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Hadron structure: the nucleon 
u Main laboratory for QCD studies

n More than 4 decades of extensive investigations 
n Hundreds of experiments
n Parton distributions are well known 
n Perturbative QCD works really well 
n Aim at a full multidimensional picture : GPDs, TMDs:
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The nucleon structure is (almost) perfectly known –over few decades in x
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Hadron structure: the pion and the kaon 
u Laboratories for QCD studies

n Absence of meson targets 
n Few experiments, few decades old
n Pion parton distributions are quite uncertain 
n Kaon parton distribution are essentially unknown 
n Good news: new data from Compass + Amber, Jlab, EIC 

(☞ V. Andrieux, ☞ O. Denisov) 
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Sharp contrast with the present knowledge on the pion.  And on the kaon 

Pion structure 
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Meson structure in the last few years - theory

u Remarkable progress in theory
n Continuum Schwinger method (CSM)

n Lattice QCD 
► Aim at describing the properties of the two simplest hadrons (e.g. pion gluon PDF):   
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Z. Fan and H-W. Lin, Phys.Lett. B823, 136778 (2021)Cui et al.,  Eur.Phys.J C80,1064 (2020).

What about experimental info ? 

☞ C. Roberts ☞ H.-W. Lin 
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Type of data used to infer the pion PDFs          1/2

u Drell-Yan process 
n Pros: well-known and clean process
n Cons: low cross sections (em process) 
n Data available: NA3, NA10, E615…  

u Prompt-photon π-N production
n Pros: sensitive to valence and gluon PDFs
n Cons: high pT, large background
n Data available: CERN (WA70, NA24)
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Type of data used to infer the pion PDFs 2/2

u Sullivan (Leading Neutron) process 
n Pros: gives access to lower x values of the PDFs (if high energy) 
n Cons: theoretical uncertainties
n Data available: HERA (Zeus and H1) + JLab (to come) 

u Charmonium production 
n Pros: sensitive to the gluon PDF, large cross sections
n Cons: production mechanism  
n Data available: CERN: NA3, WA39, WA11

FNAL:  E537, E672, E705
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𝑞"𝑞 𝑔𝑔

Four known methods of inferring the pion PDFs 
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Pion structure – global fits

u Previous (3 decades old) global fits (+ a couple of others…) 
n SMRS       Sutton, Martin, Roberts and Stirling (1992)

n DY + Direct-photon production 
n GRV(S)    Glück, Reya and Vogt (1992), Glück, Reya and Shienbein (1999)   

n Direct-photon production + DY  

u Recent global fits 
n JAM Barry, Sato, Melnitchouk and Ji (2018, 2021)

n DY + Sullivan process (+NLL corrections in 2021) 
n xFitter Novikov et al., (2020) 

n DY + Direct-photon production 
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Uncertainties in the present DY data (CERN vs FNAL) 

n Differences n Global fits normalizations 
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Exp / Global fit xFitter JAM xFitter/JAM
E615 1.160 0.985 1.18
NA10-194 GeV 0.997 0.816 1.22
NA10-286 GeV 0.927 0.758 1.22
WA70 (prompt-𝜸) 0.737 -
H1 LN - 1.170
Zeus LN - 0.964

NA3

E615

NA10

Conway et al., PRD 39, 92 (1989).
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Global fits – pion PDFs comparison 
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Valence Sea Gluons
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4. Analysis of J/Â production in fiA collisions 78
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Figure 4.8: Invariant mass for the period P01 and the W target (top) and ratio between MC calculation
and RD (bottom).

Period Number of J/Â events ‰2/ndf µ (GeV) ‡ (GeV)
P00 110311 ±(332)stat 4.8 3.08 ± 0.01 0.78 ± 0.02
P01 77333 ±(278)stat 3.2 3.13 ± 0.01 0.76 ± 0.03
P02 163402 ±(404)stat 5.3 3.12 ± 0.01 0.78 ± 0.02
P03 118758 ±(345)stat 3.8 3.12 ± 0.01 0.75 ± 0.02
P04 104921 ±(323)stat 4.1 3.08 ± 0.01 0.73 ± 0.02
P05 70813 ±(266)stat 3.6 3.10 ± 0.01 0.75 ± 0.03
P06 84935 ±(291)stat 3.9 3.13 ± 0.01 0.79 ± 0.03
P07 141143 ±(376)stat 5.3 3.10 ± 0.01 0.78 ± 0.02
P08 51215 ±(226)stat 2.4 3.08 ± 0.01 0.79 ± 0.04

Table 4.7: Number of J/Â events from the W target extracted using the "cocktail method" for each of
the nine periods. Here, µ and ‡ are the parameters of the Gaussian function from J/Â fit according to
Eq. (4.10).

contribution is fixed by fitting the high-mass regions M & 5 GeV where the contribution is
dominant. The fit results for each period in the W target are summarized in Table 4.7. Figure 4.8
shows a perfect agreement between the "cocktail" method and the RD in J/Â region where
2 . M . 4 GeV. The values obtained of µ and ‡ parameters in Gaussian function multiplied to
the J/Â MC distribution are summarized in Table 4.7. They show that it is necessary to add a
Gaussian function in the MC in order to reproduce the RD: that is to degrade the J/Â mass
resolution. The dominant background in the J/Â region, i.e. 2 . M . 5 GeV, comes mainly

Charmonium production 

u Several advantages
n Sensitive to valence and glue
n Large cross sections, 30 – 50 times more than Drell-Yan 
n Fixed-target energies: dominated by 2 ---> 1 process 
n Large number of π-induced data (from 80s to 00s)  on many targets

u Present descriptions for charmonium production 
n Color Evaporation Model

n weight of each contribution (qqbar or GG) depends solely on the parton PDFs 
n Only one adjustable parameter 

n Non-Relativistic QCD (NRQCD) 
n effective field theory, based on factorization 
n separates pQCD (short distance processes) and npQCD (long-distance dynamics) 
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Are charmonium data compatible with the pion PDFs? 

First step

u Compare the “Global Fits” results with the data, using CEM NLO.
n Integrated cross sections 
n xF – dependent cross sections 
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Experimental information used 

u Data choice criteria
n xF distribution is available 
n Minimize nuclear effects (A ⩽ 9)

u Additional input 
n proton PDF: CT14nlo
n nuclear PDFs: EPPS16

Data on heavier targets are also available 

ECT* Trento PDFs at a crossroad 12

Eight data sets with π beam, published 1981 - 1996
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u Global fit dependence 

Integrated (xF > 0) J/psi cross sections vs CEM NLO calculations
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GG vs 𝑞"𝑞 crossing: 21 GeV 12 GeV 20 GeV

JAM GRV xFitter

Overall good agreement, but large GG vs 𝑞)𝑞 variations   
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E672/E706: π + Be for E = 515 GeV
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u CEM LO vs NLO 

calculation. The calculated value of the qG contribution is
negative [53]. The uncertainties of xFitter and JAM PDF
sets are displayed as shaded bands. In the following
subsections (Secs. IVA–IV H), we briefly comment on
the features of each experimental measurement and discuss
the comparison of the data with the CEM calculations. Our
observations are summarized in Sec. IV I.

A. Fermilab E672/E706 experiment

The Fermilab E672/E706 experiment [68] used a
515 GeV=c π− beam scattered off 3.71- and 1.12-cm-long
9Be targets. About 9600 J=ψ events integrated in the mass
region between 2.8 and 3.4 GeV=c2 were collected. The
final cross sections cover the range 0.1 ≤ xF ≤ 0.8 in bins
of 0.02 and have a normalization uncertainty of 12%.
The comparison of our calculations at both LO and NLO

to the E672/E706 data is shown in Fig. 3. Judging from the
reduced χ2/ndf values, the NLO calculations with SMRS
and GRV are in better agreement with the data than those

with xFitter and JAM. The NLO calculation improves the
description of the E672/E706 data only in the cases of
SMRS and GRV. In comparison with the LO, the NLO
calculation has a large effect on the cross sections,
increasing its magnitude by more than a factor of 2. An
interesting observation is that this increase in magnitude is
nearly entirely compensated by the F factor, pointing to a
nearly uniform increase along xF. We also note that the GG
contribution dominates the cross section up to values of xF
as large as 0.5–0.7, depending on the particular pion PDF
set. The additional qG term in the NLO calculation has a
minor (and negative) contribution, although largely depen-
dent on the particular PDF set.
We observe that the hadronization factor F is reduced by

a factor of 4–5 from LO to NLO calculations. Since the
NLO calculations involve higher-order QCD diagrams, the
F factor, playing the role of a normalization constant of
cross sections to describe the data, is expected to be
different in the cases of LO and NLO calculations. An
additional justification for the usage of NLO calculations
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FIG. 3. Comparison of the LO and NLO CEM results for the SMRS, GRV, xFitter, and JAM PDFs, with the dσ=dxF data of J=ψ
production off the beryllium target with a 515-GeV=c π− beam from the E672/E706 experiment [68]. The total cross sections and qq̄,
GG, and qG × ð−1Þ contributions are denoted as black, blue, red, and green lines, respectively. Solid and dotted lines are for the NLO
and LO calculations, respectively. The shaded bands on the xFitter and JAM calculations come from the uncertainties of the
corresponding PDF sets. For clarity, the resulting χ2/ndf and F factors are also displayed.

CONSTRAINING GLUON DENSITY OF PIONS AT LARGE X … PHYS. REV. D 102, 054024 (2020)

054024-7

NLO: minor improvement in Chi2 
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E672/E706: π + Be for E = 515 GeV

u GRV vs xFitter vs JAM 

ECT* Trento PDFs at a crossroad 15

Different qq and GG contributions, and different 𝜒2/ndf
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u SMRS vs GRV vs xFitter vs JAM 

NA3: π + p for E = 280 GeV
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Smaller GG contribution == > larger 𝜒2

arrows = crossing points 

xF crossing value =   0.7 0.8 0.4 0.3
Chi2 = 1.5 2.0 5.0 10
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u SMRS vs GRV vs xFitter vs JAM 

E537: π + Be for E = 125 GeV
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Smaller GG contribution == > larger 𝜒2

Decreasing energy = decreasing GG contribution 

xF crossing value:    0.6 0.7 0.1 0.0
𝜒2 = 1.5 1.5 3.1 3.5 
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WA39: π + p for E = 39.5 GeV
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u Conclusions from the CEM NLO study
n The gg fusion process becomes increasingly important with the increase of the (FT) energies 

n Data are sensitive to the amount of g(x) in the pion

n Global fits with larger gluon contributions (GRV, SMRS) are favored 

Would a different production model entail different conclusions?  

Are charmonium data compatible with the pion PDFs? 
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Second step: 
u Use NRQCD instead of CEM. Needed are: 

n Beam and Target PDFs
n Short Distance cross sections (pQCD)
n Long-Distance Matrix Elements (phen.)
n Factorization 

u Start with integrated cross sections only 

ECT* Trento PDFs at a crossroad 20

Hsieh, Lian, Chang, Peng, Platchkov and 
Sawada, Chin. J. Phys. 73 (2021) 13
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u Sensitivity to the different subprocesses
n Color Octet LDMEs     (Color Singlet LDMEs are fixed to the values used in the literature) 

u Data used: only integrated cross sections
n π-induced J/𝜓 and 𝜓(2S)
n p-induced J/𝜓 and 𝜓(2S)  

A word on the LDMEs… 
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NRQCD results – integrated cross sections 

u Charmonium J/𝜓 data 

ECT* Trento PDFs at a crossroad 22

Good common fit to both pion and proton-induced data
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NRQCD results – integrated cross sections 

u Charmonium 𝜓(2S) data 
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Good common fit to both J/𝜓 and 𝜓(2S) states
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NRQCD results – integrated cross sections 

u J/𝜓 subprocesses 
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NRQCD results – integrated cross sections 

u J/𝜓 CO vs CS  
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The Color Octet process dominates the cross section
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NRQCD results – integrated cross sections 

u PDF dependence

Use of SMRS and GRV leads 
to better 𝜒2 values 
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Further study:
integrated cross section AND xF-dependent data 
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NRQCD fits including xF-dependent data 

u Data used (Chang et al., PRD 107, 2023)
n Atomic numbers < 10, both proton and pion-induced data, for J/𝜓 and 𝜓(2S)  
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pion
164 points

proton
82 points 

16 data sets 
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Fit results: examples for π and p-induced data 
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Good fit on both π and p data 
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Fit results: all data sets 
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NRQCD fit results: dependence on the pion PDFs
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n J/𝜓 π-induced  data 
at 515 GeV/c 
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NRQCD fit results: dependence on the pion PDFs
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n 𝜓(2S) π-induced  
data at 515 GeV/c 

Data from 
E672/E706 

E = 515 GeV



COMPASS

Sensitivity of the FT data to the CO component
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Data from 
E705 

E = 300 GeV

The CO gg contribution dominates the cross section 
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Comparison between J/𝜓 and 𝜓(2S) 

u π-induced  data 
at 515 GeV/c

u Differences
n size of cross section: about an order of magnitude! 
n larger 𝑞"𝑞 contribution for 𝜓(2S) !
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J/𝜓 𝜓(2S)  
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Further evidences for different J/𝜓 and 𝜓(2S) behaviors 

n LDMEs (SMRS) 

n Δ8 (J/𝜓)              = 0.0560±0.0016
Δ8 (𝜓(2S))         = 0.0057±0.0003
Ratio: =  ~10

n ⟨08[3S1] (J/𝜓)     = 0.0259±0.0023 
⟨08[3S1] (𝜓(2S)) = 0.0132±0.0009

Ratio: =  ~2 !

n Cross section ratio at E = 252 GeV 
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The 𝑞"𝑞 contribution in 𝜓(2S) is much larger than in J/𝜓
The behavior of the data cannot be explained using CEM 

Data:
E615

Unexplained 

behavior!
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Comparison between J/𝜓 and 𝜓(2S) for p+p at 120 GeV

u Calculation: W.-C. Chang
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Combined use of J/𝜓 and 𝜓(2S) data would greatly help in separating 
𝑞"𝑞 and gg contributions 

=> 𝜓(2S) could be considered as a Drell-Yan surrogate  
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E771 Collaboration/Physics Letters B 374 (1996) 271-276 213 

Fig. 1. Opposite-sign muon pair mass spectrum in the J/$ and I,// region. The solid line is the fit described in the text and the dashed 
line is the background. The inset shows the Y signal. 

3. Data analysis 

A sample of 1.27x 10’ events was stored on tape us- 
ing the dimuon trigger. The events were reconstructed 
using all tracking elements of the E771 spectrometer 
except for the silicon detectors and for the calorimeter. 

Muons candidates were firstly identified and tracked 
in the muon detector by using the RPC pads and the 
scintillators. Track segments downstream of the anal- 
ysis magnet were then reconstructed using the down- 
stream chambers hits within a search window defined 
by the RPC muon tracks. Subsequently, track seg- 
ments upstream of the analysis magnet were matched 
to downstream muon segments to form momentum- 
assigned muon tracks. Opposite sign dimuon pairs 
were then required to originate from a common ver- 
tex. In any given event, only the dimuon pair forming 
the best common vertex was selected for the resonance 
studies. 

The dimuon mass spectrum is shown in Fig. 1. Both 
J/$ and @’ peaks are clearly seen, as well as a clear 
indication of a Y signal. Superimposed on the dimuon 
mass spectrum in Fig. 1 is a fit to the data obtained 
with the sum of two gaussians for the J/t+h peak, a 
single gaussian for the +’ peak and the form: 

- ew( -bm,,) m;P 
for the continuum background. The use of two gaus- 
sians is a consequence of the XF dependence of our 

mass resolution due to the high track density along the 
beam direction: Monte Carlo studies indicate that this 
is sufficient to correctly describe the data. By fixing 
the widths of the gaussians and their ratio, according 
to the MC results, one gets from a fit to Fig. 1, NJ/+ 
= 11660 f 139 and N$t = 218 & 24 for the back- 
ground subtracted number of events in the J/t,4 and q’ 
peaks, respectively. The data were statistically signif- 
icant for XF values in the range from -0.1 to 0.3 and 
for PT values up to 3.5 GeV/c, for both Charmonium 
resonances. 

To determine the overall reconstruction efficien- 
cies and acceptances, we generated 8x lo5 Monte 
Carlo J/I,~ and 1 x lo5 @’ decaying into opposite sign 
dimuons. The dimuons were propagated through a 
GEANT simulation of the E771 detector, which in- 
corporated measured detector and trigger efficiencies, 
multiple scattering, and other effects that degraded 
the track quality. The hits information from this sim- 
ulation was superimposed onto real dimuon trigger 
events in order to provide a realistic estimate of the 
backgrounds from noise and other tracks associated 
with the events. The overlaid MC events were then 
processed with the same tracking programs as those 
used on the data. In the simulation of J/t+4 and $’ 
production we used the XF and PT distributions, 
parametrized as ( 1 - IxF( ) n and PT exp ( -bpT) with 
the starting values for IZ and b taken from published 
data on J/$ production at lower energies [ 31. The 
measured XF and PT distributions, corrected by the 

u Pros:
n Different sensitivity to g(x) and q(x) 
n No feeddown contributions

u Cons:
n Low counting rates  (factor of 50 ! vs J/𝜓) 
n Very good resolution required 

u AMBER could/should? do it 

Why measure 𝜓(2S) cross sections? 
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E771

J/𝜓

𝜓’
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Dependence on the pion PDFs
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SMRS and GRV fits do (AGAIN!) a better job 
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LDMEs compared to collider energies fits values 

u J/𝜓 production               ⟨𝑂.
//1[3𝑆1]⟩ (GeV3)

n Present work (2.59±0.23)x10-2 PRD 107, 2023 
n Buttenshoen-Kniehl (0.31±0.06)x10-2 PRL 106, 2011
n Chao, Ma et al., (0.30±0.12)x10-2 PRL 108, 2012
n Zhang, Sun et al., (1.00±0.30)x10-2 PRL 114, 2015
n Bodwin et al., (1.10±1.00)x10-2 PRL 114, 2015

u 𝜓(2S) production            ⟨𝑂.
1(9:)[3𝑆1]⟩ (GeV3)

n Present work (1.32±0.09)x10-2 PRD 107, 1023
n Gong, Wan et al., (0.34±0.12)x10-2 PRL 106, 2011
n Buttenshoen-Kniehl, Fit1 (0.15±0.01)x10-2 PRD 107, 2023
n Buttenshoen-Kniehl, Fit4 (0.28±0.01)x10-2 PRD 107, 2023 
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Price for a good fit: values for ⟨O8[3S1]⟩ between a factor of 2.5 and 10 larger
(Note: high-energy fits are usually limited to values of pT > 5 or 7 GeV/c) 
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Discussion   

u The present NRQCD analysis could be further refined if the following items are 
considered: 
n Include higher order terms of NRQCD

n Add data from heavier targets

n Note: FT data are limited to small pT values (⪅ 4 GeV/c)

u An optional next step
n Include charmonium production data in a global fit
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Summary 

u Conclusions
n A common NRQCD fit to FT pion and proton-induced charmonium data is made

n A good fit to J/𝜓 and 𝜓(2S) data, as well as to their ratios

n Better fit results for SMRS and GRV, in comparison with the recent JAM and xFitter PDFs

n Explained by larger gluon contributions, particularly at large xF

n Use of either CEM or NRQCD  leads to qualitatively similar results

u And a surprise
n The data for 𝜓(2S) favor a much larger 𝑞"𝑞 contribution than that for J/𝜓
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