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n Experiments planned for CERN RUN3 (2022-2024) : 
proposal submitted to SPSC, second version to be released end of September
n Proton radius measurement using µ-p elastic scattering
n Antiproton production cross section for dark matter search 
n Drell-Yan and charmonium production with pion beams : present talk

n Experiments also planned for CERN RUN4 (2026++) : described in a Letter of Intent 
n Drell-Yan and charmonium production with kaon and antiproton beams: 
n Study of the kaon PDFs, J/psi production mechanism, prompt photon production with K and π 

beams, etc…. 

Dedicated web page: https://nqf-m2.web.cern.ch/  



Main motivations of the (dimuon section) of the proposal
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u Structure of the pion
n Separate pion valence and pion sea PDFs, using 

positive and negative pion beams

u Flavor-dependent effects in nuclear targets
n Make use of two pion beam charges in combination 

with light and heavy targets. 

u Charmonium production mechanism at fixed-
target energies
n Measure pion and proton-induced J/! cross 

sections simultaneously

Dimuon sample - Different contributions 
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Data/reconstructed MC 
comparison shows a good 

agreement  

35 000 pairs will be used  
in the TSAs analysis 
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1) Hadron structure: why study the light mesons

u Meson structure
n What is the behavior of the kaon and pion PDFs vs the nucleon? 
n Are kaon and pion gluon distributions identical? 
n The s quark in the kaon is heavier: how is the total momentum shared? 

u Double nature 
n The lightest quark-antiquark pairs 
n Massless Nambu-Goldstone bosons that acquires mass through DCSB 

u Recently : significant progress of non-pQCD calculations: lattice-QCD, DSE, etc.. 
n Aim at describing hadron properties 

Craig Roberts (2016): “Thus, enigmatically, the properties of the massless pion are the 
cleanest expression of the mechanism that is responsible for almost all the visible mass in the 
universe.”
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Needed is: experimental information on meson’s valence, sea and gluon PDFs 



Digression: nucleon structure

u Main laboratory for QCD studies
n More than 4 decades of extensive investigations
n Parton distributions well known in a large x domain
n Today: aim at a full multidimensional picture : GPDs, TMDs
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Figure 4
The parton distribution functions xuv , xdv , xS = 2x(Ū + D̄), and xg of HERAPDF2.0 (a) next-to-leading
order (NLO) and (b) next-to-next-to-leading order (NNLO) at µ2

f = 10 GeV2. The gluon and sea
distributions are scaled down by a factor of 20. The experimental, model, and parameterization uncertainties
are shown. The dotted lines represent HERAPDF2.0AG NLO and NNLO with the alternative gluon
parameterization. Adapted from Reference 12 with permission.

extracted. The resulting set of PDFs at NNLO is shown in Figure 7a. The turnover of the gluons
PDF is even more pronounced.

Figure 6b compares the predictions of HERAPDF2.0HiQ2 NNLO with Q2
min = 10 GeV2

and the data with 2 < Q2 < 4.5 GeV2. These predictions do not describe the data in this region
at all. The extrapolation to the low-Q2 region excluded from the fit produces predictions that are
much too high, implying that the pQCD fits evolve too strongly toward lower xBj and Q2 than do
the data.

Investigations of the HERA I data gave rise to similar observations (26). The HERA II data
strongly suggest that some effects beyond the standard DGLAP evolution are present. The NNLO
fit has a higher χ2 than the NLO fit at low Q2, even though this is the kinematic region where
NNLO fits should be better within the DGLAP formalism. This observation suggests that low-
Q2 data require a theoretical description including nonperturbative effects. It is also possible that
low-x data may require the DGLAP formalism to be supplemented by ln(1/x) resummations or
the use of nonlinear evolution equations, possibly leading to saturation (1).

Does this low-Q2 and low-x problem affect the reliability of the predictions of HERAPDF2.0
at higher scales, as needed at the LHC? Figure 7b demonstrates that it does not. At the scale
µ2

f = 10,000 GeV2, the PDFs of HERAPDF2.0 NNLO and HERAPDF2.0HiQ2 NNLO are
basically identical. The same is true for equivalent sets at NLO.

The value of Q2
min = 3.5 GeV2 is a tradition of the HERAPDF family. Also in keeping with tra-

dition, the HERAPDF fits yielded a χ2/DOF of approximately one (23). Therefore, the χ2/DOF
of ∼1.2 came as something of a shock to the collaborations. The raising of Q2

min to 10 GeV2

lowered χ2/DOF to only ∼1.15. The two collaborations tested everything they could think of to
determine where the remaining excess in χ2 came from. None of the heavy-quark schemes did
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Two-momentum-scale observables 

!  Cross sections with two-momentum scales observed: 
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

" Hard scale:           localizes the probe  
                                      to see the quark or gluon d.o.f. 

Q1

"  “Soft” scale:         could be more sensitive to  
                                      hadron structure, e.g., confined motion 

Q2

!  Two-scale observables with the hadron unbroken: 

" Natural observables with TWO very different scales 

+ + 

GPD 

+ … 

J/	, , … 

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t| 

t=(p1-p2)2 

" GPDs:  Fourier Transform of  t-dependence gives spatial bT-dependence 

Sharp contrast with the present knowledge on the pion and on the kaon
Almost no new meson data since more than three decades!



Pion valence PDF – present status

u Drell-Yan pion data available today are three decades old !
n ~Fermilab and CERN : E331(1979), NA3(1983), NA10(1985), E537(1988), E615(1989)
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FIG. 13. Comparison of nucleon-structure-function values
from this experiment with results from NA3 (Ref. 18) and from
deeply inelastic neutrino scattering (Refs. 19 and 20). The nor-
malization is uncertain to 15% because of uncertainty in the
proton's gluon momentum fraction.

duction as xF increases. Since the branching ratios for
g(3770 4415) to p+p are about 10, there would have
to be at least 20 times more g(3770—4415) produced than
f(3685) to cause the observed excess. This seems unlike-
ly.
The possibility that these muon pairs come from the

semileptonic decays of pairs of charmed mesons has been
ruled out by simulating the production of DD pairs. The
resulting mass and xF distributions do not extend to large
enough values to allow such pairs to be reconstructed in
the kinematic region in question.
We conclude that the cross-section excess has no sim-

ple explanation. To characterize the e6'ect quantitatively
Fig. 14 shows the measured cross section versus xF in

several m„„ intervals. The solid line is the cross section
expected from the structure-function determination.

3. Pion structure

The results for the pion structure function are shown
in Fig. 12(a). The parameters corresponding to the curve
are given in Table I, column 1 and the projected values
for the pion structure function in Table II. The parame-
trization makes no allowance for scale-breaking eft'ects
because these are very small as shown below.
To test the sensitivity of the result to assumptions

about the nucleon structure function, we have refit the
data while imposing the nucleon results of the CCFRR
neutrino experiment (see Appendix D) at a fixed Q of 25
GeV . The change is very small, being less than one stan-
dard deviation on every point. The main effect is an up-
ward shift in normalization of 2%, and a decrease in the
K factor of 10%%uo.
Figure 15 shows a comparison of the measurement

given in Fig. 12(a) with Badier et al. ' (NA3) and Betev
et al. ' (NA10 Collaboration). The 200-GeV result of
NA3 is shown as data points with error bars while the
NA10 result appears as a curve because individual points
were not reported. As noted above, the normalization re-
quirements of the quark number and momentum densi-
ties link the structure function normalization at large x
to the pion gluon fraction and to the shape of the struc-
ture function near x =0. For the comparison of Fig. 15
we have used a value of g =0.47; this is the value report-
ed by NA3 and is also used by NA10. The difference in
normalization between the experiments is explainable in
terms of the different value of a. In this experiment we
find a=0.6+0.03, whereas both NA3 and NA10 report u
near 0.4. We found agreement with the 0.4 value only by

10-1-.

10 2-.
~ E615
NAB 200 GeV—NA'6 194 GeV
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X
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FIG. 14. do. /dx+ in three mass regions, showing curves from
Drell-Yan fit to region with x& )0.06. Excess at low mass cor-
responds to lowest point in xz.

FIG. 15. Comparison of pion-structure-function results with
values from NA3 (Ref. 18) and NA10 (Ref. 17). As explained in
the text, the normalization for all experiments depends strongly
on the structure-function values at low x and on the value of

NA3

E615

NA10

Conway et al., PRD 39, 92 (1989).

The data determine only the pion valence  (x > 0.2) PDF …

1398 E. ANASSONTZIS et al. 38
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FIG. 19. The points are the projection of the target struc-
ture function (KT(x& )=K [Z/Au)(x2)+( I—Z/ A)d„(~x2)
+S (x&)]) for the p data. The curve is the prediction of the
Drell-Yan model using DIS structure functions (Ref. 29). 10 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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FIG. 21. The points are the projection of the beam structure
function, KV (x&), for the m. data. The dashed curve is the
prediction of (9) using fit 11 of Table VII. The solid curve is the
sane prediction if one ignores the second term on the RHS of
(9), in which case the cross section can be written exactly as the
product of a function of x& and a function of x~.
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Figure 21 shows the projection of the beam structure
function using the parameters of fit 12 and the same pro-
jection neglecting the second term on the RHS of (9).
The effect of the second term is seen to be small, indicat-
ing that our results are insensitive to the sea-quark distri-
bution in the pion.
Figure 22 shows the target structure function projec-

tion obtained from (9) and the prediction of DO using
DIS data. There is good agreement over the complete
range of x2 covered. Figure 23 shows the values of the
beam structure function Kv (x1) for our experiment at
125 GeV/c, the NA3 experiment at 150 GeV/c (Ref. 43),
the CIP experiment at 225 GeV/c (Ref. 46), and the Goli-
ath experiment at 150 GeV/c (Ref. 47). The CIP data
were multiplied by the ratio of A" /A ' so that the as-
sumed A dependence is consistent with the other experi-
ments. There is good agreement between all the data for
values of x, approaching unity.

C. Eft'ect of the first-order correction

FIG. 20. The points are the projection of the beam structure
function [KV (x, )] for the m data. The curve shows the pion
valence-quark structure function fit using the parameters of ei-
ther fit 11 of Table VII with a fixed to 0.5 or fit 12 with a free.

In Table V we presented calculated values of K[O(a, )]
for the pR' reaction as a function of xF and M. Similar
results were also obtained for the m reaction. It can be
seen that the first-order correction has little variation
over the kinematic range accessible to fixed-target experi-
ments and will have a negligible effect on the variation

Anassontzis et al., PRD38, 1377 (1988).

E = 125 GeV

E537 E615
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Fig. 1. a ~-  200 GeV data. The data points represent F=(x,) as defined by (2) using nucleon structure functions from CDHS fit. Dashed 
curve represents the valence structure function of the pion obtained from our fit. Solid curve represent the (valence+sea) pion structure 
function as defined by (2). b The data points represent F=(x2) as defined by (3). Dashed curve represent the valence part of the nucleon 
structure function 1.6u(xz)+2.4d(x2) for ~r-. Solid curve represent the (valence+sea) nucleon structure function as defined by (3). The 
curves have been scaled up by a factor K--2.3 

T a b l e  4. Result of the fit of the pion vatence structure function with the 150 GeV and 280 GeV n -  
data at (Mu2,)=25 GeV 2. The ~z sea. and nucleon valence and sea structure functions are imposed 

a Correlation Systematical errors 
coefficients 

pion sea proton sea acceptance 

~z- - 150 GeV/c c~ = 0.41 0.05 
4.2 __< M~, __< 6.2 GeV /3~=0.92 0.04 0.90 

- - 280 GeV c~ ~ = 0.41 0.05 
4.2<M,,_-<5.8 GeV /3"=1.01 0.08 0.87 

-7-0.03 T0.0I - 
-7-0.01 -0.01 _+0.02 

_+0.02 +0.01 _+0.01 
-T- 0.03 - 0.02 _+ 0.07 

the  p a r a m e t e r s  of  the  d i f ferent  sources  of  sy s t ema t i -  
cal  e r ro rs  a re  t he  fo l l owing :  

- N u c l e o n  sea  s t r u c t u r e  f u n c t i o n :  C F S  c o l l a b o -  
r a t i o n  [12]  d e t e r m i n e d  a n o n  S U2  s y m e t r i c  n u c l e o n  
sea s t r u c t u r e  f u n c t i o n  (~4:2t). U s i n g  this  resul t ,  we  
o b s e r v e  a v a r i a t i o n  on  7 ~ only.  A7 ~ =  - 0 . 3 .  
- E r r o r  o n  re l a t ive  l uminos i t i e s  ~ -  a n d  ~z +" a var i -  
a t i o n  o f  + _ 2 ~  on  the  l um i no s i t i e s  r a t io  g ive  the  
f o l l o w i n g  v a r i a t i o n  on  the  p a r a m e t e r s :  

A c ~ =  _+0.03 A/?~= + 0 . 0 2  A ~ =  _+0.7 A ~ g ~ ) =  _+0.04 

F i g u r e  l a  and  b s h o w  the  d i s t r i b u t i o n  F~(xj) Eq.  (2) 
a n d  Fu(x2) Eq.  (3) w h i c h  v i sua l i se  the  p i o n  a n d  
n u c l e o n  s t ruc tu re  f u n c t i o n  respec t ive ly .  

W e  o b t a i n  K = 2 . 3 + 0 . 5 .  T h e  q u o t e d  e r ro r  in-  
c ludes  a r e l a t ive  e r ro r  o f  20 ~ c o r r e s p o n d i n g  to  the  
u n c e r t a i n t y  o f  the  ~z v a l e n c e  s t r u c t u r e  f u n c t i o n  (spe- 

c ia l ly  on  c~); u n c e r t a i n t y  o f  12~o on  the  l u m i n o s i t y ;  
a n d  an  e r ro r  o f  4 ~o on  the  accep tance .  

4.3. 150 GeV and 280 GeV Data 

A m o r e  de t a i l ed  analys is  o f  the  v a l e n c e  s t ruc tu re  
f u n c t i o n  o f  the  p i o n  can  be  d o n e  us ing  o u r  h igh  
s ta t is t ics  d a t a  at  150 and  280 G e V / c .  S ince  we  h a v e  
no  7c + d a t a  a t  these  energies ,  we  c a n n o t  d e t e r m i n e  
the  p i o n  sea and  we  use the  v a l u e  o b t a i n e d  at  
200 GeV.  

In  o r d e r  to  c o m p a r e  the  t w o  samples  of  d a t a  at  
t he  s a m e  a v e r a g e  mass  s q u a r e d :  2 _ (Muu)  - 25 G e V  2, 
we a p p l i e d  a mass  cu t  4 .2<Muu<6.2GeV on  the  
150 G e V  d a t a  a n d  a mass  cu t  4.2 =< M , ,  < 5.8 G e V  on  
the  280 G e V  data.  In  this  analysis ,  we a lso  used  Q2 
d e p e n d a n t  n u c l e o n  s t ruc tu re  func t ions .  T h e  resul t  o f  
the  fit is g iven  in T a b l e 4 .  T h e  m a i n  sources  o f  

E = 200 GeV

Badier et al., Z.Phys. C18, 281 (1983).

NA3

Used to 

extract 

pion sea 



Pion valence PDF: Main “global” fits available

SMRS (NLO) 1992 GRV/S (NLO)  1992,1999
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Fig. 2. Comparison of our NLO valence distribution at Q2 =
20 GeV2 with the one of GRVπ [5] and GRS [6]. This density
plays the dominant role for describing presently available πN
Drell–Yan dimuon production data. For illustration, the gluon
and sea densities are shown as well. The SU(3)flavor symmetric
GRVπ sea q̄ π = sπ is not shown, since it is similar to sπ of
our present analysis and of GRS which are all generated from
a vanishing input at Q2 = µ2, cf. (3). The SMRS [3] results
refer also to a SU(3)flavor symmetric sea q̄ π ≡ ū π+

= dπ+
=

sπ = s̄ π

x q̄ π(x, µ2
NLO) = 0.417 x0.207(1 − 2.466

√
x + 3.855 x)

×(1 − x)4.454. (15)

Finally, Fig. 3 shows our resulting predictions for
x gπ(x, Q2) and x q̄ π(x, Q2) as compared to the former
GRVπ results [5]. The GRVπ results for x q̄ π are signifi-
cantly steeper and softer for x >∼ 0.01 due to the vanishing
SU(3)flavor symmetric (light) sea input x q̄ π(x, µ2) = 0, in
contrast to our present approach [6] based on a more re-
alistic finite light sea input in (5). The valence–like gluon
and sea inputs at Q2 = µ2, which become (vanishingly)
small at x < 10−2, are also shown in Fig. 3. This illus-
trates again the purely dynamical origin of the small–x
structure of gluon and sea quark densities at Q2 > µ2.
Our predictions for sπ = s̄ π, as evolved from the vanishing
input in (3), are not shown in the figure since they prac-
tically coincide with q̄ π(x, Q2) of GRVπ shown in Fig. 3
which also results from a vanishing input [5]. Simple ana-
lytic parametrizations of our LO and NLO predictions for
fπ(x, Q2) are given in the Appendix.

To conclude let us recall that an improvement of
fπ(x, Q2) is particularly important in view of its central

x gπ(x,Q2)

x

100 = Q2 (GeV2)

20

5

(x 10)

(x 0.1)

µ2
(0.1 x)

x q
_π(x,Q2) NLO

LO

GRVπ (NLO)
GRVπ (LO)

100

20

5

(x 10)

(x 0.1)
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(x 0.1)
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Fig. 3. The small–x predictions of our radiatively generated
pionic gluon and sea–quark distributions in LO and NLO at
various fixed values of Q2 as compared to those of GRVπ [5].
The valence–like inputs, according to (5) as presented in Fig. 1,
are shown for illustration by the lowest curves referring to µ2.
The predictions for the strange sea density sπ = s̄ π are similar
to the GRVπ results for q̄ π. The results are multiplied by the
numbers indicated in brackets

role in the construction of the photon structure function
and the photonic parton distributions [14–18]. Further-
more, recent (large rapidity gap) measurements of leading
proton and neutron production in deep inelastic scattering
at HERA [19] allow, under certain (diffractive) model as-
sumptions, to constrain and test the pion structure func-
tions for the first time at far smaller values of x (down
to about 10−3) than those attained from fixed target πN
experiments.

Acknowledgements. This work has been supported in part by
the ‘ Bundesministerium für Bildung, Wissenschaft, Forschung
und Technologie’, Bonn.

Appendix

A. Parametrization of LO parton distributions
Defining [9]

s ≡ ln
ln [Q2/(0.204 GeV)2]
ln [µ2

LO/(0.204 GeV)2]
(A.1)

to be evaluated for µ2
LO = 0.26 GeV2, all our resulting pio-

nic parton distributions can be expressed by the following
simple parametrizations, valid for 0.5 <∼ Q2 <∼ 105 GeV2

(i.e. 0.31 ≤ s <∼ 2.2) and 10−5 <∼ x < 1. For the valence
distribution we take

x vπ(x, Q2) = N xa(1 + A
√

x + Bx)(1 − x)D (A.2)

with

N = 1.212 + 0.498 s + 0.009 s2

a = 0.517 − 0.020 s

GRV: Z Phys C53, 651 (1992).

GRSh: Eur Phys J C10, 313 (1999).

Q2=20 GeV2

Global fits produce non-consistent results :  20% difference at x = 0.5 !

SMRS

GRV/S

Sutton, Martin, Roberts and Stirling, PRD 45, 2349 (1992).PARTON DISTRIBUTIONS FOR THE PION EXTRACTED FROM. . . 2355

sistent with the original measurement of NA3 [2], who
found (xg ) =0.47+0. 15.) We can see from Fig. 7 that if
we impose the above limit on (xg ) then the value of rl
which best describes the prompt photon data is
g =2.1+0.4. Figure 8 shows the fit to the WA70
prompt photon data obtained using g =2.1. Although
the m p~yX data do not constrain the gluon, they do
serve as a consistency test of the quark distributions ob-
tained from the Drell-Yan data.
An independent determination of the gluon from

WA70 data has been made by Aurenche et al. [5] using a
different choice of proton distributions. Their results are
based purely on an analysis of the prompt photon data
and thus rely on earlier, and simpler, analyses of Drell-
Yan data for the values of certain valence- and sea-quark
parameters. For example, they keep the value of P fixed
at 0.85 whereas our analysis favors a larger value
(P= l. 1). For completeness we compare their pion distri-
butions with ours in Fig. 9.

0.4—

0.2

( 20% sea j

0.2 0.4 0.6 0.8

Q = 20GeV

IV. THE SEA DISTRIBUTION

So far we have seen that the valence-quark distribution
of the pion, and the exponent g of the gluon, are fairly
well constrained by Drell-Yan and prompt photon data.
The outstanding ambiguity is the size and form of the
sea-quark distribution of the pion. Owens [3] assumed
that the sea carried a fraction 0.15 of the momentum of
the pion with a (1—x ) * "starting" distribution at Qo =4
GeV with g, =5. This value of g, is to be expected from
naive-spectator quark-counting arguments. The NA3
Collaboration [2], found that their mX—+p+p X data
were compatible with a pion sea which carried momen-
tum fraction 0.19, with rl, =8.4 at Qo -20 GeV . An ad-
vantage of the NA3 experiment was the use of m+ as well
as m beams. Although the valence distributions of both
pions are the same from isospin symmetry, they contrib-
ute to the Drell-Yan process differently through the fac-
tors of the quark charge squared. However, unlike the
proton, where deep-inelastic-scattering data exist down
to x~=0.03, the pion data exist only for x ~0.2. Un-
fortunately it is not consistent for us to assume that the
sea takes the same form as that of the NA3 pararnetriza-
tion. This is because of the different theoretical inputs
used by NA3. Figure 10 shows the distribution
u (x,Q )+u (x,Q ) as given by the NA3 Collaboration at
Q =20 GeV compared with our distribution for which
we include a range of sea distributions. It is clear that
the NA3 quark distributions have a very different form
and so it would be meaningless to attempt to incorporate
their sea distribution in our analysis. As the NA3 data
has never been fully published it is not possible to
reanalyze their measured cross sections to extract a con-
sistent sea distribution. Fortunately, we have seen above
that the sea has relatively little influence on our deter-
mination of the valence quark parameters a and P. As
we noted in the previous section, the main uncertainty in

arises through our lack of knowledge of how the
remaining momentum is divided between the sea and
gluons (see Fig. 7). We have imposed reasonable bounds
on this division and varied the sea accordingly. The

FIG. 10. A comparison of the NA3 [2] parton distribution
u (x,Q )+u (x,Q ) at Q =20 GeV with the equivalent distri-
butions of Table VII which were fitted to the NA10 Dre11-Yan
data. The effect of varying the sea-quark distribution is shown.

effect of the variation of the sea is shown in Fig. 10. Fur-
ther experiments with high-statistics ~+ and ~ beams,
ideally with data below x„-0.2, are needed in order to
more accurately determine the pion sea.

V. PION MOMENTS

In order to compare with lattice QCD calculations we
calculate the first two moments of the pion valence-quark
distributions:

2(xV ) =2f dx xV (9)
0

2(x V )=2f dxx V„.
The Q dependence of these moments for the distribu-
tions of Table VII obtained from the NA10 data can be
seen in Fig. 11. At Q =Qo =4 GeV we have
xV =Aux (1—x)~andthus

(10)

2 xV 2'
O'=(2o a+P+ 1

2a(a+ 1)
&'=Go (a+P+ 1)(a+P+2) (12)

Equations (11) and (12) show that the moments are more
sensitive to the uncertainty in a than in P.
The first two rnornents have also been calculated from

first principles using lattice QCD [15]. The values at
Q =49 GeV are

2(xV„)=0.46+0.07, 2(x V ) =0.18+0.05 . (13)
This is to be compared with our values

2(xV„)=0.40+0.02, 2(x~V ) =0.16+0.01 (14)

Mostly used in 

LHAPDF: GRVPI0/1 



2018: new, MC-type, global fit of pion PDFs 

u Results
n Uncertainties are reduced using DY+LN, as compared to DY alone
n Large-x behavior: ~ (1-x)1, instead of (1-x)2 as expected by QCD or DSE. 
n Momentum fractions closer to SMRS-3: valence 48%, sea 17%, glue 35%.
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distribution. We use a χ2 function in the likelihood that takes
into account correlated systematic shifts, as well as overall
normalizations of the data sets [39]. For physical observables
O, such as the pion PDFs and functions thereof, from theMC
samples fakg one then obtains expectation values E½O" ¼P

kwkOðakÞ and variancesV½O" ¼
P

kwkðOðakÞ − E½O"Þ2,
where fwkg are the MC weights. Similar MC technology
based on Bayesian statistics has also been applied recently to
study nucleon PDFs [40,41] and fragmentation functions
[42], as well as the transverse momentum dependent trans-
versity distribution [43].
For the pion valence PDFs, we assume charge symmetry

qπv ≡ uπ
þ

v ¼ uπ
þ − ūπ

þ ¼ d̄π
þ

v ¼ ūπ
−

v ¼ dπ
−

v and invoke SU(3)
symmetry for the pion seaqπs ≡ ūπ

þ ¼ dπ
þ ¼ sπ

þ ¼ s̄π
þ
. The

valence, sea quark, and gluon PDFs are parametrized at the
input scale of the charmquarkmassQ2

0 ¼ m2
c ¼ ð1.3 GeVÞ2

by the form

fðxπ; Q2
0; aÞ ¼

N
Bð2 þ α; βÞ

xαπð1 − xπÞβ; ð5Þ

where a ¼ fN; α; βg are the fitting parameters and B is the
Euler beta function. The valence PDFs are normalized such
that

R
1
0 dxπq

π
v ¼ 1, and the momentum sum rule gives the

constraint
R
1
0 dxπxπð2qπv þ 6qπs þ gπÞ ¼ 1.

The fits to the DY and LN data sets are shown in Fig. 1,
where for clarity the E615 and HERA points are scaled by
3i. To avoid the J=ψ and ϒ resonances, the DY data were
restricted to the mass region 4.16 < Q < 8.34 GeV, cover-
ing the range 0.05 ≤ xF ≤ 0.9. Generally, very good agree-
ment is found for the entire set of 250 data points. For the
best fit, corresponding to model (i) for the LN cross section
with a cutoff Λ ¼ 1.31ð4Þ GeV, the combined χ2=Ndat is
0.98 (244.8=250). Increasing the number of parameters in
Eq. (5) did not improve the overall χ2. The overall
normalizations for the DY data are found to be 0.816,
0.758, and 0.985 for the NA10 (194 GeV), NA10
(286 GeV), and E615 data sets and 1.17 and 0.964 for
the H1 and ZEUS LN data, respectively.
For the LN data, good fits were obtained for the cut

xL > 0.8. Including smaller-xL data deteriorated the fit due
to larger nonpionic contributions away from the forward
limit [15,37,38]. One could extend the region over which to
fit the data by including also nonpionic contributions,
such as from vector or axial vector mesons, though this
would be at the expense of introducing more parameters
into the analysis and diluting the connection with QCD.
Fitting the DY data alone yields only marginally smaller χ2

values, with χ2=Ndat ¼ 0.97 (55.5=70 for NA10 and
82.6=72 for E615). For the combined DY and LN data
sets, the total χ2 per datum for other models are also
close to 1.0, with χ2 ¼ f267.7; 266.0; 262.8; 273.8g for
models (ii)–(v), corresponding to cutoff parameters
Λ¼f0.58ð2Þ;0.52ð2Þ;0.78ð5Þ;0.25ð1ÞgGeV, respectively.

The resulting pion PDFs are shown in Fig. 2 for the
valence, sea quark, and gluon distributions at Q2 ¼
10 GeV2. Compared with the DY-only fits, which constrain
mainly the valence quark PDF and for xπ ≲ 0.1 are

FIG. 1. Cross sections computed with our fitted pion PDFs
compared with DY d2σ=d

ffiffiffi
τ

p
dxF data from E615 [5] (top left)

and NA10 [4] (top right) [in units of nb] and with the LN structure
function FLNð3Þ

2 from H1 [14] (bottom left) and LN to inclusive
ratio r from ZEUS [13] (bottom right). For display purposes, the
E615, H1, and ZEUS data are scaled by a factor 3i for clarity. The
NA10 data are for π− beam energies of 194 GeV (green) and
286 GeV (blue).

FIG. 2. Pion valence (green), sea quark (blue), and gluon (red,
scaled by 1=10) PDFs versus xπ at Q2 ¼ 10 GeV2 for the full
DY þ LN (dark bands) and DYonly (light bands) fits. The bands
represent 1σ uncertainties, as defined in the standard Monte Carlo
determination of the uncertainties [42] from the experimental
errors. The model dependence of the fit is represented by the
outer yellow bands.
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AMBER goal: improve valence PDF and extract sea PDF

u Write cross sections for π+ and π− beams

u Apply charge and isospin invariance and form two combinations: 

u Expected statistics in 4.0 – 8.5 GeV on 12C: ~30 000 π+ and ~30 000 π−

Light Cone 2019 S. Platchkov, Sept.18; 2019 10

!!

σ (π +p)∝ 49 uv
π (x)⋅usp(x)⎡⎣ ⎤⎦+

4
9 us

π (x)⋅uvp(x)⎡⎣ ⎤⎦+
1
9 dv

π (x)⋅dvp(x)⎡⎣ ⎤⎦+
1
9 ds

π (x)⋅dsp(x)⎡⎣ ⎤⎦

σ (π −p)∝ 49 uv
π (x)⋅uvp(x)⎡⎣ ⎤⎦+

4
9 us

π (x)⋅usp(x)⎡⎣ ⎤⎦+
1
9 ds

π (x)⋅dvp(x)⎡⎣ ⎤⎦+
1
9 dv

π (x)⋅dsp(x)⎡⎣ ⎤⎦

Σsea
πD = 4σ π +D −σ π −D

Σval
πD = −σ π +D +σ π −D

No valence-valence terms 

Only valence-valence terms



u Assumptions
n 280 days of data taking
n 1/8 separation of π−/π+ beam 
n 12C target (and also W)

Light Cone 2019 S. Platchkov, Sept.18; 2019 11

Valence-sea separation in π: projected results

SMRS 10% sea

SMRS 20% sea

Clean separation between valence and sea for xπ < 0.40



2) Nuclear effects − studies using π-induced dimuon production

u Separate valence and sea nuclear effects with DY (DIS doesn’t separate them)
n Pion beams : probe mainly valence quarks of the target
n Proton beams probe mainly sea quarks 

► Complementary experiments ! 

u Separate different flavors (DIS is not sensitive to the individual flavors)  
n Pion (π−) beam : probes (preferentially) valence u quarks 
n Pion (π+) beam : probes (preferentially) valence d quarks
n Can probe the flavor dependence of the nuclear mean field

u Study the partonic energy loss effects
n Comparison between DY and J/psi 

Light Cone 2019 S. Platchkov, Sept.18; 2019 12



u Cloët, Benz and Thomas (2009): 
n use nuclear matter within a covariant Nambu–Jona-Lasinio model 
n look for flavour-dependence of the nuclear PDFs 

n “...for N≠Z nuclei, the u and d quarks have distinct nuclear modifications. ”

Flavour dependence of the EMC effect

18/09/2019 13
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Flavor Dependence of the EMC Effect 

Q2 = 5.0 GeV2
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Mean-field calculations predict a flavor dependent EMC effect for N≠Z nuclei  

Cloët, Bentz, and Thomas, PRL 102, 252301 (2009) 

uA =
Zũp + Nd̃p

A
dA =

Zd̃p + Nũp

A

d0 =
Zdp + Nup

A
u0 =

Zup + Ndp

A

Medium modified  
quark distributions 

Free nucleon  
quark distributions 

Isovector-vector mean field (ρ) causes u (d) quark to feel 
additional vector attraction (repulsion) in N≠Z nuclei   

Experimentally, this flavor dependence has not been observed directly 

Free nucleon PDFs: u0, d0
Medium modified PDFs: uA, dA

uA/u0

dA/d0

DIS data are not sensitive to the flavour-dependence. Pion-induced DY data are.
Bonn-IWHSS18

Cloët, Bentz and Thomas, PRL 102, 252301 (2009)



u When taking into account the possible 
flavor- dependence, the uncertainties of  
the nPDFs become much larger

u Pion-induced Drell-Yan with π+ and π− 
n !"(%̅&) : sensitive to the down quarks
n !(()&%) : sensitive to the up quarks

Flavour dependence of EMC effect 
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FIG. 1. (Color online) Ratios of quark distributions and structure
functions in nuclear matter versus the deuteron plotted as a function
of the Bjorken x, at Q2 = 10 GeV2. Filled circles are data for N = Z

nuclear matter from Ref. [23]. Curves are results for the CBT model
[14,19], where the solid line is the calculation of F A

2 /F D
2 for N = Z

nuclear matter, and dashed and dot-dashed curves are the ratios of the
u and d quark distributions in a gold nucleus over those in a deuteron.

Figure 1 shows some CBT model results for nuclear PDFs.
The solid curve is the result for the EMC effect in symmetric
nuclear matter, that is, the ratio FA

2 /FD
2 , where FA

2 and FD
2

are the per-nucleon structure functions of the nucleus and the
deuteron, respectively.1

The calculation is in good agreement with the data extracted
by Sick and Day [23]. For an isoscalar nucleus the u and d
quark distributions are modified in the same manner, however,
for a N ̸= Z nucleus the u and d quark distributions are
predicted to undergo different modifications in the CBT model,
because of the nonzero ρ0 mean field. For example, the dashed
and dot-dashed curves in Fig. 1 are, respectively, the predicted
ratio of the u and d quark distributions in a gold nucleus, to
those in the deuteron. For N > Z nuclei (such as gold), the ρ0

mean field leads to stronger nuclear binding for u quarks and
weaker binding for d quarks [19]. Consequently, the medium
modification of the u quark distribution is increased, while the
d quark distribution is less modified.

Inclusive DIS experiments measure a weighted sum of
u and d quark distributions, making it difficult to extract
the quark-flavor dependence of the EMC effect. However,
the parity-violating DIS (PVDIS) asymmetry, APV, is very
sensitive to the quark-flavor dependence of the EMC effect
[24]. Measuring APV for a variety of N ̸= Z nuclei has the
potential to provide a clean demonstration of flavor-dependent
nuclear modification of the quark distributions. Such an
experiment is part of the large PVDIS program proposed [25]
at the JLab 12 GeV facility currently under construction.

Semi-inclusive DIS (SIDIS) on nuclear targets, where the
flavor of the struck quark is tagged by the detected hadron, is
another promising experimental tool to search for the flavor-
dependent EMC effect. Recently, Lu and Ma [26] pointed out

1The CBT results used throughout this paper are calculations
performed for asymmetric nuclear matter. Results for particular
nuclei are obtained by choosing the N/Z ratio equal to the
nucleus in question. The deuteron results are obtained from a
combination of free proton and neutron quark distributions, where
uD = (up + dp)/2 = dD .

that charged lepton SIDIS off nuclear targets can be used to
probe the flavor content of the nuclear quark sea, which can
help distinguish the various models of the EMC effect. Indeed,
an SIDIS experiment [27] aiming at a precise determination of
flavor dependence of the EMC effect has also been proposed
at the upgraded 12-GeV JLab facility.

Pion-induced Drell-Yan processes are complementary to
the DIS processes mentioned above and provide another
experimental tool that is sensitive to flavor-dependent effects
in the nuclear quark distributions. The leading-order Drell-Yan
cross section for a pion interacting with a nucleus is given by

dσ 2
π±A

dxπdx2
= 4πα2

9sxπx2

×
∑

q

e2
q[qπ±(xπ )q̄A(x2) + q̄π±(xπ )qA(x2)],

(1)

where α is the fine structure constant, s is the center of mass
energy squared, xπ is the Bjorken scaling variable for the
interacting quark in the pion, and x2 is the analogous quantity
for the nucleon in the target nucleus. Quark flavor is labeled
by q, where eq is the quark charge, the pion quark or antiquark
distributions are labeled qπ± and q̄π± , respectively, and the
subscript A indicates nuclear quark or antiquark distributions.

To explore the sensitivity of pion-induced Drell-Yan
processes to a flavor-dependent EMC effect, we consider
the three ratios σDY (π++A)

σDY (π−+A) ,
σDY (π−+A)
σDY (π−+D) , and σDY (π−+A)

σDY (π−+H) , where
A represents a nuclear, D a deuteron, and H a hydrogen
target. Assuming isospin symmetry, which implies uπ+ = dπ− ,
ūπ− = d̄π+ , ūπ+ = d̄π− , and uπ− = dπ+ and keeping only the
dominant terms in each cross section, one readily obtains

R± = σDY (π+ + A)
σDY (π− + A)

≈ dA(x)
4 uA(x)

, (2)

R−
A/D = σDY (π− + A)

σDY (π− + D)
≈ uA(x)

uD(x)
, (3)

R−
A/H = σDY (π− + A)

σDY (π− + H)
≈ uA(x)

up(x)
. (4)

The target PDFs have a subscript A, and the up quark
distribution in the deuteron and the proton are labeled uD

and up, respectively. Equations (2)–(4) demonstrate that these
pion-induced Drell-Yan cross-section ratios are sensitive to
the flavor dependence of the EMC effect and, importantly, are
not sensitive to the pion structure functions, which are not yet
accurately determined.

To study the sensitivity of the pion-induced Drell-Yan
processes to the flavor dependence of the EMC effect, we
calculate these ratios using the nuclear and nucleon PDFs
from the CBT model [14,19], both with and without flavor-
dependent nuclear effects. For the pion PDFs, we choose the
GRV-P LO parametrization [28], however, as expected we find
that our results are insensitive to this choice. The Drell-Yan
cross section is determined using Eq. (1), where we ignore
heavy quarks flavors (s, c, b, t) because of their negligible
contribution to the cross section.

In Fig. 2 we compare our calculations of the pion-induced
Drell-Yan cross-section ratios with existing data. The top left

042201-2
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Fig. 4. The different LO valence-quark contributions to R−
W/D (upper panels) and the 

valence quark nuclear modification factors (lower panels) at factorization scale Q =
5 GeV. Solid lines correspond to the EPS09 (blue) and nCTEQ15 (green) central sets 
and dotted lines indicate the error sets 25 and 26 of the nCTEQ15. The uncertainty 
bands are shown as green (nCTEQ15) and blue (EPS09) bands. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

at factorization scale Q = 5 GeV. We find that EPS09 and nCTEQ15 
agree on RW

V-isoscalar, which is well constrained in both analyses, 
but there is a slight disagreement on RW

V-nonisoscalar . In addition, we 
see that nCTEQ15 has significantly larger error bands in both of 
these components. To study this difference in more detail, we plot 
in Fig. 4 also the nCTEQ15 error sets 25 and 26, which give the 
largest deviations from the central-set predictions. We can make 
two observations: First, from the lower panels in Fig. 4 , we see 
that these two error sets are related to the nuclear modifications 
of u and d valence quarks with set 25 giving the most extreme dif-
ference, and set 26 being closer to uniform modifications. Second, 
from the upper panels in Fig. 4 , we find that the deviations from 
the central prediction are in the same direction for both RW

V-isoscalar
and RW

V-nonisoscalar (upwards for set 25, downwards for set 26), and 
combine additively in Equation (11) thereby explaining the larger 
error bands seen in Fig. 3.

It is now evident that the studied observables are sensitive to 
the mutual differences between u and d valence quark nuclear 
modifications. On one hand, the EPS09 error sets underestimate 
the true uncertainty because flavor dependence of valence quark 
nuclear modifications was not allowed in that particular analysis. 
On the other hand, the nCTEQ15 error bands are large since the 
flavor dependence was allowed, but not well constrained in their 
analysis. The size of nCTEQ15 error bands suggest that the pion–
nucleus Drell–Yan data can have some constraining power on the 
difference of valence modifications. Indeed, in Fig. 5 we plot the 
predictions using the nCTEQ15 error sets 25 and 26, and observe 
that the most extreme deviation from identical nuclear modifica-
tions of u and d quarks given by set 25 is disfavored by NA3 and 
NA10 data.

In addition to the NA3, NA10 and E615 data we have stud-
ied also the results from the Omega experiment [26]. The data 
at 

√
s = 8 .7 GeV as a function of the lepton pair invariant mass 

are shown in Fig. 6 for xF ≡ 2p∗
L√
s

> 0, where p∗
L is the longitudinal 

momentum of the lepton pair along the beam line in the center-of-
mass frame. We find that the data disagree with theory predictions 
in bins around the J/ψ peak. Furthermore, at low invariant masses 

Fig. 5. As Fig. 3, but with only normalized results shown and the nCTEQ15 error 
sets 25 and 26 (dotted lines) plotted.

Fig. 6. Comparison of the Omega data with predictions using the GRV (blue) and 
SMRS (red) pion parton distributions together with the EPS09 nuclear modifications 
combined to the CT14  proton PDFs and also from using the nCTEQ15 (green) nuclear 
PDFs with the GRV pion PDFs. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

the choice of pion PDFs becomes significant and that especially to-
wards larger invariant masses the data are not precise enough to 
discriminate between the nuclear PDFs. Hence it is not reasonable 
to include this dataset into a global nPDF analysis.

5. Conclusions

We have studied the prospects of including NA3, NA10, E615 
and Omega pion–nucleus Drell–Yan data to global analyses of nu-
clear parton distribution functions. The NA3, NA10 and E615 data 
are compatible (modulo NA10 normalization at lower beam ener-
gies) with modern nPDFs and can thus be used in a global analysis 
without causing significant tension. The Omega data is not com-
patible with the NLO theory predictions and not precise enough to 
be useful in the nPDF analysis. The cross-section ratios used in the 
experiments are largely independent of pion parton distributions 
and hence the inclusion of these data will not impose significant 
new theoretical uncertainties to the analysis. Some sensitivity to 
baseline proton PDFs however still persists. When implementing 
these data to a global analysis, one needs to take into account 
the isospin correction and normalization uncertainty in the NA10 
datasets. This can be done as described above. Motivated by this 

Figure 12: The modification of u
v

(left) and d
v

(right) distributions in tungsten, as obtained by the nCTEQ15
global fit in green, and by the EPS09 global fit in blue. Figure from Paakkinen et al. [78]. While nCTEQ15
allows for di�erent up and down-quark modifications in tungsten without data to constrain the flavour-dependence
hypothesis, EPS09 constrains these modifications to be flavour independent.

A possible flavour dependence of the di�erences between nucleon and nuclei PDFs is one of the presently
open questions. Inclusive DIS experiments are in this respect not helpful, since they are only sensitive to
the charge-weighted sum of the quark and antiquark distributions. On the contrary, if nuclear e�ects are
di�erent for up and down quarks, the Drell-Yan process might be an ideal tool to figure this out as with
opposite pion beam charges one or the other valence quark distribution is preferentially accessed. This
fact was raised by several authors, most recently by [78]. The inclusion of pion-induced Drell-Yan data
may have strong impact on global fits of nuclear PDFs. This is illustrated in Fig. 12 where the assumption
of a flavour independence of these di�erences in the valence distribution in tungsten has been released
by the nCTEQ15 group [79]. The resulting over-estimated green error bands are a consequence of this
under-constrained analysis due to the absence of data e�ectively constraining the flavour dependence. On
the contrary, the EPS09 [80] extraction shown by the blue band in the figure, which imposes the same
nuclear modifications for up and down quarks, severely underestimates the uncertainties.

In 2016, global fits aiming at the extraction of more precise nuclear PDFs were published by the EPPS2016
group [81], which included for the first time the low energy pion-induced Drell-Yan data (from NA3,
NA10 and E615 experiments), as well as very recent W and Z-production data in proton-lead collisions
from CMS and ATLAS, and neutrino DIS data from the CHORUS experiment. However, the impact of
the currently available pion-induced data was not found significant, mainly due to their large statistical
uncertainties and the limited data sets. A new measurement with high statistics and low systematics, as
the one proposed here, could significantly change this scenario.

In order to allow for nuclear-dependence studies, two tungsten cell targets of 6 cm length each are proposed
to be placed downstream of the carbon target discussed above. According to EPPS2016, while for carbon
the modifications to the valence quark PDFs are of the order of 5% or lower, tungsten is exhibiting much
stronger e�ects. These two target materials provide hence a good lever arm in the atomic number for
nuclear studies. The achievable statistics in a two-year measurement is presented in Tab. 4 for a carbon
target of 1.4 pion-interaction length, followed by a one pion-interaction-length tungsten target, and with
the experimental conditions described in Sec.3.2.

The projected statistical uncertainties on the Drell-Yan cross-section ratio of positive-over-negative pion
beam polarity on tungsten are shown in the top panel of Fig. 13. The results are compared to the previous
measurement performed by E615 [82] and to a leading-order calculation using two recent nuclear PDFs.
The bottom panel of this figure shows another observable introduced by [83], �⇡�W

��⇡+W

�⇡�C
��⇡+C

, where the
sensitivity to the nuclear valence asymmetry is enhanced as it can be inferred from the larger error bands.
This new observable makes the best usage of the statistics to be collected by the proposed experiment.

Paakkinen et al., Phys. Lett. B 768 (2017) 7 

nCTEQ15

EPS09

uV(x) dV(x)

nCTEQ15 allows for different 
u and v nuclear dependences 



Cold nuclear effects: nPDFs and partonic energy loss
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Figure 14: Drell-Yan cross-section ratio tungsten-over-carbon as a function of x2 and the predicted parton-energy-
loss e�ect under the conditions of the proposed Drell-Yan measurement. The figure is provided by the authors of
ref. [86].

Drell-Yan measurement of the experiment proposed in present document, as shown in Fig. 14.

The observation of a strong J/ suppression in proton-nuclei collisions as compared to proton-proton ones
was confirmed both at SPS and RHIC energies by several experiments. In spite of that, its origin remains
without a satisfactory explanation by theory. Pion-induced J/ production is also seen to be suppressed
from nuclear targets as compared to proton ones, in the data collected by the NA3 experiment [72]. Recent
studies by Arleo et al. [90] point to the parton energy-loss mechanism as being the dominant e�ect in this
quarkonium suppression. The Drell-Yan process and J/ production are two relevant and complementary
hard probes for studying parton e�ects in a cold nuclear environment. In particular concerning J/ 
studies, the accuracy of the proposed experiment will allow to test the universality of the phenomena of
transport of the pre-resonant state in cold nuclear matter, which is in the core of this approach.

3.4 Charmonium studies

3.4.1 J/ production as a probe of hadron formation mechanisms

Quarkonium production is a classical case study for the understanding of QCD bound-state formation.
Non-relativistic QCD (NRQCD) addresses its description assuming the factorization of short- and long-
distance e�ects in the limit of small relative velocity (v) of the heavy quark and antiquark (QQ) forming
the bound state [91]. Perturbative calculations fix the kinematics-dependent short-distance production
cross sections of QQ production for the relevant spin, angular-momentum (S, L, J = 0, 1, 2, . . .) and colour
(c = 1, 8) configurations QQ(

2S+1
L
[c]

J
). The nonperturbative evolution of such pre-resonance states to the

observed meson is described, for each quarkonium state, by a set of constant and “universal" long-distance
matrix elements (LDMEs). According to an expansion in powers of v, only few leading QQ(

2S+1
L
[c]

J
)

terms are considered. Their LDMEs are not calculated directly, but determined by comparison with
experimental results. An alternative framework is the colour-evaporation model (CEM) [92–94], starting
from the same “factorization” hypothesis but making no distinction between QQ colour and angular mo-
mentum configurations: one universal hadronization factor per quarkonium state, equal for all underlying
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Figure 13: Top panel: Drell-Yan cross-section ratio for positive-over-negative pion beam polarity, shown vs. x
N

.
The expected statistical uncertainties from the proposed experiment (shown as full red dots) are compared to E615
results and two sets of nuclear PDFs. Bottom panel: Drell-Yan ratio of the cross-section beam-charge di�erences
for tungsten over carbon, shown vs. x

N
. The expected accuracy of the proposed experiment is shown together with

two sets of nuclear PDFs.

Among the theory attempts to explain the mechanism leading to flavour-dependent nuclear PDFs, the
Cloet-Bentz-Thomas (CBT) model [84, 85] is successful in so far as it is able to account [85] for a large
fraction of the so-called NuTeV anomaly of the weak mixing angle. An important feature of this model,
which is based on the Nambu-Jona-Lasinio (NJL) approach, is that for nuclei with N>Z, the isovector
mean field a�ects the lighter quarks di�erently as compared to the heavier ones, leading to the prediction
of di�erent nuclear modifications for up and down quarks. The very good accuracy of the proposed
measurement on the cross-section ratio �⇡+W

/�⇡�
W (see Fig. 13) will have an important discriminating

power for such CBT-types of analyses.

The Drell-Yan process is also an ideal process to study the parton energy loss in cold nuclear matter,
which is another phenomenon occurring in nuclei on the parton level. Parton energy loss occurs when
the interacting fast quark from the beam hadron radiates soft gluons by multiple scattering when crossing
the nuclear medium of the target. The e�ect is stronger for heavier nuclei, and it becomes evident
by studying cross-section ratios on di�erent nuclear targets as a function of x⇡ . A recent study [86]
systematically analysed the available Drell-Yan data from fixed-target experiments doing proton-nucleus
and pion-nucleus collisions at low energy. The authors demonstrated that the e�ects of energy loss play
a key role in the interpretation of Drell-Yan data. The E866/NuSea data [87] collected with a proton
beam energy of 800 GeV on carbon and tungsten targets revealed evidence for nuclear shadowing. Except
at large xF, the E866 suppression observed in the tungsten-over-carbon ratio is essentially explained by
nuclear PDF e�ects. On the contrary, Drell-Yan data taken at lower energies present energy-loss e�ects
that are dominant over the e�ects of nuclear PDFs. This conclusion is based upon data from NA10 [88]
using a pion beam of 140 GeV scattered o� tungsten and deuterium targets, and from E906/SeaQuest [89]
using a proton beam of 120 GeV scattered o� carbon, iron and tungsten targets (preliminary data). The
same group provides a prediction for the parton energy-loss e�ect to be observed in the pion-induced

Arleo et al., JHEP 01 (2019) 129 



3) Charmonium production mechanism at FT energies

u Accumulate very large statistics: more than 106 events with: 
n positive pions, protons (collected simultaneously), negative pions

u Measure xF distribution, pT distribution, polarisation 
n Try to disentangle !"! and ## contributions to the cross section

u Explore sensitivity of the data to the pion valence and gluon PDFs 

u Access simultaneously $’
n Compare J/$ and $’ observables 
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Pion-induced J/! cross section: model dependence

u J/! cross section for two different pion PDFs (CEM-LO)

u J/psi proton-induced cross sections will be collected simultaneously with the pion ones
u A very large statistics foreseen
Light Cone 2019 S. Platchkov, Sept.18; 2019 17
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Figure 26: Pion-induced J/ production cross sections computed with the ordinary CEM model using the CTEQ6L
nucleon PDFs and the GRV-NLO fit for the pion PDFs (left panel) or the JAM18 pion PDFs (right panel).

Figure 26 shows the standard CEM predictions for pion-induced J/ production on a 12C target using1224

for the pion PDFs either the GRV[67] (left panel) or the JAM[107] (right panel) global fits. The very1225

recent JAM global fit includes leading neutron data (LN) from HERA, in addition to the available1226

pion-induced Drell-Yan data. Since the LN data are taken at lower x values, they provide additional1227

experimental constraints for the gluon and sea densities. In both calculations, nucleon PDFs from the1228

CTEQ6L parametrization are used. In the calculation with the GRV PDFs the qq̄ term becomes dominant1229

only beyond xF = 0.65, whereas in the calculation with the JAM PDFs, it dominates for all positive xF1230

values. This striking di�erence is a direct consequence of the di�erent gluon and valence quark densities1231

in the two parametrizations. The di�erence between the two global fits can be quantified by quoting1232

the corresponding first moments. At a scale of Q2 = 5 (GeV/c)2, the gluons contribute for 0.50 and1233

0.35±0.02 in the total momentum fraction for the GRV and JAM PDFs, respectively. The corresponding1234

values for the valence quarks are 0.38 for GRV and 0.48 ± 0.01 for JAM.1235

The ICEM model also provides predictions for the average J/ polarizations: in the Collins-Soper frame1236

the polarizations are � ' +0.4 and �0.6 for the qq̄ and gg components, respectively. These predictions1237

include the contributions of feed-down from �
c1 and �

c2. Interestingly, the model dependence of such1238

predictions is minimal. As mentioned in Sec. 3.4.1, they simply derive, as a matter of fact, from angular1239

momentum conservation and the spin/coupling properties of the colliding partons. For example, qq̄1240

production (with no associated recoil) produces a polarized state with J
z
= ±1 angular momentum1241

projection, because of helicity conservation in the coupling of light- quarks to gluons. This corresponds1242

to � = +1 for directly produced J/ and � = �1/3 for J/ coming from either �
c1 or �

c2 decays [101].1243

The quoted � ' +0.4 combines these numbers using a �
c

feed-down fraction of around 35%.1244

The large polarization di�erence between the qq̄ and gg components, �� ' 1, can be used as an additional1245

constraint to determine their individual contributions and, therefore, to test J/ hadronization models.1246

The strong dependence of � on the xF-dependent relative contribution of the qq̄ and gg components is1247

illustrated in Fig. 27. The prediction using either GRV or JAM pion PDFs di�er by as much as 0.4; this1248

di�erence is to be compared with expected statistical uncertainties of about 0.02-0.03. The systematic1249



J/! production: expected statistics (ICEM model, NLO) 

u Cross section as a function of xF Polarisation
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Figure 25: Top panel: Pion-induced J/ cross section prediction for a 12C target computed with the ICEM model
of Ref. [103] (black line). The red and blue lines show the qq̄ and gg contributions, respectively. Bottom panel:
estimated relative uncertainties in the proposed experiment.

between 1.2 and 1.5 GeV. The mass uncertainty essentially shifts the prediction up or down, but can be1203

absorbed in the overall scale factor.1204

The bottom panel of Fig. 25 shows the statistical precision of the proposed charmonium measurement,1205

assuming 8 ⇥ 105 reconstructed J/ mesons obtained using a positive pion beam. The error bars of the1206

data points represent the statistical uncertainties only. The main sources of systematic uncertainties, e.g.1207

luminosity, only contribute to the overall normalisation of the data. The shape of the xF distribution1208

should therefore be determined with minimized systematic uncertainties that could result from possible1209

non uniformity of the detector or trigger e�ciencies. Additional systematic uncertainties may result1210

from the identification of the incident particles, as for the positive hadron beam pions are not the main1211

component. However, purity and e�ciency for this identification should not a�ect the final state of the1212

reaction.1213

3.4.2 J/ measurements as constraints on the PDFs of the pion1214

After validation of the hadronization model within the limits of the precision allowed by the current1215

knowledge of the PDFs, the measurement itself can be used as a new constraint on the relative contributions1216

of the qq̄ and gg PDF components and, using the polarization as constraint, even on their kinematic1217

shapes. In the energy domain of the proposed A���� experiment and for su�ciently high xF values, the1218

qq̄ component has a magnitude comparable or larger to that of the gg component. More precisely, the1219

relative amount of both components is given by the overall amplitude and shape of the corresponding1220

quark and gluon densities in the Bjorken x region between 0.05 and 0.95 for the pion and between 0.051221

and 0.4 for the nucleon. Since the nucleon PDFs are well known, the data may be used to infer the gluon1222

distribution in the pion, obviously within the uncertainties of the hadronization model.1223
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Figure 27: Pion-induced J/ polarization as a function of xF. The polarization was computed assuming the ICEM
average polarization values of 0.4 for the qq̄ and -0.6 for the gg contributions (Cheung and Vogt, priv. comm.).
The pion PDFs are those of GRV (red curve) and JAM (blue curve) parametrizations. The data points indicate the
statistical accuracy achievable with the experimental assumptions described in the text.

uncertainties on the polarization measurement are more di�cult to quantify. Preliminary analysis of the1250

data presently available shows that they are limited to 0.05 or less.1251

3.5 Proposed Charmonia measurements1252

Charmonium data will be collected simultaneously with the Drell-Yan data, using the same setup and the1253

same trigger system. Most of the time data will be taken using a positive hadron beam, as the fraction1254

of pions in the positive beam is only 24% . A similar amount of Drell-Yan data will be collected with a1255

negative hadron beam, in which the pions contribute for nearly 97%.1256

3.5.1 J/ measurements1257

For an incident beam momentum of 190 GeV/c on a 12C target, and considering the dimuon mass range1258

3.0 < Mµµ /(GeV/c2
) < 3.3 GeV/c2, about 1.5⇥106 J/ events are expected for the positive pion fraction1259

of the beam (assuming 255 days of data taking), and about 0.75 ⇥ 106 J/ events for the negative pion1260

fraction of the beam (in 25 days of data taking). The counting rates are based on the assumption that for an1261

isoscalar target and assuming charge symmetry, the positive and negative pion-induced J/ -production1262

cross sections are equal. For the two 6 cm long tungsten targets, the corresponding number of events is1263

6 ⇥ 105 and 2.7 ⇥ 105 for the positive and negative pion beam, respectively.1264

At this incident momentum, the positive hadron beam reaching EHN2 contains 74.6% of protons, three1265

times the pion fraction. Since the proton-induced integrated cross section is about half of the pion-induced1266

one [62], the number of the corresponding J/ events should reach 2.1 ⇥ 106 for the 12C targets and1267

about 0.9 ⇥ 106 for the W targets. Analysed in parallel with the pion data, the large proton statistics will1268

allow for complementary studies of the charmonium production mechanism. In addition, serving as a1269

reference, the well-known proton PDFs should provide further confidence in the extraction of the pion1270

parton densities.1271

The event numbers given above assume experimental acceptance and e�ciency corrections identical to1272

the ones that apply to the Drell-Yan data, which are described in Sec. 3.2.2.1273

Cheung and Vogt, Phys. Rev. D98 (2018) 114029 and priv.comm. 



Future: RF separated beams – high-intensity antiprotons and kaons 

u Studies underway at CERN for RUN4 (2026++) 
u Some assumptions:

n L = 450 m, f = 3.9 GHz, beam spot within 1.5 mm
n Reasonable primary target efficiency, 80% wanted particles pass dump
n Number of primary protons: 100 - 400x1011 ppp on the production target

n Energy limitation : 120 GeV

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

Trento, Apr. 17, 2018 Quark and Gluon Effects in Nuclei 19
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Outlook: why do dimuon experiments at AMBER@CERN

u CERN: only place in the world with 
n 1) mesons beams (pions, kaons) ; also proton and antiproton beams
n 2) positive or negative beam charge
n 3) large and uniform acceptance spectrometer (and planned improvements...)
n 4) R&D for a new RF-separated beam line with unprecedented kaon/antiproton 

intensities

u Proposed dimuon studies: 
n Valence and sea structure of the pion, kaon in the future
n Flavor-dependent effects in nuclear targets
n Charmonium production mechanism at fixed-target energies
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Unique features 



Thank you
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