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Gluon content of pion and kaon with the COMPASS++/AMBER
setup at CERN 



¡ Fundamental QCD quantities
Ø What is the behavior of the kaon and pion PDFs vs the 

PDFs in the nucleon? 
Ø Are kaon and pion gluon PDFs identical? 

¡ Double nature
Ø The lightest quark-antiquark pairs 
Ø Massless Nambu-Goldstone bosons

¡ Help understanding the hadron mass budget
Ø Higgs mechanism can’t explain hadron masses
Ø Meson PDFs: Important input 

Interest in meson structure 
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!"

QCD:
1 GeV

Higgs: 
0.01 GeV



Nucleon PDFs, as determined by NNPDF 
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Del Debbio, EPJ Web of Conferences 175, 01006 (2018)

Nucleon PDFs are quite well known – thanks to numerous measurements made over more than 4 decades 



I.  The pion.

Gluon@NICA workshopSP, SEP. 30, 2020 4



Comparison of the pion PDFs from available “global fits”
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Comparison of the global fit PDFs – first moments
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JAM and xFitter. The gluon first moments vary from 0.29248

for xFitter to 0.51 for GRV. The low gluon value in xFitter is249

compensated by a much larger sea contribution.250

PDF
R 1

0
xūval(x)dx

R 1

0
xūsea(x)dx

R 1

0
xG(x)dx

OW 0.203 0.026 0.487
ABFKW 0.205 0.026 0.468
SMRS 0.245 0.026 0.394
GRV 0.199 0.020 0.513

JAM(a) 0.225± 0.003 0.028± 0.002 0.365± 0.016

xFitter(a) 0.228± 0.009 0.040± 0.020 0.291± 0.119

TABLE I. Momentum fractions of valence quarks, sea quarks and
gluons of various pion PDFs for ⇡� at the scale Q2= 9.6 GeV2.
(a): Uncertainties estimated from the member PDF sets.

IV. RESULTS OF NLO CEM CALCULATIONS251

In this section we explore the sensitivity of the NLO CEM252

calculations to the various global fit parametrizations of the253

pion PDFs. We select four of them, namely SMRS and254

GRV, as the most widely used for a long time, and the two255

most recent fits, xFitter and JAM. Out of the three possible256

parametrizations for SMRS, we choose the one in which the257

sea quarks carry 15% of the pion momentum at Q2= 4 GeV2.258

As illustrated in Fig. 1, SMRS, JAM and xFitter have quite259

similar valence quark distributions while the magnitude of the260

GRV distribution is lower, by up to 20-30%. As for the gluon261

distributions, SMRS and GRV have similar shapes and mag-262

nitudes, while the magnitudes of xFitter and JAM are signifi-263

cantly smaller, by a factor of 2-4.264

As a first step, we compare the NLO CEM cross sections265

integrated over xF > 0 for the process ⇡�N ! J/ X for266

each of the four pion PDFs with the available measurements267

as a function of the center of mass energy,
p
s, of the reaction.268

The calculations are performed using the nucleon CT14nlo269

PDFs [62] under the LHAPDF framework [63, 64]. The cross270

sections are evaluated with a charm quark mass mc = 1.5271

GeV/c2 and renormalization and factorization scales of µR =272

mc and µF = 2mc, respectively [52]. The experimental cross273

sections are taken from the compilation of Ref. [45]. For the274

sake of completeness, the subsequent measurement from the275

WA92 experiment [65] is also included, after correcting it for276

the nuclear dependence. The hadronization factors F are as-277

sumed to be energy independent and are determined by the278

best fit to the data for each pion PDF.279

The results of the comparison are displayed in Fig. 2. The280

total cross sections for the four PDFs exhibit quite similar
p
s281

dependencies and all agree reasonably with the data. The282

differences between them are visible through the F factors,283

which vary from 0.05 to 0.09. As a general feature, the qq̄284

contribution dominates at low energies, whereas the GG con-285

tribution becomes increasingly important with increasing
p
s.286

However, the relative fractions of qq̄ and GG contributions as287

a function of
p
s vary considerably, reflecting the differences288

between the corresponding parton distributions. For SMRS289

and GRV, the GG contribution starts to dominate the cross290

section beyond
p
s = 13 and

p
s = 11 GeV, respectively,291

while for xFitter and JAM the corresponding values are much292

higher:
p
s = 19 and 21 GeV, respectively.293
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FIG. 2. The product of J/ dimuon decay branching ratio (Br)
and J/ production cross sections at xF > 0 for the ⇡�N reac-
tion, calculated with four pion PDFs: SMRS, GRV, xFitter and JAM,
is compared with data (solid circles) [45, 65]. The black, blue and
red curves represent the calculated total cross section, the qq̄ and GG
contributions, respectively. The shaded bands on the xFitter and JAM
calculations come from the uncertainties of the corresponding PDF
sets. The SMRS and GRV PDFs contain no information on uncer-
tainties.

In order to investigate further the effect led by different pion294

PDFs, we compare the longitudinal xF distribution of the cal-295

culated pion-induced J/ production cross section with a296

selection of fixed-target data from Fermilab and CERN ex-297

periments. Among the data sets available for pion-induced298

J/ production [66–75], we choose the ones that have299

large-xF coverage for either hydrogen or light nuclear targets300

(lithium and beryllium) in order to minimize the effects of the301

nuclear environment. The selected eight data sets are listed in302

Table II. The beam momenta of the data sets cover the range of303

39.5 to 515 GeV/c, corresponding to
p
s values ranging from304

8.6 to 31.1 GeV. Some of the data listed in Table II involve nu-305

clear targets. The target PDFs parametrizations are CT14nlo306

for the hydrogen target and EPPS16 [76] for the lithium and307

beryllium targets. Contrary to the integrated cross sections,308

we now allow the hadronization factor F to be fine-tuned for309

each data set individually.310

Within the CEM and heavy quark pair production frame-311

work introduced in Sec. II, we performed the LO and NLO312

calculations of the differential cross sections as a function of313

xF with the charm quark mass mc = 1.5 GeV/c2, renormal-314

ization and factorization scales µR = mc and µF = 2mc [52].315
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gluonsseavalence

Scale= 9.6 GeV2

Large differences in the gluon first moments 
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How to access the pion gluon PDF?
¡ Direct-photon production using pion beams:  

Ø !" → "$ and  "%" → "$.        
Ø Two CERN experiments: NA24, WA70 (1987). 

¡ J/& production
Ø A number of pion-induced experiments (1980-2000) 
Ø H to 195Pt targets

¡ Sullivan process at the energies of HERA/EIC 
Ø Sullivan process – scattering from nucleon-meson 

fluctuations  
Gluon@NICA workshopSP, SEP. 30, 2020 7

from PRL, Barry et al., 2018



Comparison with π-induced J/! data – differential cross sections
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Only data on hydrogen, Li, Be – to avoid heavy-target nuclear effects  

How sensitive are these data to the gluon (and valence) PDF of the pion?  

1996
1992
1983
1983
1983
1983
1993
1980

Year

μR ¼ m c and μF ¼ 2m c, respectively [55]. The comparison
of results with the selected data is shown in Figs. 3–10. In
Fig. 3, where the dataset has the largest beam momentum,
both LO and NLO CEM results calculated with SMRS,
GRV, xFitter, and JAM pion PDFs are shown, whereas only
NLO results are shown in the other figures.
The hadronization factor F, as an overall normalization

parameter, is determined by the best χ2 fit to the xF
distributions of cross sections, shown as the black lines in
Figs. 3–10. The experimental normalization uncertainties
listed in Table II are not included in the error estimation,
since they are correlated systematic errors andwill not affect
the χ2 but only contribute to the uncertainty of F factor. To
compare the four pion PDFs on an equal footing, the
uncertainties of the more recent PDFs are not included in
the calculation of χ2. We will discuss the impact of PDF
uncertainties on the fit results later.
The χ2=ndf value of the best fit is also displayed in the

plot. The estimated individual qq̄ and GG contributions are

denoted as blue and red lines, respectively. There is a
negligible additional contribution from the qG subprocess,
shown as green lines, to the total cross sections in the NLO
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FIG. 2. The product of J=ψ dimuon decay branching ratio (Br) and J=ψ production cross sections at xF > 0 for the π−N reaction,
calculated with four pion PDFs (SMRS, GRV, xFitter, and JAM) is compared with data (solid circles) [46,67]. The black, blue, and red
curves represent the calculated total cross section and the qq̄ and GG contributions, respectively. The shaded bands on the xFitter and
JAM calculations come from the uncertainties of the corresponding PDF sets. The SMRS and GRV PDFs contain no information on
uncertainties.

TABLE II. The J=ψ production datasets with π− beam used in
the analysis, listed in order of decreasing beam momentum.

Experiment
Pbeam

(GeV=c) Target Normalizationa References

FNAL E672, E706 515 Be 12.0 [68]
FNAL E705 300 Li 9.5 [69]
CERN NA3b 280 p 13.0 [70]
CERN NA3b 200 p 13.0 [70]
CERN WA11b 190 Be c [72]
CERN NA3b 150 p 13.0 [70]
FNAL E537 125 Be 6.0 [73]
CERN WA39b 39.5 p 15.0 [74]

aPercentage of uncertainty in the cross section normalization.
bThe numerical information was taken from figures.
cInformation not available.

CHANG, PENG, PLATCHKOV, and SAWADA PHYS. REV. D 102, 054024 (2020)

054024-6



comes from the fact that all four pion PDFs examined in
this work are determined in a NLO global analysis.

B. Fermilab E705 experiment

The Fermilab E705 experiment [69] used a 300 GeV=c
negative hadron beam (with 98% pions) scattered off a 33-
cm-long lithium target. Data were also collected with a
positive hadron beam consisting of protons and positive
pions. Thanks to the open geometry spectrometer, an
excellent mass resolution was achieved, allowing a meas-
urement of the J=ψ peak in the mass range between 2.98
and 3.18 GeV=c2. Since the final number of J=ψ events
was not explicitly given, we estimate it from the published
statistical errors to about 6000 events for the negative pion
beam. The final cross sections have a normalization
uncertainty of 11.1% and cover the range −0.1 ≤ xF ≤
0.45 in bins of 0.05.
The comparison of our calculations with the experimen-

tal cross sections is shown in Fig. 4. The best χ2/ndf value
is obtained with the SMRS PDFs. In contrast, the use of
the JAM PDFs results in a significantly degraded χ2=ndf.

The GG contribution for the JAM PDFs has a falloff in xF
too fast to describe the data. We observe a trend similar to
the one seen already in Fig. 3: The crossover between the
central values of qq̄ and GG terms for SMRS and GRV
occurs at values of xF much larger than the ones for xFitter
and JAM.

C. CERN NA3 experiment, 280 GeV=c

The CERN NA3 experiment [70], performed nearly four
decades ago, still has the largest pion-induced J=ψ pro-
duction statistics available today. Data were taken at three
different incident momenta, 280, 200, and 150 GeV=cwith
both positive and negative hadron beams. The beam
components were identified using Cherenkov counters.
Moreover, in addition to a heavy platinum target, a
liquid hydrogen target was also used, thus eliminating
all possible nuclear effects. For all three energies, the cross
sections have a normalization uncertainty of 13%. In the
present study, we consider only the NA3 hydrogen data.
Unfortunately, these invaluable numerical cross sections
were never published and could be retrieved only from
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FIG. 4. Comparison of the NLO CEM results for the SMRS, GRV, xFitter, and JAM PDFs with dσ=dxF data of J=ψ production off the
lithium target with a 300- GeV=c π− beam from the E705 experiment [69]. The total cross sections and qq̄ and GG contributions are
denoted as black, blue, and red lines, respectively.

CHANG, PENG, PLATCHKOV, and SAWADA PHYS. REV. D 102, 054024 (2020)

054024-8

CEM calculation @ NLO, data from E705 
Ø Experiment: E705 (Fermilab, 1992)  

Ø 300 GeV pions on 6Li 

Ø Nucleon PDF: CT14nlo 

Ø Pion PDF: SMRS

Gluon@NICA workshopSP, SEP. 30, 2020 9gg fusion is dominant up to xF ≃ 0.8; #$# is dominant for xF > 0.8 



CEM calculation: NLO  at E = 300 GeV (E705), 6Li target

Ø The different PDF sets  have different 
!"! and gg contributions

Ø At E = 300 GeV, gg is dominant up to:
o SMRS: 0.78

o GRV: 0.82

o xFitter: 0.48

o JAM: 0.35

Ø Chi2 values: from 1.9 to 17.7

Gluon@NICA workshopSP, SEP. 30, 2020 10
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fast to describe the data. We observe a trend similar to the one376

seen already in Fig. 3: the crossover between the qq̄ and GG377

terms for SMRS and GRV occurs at values of xF much larger378

than the ones for xFitter and JAM.379
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FIG. 4. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs with d�/dxF data of J/ production off
the lithium target with 300-GeV/c ⇡� beam from the E705 exper-
iment [67]. The total cross sections, qq̄ and GG contributions are
denoted as black, blue, and red lines, respectively.

C. CERN NA3 experiment, 280 GeV/c380

The CERN NA3 experiment [68], performed nearly four381

decades ago, still has the largest pion-induced J/ produc-382

tion statistics available today. Data were taken at three dif-383

ferent incident momenta, 280, 200 and 150 GeV/c with both384

positive and negative hadron beams. The beam components385

were identified using Cherenkov counters. Moreover, in addi-386

tion to a heavy platinum target, a liquid hydrogen target was387

also used, thus eliminating all possible nuclear effects. For388

all three energies, the cross sections have a normalization un-389

certainty of 13%. In the present study we only consider the390

NA3 hydrogen data. Unfortunately, these invaluable numer-391

ical cross sections were never published and could only be392

retrieved from the figures in the published paper [68] and un-393

published thesis [77].394

For the 280 GeV/c data taking, the authors used a 50 cm395

long hydrogen target, resulting in 23350 J/ ⇡� events in396

the dimuon mass region between 2.7 and 3.5 GeV/c2. The397

retrieved data are available in 17 xF bins of 0.05, between398

0.025 and 0.825. The comparison with the NLO CEM calcu-399

lation is shown in Fig. 5. The resulting �2/ndf values repeat400

the trend already observed: they are good for the calculations401

with SMRS and JAM PDFs and are 2 � 4 times larger for402

xFitter and JAM. We note in passing that the relatively small403

�2/ndf values could partly be caused by the overestimation of404

the statistical errors in retrieving the original cross sections405

from the published figures.406
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FIG. 5. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs, with the d�/dxF data of J/ production
off the hydrogen target with 280-GeV/c ⇡� beam from the NA3 ex-
periment [68]. The total cross sections, qq̄ and GG contributions are
denoted as black, blue, and red lines, respectively.

D. CERN NA3 experiment, 200 GeV/c407

The data at 200 GeV/c incident momentum were taken with408

a 30 cm long hydrogen target. With the negative hadron beam409

3157 pion-induced J/ events were collected. The retrieved410

data extend from xF = 0.05 to xF = 0.85.411

The comparison of the NLO calculation with the data is412

shown in Fig. 5. The agreement with the data is fair for all413

PDF sets, although the general trend persists: the most recent414

xFitter and JAM global fits have slightly worse �2/ndf values.415

We also note that as the incident momentum decreases, the416

importance of the qq̄ term increases, particularly for the larger417

values of xF . The GG contribution dominates the cross sec-418

tion for the calculation with the GRV PDFs up to xF = 0.6. In419

contrast, for the JAM PDFs the corresponding value is much420

lower, xF = 0.2.421

E. CERN WA11 experiment422

The WA11 Collaboration at CERN measured J/ pro-423

duction cross sections [70] using a 190 GeV/c negative pion424

beam scattered off a triplet of beryllium target with a total425

The shape of the J/psi cross section strongly 
depends on the shape of the pion PDFs 
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FIG. 8. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs, with the d�/dxF data of J/ production
off the hydrogen target with 150-GeV/c ⇡� beam from the NA3 ex-
periment [68]. The total cross sections, qq̄ and GG and contributions
are denoted as black, blue and red lines, respectively.
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FIG. 9. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs, with the d�/dxF data of J/ production
off the hydrogen target with 125-GeV/c ⇡� beam from the E537 ex-
periment [71]. The total cross sections, qq̄ and GG and contributions
are denoted as black, blue and red lines, respectively.

were taken with negative and positive hadron beams. Mea-477

surements are reported with incident ⇡+, ⇡�, K+, K�, p and478

p̄. Most of the 402 events reported for the negative hadron479

beam are pion-induced J/ ’s. The xF -differential cross sec-480

tions, available as a figure in the published paper, cover the481

region 0.05  xF  0.85 in bins of 0.10. The normalization482

uncertainty on the cross sections is 15%.483

The comparison between data and calculations is shown in484

Fig. 10. The immediate observation is that for this low inci-485

dent momentum the qq̄ contribution is much larger than the486

GG term, by a factor of 5-8 around xF = 0. The �2/ndf val-487

ues for the four PDFs are all close to 1, and slightly larger for488

the calculation with SMRS.489
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FIG. 10. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs, with the d�/dxF data of J/ production off
the hydrogen target with 39.5-GeV/c ⇡� beam from the WA39 ex-
periment [72]. The total cross sections, qq̄ and GG and contributions
are denoted as black, blue and red lines, respectively.

As a general observation, both LO and NLO CEM calcula-490

tions provide a reasonable description of xF distributions of491

J/ production in the energy range considered (Figs. 3-10).492

We note that the large difference in the magnitude between493

LO and NLO is compensated by the F factor. The F factors494

for the xFitter and JAM PDFs are relatively stable across the495

range of collision energies, while the factors for SMRS and496

GRV PDFs show a mild rise toward low energies. From the497

comparison between data and calculations, interesting obser-498

vations are summarized below:499

1) The importance of the GG contribution relative to that500

of qq̄ is greatly enhanced in the NLO calculation. As for501

the description of the large-xF data points for the pion beam502

larger than 125 GeV/c, the �2/ndf values with the NLO calcu-503

lations generally improve for the results with SMRS and GRV,504

whereas those with xFitter and JAM become worse, compared505

to the LO ones, for example, seeing Fig. 3.506

CEM calculation: NLO  at E = 150 GeV (NA3), H2 target
Ø Nice data, unfortunately, no published 

cross sections
Ø Similar trend as before: different !"! and 
gg contributions. 

Ø At E = 150 GeV, gg is dominant up to:
o SMRS: 0.62

o GRV: 0.70
o xFitter: 0.12

o JAM: 0.05 

Ø Chi2 from 1.0 to 4.0  

Gluon@NICA workshopSP, SEP. 30, 2020 11

The shape of the J/psi cross section strongly 
depends on the shape of the pion PDFs…  …and on the incident pion momentum 



What AMBER can do for the pion?
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AMBER experiment – Proposed SETUP

¡ Run 3:  2022 – 2024
Ø positive beam: pions (25%), protons (74%)

Ø negative beam: pions (97%), kaons (2%) 

¡ Run 4 (with RF):  > 2026 
Ø negative kaons (~50%), pions (~50%)

Ø positive kaons 
Ø antiprotons

Gluon@NICA workshopSP, SEP. 30, 2020 13

Only place in the world with pion and (kaon, antiproton) beams ! 



Charmonium studies WITH AMBER

¡ Advantages of (our) FT energies: 100 – 200 GeV 
Ø J/ψ has large cross sections – factor of 30-40 larger than Drell-Yan at 190 GeV 

Ø Fixed-target energies:  production is dominated by 2 -> 1 processes 

Ø Can measure xF, pT, ! distributions with unprecedented statistics (> 1 M events)

Ø Collect also ψ’  data, together with J/ψ 

¡ Present status of FT measurements

Ø Meson FT data come from CERN and Fermilab experiments: mostly 80’s, 90’s  

Ø No new FT data since nearly two decades – contrary to charmonium collider data 

Gluon@NICA workshopSP, SEP. 30, 2020 14



DIMUON (DY and charmonium) studies IN COMPASS++/AMBER

¡ Run 3: 2022 – 2024

Ø E = 190 GeV, positive and negative hadron beams 

Ø light (12C) and heavy (184W) targets 

Ø Simultaneous measurements: !+ and p, and also !−

¡ Run 4: 

Ø strongly relies on RF separated beams

Ø E < 100 GeV, positive and negative beams 

Ø New, highest-ever statistics measurements with K+, K−, antiprotons … 

Gluon@NICA workshopSP, SEP. 30, 2020 15

Note that: Drell-Yan and charmonium data are collected in parallel



ICEM predictions – xF dependence
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Polarization
¡ J/! is a 1− − particle; its third component is Jz = 0,+1, −1. 

Ø " = +1  : 100% transverse polarization (Jz = ± 1) 
Ø " =   0  :  unpolarized

Ø " =  -1  :  100% longitudinal polarization (Jz = 0) 

¡ Polarization is a fundamental observable
Ø angular momentum, chirality, parity conservations preserve the properties of the J/!: 

from production to the 2µ decay

Ø Nature wants to help us, for #$#: " ≃ +1, but for &&: " ≃ −1

Ø Key variable for understanding the bound state formation

Gluon@NICA workshopSP, SEP. 30, 2020 17

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

286

On polariz
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¡ ICEM xF-dependent predictions
Ø with minimal model-dependence 

!"#$ ≈ +0.4 for -.-
!"#$ ≈ −0.6 for 11

Ø The difference between the two 
predictions results from the different 
amount of -.- and 11 contributions 
as a function of xF. 

Polarization: expected results   (Cheung and Vogt, priv. comm. )
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Stat. errors estimates using 
2015 Compass data

The polarization value as a function of xF is sensitive to the shape 
differences between 11 and -.- contributions to the cross section



J/ψ  measurements at COMPASS++/AMBER 
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!’ production

¡ Advantages
Ø No feed-down contributions. Consequences:

o straightforward test of production models, no dilution. 

o "#" and $$ contributions could reach their maximum polarization values

Ø xF and pT dependences could be measured altogether with the polarization 
Ø AMBER could provide the largest !’ data set ever. 

¡ Requirements
Ø Good mass resolution ( ≤ 100 MeV ) to separate J/! and !’ – vertex detectors

Ø Alternative: dedicated run for charmonium studies without absorber – much 
improved resolution, but significantly lower statistics. 
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!’ production – expected statistics

¡ From previous measurements                                  
(e.g. HERA-B, 2007) 
Ø R (!’/J/!) ≃ 0.018 (used to estimate nb of !’)

Gluon@NICA workshopSP, SEP. 30, 2020 21

Target Energy Beam Nb of !’
12C 190 GeV #+ 21 600

#− 32 400

p 27 000
184W #+ 9 000

#− 12 600

p 12 600

An order of magnitude better than previous 
experiments ! 



II.  The kaon. 
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Kaon PDFs: present status
¡ 1980: Only available data: 
¡ NA3, PLB93, 1980 

¡ 2020: First “ab-initio” calculations, no new data!

Gluon@NICA workshopSP, SEP. 30, 2020 23

Dyson-Schwinger Equations
Cui et al., arXiv:2006.14075

Lattice QCD 
Lin et al., arXiv:2003.14128

First ever calculation that
predicts ALL kaon PDFs

First ever lQCD calculation
of the kaon valence PDF

Only 700 kaon events



Kaon PDF with Drell-Yan – expected results
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Foreseen statistics with kaons (Drell-Yan) :

µ+µ−  channel

~ 40000 events K−

~   5200 events K+

Good statistics for the valence PDF   ( factor of  ~60 )
Statistics is much larger for J/psi production…(x20-40)

Assumptions:
- Energy: 100 GeV
- Target: 12C
- Data taking: 210 days of K+; 70 days of K−

- Intensity: 2.1 x 107/sec 



J/! – model-independent access to the kaon valence PDF!

¡ Use the fact that: "#(%'̅) and ")(*%')
Ø Only the *% valence quark in the kaon annihilates with the u valence quark in the target

¡ Production cross section for K+ and K− :
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The cross section difference singles out the valence-valence term 



Kaon-induced J/! production
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The valence PDF is measured mainly using the K− data 
The gluon PDF can be best determined using the K+ data 



Kaon-induced prompt-photon production (LoI, 1808.00848)
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¡ Proposed measurement

Ø Positive kaon beam K+(!#̅)
Ø Use AMBER calorimeters to detect photons

Ø E = 100 GeV, 2m long H2 target (1y data taking)

Ø I = 2 x 107/s (about 50% kaons) + Beam PID 

Ø Access gK(x) via the $% → %' process

Ø pT > 2.5 GeV/c

$% %(%Letter of Intent: Fixed-Target Experiment at M2 Beamline beyond 2020 53
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Figure 34: a) Kinematic distribution for xT = 2pT/
p

s vs y for the gluon Compton scattering process
for a 100 GeV K+ beam scattered off a proton target. The kinematic ranges covered by previous low-
energy pion beam experiments and possible coverage of COMPASS are also shown in different colors. b)
Energy dependence of the prompt photon production cross section for pT >2.5 GeV/c for both production
mechanisms for positive and negative kaon beams under assumption gp(x,Q2) = gK(x,Q2).
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Figure 35: pT distributions for prompt photons from the gluon Compton scattering (red) and for mini-
mum bias photons (blue) produced in the interaction of a 100 GeV K+ beam and a proton target (accord-
ing to Pythia6 and assumed that gp(x,Q2) = gK(x,Q2)). Distributions are normalized to one year of data
taking. For the prompt photons the K-factor 1.4 is taken into account.

– The positive kaon beam of 100 GeV/c or higher momentum and intensity of 2 ⇥ 107 kaons per1390

second should be delivered to the experimental area.1391

– The CEDAR detectors should be used for rejection of events produced by beam particles different1392

from the kaons.1393

– A two meters long liquid hydrogen target (⇠0.2 X0), transparent for produced photons, should be1394

used. A solid target of low-Z material could also be discussed.1395

– The existing electromagnetic calorimeters, ECAL0 and ECAL1, can provide sufficient capability1396

for detection of prompt photons in the rapidity range �1.4 < y < 0.4 and �0.2 < y < 1.8 respec-1397

tively (see Fig. 36a). They have to be included into dedicated triggers. The ECAL2 calorimeter1398

should play an important role in the p0 background subtraction.1399

– A stainless still shielding is required to be installed upstream the target to prevent illumination of1400



Kaon-induced prompt-photon production (LoI, 1808.00848)
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¡ Advantages
Ø K+(!#̅)minimizes the %&% contribution 

Ø Fragmentation photons  ~ 10% 

Ø Large xF acceptance (down to xF ~ −0.5) 

Ø Nb of events in  the region (−1.4 < y < +1.8) : ~3.4106

Complementary to the gluon determination using J/psi production measurement 

AMBER calorimeters’ coverage



Summary
¡ Run-3 (Proposal): DY and J/! data with "+ and "− beams

Ø DY data: pion PDFs, flavor dependence of the nuclear mean field
Ø J/! and !’ data: high-statistics FT data for production mechanism studies

¡ Run-4 (LoI): DY and J/! data with K+ and K− beams  (RF separation needed)
Ø DY data: kaon PDF measurements  
Ø J/! and !’ data: comparison K− and K+ data – production mechanism, kaon structure

Ø Direct-photon production: gluon PDF in the kaon 

CERN + AMBER is unique for such measurements; no direct competition 
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Spare slides
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Color Evaporation Model calculation at NLO

¡ Advantages
Ø simple formalism:  nice 

phenomenological success

Ø good description of xF dependent data

Ø F-factor includes all J/!’s (direct and Chi-
decay)

¡ Drawbacks
Ø too phenomenological

Ø no pT dependence -> ICEM model

Ø not used at high energies
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in Ref. [45]. In general, CSM and NRQCD provide a good88

description of data taken at collider energies, but fail to ex-89

plain measurements at fixed-target energies [46]. In contrast,90

the more phenomenological CEM gives good account of many91

features of fixed-target J/ cross section data, including their92

longitudinal momentum (xF ) distributions [47, 48]. There-93

fore, we adopt the CEM approach in this work, even though94

this model has some limitations [49].95

In the fixed-target energy domain, where pT  M(J/ ), the96

charmonium production is dominated by the quark-antiquark97

(qq̄) and gluon-gluon fusion (GG) partonic processes. The98

shape of the longitudinal momentum xF cross section is there-99

fore sensitive to the quark and gluon parton distributions of100

colliding hadrons. Since the nucleon PDFs are known with101

good accuracy, the measurement of the xF distribution of102

J/ cross sections provides, within the production model103

uncertainties, valuable information about the pion quark and104

gluon partonic distributions. Our study is performed using105

next-to-leading order (NLO) CEM calculation, including the106

recent nucleon PDFs. The available pion-induced J/ data107

on hydrogen and several light-mass nuclear targets are com-108

pared to calculations using the available pion PDFs. Over the109

broad energy range considered, all pion PDF sets provide rea-110

sonable agreement with the xF -integrated cross sections. In111

contrast, for the xF distributions, we find that the agreement112

between data and calculations strongly depends on the mag-113

nitude and shape of the pion gluon distribution.114

This paper is organized as follows. In Sec. II, we briefly115

describe the CEM framework for the calculations of J/ pro-116

duction cross sections in the collisions of pions and nucleons.117

Some distinctive features of parton densities in various pion118

PDFs used for the calculations are presented in Sec. III. The119

NLO CEM calculations using various pion PDFs are com-120

pared with the existing J/ production data in Sec. IV. Sec-121

tion V shows the results of systematic study for the CEM cal-122

culation. We discuss our findings from the comparison of123

CEM calculations with data in Sec. VI, followed by a sum-124

mary in Sec. VII.125

II. COLOR EVAPORATION MODEL AND HEAVY QUARK126

PAIR PRODUCTION127

The theoretical treatment of heavy quarkonium production128

consists of the QCD description of the production of heavy129

quark pairs (QQ̄) at the parton level, and their subsequent130

hadronization into the quarkonium states. One of the theo-131

retical approaches is the non-relativistic QCD (NRQCD) [44]132

where the cross section of quarkonium production is expanded133

in terms of the strong coupling constant ↵S and the QQ̄ ve-134

locity. The cross section is factorized into the hard and soft135

parts for each color and spin state of the QQ̄ pairs. The short-136

distance hard part is calculated perturbatively as a series of ↵S137

in pQCD. The soft part consists of long-distance matrix ele-138

ments (LDMEs) characterizing the probability of hadroniza-139

tion process for each color and spin state. The LDMEs are140

determined by a fit to the experimental data. In the color sin-141

glet model [43], the production channel is assumed to be the142

color-singlet QQ̄ state with quantum numbers exactly match-143

ing those of the heavy quarkonium.144

Based on quark-hadron duality, the color evaporation model145

(CEM) assumes a constant probability for QQ̄ pairs to146

hadronize into a quarkonium state. Taking J/ as an ex-147

ample, one first produces a cc̄ pair via various QCD hard pro-148

cesses. For cc̄ with an invariant mass Mcc̄ less than the DD̄149

threshold, a constant probability F , specific for each quarko-150

nium, accounts for the hadronization of cc̄ pairs into the col-151

orless J/ state.152

In CEM, the differential cross section, d�/dxF , for
J/ from the ⇡N collision are expressed as

d�

dxF
|J/ =F

X

i,j=q,q̄,G

Z 2mD

2mc

dMcc̄
2Mcc̄

s
q

x2
F + 4Mcc̄

2/s

⇥f⇡i (x1, µF )f
N
j (x2, µF )�̂[ij ! cc̄X](x1p⇡, x2pN , µF , µR),

(1)

xF = 2pL/
p
s , x1,2 =

q
x2
F + 4Mcc̄

2/s± xF

2
(2)

where i, j denote the interacting partons (gluons, quarks and153

antiquarks), and mc, mD and Mcc̄ are the masses of the charm154

quark, D meson, and cc̄ pair, respectively. The f⇡ and fN are155

the corresponding pion and nucleon parton distribution func-156

tions evaluated at the corresponding Bjorken-x, x1 and x2, at157

the factorization scale µF .158

The short-distance differential cross section of heavy-quark159

pair production �̂[ij ! cc̄X] is calculable as a perturbation160

series in the strong coupling ↵s(µR) evaluated at the renor-161

malization scale µR. The variable s is the square of the center-162

of-mass energy of the colliding ⇡-N system, and pL is the163

longitudinal momentum of detected dimuon pair in the center-164

of-mass frame of ⇡-N . It is assumed that the momenta of165

J/ and cc̄ are approximately the same.166

As mentioned above, the hadronization factor F is assumed167

to be universal, independent of the kinematics and the spin168

state of cc̄ and the production subprocess. Therefore a unique169

feature of the CEM calculation is that the relative weight of170

each subprocess in d�/dxF , is solely fixed by the convolution171

of partonic level cross sections �̂ and associated parton den-172

sity distributions f⇡ and fN , and, in particular, is independent173

of the F factor. The F factor is to be determined as the nor-174

malization parameter in the fit to the experimental measure-175

ments. The assumption of a common F factor for different176

subprocesses greatly reduces the number of free parameters177

in CEM.178

The leading-order (O(↵2
S)) calculations of hard QCD ker-179

nel �̂[ij ! cc̄X] include the quark-antiquark (qq̄) and gluon-180

gluon fusion (GG) diagrams. Additional quark-gluon Comp-181

ton scattering (Gq, Gq̄) and virtual gluon corrections enter the182

NLO (O(↵3
S)) calculations. The contributing partonic subpro-183

cesses in the fixed-order LO and NLO calculations are listed184

3

explicitly below [50]:185

q + q̄ ! Q+ Q̄,↵2
S ,↵

3
S

G+G ! Q+ Q̄,↵2
S ,↵

3
S

q + q̄ ! Q+ Q̄+ g, ↵3
S

G+G ! Q+ Q̄+ g, ↵3
S

G+ q ! Q+ Q̄+ q, ↵3
S

G+ q̄ ! Q+ Q̄+ q̄, ↵3
S . (3)

Inclusion of both real and virtual gluon emission diagrams is186

necessary for calculating the full O(↵3
S) cross sections.187

In this work, we utilize the theoretical framework of NLO188

calculation of the total cross sections for production of heavy189

quark pair, developed by Nason et al. [50–52]. This frame-190

work has been widely used in the calculation of heavy191

quark production. For example, it has been adopted in the192

NLO calculation of CEM for J/ production in hadronic193

collisions[47, 48, 53]. With a few parameters including the194

heavy quark mass mc and hadronization factor F , the CEM195

calculations adequately reproduced the fixed-target data with196

proton, antiproton and pion beams [47, 48], as well as the col-197

lider data [53].198

III. PION PDFS199

Pion-induced Drell-Yan data are included in all global anal-200

yses aiming at the determination of the pion PDFs. How-201

ever, Drell-Yan data [54–57] constrain mainly the valence202

quark distribution. Without additional observables, the sea203

and gluon distributions remain practically unknown. Their204

magnitude can only be inferred through the momentum sum205

rule and valence quark sum rule. Different approaches have206

been taken to access the gluon and sea quark distributions:207

i) utilizing J/ production data in OW [11]; ii) utiliz-208

ing the direct photon production data [58] in ABFKW [12],209

SMRS [13], GRV [14] and xFitter [17]; iii) utilizing lead-210

ing neutron DIS [59, 60] in JAM [18]. In addition, some211

pion PDFs are based on theoretical modeling. For example,212

the GRS [15] utilized a constituent quark model to related213

the gluon and antiquark density, and the BS [16] assumed214

quantum statistical distributions for all parton species with215

an universal temperature. We note that the OW analysis was216

performed at LO, whereas a NLO fit was carried out for all217

other analyses. Uncertainty bands for the resulting parton den-218

sity distributions are available for two most recent global fits,219

JAM and xFitter. It was recently shown that the soft-gluon220

threshold resummation correction modifies the extraction of221

valence quark distribution, and particularly its falloff towards222

x = 1 [61]. This correction has not been implemented in any223

of the pion global analyses yet and it should only affect the224

calculated shape at the highest xF region.225

Figure 1 compares the valence, sea and gluon momentum226

distributions of the OW, ABFKW, SMRS, GRV, JAM and227

xFitter pion PDFs at the scale of J/ mass. For clarity, we228

also show their ratios to GRV. Within x ⇠ 0.1 � 0.8, the va-229

lence quark distributions of SMRS, JAM and xFitter are close230

to each other, whereas those of OW, ABFKW and GRV are231
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FIG. 1. The momentum density distributions (xf(x)) of (a) valence
quarks, (b) sea quarks (c) gluons of various pion PDFs and their ra-
tios to GRV, at the scale (Q) of J/ mass.

lower by 20-30%. The sizable error bands of the sea distri-232

butions provided by JAM and xFitter clearly indicate that the233

pion sea remains poorly known. As for the gluon distribu-234

tions, the early PDF sets of OW, ABFKW, SMRS and GRV235

have relatively large densities for x > 0.1, at variance with236

the recent xFitter and JAM PDFs that lie significantly lower.237

The spread of the gluon distributions around x = 0.5 among238

these six PDFs is even larger than the uncertainties of xFitter239

and JAM PDFs.240

Table I lists the momentum fractions of valence quarks241

(ūval), sea quarks (ūsea) and gluons (G) of negative pions242

estimated by various pion PDFs at Q2= 9.6 GeV2, follow-243

ing the definitions of ūval(x) = ū(x) � ūsea(x), dval(x) =244

d(x) � dsea(x), ūval(x) = dval(x) and ūsea(x) = dsea(x).245

The values for the valence quarks show differences of up to246

15%-20%, but are nearly equal for the two more recent PDFs,247

Computer code from Mangano
et al.,  Nucl.Phys. B405, 1993 

The shape of the cross section is fully 
correlated to the shape of the beam and 

target PDFs 



Estimated J/! statistics

Comments

Cross sections not published, only plots available

xF and pT cross sections available 

Only ratios of cross sections available

Only A-dependent studies of total cross sections

Only A-dependent studies of total cross sections 
xF and pT cross sections available
…

Estimations based on Compass preliminary numbers
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Run4++ : RF separated beams – high-intensity

¡ Studies underway at CERN for RUN4 (2026++) 

¡ Some assumptions:

Ø L = 450 m, f = 3.9 GHz, beam spot within 1.5 mm

Ø Reasonable primary target efficiency, 80% wanted particles pass dump

Ø Number of primary protons: 100 - 400x1011 ppp on the production target

Ø Energy limitation : 100 GeV

Large improvement in kaon and antiproton intensities  ( > x 20- 40 !)

Gluon@NICA workshopSP, SEP. 30, 2020 33
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