ‘, Upsilon
➡ Open-Charm
➡ Combinatorial background

❖ Using the MC framework, we can well 
describe the level of contamination in 
mass region that we are interested:
➡ J/ψ dominate region: 3.0 − 3.2 GeV/c2

Mass region Statistics Contamination

3.0 − 3.2 GeV/c2 751,229 pairs 4.3 ± 0.1%
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Kinematics Coverage of Dimuon
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❖ The distributions of Feynman variable xF versus transverse momentum pT are presented 
in the top.

❖ The cut of transverse momentum is applied due to low resolution in angular variable 
(lower cut) and also due to very low statistics (upper cut): 0.4 < pT < 3.0 GeV/c

❖ The angular parameters extraction is evaluated in kinematics bins of pT, xπ, xN and xF.
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Angular Parameter Extraction

❖ Select events at fixed pT (xπ, xN or xF) bin.

❖ Construct angular variables in HX, GJ and CS frames.

❖ Perform un-binned maximum likelihood fitting(UBML) with PDF.

❖ The acceptance are estimated by MC sample and applied during UBML fitting.
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Preliminary

Result of J/ψ Polarization from COMPASS

 22
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The Polarization of  J/ψ from each Experiments
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NS64CH09-Russ ARI 9 September 2014 11:34

both the experimental information and the pT behavior of the quarkonium production cross
sections. Roughly independent of target and

√
s , the differential cross section peaks near pT ∼

2 GeV for J/ψ and 4 GeV for ϒ(1S) production. For pT > 10 GeV, it falls smoothly for both
states. The low-pT range has data from collider and fixed-target experiments. The high-pT range is
covered only by collider experiments. The first question to consider is: How much does

√
s matter

in polarization results at low pT? The experiments cover the range 38.8 GeV <
√

s < 7 TeV for
pA collisions, pp̄ collisions, and pp collisions at both low and high rapidity.

5.4.1. Polarization results for J/ψ with pT < 1 GeV. In general, the J/ψ polarization mea-
surements in the cm-helicity or CS frame vary somewhat among experiments, but the polariza-
tion parameters are never large. The contributing experiments are HERA-B with pA collisions;
ALICE, LHCb, and PHENIX with pp collisions; and CDF Run 1 and Run 2 with pp̄ collisions.
Of these, ALICE and LHCb have made high-rapidity measurements; the others are central.

Figure 2 shows the λθ parameter in the cm-helicity frame for these six experiments plotted
versus pT. The HERA-B λθ measurement is nearly zero for pT > 1 GeV. For PHENIX, over
the range 0 < pT < 5 GeV, ⟨λθ ⟩ = − 0.10+0.05

− 0.09 ± 0.05. The CDF Run 2 average is ⟨λθ ⟩ =
− 0.035 ± 0.016 for 5 < pT < 9 GeV. The CDF Run 1 average, ⟨λθ ⟩ = +0.21 ± 0.05, disagrees
with the result from CDF Run 2. At low pT for J/ψ production, ALICE, CDF Run 2, HERA-B,
LHCb, and PHENIX agree that λθ in the cm-helicity frame is negative and close to zero for pT

between 1 and 10 GeV, independent of target,
√

s , or rapidity range. The CDF Run 1 result looks
like an experimental outlier.
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ALICE, CDF, HERA-B, LHCb, and PHENIX: J/ψ λθ versus pT
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Figure 2
Measurements of λθ in the center-of-mass helicity frame for J/ψ production with pT < 10 GeV. The data
are from the ALICE, CDF Run 1, CDF Run 2, HERA-B, LHCb, and PHENIX experiments.
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Summary

❖ In order to extract unbiased J/ψ polarization, we should…

➡ Extracting result from the 2D angular distribution (three-parameter function).

➡ Presenting polarization parameters in at least two frames.

❖ Polarization of J/ψ is sizable from COMPASS 2015 preliminary result

➡ Transversely polarized J/ψ ( base on invariant parameters result )
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