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Leakage above seven liters/hour 
from any one chamber shall be 
mitigated

(Pedestrian) discussion on Meson PDFs
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Future measurements of meson PDFs at CERN 

u Drell-Yan data – mainly sensitive to quark PDFs
n Can be used to extract the valence PDF the sea PDFs 
n Electromagnetic process – cross sections are low

u J/psi data – sensitive to both quark and gluon PDFs
n A big advantage – cross sections are large (strong interaction process) :  factor of 30 - 40 !
n Interpretation ?

What is needed for a reliable interpretation of the J/psi data ? 
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Gluon PDF – Method-3 : from J/𝜓 production 

u Main processes contributing to J/𝜓

qq annihilation gg fusion 
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Gluon PDF extraction – examples 
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n E537: 125 GeV/c: W target 

5076 C. AKERLOF et al.

TABLE VI. The parameters of the ~ gluon structure function obtained by fitting with the input
valence quark distribution, V(x), for the W and Be data. The fraction of f produced via gluon fusion
obtained from the fit is also shown. Note that the error due to the scaling of the cross section to
nb/nucleon is an additional 3.1%.

v(x) 13/a+ 1

(fixed)
(%)

o.(Be) x(w) X(Be)

(%) (%)

cr /o. (W) cr /0 (Be)

E537-m
Na3 (Ref. [8])

50
49

1.98+0.06 1.2+0.2 0.187+0.002 0.17+0.004
2.03+0.06 1.3+0.2 0.193+0.002 0.17+0.004

74+2
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76+8
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structure function set, as seen in Table VI they depend
strongly on the particular target nucleus used. In Fig. 6,
we present our data for W, and in Fig. 7 for Be, and the
predictions of the SLDM model using the E-S37-~ pion
valence quark structure function. The solid line
represents the prediction for the gluon structure function
extracted from the Be data. In Fig. 7, we include the
gluon structure function based on the fit to the W data to
show the strength of the 3 dependence.
As in the case of determining the p gluon structure

function we use the ratios of the g production cross sec-
tions to check the validity of the fits. The ratios of the
production cross sections for pN~Q+X to
rr N ~/+X,

rr(@%~A+X)s;p /rr o.(m N ~/+X)
are sensitive only to the integral of the parton distribu-
tion functions. In Table VII we summarize the measured
ratios as function of beam energy from several experi-
ments.
The gluon structure functions extracted from the Be

and the W data have been used to predict the ratio of the
total cross section o /cr as a function of beam momen-

turn. This prediction is compared in Fig. 8 to the data in
Table VII. The momentum dependence of the ratio
o. /o is described satisfactorily by both sets of struc-

7T

ture functions.
For comparison, experiment NA3 [8] has extracted the

gluon structure function of ~ from the "hard com-
ponent" of g production in rr Pt interactions using an
analysis with significantly different assumptions about the
production model for the g's:

xG(x)—(1—x) '

WA11 [10] using a Be target has extracted a gluon struc-
ture function

xG(x)-(1—x)' +—

Our best estimation of the ~ gluon structure function
from experiment E537 is
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FIG. 6. Best fit (solid line) using the E537-m quark structure
functions to the der/dx„distribution for g production in 125
GeV/c m W interactions. The dashed and the dot-dashed line
are the gg and the qq contributions, respectively.

FICx. 7. do/dx~ for f production in 125 CreV/c n Be in-
teractions. The solid line is the best fit using E537-~ quark
structure functions. The band shows the range of predictions
from the SLDM varying the m gluon structure function pa-
rameters extracted from the W data by + one standard devia-
tion from the best fit. The difference in structure functions ex-
tracted from Be and W targets is manifest.

qq

gg

Akerlof et al., PRD48, 5067 (1993)

How well can we extract the gluon distribution ?
What is the relative fraction of qq and gg components? 
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Models for J/psi production

u Color Evaporation Model

u NRQCD (factorization) 
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CEM calculations vs π-induced J/psi cross sections 
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J/psi production : summary of π-induced data 
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RAPID COMMUNICATION 

16 Beatrice Collaboration~Nuclear Physics B 557 (1999) 3-21 
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Fig. 8. Cross-section per nucleon for Jfip production in ~r- interactions as measured in different experiments, 
for various targets and energies. Where necessary, published data have been adjusted so as to represent the 
case cr = 0.87, B(J/~ --* /z+/z - ) = 6.01 :k 0.19% and xF > 0. Statistical and systematic uncertainties 
have been added quadratically. The continuous line represents a fit to the data of a second-order polynomial. 
Predictions from the Colour-Evaporation Model (dotted) and from the Factorization Approach (dashed) are 
shown for two choices of the factorization scale: /z = mc (lower) and/z = 0.8 mc (upper), where mc is fixed 
at 1.41 GeV/c 2 for the Colour-Evaporation Model and at 1.5 GeV/c 2 for the Factorization Approach. 

where correlations in systematic uncertainties have been taken into account. 
The ratio of the ~b t cross-section to the J/O cross-section agrees with measurements 

from other experiments [ 19,23,33], performed at various energies. It is consistent with 
the value of 0.16 predicted by the Factorization Approach [5] ,  but is significantly lower 
than the value of 0.48 predicted by the Colour-Evaporation Model [9].  

In Fig. 8, the cross-section measurement for JAb production is compared with values 
from other experiments [34] ,  for or- particles of 15-530 GeV/c,  interacting in different 
target nuclei. Data for interactions in hydrogen are excluded. All cross-sections shown 
are for a = 0.87, B(J/O ~ / z + / ~  - )  = (6.01 :k 0 .19)% and xF > 0. As far as possible, 
uncertainties include both statistical and systematic contributions. 

A second-order polynomial  is fitted to all cross-section data for v ~ > 8.5 GeV/c ,  
excepting the WA92 measurement. The fit predicts ~ro(J/~b) = 230.1 nb /nuc leon  for a 
centre-of-mass energy of 25.6 GeV, consistent with the WA92 result. 

Predictions of the energy dependence of the JAb cross-section as calculated using the 
Factorization Approach [ 5 ], and as calculated using the Colour-Evaporation Model [ 35 ] 
are shown in Fig. 8. For each model, two choices of the factorization scale, /z, are 
considered: /z = mc a n d / z  = 0.8 mc, with rnc the charmed-quark mass. All calculations 
are performed to next-to-leading order [ 36]. The parton distribution functions used are 
the CTEQ3 leading-order set [37] for protons and the GRV leading-order set [38] for 
pions. In the Factorization Approach, which includes both colour-singlet processes and 
colour-octet processes, and takes into account J/O production in the decays of Xe and ~ ,  
as well as direct J/~b production, mc is arbitrarily fixed at 1.5 GeV/c  2 [39].  Coefficients 
for the colour-octet processes are determined partly from fits to CDF data [40] and partly 

NRQCD

CEM

Dependence on the:  factorization scale µ and charm mass M   
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Models form J/psi production – x dependence

u CEM (Color Evaporation Model)
u NRQCD (factorization approach)

S. Platchkov Trento - Dilepton workshop 8

model is similar in spirit to the CEM albeit with more non-
perturbative parameters, as we will see.
The xF distribution of a charmonium state, C, in NRQCD

is

d!C

dxF
!"

i , j
!
0

1
dx1dx2#$xF"x1

#x2% f i
A$x1 ,&2% f j

B$x2 ,&2%!̂$ i j→C % $8%

!̂$ i j→C %!"
n
CQQ̄[n]
i j 'O n

C(, $9%

where the C production cross section, !̂(i j→C), is the prod-
uct of expansion coefficients, CQQ̄[n]

i j , calculated perturba-
tively in powers of )s(&2) and nonperturbative parameters,
'O n

C(, describing the hadronization of the charmonium state.
In the model, *c0 and *c2 are produced as color singlets by
gg fusion and as color octets through qq̄ annihilation, both
with CQQ̄[n]

i j +)s
2 . The three *cJ states, the , , and ,! are all

produced as color octets through qq̄ annihilation with
CQQ̄[n]
i j +)s

2 . Direct , and ,! occurs through gluon fusion
both in color octet production with CQQ̄[n]

i j +)s
2 and in color

singlet production with CQQ̄[n]
i j +)s

3 . In addition, the *c1 can
be produced as a color singlet through gg fusion and g(q
# q̄) scattering with CQQ̄[n]

i j +)s
2 . For charmonium produc-

tion proportional to )s
2 , an additional delta function enters

Eq. $8% so that x1 and x2 are both fixed as in Eq. $2%. How-
ever, when the expansion coefficients are proportional to )s

3 ,
only x1 or x2 can be fixed by the delta function in Eq. $8%,
while the other momentum fraction must be integrated over.
We use the parameters determined by Beneke and Rothstein
-34. for fixed-target hadroproduction of charmonium with
mc!1.5 GeV and &!2mc , and the CTEQ 3L parton den-
sities -35..

The total , xF distribution includes radiative decays of
the *cJ states and hadronic decays of the ,!,

d!,

dxF
!
d!,

dir

dxF
# "

J!0

2

B$*cJ→,X %
d!*cJ

dxF
#B$,!→,X %

d!,!
dxF

.

$10%

In contrast, in the CEM, the xF distributions of all states are
assumed to be the same. Thus F, in Eq. $7% implicitly in-
cludes the *cJ and ,! decay contributions given explicitly in
Eq. $10%. See Ref. -34. for the expressions for the charmo-
nium cross sections and the values of the nonperturbative
parameters 'O n

C(.
In Ref. -34., the singlet matrix elements were calculated

from the quarkonium wave functions at the origin. The octet
matrix elements were fit to Tevatron production data except
for /8 -34. which was obtained from a fit to total cross
sections data at fixed-target energies. In NRQCD, three pa-
rameters are needed to fix the ,! production cross section,
while eight are needed for the total , cross section. Only one
parameter for each state is needed in the CEM, a consider-
able reduction.
The total , forward xF distributions2 at 800 and 120 GeV,

Eq. $10%, are shown in Figs. 3$a% and 3$c%, respectively. Since
the *c0 branching ratio to , is less than 1%, its contribution
is virtually negligible. However, 027% of the produced *c1
states decay to , , including the gq scattering contribution,
are shown in the dotted curves. At 800 GeV this component
is only a factor of 2–3 less than the total qq̄ contribution to
the full , cross section. The gg contribution from *c1 de-
cays and the smaller *c2 decay contribution, 014%, provide
most of the singlet component of total , production. Inter-
estingly, when the *cJ decays are included, the octet contri-
bution to the total , production cross section is 60%, close to

2Note that, as in the CEM, the pp xF distributions are symmetric
around xF!0.

FIG. 3. The , xF distributions at $a% 800 GeV
and $c% 120 GeV in NRQCD. The contributions
from gg fusion $dashed%, qq̄ annihilation $dot-
dashed%, gq scattering $dotted%, and the total
$solid% are given. The corresponding ,! distribu-
tions are given in $b% and $d%. The curves show
gg fusion $dashed%, qq̄ annihilation $dot-dashed%,
and the total $solid%.
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where x1 and x2 are the fractions of the hadron momentum
carried by the projectile and target partons, respectively. Af-
ter integration over the delta functions in Eq. !4", x01,02
! 1

2 ("xF#!xF2#4m2/s). The convolution of the partonic
cross sections #22,23$ and the parton densities is

HAB!x1 ,x2 ;m2"! f g
A!x1 ,m2" f g

B!x2 ,m2"%gg!m2"

# &
q!u ,d ,s

# f q
A!x1 ,m2" f q̄

B
!x2 ,m2"

# f q̄
A
!x1 ,m2" f q

B!x2 ,m2"$%qq̄!m2",

!6"

where the parton densities f i(x ,m2) are evaluated at momen-
tum fraction x and scale m2!x1x2s , and m is the invariant
mass of the cc̄ pair. The sum over q includes only light
quark flavors.
The LO charmonium cross section for charmonium state

i, %̃ i , is then obtained by integrating the free cc̄ cross section
over the pair mass from the cc̄ production threshold, 2mc , to
the open charm threshold, 2mD!3.74 GeV. Then

d%̃ i

dxF
!2Fi!

2mc

2mD
m dm

d%cc̄

dxFdm2 , !7"

where Fi is the fraction of %cc̄ that produces the final-state
cc̄ resonance.
The CEM assumes that the quarkonium dynamics are

identical to those of low invariant mass cc̄ pairs. The had-
ronization of the charmonium states from the cc̄ pairs is
nonperturbative, involving the emission of one or more soft
gluons. A different nonperturbative matrix element is needed
for the direct production of each charmonium state. Each
nonperturbative matrix element is represented by a single
universal factor Fi which depends on the charm quark mass,
mc , the scale of 's , ( , and the parton densities. In our
calculations with the CEM, we use the leading order MRST
LO parton distributions #24$. This set has a low initial
Q2, Q0!1 GeV. The mass and scale parameters are mc
!1.2 GeV and (!2mc . Once Fi has been determined for
each state, e.g., ) , )!, or *cJ , the model successfully pre-
dicts the energy and momentum dependencies. We note that
F) includes both direct ) production and indirect production
through radiative decays of the *cJ states and hadronic )!
decays.

Since Fi must be a constant for the model to have any
predictive power, the relative differential and integrated
quarkonium production rates should be independent of pro-
jectile, target, and energy. This appears to be true for the
charmonium production ratios &J*cJ /)+0.4 and )!/)
+0.14 #25–28$. See Ref. #21$ for more details.
The next-to-leading order !NLO" quarkonium production

cross section in the CEM #21$ was calculated using the QQ̄
production code of Ref. #29$ with the mass cut in Eq. !7".
When the NLO contribution is included, the pT dependence
of ) production at the Tevatron has been shown to agree
with the CEM calculations #30$. The LO and NLO calcula-
tions agree equally well with the energy and xF dependent
data if Fi

LO is defined as Fi
NLO multiplied by a theoretical K

factor, the ratio of the NLO to LO cross sections #21$. At
next-to-leading order, F)

NLO is 2.54% #21$.
Figure 2 shows the forward xF distributions for ) produc-

tion in pp collisions1 in the CEM at 800 and 120 GeV. The
)! distributions are identical except for the relative fraction
of )! production below the DD̄ threshold and are thus not
shown. Note that at large xF , xF,0.6 at 800 GeV and ,0.5
at 120 GeV, qq̄ annihilation is the most important contribu-
tion to the cross section.

B. Quarkonium production in nonrelativistic QCD

An alternative model of quarkonium production, the color
singlet model #31$, predicted that high pT ) production
would be dominated by *cJ decays. It also predicted that
direct ) and )! production would be rare because a hard
gluon emission was required to make a color singlet 3S1
state on a perturbative time scale. On the other hand, the
CEM is an average over the color and spin of the produced
cc̄ pair and cannot make such predictions. Soon after the
high pT Tevatron data #32$ made it clear that the hard gluon
emission constraint in the color singlet model severely un-
derpredicted direct ) and )! production, the nonrelativistic
QCD !NRQCD" approach to quarkonium production was
formulated #33$. This approach does not restrict the angular
momentum or color of the quarkonium state to only the lead-
ing singlet state. For example, the final-state ) may be pro-
duced as a 3P0 color octet state which becomes a ) through
nonperturbative soft gluon emissions. Thus the NRQCD

1The xF distributions are symmetric around xF!0 in pp produc-
tion.

FIG. 2. The ) xF distributions at !a" 800 GeV
and !b" 120 GeV in the CEM. The contributions
from gg fusion !dashed" and qq̄ annihilation
!dot-dashed" are given along with the total
!solid".
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xF dependence of ! and Drell-Yan production
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We discuss the nuclear dependence of # and #! production in hadron-nucleus interactions as a function of
longitudinal momentum fraction xF . Nuclear effects such as final-state absorption, interactions with comovers,
shadowing of parton distributions, energy loss, and intrinsic heavy-quark components are described separately
and incorporated into the model which is then compared to the preliminary E866 data. The resulting nuclear
dependence of Drell-Yan production at 800 GeV and proposed measurements of # , #!, and Drell-Yan pro-
duction at 120 GeV are also calculated.

PACS number!s": 24.85.!p, 25.40.Ep

I. INTRODUCTION

The factorization theorem of perturbative QCD $1% sepa-
rates the perturbatively calculable short-distance quark and
gluon interactions from the nonperturbative dynamics under-
lying the parton distribution functions in the hadron. The
effectiveness of the factorization theorem in nuclear targets
with mass number A can be obtained by a comparison of the
perturbative production cross sections of hard processes in
nuclei to those in a free proton, or, since nuclear isospin
effects are generally small, a nucleon. The dependence of
particle production on atomic mass number A is convention-
ally parameterized by a power law as $2–9%

&pA"&pNA', !1"

where &pA and &pN are the integrated particle production
cross sections in proton-nucleus and proton-nucleon interac-
tions, respectively. If factorization is satisfied, then particle
production should be independent of the presence of nuclear
matter and &pA would grow linearly with A, implying '
"1. Drell-Yan production, integrated over all kinematic
variables, shows this linear growth to rather high precision
$2%. A number of experiments have measured a less than
linear A dependence for # and #! production $3–9%. Typical
values of the exponent ' in Eq. !1" are between 0.9 and 1.
This nonlinear growth of the # cross section with A has been
used to determine an effective nuclear absorption cross sec-
tion $7,10,11% under the assumption that the deviation of '
from unity is solely due to # dissociation by nucleons. How-
ever, attributing the entirety of the integrated nuclear depen-
dence to final-state absorption neglects other possible contri-
butions, perhaps resulting in an overestimate of the nuclear
absorption cross section. This paper identifies a number of
possible nuclear effects on # and, consequently, Drell-Yan
production, and examines their contributions to Eq. !1".
Any dependence on the kinematic variables such as pro-

jectile energy or longitudinal momentum fraction, xF , would
reveal the importance of going beyond a simple A scaling for
production and a constant absorption cross section for # pro-
duction. Indeed, it has long been known that in quarkonium
production ' decreases as a function of xF $3–5%. There are
a number of effects which could contribute to the xF depen-

dence. The nuclear parton densities are systematically differ-
ent from those in a deuteron or a free proton as a function of
parton momentum fraction x $12%. Such alterations of the
parton densities are universal because they are independent
of the final state, affecting both # and Drell-Yan production.
Another possible universal component is energy loss by the
incoming parton as it traverses the nucleus $13,14%. The re-
maining mechanisms primarily affect # and #! production.
Absorption of the produced # or cc̄ state by interactions
with nucleons and/or produced particles has been claimed to
be responsible for all # suppression in nuclear collisions, at
least up to S!U interactions $10,11,15,16%. The importance
of these absorption effects depends on the production mecha-
nism and the magnitude of the interaction cross sections.
Energy loss by the final-state color octet cc̄ has also been
suggested $17%. Finally, the presence of an intrinsic heavy-
quark component of the projectile wave function is also con-
sidered $18,19%.
We study the xF dependence using a two-component

model employing concepts developed in Ref. $20%. The first
component, based on perturbative QCD $21%, is a hard-
scattering approach that would yield an approximately linear
A dependence, as in dilepton production by the Drell-Yan
mechanism. The A dependent effects associated with hard
scattering are final-state interactions, nuclear shadowing in
the target, and energy loss in the projectile. The second com-
ponent of the xF dependence arises from intrinsic cc̄ pairs in
the projectile wave function $18,19%. Since the charm quark
mass is large, these intrinsic heavy quark pairs carry a sig-
nificant fraction of the longitudinal momentum and contrib-
ute at large xF , whereas perturbative production decreases
strongly with xF . The light spectator quarks in the intrinsic
cc̄ state interact on the nuclear surface, leading to an ap-
proximate A2/3 dependence $19%.
Such a separation of production mechanisms was first

proposed by the NA3 Collaboration $3% when they divided
their data into hard and diffractive components so that

d&pA

dxF
"A'!

d&h

dxF
!A(

d&d

dxF
. !2"

The ‘‘hard’’ component, &h , includes nuclear shadowing

PHYSICAL REVIEW C, VOLUME 61, 035203
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Example : use of kaon beam for J/psi production

u K− on a proton target

u K+ on a proton target

The difference K− − K+ contains the valence-valence term only (within corrections) 

u Results could be used to:

n Determine the kaon g(x) and u(x) distributions ? 
n Improve the J/psi production models at FT energies ?

S. Platchkov Trento - Dilepton workshop 9

--

No valence quark term 

K − (us)+ p(uud) ∼ uKup + gKgp
K + (us )+ p(uud) ∼        + gKgp
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Example : use of antiproton beam for J/psi production

u K− on a proton target

u K+ on a proton target

The difference p− − p+ contains the valence-valence term only (within corrections) 

u Results could be used to:

n Proton quark and gluon distributions are known. 
n Check the subtraction procedure ? 

S. Platchkov Trento - Dilepton workshop 10

--

No valence quark term 

p− (uud )+ p(uud) ∼   upup +dpdp + gpgp
p+ (uud)+ p(uud) ∼                     + gpgp
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Feed-down contribution to J/psi 

u From Gavai et al., 
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Gavai et al., Int.J.Mod.Phys .A10, 3043 (1995)



COMPASS

Analysis of 
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F. Maltoni et al. / Physics Letters B 638 (2006) 202–208 207

tests resulted in values which are compatible with the Fermilab
proton–proton collision data, providing a consistent indication
of a reduced octet contribution. No significant variation of the
fit results is observed when we include in the fit, in addition to
σJ/ψ data, only σψ(2S) or only σψ(2S)/σJ/ψ measurements. In
the quoted uncertainties, the correlations between different ex-
perimental results, due to the dilepton decay branching ratios

and to the luminosity and efficiencies determinations for dif-
ferent measurements performed by the same experiment, have
been found to have a small impact.

Once the stability of the fit procedure and its precision have
been established, one can obtain predictions for other quanti-
ties. As a first application, in Fig. 3 we show the comparison
between the differential cross sections dσpN/dy at y = 0, as

Fig. 2. Fit results as a function of the cms-energy for the J/ψ cross section (top), the ψ(2S) cross section (bottom-left) and the σψ(2S)/σJ/ψ ratio (bottom-right).
The open circles in the two bottom plots represent the results calculated from the published papers which are not used in the fit.

Fig. 3. The J/ψ differential cross section dσpN/dy at y = 0, as a function of the cms-energy. The data shown here are not used in the fit. The theoretical prediction
with its uncertainty corresponds to the fit to the total cross sections, as shown in Fig. 2.


