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1. Experimental tools:  access the PDFs of the pion/kaon.

2. Theoretical tools:  determine PDFs from the measured cross sections



Pion valence and sea PDFs

¡ Drell-Yan experiments

Ø Pion-induced DY experiments (1979-1989) 

Ø Mainly data from heavy 184W or 195Pt targets

Ø Val/sea separation: only with !+ / !− beams

o New data to come 

¡ Sullivan process 

Ø Scattering from nucleon-meson fluctuations
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t ion of  the pion and its relat ive weight to the valence 
dis tr ibut ion.  The da ta  o f  the NA24 exper iment  [7] ,  
well compat ib le  with WA70 results, are also sepa- 
rately fitted. 

The cross sections are calculated [ 2 ] beyond  lead- 
ing order,  up to O (o~ z or), in the MS factor izat ion and 
renormal iza t ion  schemes and four flavors are used 
throughout  the calculation. The Pr inciple  of  Mini-  
mal Sensit ivi ty [8] ~ de termines  the o p t i m um val- 
ues of  the factor izat ion scale M (which appears  in the 
dis t r ibut ion funct ions)  and of  the renormal iza t ion  
scale/t  (which is the argument  o f  the strong coupling 
constant ) .  These o p t i m u m  values are taken to rep- 
resent the stabil i ty domain  of  the cross-sections, i.e. 
the domain  where the cross-sections are not influ- 
enced by rather  large changes of  the (unphys ica l )  
scales M and #. The structure functions necessary to 
describe the exper imenta l  cross sections are the dis- 
t r ibut ions  of  the valence quarks,  the gluon and the 
sea inside the pion and the proton.  They are para-  
metr ized at Qo 2 = 2 GeV 2 and evolved to different  Q2 
with the second order  Al ta re l l i -Par i s i  equat ions us- 
ing the upda ted  code from ref. [ 10]. The pion struc- 
ture functions are pa ramet r i zed  at Qo 2 = 2  GeV 2 by 
the forms 

xV(x)=Nv(~ , f l ) x~(1-x )  p, f l=0 .85 ,  

xS(x) = 2x[a(x) +d(x) +g(x) ] =Ns(  1 - x ) %  

6=7 .5 ,  ( x S ( x ) )  =0 .14 ,  

xG(x)=Ng(1-x)% 

respectively for the valence, total  sea and gluon dis- 
t r ibut ions,  assuming the same d is t r ibut ion  for va- 
lence quark and ant iquark  and SU (3)  symmet ry  for 
the sea. The relat ive cont r ibut ion  o f  the three com- 
ponents  is const ra ined by the m o m e n t u m  sum rule 

f dx[2xV(x) +xS(x) +xG(x) ] = 1. 

The paramete r  fl and the sea cont r ibut ion  are taken 
as external  inputs  from D - Y  analyses which deter- 
mine  the structure functions at ( Q 2 )  = 3 0  G e V  2 and 
the value of  these parameters  are therefore extrapo-  
lated to Q~ = 2 GeV 2. A number  o f  D - Y  exper iments  
[11-14]  with 7t- beams incident  on heavy targets 

#~ For details on the use of the optimization approach in real 
photon processes see ref. [9]. 

have s tudied the valence quark dis tr ibut ion.  How- 
ever, fits to the data are sensitive to the assumed value 
of  A, to the normal iza t ion  K-factor and to the nu- 
cleon valence parameters ,  which may be taken from 
var ious  DIS experiments .  A consistent  analysis of  all 
the data  is missing. The difficulty to have a unique 
value for xV(x) is i l lustrated in fig. 1. Only the pa- 
rameter  fl has therefore been fixed to a value consis- 
tent  with D - Y  exper iments  inside their  quoted er- 
rors, while the valence contr ibut ion 2 ( xV(x ) )  = 2o~/ 
( 1 + f l+  a )  is a free pa ramete r  in the fit. The sea dis- 
t r ibut ion  was de te rmined  only by NA3 [ 11 ] and it 
has been fixed to its value. For  the proton we use the 
set of  structure functions de te rmined  by the com- 
b ined  analysis of  BCDMS and WA70 data  [ 5 ]. 

First  we have per formed a least squares fit between 
the theoret ical  predic t ions  and the 13 da ta  points  of  
the WA70 exper iment  (p t>  4.25 G e V / c )  using only 
statist ical  errors, with A (in the expression for ors), 
2(xV(x)  ) and q as free parameters .  In the structure 
function evolution,  for both pion and proton,  A is 
f ixed to 0.231 GeV, the value ob ta ined  by the com- 
b ined  BCDMS and WA70 analysis [5] .  The results 
of  the fit are l isted in table 1; the data  are well repro- 
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Fig. 1. A compilation of the valence structure function of the pion 
from Drell-Yan data [ 11-14] and from the Owens [4] set 1 pa- 
rametrization for Q2=30 GeV 2. The NA3 and E537 results (not 
shown ) are compatible with the fit from NA 10. Superimposed as 
a continuous line is the result of the fit to direct photon data from 
WA70. 
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☞ talks by R. Ent, T. Keppel

Pion PDF “data” from E615 are pseudo-data: LO, no NLL, no Cold Nuclear Effects

20% difference !

E615 LO  fit

NA10 ☞ talk by C. Quintans 



Pion gluon PDF
¡ Direct-photon production using pion beams:  

Ø !" → "$ and  "%" → "$.        

Ø Only two experiments: NA24 (1987), WA70 (1987).
o No new data since 1987!  Foreseen in Amber Phase-2

¡ J/& production
Ø A number of pion-induced experiments (1980-2000) 

Ø H to 195Pt targets
o Large cross sections, production mechanism 

¡ Sullivan process at the energies of HERA/EIC
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from PRL, Barry, Sato, et al., 2018

☞ AMBER ( talk by C. Quintans )

☞ talk by J.-C. Peng

☞ talks by R. Ent and T. Keppel



Kaon PDFs

¡ Valence PDF: 
Ø using Drell-Yan data 

o (only the pion/kaon ratio is known)

¡ Gluon PDF:
Ø Direct-photon production using kaon beams

o No data 

Ø J/! production with kaon beams (K+, K−)
o Nice J/psi production data from NA3 (1983) 

Ø Sullivan process at the energies of EIC
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Kaon structure: u
K
/u

π

Kaon structure: a window to the region of interference 
between Higgs mechanism and EHM mechanism.

The only available experimental data:
NA3 → 200 GeV K- beam on 6 cm Pt target

700 kaon-induced Drell-Yan events
AMBER proj (100 GeV, µµ, 280 days) 

NA3 data
DSE arXiv:2006.14075

lQCD arXiv:2003.14128    AMBER kaon-
induced Drell-Yan

☞ AMBER ( talk by C. Quintans )



Available global fits: nice progress in the last two years!

¡ Older fits: 
Ø Owens (1984), Aurenche et al., (1988)

Ø GRV/GRS (1992/1999): NLO

Ø SMRS (1992): NLO 

¡ Recent fits (on old data!) 
Ø JAM (2018): includes (for the first time) leading neutron HERA data 
Ø xFitter (2020): includes direct photon data from CERN (80’s) 
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☞ talk by N. Sato

☞ talk by F. Olness



Comparison of the global fit PDFs – shapes and magnitudes
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Pion-induced J/psi production: Global fit differences
¡ The large differences are observed come 

from the different shapes of the valence 
and gluon PDFs.

¡ Crossover in xF between qq and gg terms:
Ø SMRS: 0.75 

Ø GRV: 0.85

Ø xFitter: 0.45

Ø JAM: 0.30
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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

☞ talk by J.-C. Peng

The J/psi production cross section is extremely sensitive 
to the shapes of the pion PDFs. 

Chang, Peng, SP, Sawada, PRD 102 (2020) 054024



Pion valence PDF: reanalysis with NLL resummation (2010)

¡ Fit of E615 data: NLO, NLL
Ø valence PDF: 

! "# ! = %"!&(1 − !)+(1 + -!.)
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We match the resummed cross section to the NLO one by
subtracting the O!!s" expansion of the resummed expres-
sion and adding the full NLO cross section [17].

The fixed-target pion Drell-Yan data [1,2] are in a kine-
matic regime where the partons’ momentum fractions are
relatively large (x * 0:3), and hence the valence quark
contributions strongly dominate. We can therefore only
hope to determine the pion’s valence distribution v" #
u"

$
v % !d"

$
v % d"

&
v % !u"

&
v . Following the NLO Glück-

Reya-Schienbein (GRS) analysis [5], we choose the initial
scale Q0 % 0:63 GeV for the evolution and parameterize
the valence distribution function as

xv"!x;Q2
0" % Nvx

!!1& x"#!1$ $x%"; (17)

subject to the constraint
R
1
0 v

"!x;Q2
0"dx % 1. Since there is

no sensitivity to the sea quark and gluon distributions, we
adopt them from the GRS analysis, except that we modify
the overall normalization of the sea quark distribution so
that the momentum sum rule

P
i%q; !qg

R
1
0 dxxfi!x" % 1 is

maintained when we determine the valence distribution.
All distributions are then evolved at NLO to the relevant
factorization scale & % Q.

The free parameters in Eq. (17) are determined by a fit to
the pion Drell-Yan data from the Fermilab E615 experi-
ment [1], applying threshold resummation as detailed in
the previous section. The E615 data were obtained by using
a 252 GeV "& beam on a tungsten target. We take into
account the nuclear effects in this heavy target by using
the nuclear parton distribution functions from Ref. [24].
We use data points with lepton pair mass 4:03 GeV ' Q '
8:53 GeV (between the J=" and # resonances) and
0< xF < 0:8. Here, xF is the Feynman variable. In the
near-threshold region, which is addressed by threshold
resummation, we can use lowest-order kinematics to de-
termine the relation between xF and the rapidity ':

xF % x01 & x02 %
!!!
(

p
sinh!'": (18)

Since the E615 data have a nominal overall systematic
error of 16%, we introduce a normalization factor K that
multiplies the theoretical cross section. We find that the
parameter % in (17) is not well-determined, and we hence
fix it to % % 2, a value roughly preferred by the fit. In order
to obtain a better picture of the physical content of our
determined pion valence distribution, we perform fits for
several different values of its total momentum fraction
hxv"i % R

1
0 xv

"!x;Q2
0". Fixing hxv"imakes one parameter

in Eq. (17) redundant, which we choose to be $. We hence

fit the remaining three free parameters !, #, and K to the
70 data points by using a )2 minimization procedure.
The results are shown in Table I, for four different values

of the total valence quark momentum fraction 2hxv"i. One
observes that fit 3 for which the valence carries 65% of the
pion’s momentum is preferred, with slightly higher or
lower values also well acceptable. Most importantly,
all fits show a clear preference for a falloff much softer
than linear, with fits 2, 3, and 4 having a value of # very
close to 2. This is the central result of our work. The
valence distribution xv" for our best fit 3 is shown in
Fig. 1, evolved to Q % 4 GeV. At this scale it behaves as
!1& x"2:34. Valence distributions obtained from previous
NLO analyses [4,5], which have a roughly linear behavior
at high x, and from calculations using Dyson-Schwinger
equations [8], for which v" ( !1& x"2:4, are also shown.
We note that for all our fits the factors K lie well within the
normalization uncertainty of the data.
In Fig. 2, we compare the resummed Drell-Yan cross

section obtained for fit 3 to some of the E615 data. We have
chosen the factorization and renormalization scale& % Q.
As one can see from the figure and from Table I, the data
are very well described. This also holds true for the CERN
NA10 [2] Drell-Yan data, which were not included in our
fit and to which we compare in Fig. 3. We also show
the results obtained for our fit 3 when using only NLO
(i.e., unresummed) partonic cross sections in the calcula-
tion. As seen in Fig. 2, these fall off too rapidly at large xF.

TABLE I. Results for our NLL threshold-resummed fits to the Fermilab E615 Drell-Yan
data [1].

Fit 2hxv"i ! # $ K )2 (no. of points)

1 0.55 0:15) 0:04 1:75) 0:04 89.4 0:999) 0:011 82.8 (70)

2 0.60 0:44) 0:07 1:93) 0:03 25.5 0:968) 0:011 80.9 (70)

3 0.65 0:70) 0:07 2:03) 0:06 13.8 0:919) 0:009 80.1 (70)

4 0.7 1:06) 0:05 2:12) 0:06 6.7 0:868) 0:009 81.0 (70)

FIG. 1 (color online). The pionic valence (v") distribution
obtained from our fit 3 to the E615 Drell-Yan data at Q %
4 GeV, compared to the NLO parameterizations of [4] Sutton-
Martin-Roberts-Stirling (SMRS) and [5] (GRS) and to the dis-
tribution obtained from Dyson-Schwinger equations [8].

PRL 105, 252003 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

17 DECEMBER 2010

252003-3

Aicher, Schäfer and Vogelsang, PRL 105, 252003 (2010).

GRS
SMRS

DSE

NLO + NLL

ß=1.24 

ß=2.34 

Slope at large x: Agreement with pQCD, DSE

NLL: makes the valence distribution softer at high x



Yet another large-x effect: parton energy loss 
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6. Initial-state energy loss e�ects in the Drell-Yan process 129

In both RpA, the isospin e�ect predicts a slight dependence as a function of xF and a ratio2612

close to 1. This is because the sea quarks of the nucleus are mainly probed in pA collisions (see2613

Sec. 2.1.3). A weak isospin e�ect is therefore expected, it increases as function of xF due to the2614

antiquark flavour asymmetry in the nucleon sea i.e. fp
d̄

> fp
ū

, discussed in Chap. 2.1.2,2615

On the other hand, the nPDF calculation shows a ratio rather flat as a function of xF2616

compatible with the isospin e�ect only. The x2 range probed by these data essentially encompasses2617

the EMC and the antishadowing regions. In both RpA, the nPDF central set curve is above2618

isospin curve and increases the larger xF becomes. This is due to the fact that at large2619

xF ¥ 0.8, corresponding to the lower limit of the x2 interval, the nPDF calculation highlights2620

the antishadowing e�ect, for which RpA & 1. While at small xF ¥ 0.1, i.e. x2 ≥ 0.3, the2621

nPDF e�ect decreases compared to the isospin e�ect due to the EMC e�ect, RpA . 1. These
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Figure 6.1: E906 nuclear production ratio measured in pFe (left panel) and pW (right panel) normalised
to pC collisions at

Ô
s = 15 GeV compared to EPPS16 nPDF calculation (blue band), isospin (dotted

line) and energy loss e�ects (red band).
2622

preliminary DY data show for the first time a clear disagreement with the nPDF calculation.2623

The same calculation was performed using nCTEQ nPDF [65]. The results obtained are2624

compatible with narrower error bands.2625

The LPM initial-state energy loss model is shown in red band assuming the transport2626

coe�cient interval q̂0 = 0.07-0.09 GeV2/fm. The calculation predicts a strong suppression as a2627

function of xF, compatible with the slope of the preliminary DY data. The agreement between2628

the initial-state energy loss model and the data is better for the W than Fe target by roughly 5%2629

and 10% respectively. The remarkable agreement between the slope of the suppression in data2630

and the model hints at the presence of LPM energy loss e�ect, for the first time in the DY process.2631

Predictions for COMPASS 
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Figure 4. Nuclear production ratio measured in !W, normalized to !NH3, collisions at
!
s =

18.9GeV compared to EPPS16 nPDF calculation (blue band), isospin e!ect (dotted line) and
energy loss e!ects (red band).

the COMPASS measurements would explore a typical range in 0.1 ! x2 ! 0.5, embracing

both the antishadowing and EMC regions.

The predictions for the ratio RDY
!!A(W/NH3) are shown in figure 4. A significant

suppression from isospin e!ects (dashed curve) are expected because of the lesser up quark

density in W than in NH3 nuclear target.13 Because of the valence quark antishadowing in

the EPPS16 set, the inclusion of nPDF corrections increases R!A by up to 5% with respect

to the calculation assuming no nuclear e!ect.14

On the contrary, energy loss e!ects would lead to a suppression of the DY yield, in-

creasingly pronounced at larger xF as the phase space available for gluon radiation shrinks.

At xF = 0.9, the model predicts a suppression of R!A " 0.8 while isospin e!ects only would

lead to R!A " 0.94. Despite the smaller energy loss e!ects in !A collisions, the future DY

measurements by the COMPASS experiment will provide additional constraints for the

extraction of the transport coe"cient, thanks to the large xF acceptance and the expected

statistics.

Before closing this section, let us mention that the pion PDF are extracted from DY

production measured in pion-induced collisions on nuclear targets, assuming no nuclear

e!ect beyond isospin corrections. However, energy loss e!ects may a!ect the reliable ex-

traction of the pion PDF at large x, f!
u (x) # (1$ x)n, and make n possibly overestimated

in the PDF global fits. In order to estimate the error associated to the use of nuclear

13Using ZW/AW ! 2/5 " 1#ZNH3/ANH3 leads to an expected suppression R!A " (1+3/2 r)/(3/2+r) !
7/8 assuming r $ d/u ! 1/2 at large x2. At smaller x2, hence at larger xF, r is getting larger and so

does R!A.
14The EMC region is probed at smaller values of xF, not shown in figure 4.
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Sea Quest, preliminary 
P.-J. Lin, PhD, 2017
Protons, 120 GeV  

Eloss prediction
Pions, 190 GeV  

Arleo, Naim, SP, JHEP 01 (2019) 129

During the scattering process, 
partons lose energy via soft gluon 
radiation in the nuclear medium:

Parton energy loss on hard processes

Could affect many hard QCD processes!

Drell-Yan in pA collisions
I ‘initial state’ energy loss

Hadron production in semi-inclusive DIS “ıA æ h + X
I ‘final state’ energy loss

Hadron production (incl. quarkonium) in pA collisions
I initial & final state energy loss. . . and initial-final state interference

+ How does the energy loss depend on the parton energy?

François Arleo (LLR) Aspects of parton energy loss in cold QCD matter Soutenance HDR 12 / 38

Parton energy loss on hard processes

Could affect many hard QCD processes!

Drell-Yan in pA collisions
I ‘initial state’ energy loss

Hadron production in semi-inclusive DIS “ıA æ h + X
I ‘final state’ energy loss

Hadron production (incl. quarkonium) in pA collisions
I initial & final state energy loss. . . and initial-final state interference

+ How does the energy loss depend on the parton energy?

François Arleo (LLR) Aspects of parton energy loss in cold QCD matter Soutenance HDR 12 / 38

Drell-Yan

SIDIS

Effect smaller than NLL; for heavy targets should also be considered.  



Some additional (theory…) questions

¡ Meson-induced J/psi production
Ø Very powerful tool, as cross sections are large (typically 30-50 times larger than DY).

Ø However, production mechanism is not well understood… How do we make further 
progress? 
o AMBER : could provide a benchmark measurement with an antiproton beam… 

¡ Meson-induced direct-photon production
Ø Complementary tool. Theoretical calculations are 3 decades old (to my knowledge). 

Ø Is this process fully understood, or do we need further improvements?

¡ Sullivan process
Ø Pion/kaon in the cloud are off-shell. Is the necessary correction under control? 

02/12/2020SP, EHM4 NOV30 -DEC4, 2020 10



A benchmark measurement? antiproton- vs proton-induced J/psi production
¡ E705 experiment (1992): 

Ø p and pbar on 6Li, 300 GeV 

02/12/2020SP, EHM4 NOV30 -DEC4, 2020 11
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The valence quarks in the antiproton provide the main contribution to the !"! term.
The gg terms are identical, as all other contributions  

AMBER (Phase2) could measure antiproton-induced cross sections much high statistics ( > x100 !)  

antiproton beam proton beam ratio

The !"! term starts to 
dominate at xF = ~0.3 


