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Polarisation~73% 

with 5% scale uncertainty 
1000 mm

Hadron absorber 
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Located downstream of the polarised target: 
•  Stops hadrons and non interacting beam 
•  Degrades resolutions 

In 2015 was also added a thin lithium foil 
downstream of the absorber: 
•  Stops the slow neutrons produced in the 

absorber and reduce the radiation level in the 
first detectors 

NOTE: For unpolarised studies, not 
covered in this talk, in addition to NH3 

target we have Al and W targets 
Al target 

W plug 
(works also 
 as a target) Li foil 

DY and SIDIS cross-sections in terms of 
leading twist asymmetries 
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Fig. 46: Micromegas detector principle. The ionisation electrons coming from the incoming particle are ampli-
fied in the gap between strips and micro-mesh and read on the strips.

additional amplifying GEM foil is added above the micro-mesh in order to decrease the gain of the Micromegas
stage, and thus to reduce the probability of discharge. A concurrent solution using resistive layer structure
(buried resistors) deposited on top of the read-out anodes was studied, but the performance of that solution
were not as good as the hybrid solution, in particular concerning the time resolution.

The new detectors are read by 400 µm-pitch strips on the central part (40% of the surface) and 480 µm pitch
strips on the sides, which cover the 40 ⇥ 40 cm2 active area. The centre of the detectors, blind on the old ones,
were equipped with a pixelised read-out (Fig. 47) with rectangular pixels which keep the same 400 µm pitch
and thus the same spatial resolution as the strips.

Fig. 47: Scheme of the pixel area (right) and position in the detector (left). Rectangular pixels have the same
400 µm pitch as the strips.

Full size hybrid prototypes were built and tested in nominal conditions in the Compass spectrometer in 2011–
2012. They are equipped with read-out electronics based on highly integrated APV chips, which are also
used on other COMPASS detectors like Silicon, GEMs and RICH MWPCs. The detectors shown very good
performance, with particle detection efficiencies above 96% with high intensity muon and hadron beams, spatial
resolutions below 70 µm and time resolution around 9 ns (see Fig. 48 and Fig. 49).

Fig. 48: Spatial resolution of a new hybrid pixelised Micromegas detector, measured in high flux muon beam.
Strips (left) and pixel resolutions (right) are in the order of 60 µm

Discharge rate stays very low, with a probability by incoming hadron reduced by a factor larger than 100
compared to old Micromegas detectors. New Micromegas detectors were partially installed in 2014, where



COMPASS

COMPASS@CERN : FACILITY FOR QCD STUDIES

n Hadron spectroscopy, chiral dynamics
n Mainly light mesons domain 

n With hadron (and muon) beams

n Hadron Structure
n 5-dim. structure of the hadron(s)

n With muon and hadron beams
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COMPASS

COMPASS is an old experiment - already two “phases” 

u COMPASS I : 2002 – 2011 Beam
n Longitudinally polarized DIS and SIDIS
n Transversely polarized SIDIS 

n Hadron spectroscopy and chiral dynamics

u COMPASS II : 2012 – 2018
n Primakoff studies (2012)

n DVCS and Meson-production (2016, 2017)
n Polarized Drell-Yan process (2015, 2018) 
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CERN accelerator complex
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COMPASS

CERN M2 beam line 

n Beams at COMPASS: 
n muons: µ+, µ−, 
n hadrons: h+(p, π+, K+) , h−(π−, K− p)
n electrons: e−

n 1 or 2 spills of 5 s every 33-48 sec 
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T H E C O M PA S S - E X P E R I M E N T

Figure 2.1: Illustration of the two stage COMPASS spectrometer as it was assem-
bled in the years 2008 and 2009. For a detailed description see
figure 2.9.

The COmmon Muon Proton Apparatus for Structure and Spectroscopy
(COMPASS) collaboration is a community of more than 250 physicists
from 11 countries all over the world. The roots of this group lie back in
1996 where two collaborations were merged to run one multi purpose
spectrometer [31]. Both collaborations proposed two independent physics
programs to be realized in the north area of the Super Proton Synchrotron
(SPS) at European Organization for Nuclear Research (CERN).

The Hadron Muon Collaboration (HMC) collaboration, proposed orig-
inally 1995 a precise measurement of the polarisation of gluons [32] in
nucleons. The strong interest to probe the spin structure of nucleons arose
from results obtained first by the European Muon Collaboration (EMC)
collaboration. It could be shown that the contribution by quarks to
the total spin of a nucleon is rather small as obtained from a measure-
ment of the spin dependant structure function g1(x) of a proton and a
neutron [33]. Those results were even more confirmed by succeeding
experiments run by the New Muon Collaboration (NMC) and Spin Muon
Collaboration (SMC) [34]. Improved analysis and measurement methods
could determine the quark contribution more precisely but the fraction
of the nucleon spin remained small leading to the so called spin crisis.
The polarization of the glue-sea was expected to be one more source
contributing to the total spin of a nucleon. To measure this contribution
it was necessary to refurbish the 20 years old SMC spectrometer.

In the same year the CHarm Experiment with Omni-Purpose Setup
(CHEOPS) collaboration was formed [35]. Members of this collaboration
were coming from the WA102 collaboration with the emphasis on the
search of non qq̄ states centrally produced by a high energy proton
beam on a proton target, the WA89 collaboration searching for new
charmed resonances in baryons and the Crystal Barrel experiment at

17

Beam particle identification 

u Differential Cerenkov counters (CEDARs) – two CEDARs
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T H E C E D A R D E T E C T O R

Figure 3.1: Picture of CEDAR detector in the M2 beam line overlaid by an illus-
trated cut though the detector. The high pressure vessel containing
helium was covered by an insulation box to shield the vessel against
thermal and physical influences.

Two ChErencov Differential counter with Achromatic Ring focus (CEDAR)-
N detectors were placed about 30m upstream of the COMPASS target in
the beam line (see figure 2.4). Those detectors were built in the late
70s and provided since today a tool to the physicists for beam particle
identification at high beam energies. Only basic knowledge about those
detectors, important for the comprehension of performances, is com-
mitted here. A very detailed description of this detector can be found
in [61, 62].

3.1 the functional principle

The sketch 3.2 depicts the principle of particle separation in hadron beams
of fixed particle momenta. Charged particles traversing a transparent
medium faster than the speed of light in this matter emit Cherenkov
light. Having same momentum but different masses the angles of the
light cones differ. Already a simple concave mirror at the very end of the

39

The two CEDARs are located upstream of the COMPASS experimental hall  

40 the cedar detector
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Figure 3.2: The principle of CEDAR detectors. Beam particles as kaons (green)
and lighter pions (red) are passing the radiator volume from left to
the right. Assuming to have the momentum but different masses
those particles differ in their velocity. The Cherenkov photons, emit-
ted in the pressurized helium gas, are focused to two rings. A
diaphragm in the focal plane separates wanted from unwanted pho-
tons before detecting those by 8 PMs arranged perpendicularly. The
sketch is a distorted view of a 6m long vessel.

radiator would concentrate the cones into light rings in the focal plane.
However, this is only true for one wavelength. The Cherenkov angle

cos(✓(�)) =
1

n(�)�
(3.1)

depends not only on the relative velocity � of this particle and the
refractive index n. The refractive index varies also as a function of
the emitted wavelength � under the assumption that density of the
matter is constant. The range of the emitted wavelengths spans the
whole optical transparency and the number of photons Nph over the
wavelength follows the well known
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dependence [63]. L is the length of the radiator and ↵ the Fine-structure
constant. Obviously dispersion makes the application of a simple mirror
difficult as the beam spot would be widened and necessitates therefore
the use of an achromatic system. A fixed combination of two lenses with
a vapour deposit mirror was optimized for the highest beam momenta
reducing the beam spot in the focal plane from 2mm without correction
down to 0.02mm at 190GeV/c.

This was necessary as the difference between the two light rings of a
kaon and a pion
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COMPASS : a large, fixed-target, versatile setup

u COMPASS apparatus
n Built for detecting several particles in the final state
n Two spectrometers: Small-angle and Large-angle – large and flat acceptance
n Polarized target 

S. Platchkov Argonne, PIEIC 2017 7

Energy: 100 – 225 GeV
Intensity: up to 109 /spill
Large acceptance, PID detectors
Several particles in the final state
Large (1.2 m) polarized target

“Minor” changes to the setup – switch between various physics programs



COMPASS

Polarised target 
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Two target cells of NH3 

Polarised in the transverse mode wrt 
beam and in opposite directions 
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COMPASS polarized target 

u Polarized target with two 55 cm long cells (for DY); three cells for SIDIS 
u Superconducting magnets: solenoid + dipole 
u Target filled with ammonia (NH3) solid beads;  also available: 6LiD
u Polarization in longitudinal mode, data is taken in transverse mode
u Polarization is periodically reversed

S. Platchkov Argonne, PIEIC 2017 8

Polarised target 
4 April 2017 Márcia Quaresma - IWHSS 2017 7 

Two target cells of NH3 

Polarised in the transverse mode wrt 
beam and in opposite directions 

1st sub-period 

2nd sub-period 

55 cm 20 cm 55 cm 

Re
ve

rs
ed

 
po

la
ris

at
io

n 

Polarisation~73% 
with 5% scale uncertainty 

1000 mm



COMPASS

COMPASS – Drell-Yan setup

u Large hadron absorber, with a central Tungsten plug 

S. Platchkov Argonne, PIEIC 2017 9

36 6 DRELL–YAN

NH3 Polarized Target
Hadron Absorber

SM1

Muon Wall 1

Muon Wall 2

SM2

Hodoscopes

Fig. 30: Side view of the COMPASS DY set-up. Not visible in the figure are the beam telescope detectors,
hidden by the Veto hodoscopes (in blue), and the CEDARs, upstream along the beam line. The vertex detector,
located in the middle of the absorber, upstream the part represented in pink, is also not visible.

Fig. 31: The DY setup in the target and absorber regions.

polarisation loss at several occasions. The CPU of the magnet control PLC was suspected to fail due to radiation
damage. Single Event Effects (SEE) were pointed out by PH/DT, EN/ICE and the supplier Schneider. The
control system of the cold box for liquefying helium also had a failure for the same reason. The CPUs of both
PLCs were replaced by more radiation resistant ones.

The typical operation of the target was as follows. Polarisation was built up with the 2.5 T superconducting
solenoid magnet in about one day to reach typically ±80% of proton polarisation in the upstream cell, and
⌥75% in the downstream one, and then rotated to the transverse direction with the 0.6 T dipole magnet to
hold the polarisation for one week physics data taking. The relaxation time of the proton polarisation at 0.6 T
in the upstream cell was about 1000 hours, thus after one week the remaining polarisation was 68%. In the
downstream cell a faster relaxation was observed, especially in the most downstream end of the cell (500
hours), because the secondary particles produced by the high intensity beam led to a temperature rise in the
target material. The target was re-polarised making use of the Machine Development time to be efficient for
another week of physics data taking with transverse polarisation.

Hadron absorber 
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Located downstream of the polarised target: 
•  Stops hadrons and non interacting beam 
•  Degrades resolutions 

In 2015 was also added a thin lithium foil 
downstream of the absorber: 
•  Stops the slow neutrons produced in the 

absorber and reduce the radiation level in the 
first detectors 

NOTE: For unpolarised studies, not 
covered in this talk, in addition to NH3 

target we have Al and W targets 
Al target 

W plug 
(works also 
 as a target) Li foil 

Al  +  W targets

SM1 dipole

NH3 target

Drell-Yan data taking: 2015 and 2018 
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Drell-Yan – interlude
the COMPASS most recent result 
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COMPASS

Polarized Drell-Yan – a tool to access TMD PDFs

u Goal of nucleon structure studies: distributions of partons inside the nucleon; understand 
their internal dynamics
n Study PDF as a function of both x and b⊥ (GPDs) or x and kT (TMDs) 

u TMDs: can be accessed both in SIDIS and Drell-Yan:

u Collinear factorization: short distance cross-section ⊗ the universal long-distance PDFs
n TMD factorization: generalization for partons with transverse momentum components  

IRFU/SPhN, S.Platchkov CSTS, April 19, 2017 11

How are the partons distributed inside the nucleon? 
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J.-C. Peng, J.-W. Qiu / Progress in Particle and Nuclear Physics 76 (2014) 43–75 45

Fig. 1. Schematic view of a partonwith longitudinalmomentum fraction x, transversemomentum kT , and transverse position bT in a hadron ofmomentum
pmoving along z-direction.

partons’ confined transverse motion inside the nucleon [28]. More recently, the prospect of using polarized hadronic beam
colliding with possibly polarized beam/target has attracted much attention. Measurements of the Drell–Yan process and
other observables could be pursued in existing facilities such as the polarized p � p collider at RHIC, COMPASS at CERN, as
well as other hadron machines around the world. The novel TMDs obtained in hadron collisions are expected to provide
unique and critical tests of TMD factorization in QCD, such as the sign change of the Sivers and Boer–Mulders functions
measured in SIDIS and Drell–Yan.

Understanding the characteristics and physics content of the extracted PDFs, such as the shape and the flavor dependence
of the distributions, is the first necessary step in searching for answers to the ultimate question of QCD on how quarks and
gluons are confined into hadrons. Furthermore, going beyond the PDFs by extracting information on the parton’s confined
transverse motion (its transverse momentum kT -distribution) and its spatial bT distribution of a fast moving hadron, as
sketched in Fig. 1, necessarily yields a complementary picture of the hadron in both momentum and coordinate space, and
pushes our investigation of hadron structure to a new frontier.

In this review article, we focus on the recent progress and future prospect on using hadronic beams to explore the novel
parton distributions in the nucleons, while the tremendous and complementary potential to explore hadron structure by
using a lepton–hadron collider can be found in the newly released White Paper on future prospects of an Electron–Ion
Collider [29].We examine, in particular, the unique features of themassive lepton-pair production (theDrell–Yan process) in
hadronic collision in extracting the spin and flavor dependences of PDFs and TMDs.With themeasurement of both invariant
mass of the lepton pair Q and its transverse momentum qT , Drell–Yanmassive lepton-pair production in hadronic collisions
is an excellent laboratory for theoretical and experimental investigations of strong interaction dynamics, and has been a
valuable and constant pursuit since 1970s. With a large invariant mass Q to localize the probe to ‘‘see’’ a parton (a quark or a
gluon), the natural small transverse momentum of the most lepton-pairs produced, qT ⌧ Q , is an ideal scale to be sensitive
to the parton’s confined motion inside the hadron. The Drell–Yan process in this kinematic regime is ideal for extracting
the TMDs. On the other hand, for events with qT ⇠ Q , or with qT integrated, the cross section of Drell–Yan lepton-pair
production has effectively one hard scale, and is themost suited for extracting PDFs. Since QCD factorization for both of these
regimes are proved to be valid, the Drell–Yan massive lepton-pair production is a unique and clean observable to extract
both TMDs and PDFs, and the transition between them by varying the transverse momentum of the lepton pair, qT . The
same idea has been applied to production of any kind of lepton pair from decay of an electroweak gauge boson (� ,W , Z),
as well as to production of Higgs boson and any color-neutral heavy bosons beyond the Standard Model. In addition, by
measuring angular distribution of the lepton in the rest frame of the lepton pair, the Drell–Yan process is a unique one to
study quantum interference between two scattering amplitudes with the intermediate vector boson in different spin states.
The measurement of Drell–Yan massive lepton-pair production not only was performed in almost all high-energy hadronic
facilities ever existed, but also is taking place now in an on-going fixed-target experiment (E906) at Fermilab and all major
experiments at the LHC. Several future Drell–Yan experiments are also being planned at facilities around the world.

The rest of the article is organized as follows. In the next section, we review the role of inclusive Drell–Yanmeasurements
in probing PDFs and hadron’s partonic structure, and QCD factorization for Drell–Yan process, which is necessary for
connecting themeasuredmassive lepton pair to the dynamics of quarks and gluons inside the colliding hadrons. To illustrate
the complementary nature of the Drell–Yan and DIS in probing nucleon’s parton structures, we focus on the flavor structure
of the parton distributions in the nucleons and nuclei. The striking observation of the large up and down sea quark flavor
asymmetry in the proton from the Drell–Yan and semi-inclusive DIS experiments continues to motivate new theoretical
interpretations, and further experimental studies for testing the various theoretical models are currently underway or being
planned. The Drell–Yan process could also probe the flavor dependence of parton distributions in nuclei, and provide a
sensitive test for theoreticalmodels explaining the famous EMC effect.We then discuss the strange quark and gluon contents
in the nucleons, as they could provide new insight on the flavor structure of the nucleon sea. We examine the x-dependence

Collins, Soper, Sterman, Adv. Ser. High En Phys. 5, 1988 + arXiv:hep-ph/0409313v1
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Transverse Momentum Dependent PDFs

n 8 TMDs at leading twist n Sign change for Sivers and BM TMDs
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three distribution functions are necessary to describe the quark structure 
of the nucleon at LO in the collinear case

Transverse momentum dependent (TMD) PDF

taking into account the quark intrinsic transverse momentum kT , 
At leading order 8 PDFs are needed.
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SIDIS DY 

Crucial test of the QCD TMD approach 

Sivers sign change 
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SIDIS DY 

Crucial test of the QCD TMD approach 

Sivers and BM TMDs are process-dependent ( modified universality) 
If the QCD factorization is correct, the sign of Sivers and BM TMDs should change

𝑓"#$ (SIDIS)  =  −𝑓"#$ (DY)

ℎ"$ (SIDIS)  = −ℎ"$ (DY) 

Sivers

Boer-Mulders
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Simultaneous measurement of all asymmetries
✦ Drell-Yan ✦ SIDIS

Leading twist asymmetries in transversely polarized DY/SIDIS

IRFU/SPhN, S.Platchkov CSTS, April 19, 2017 13

Leading twist asymmetries in DY and SIDIS 
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DGLAP: Anselmino et al. arXiv:1612.06413
TMD1:   Echevarria et al. Phys Rev D89, 074013 (2014)
TMD2:   Sun and Yuan, Phys Rev D88, 114012 (2013)

The measurement of the Sivers asymmetry is consistent with the sign-change prediction
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Fig. 4: Sivers asymmetry for z > 0.1 in the four Q2-ranges as a function of x, z and pT , for positive and nega-
tive hadrons. The abscissa positions of the points for negative hadrons are slightly shifted to the right for better
visibility.

The Q2-dependences of the Sivers TSAs in those x-bins, to which more than two Q2-ranges contribute,
are shown in Fig. 5 together with the predictions from collinear (DGLAP) and TMD-evolution, which
are based on the best fit [22] of all published HERMES [8] and COMPASS [9, 10] measurements. A
comparison of the points from the same x-bins but different Q2-ranges shows no clear Q2-dependence
of the Sivers TSAs within statistical accuracy. Also, the comparison of fits (not shown in the figure)
performed with a linear decreasing function or a constant does not yield a statistically significant con-
clusion, although there may be a slight preference to the former dependence for positive hadrons. For
negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD evolution schemes predict a strong
Q2-dependence both for polarised and unpolarised TMD PDFs at a given x in fixed-target kinematics.
Still, due to partial cancellation of evolution effects in numerator and denominator of the asymmetry,
the Sivers TSAs themselves may exhibit only a weak Q2-dependence. Available descriptions of the
Sivers TSAs, which are based on parametrisations of the unpolarised and polarised TMDs, are driven
mostly by the one-dimensional data at low x and low Q2 from HERMES and COMPASS, so that present
phenomenological studies of Q2-evolution are based on fits using the results of two separate experiments.
Present models predict for increasing Q2 a slight increase of the Sivers TSAs for DGLAP and a decrease
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Fig. 4: Sivers asymmetry for z > 0.1 in the four Q2-ranges as a function of x, z and pT , for positive and nega-
tive hadrons. The abscissa positions of the points for negative hadrons are slightly shifted to the right for better
visibility.

The Q2-dependences of the Sivers TSAs in those x-bins, to which more than two Q2-ranges contribute,
are shown in Fig. 5 together with the predictions from collinear (DGLAP) and TMD-evolution, which
are based on the best fit [22] of all published HERMES [8] and COMPASS [9, 10] measurements. A
comparison of the points from the same x-bins but different Q2-ranges shows no clear Q2-dependence
of the Sivers TSAs within statistical accuracy. Also, the comparison of fits (not shown in the figure)
performed with a linear decreasing function or a constant does not yield a statistically significant con-
clusion, although there may be a slight preference to the former dependence for positive hadrons. For
negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD evolution schemes predict a strong
Q2-dependence both for polarised and unpolarised TMD PDFs at a given x in fixed-target kinematics.
Still, due to partial cancellation of evolution effects in numerator and denominator of the asymmetry,
the Sivers TSAs themselves may exhibit only a weak Q2-dependence. Available descriptions of the
Sivers TSAs, which are based on parametrisations of the unpolarised and polarised TMDs, are driven
mostly by the one-dimensional data at low x and low Q2 from HERMES and COMPASS, so that present
phenomenological studies of Q2-evolution are based on fits using the results of two separate experiments.
Present models predict for increasing Q2 a slight increase of the Sivers TSAs for DGLAP and a decrease
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~ E615 252 GeV vr

0 Nthi, g 200 GeV m, p
—-CDHS—CCFRR

10-1

0.00 025 OM

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

10
0.00 OM

X

1.00

0.60 080 1.00

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

Pion valence PDF – Available data

n Pion PDF data (see also Jen-Chieh’s talk)
n NA3 : 150, 200, 280 GeV, Pt target
n NA10 : 194 GeV, W target
n E615 : 252 GeV, W target

n Analysis
n Val. PDF: A𝑥𝛼 1 − x 𝛽

n Sea quarks subtraction: use NA3 data
n Correct for A-dependence 
n Analysis at LO only

n Result
n Pseudo-data PDF points from R615 (LO) 
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Conway et al., PRD 39, 92 (1989).

NA3

Note: up to 20% difference between NA3/NA10 and E615
Three “global fit” parametrizations:1989

E615

NA10
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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)

Pion global fit – SMRS (1992) 

u SMRS : fit at NLO
n valence quarks: data from NA3, NA10, E615
n sea: vary from 5% to 20% of the total pion momentum 
n gluons: use πp → 𝛾X data from WA70 (1989) 

n Parametrize PDFs:

n First moments @4 GeV2

n valence:  0.47
n sea: 0.10 – 0.20
n gluons: 0.43 – 0.33

S. Platchkov Argonne, PIEIC 2017 19

Sutton, Martin, Roberts and Strirling, PRD 45, 2349 (1992).
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Parton distributions for the pion extracted from Drell-Van and prompt photon experiments

P. J. Sutton and A. D. Martin
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R. G. Roberts
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We determine the parton distributions of the pion from a consistent next-to-leading-order analysis of
several high-statistics ~+—1V experiments including both Drell- Yan and prompt photon production.

PACS number(s): 12.38.Qk, 12.38.Bx, 13.85.Qk, 14.40.Aq

I. INTRODUCTION

The parton distributions of the nucleons are now well
determined by global analyses of a whole range of precise
data for deep-inelastic lepton-nucleon scattering and for
Drell-Yan and prompt-photon production. The most re-
cent analyses [1] include the next-to-leading-order (NLO)
QCD contributions. However, much less is known about
the parton distributions of other hadrons.
There now exist data from several high-statistics exper-

iments on pion-nucleon and pion-nucleus collisions.
These experiments include both Drell-Yan and prompt
photon production. If we assume that the nucleon distri-
butions are precisely known, these data can be used to
determine the parton distributions of the pion. In the
past, several attempts [2—6] have been made to extract
such information either from subsets of the data or from
earlier measurements of the processes. Until now, how-
ever, there has been no simultaneous QCD analysis at
next-to-leading order of all of the recent high-precision
pion data. In addition to being of interest in their own
right and to compare with the nucleon distributions, the
parton distributions of the pion are needed for checking
the predictions of lattice QCD and will be valuable for es-
timates of processes at the DESY ep collider HERA
based on the vector-meson-dominance model of the pho-
ton, albeit with the vector meson approximated by a
pseudoscalar.
Here we perform a NLO analysis of the Drell-Yan and

prompt photon m.N data. Since the nucleon distributions
are much better determined than those of the pion, it is
sufficient to fix on a single set of partons for the proton
and to use the m.N data to determine only the structure of
the pion. We work in the modified minimal subtraction
(MS) scheme and we use the Harriman-Martin-Roberts-
Stirling set B [HMRS(B)] of parton distributions of the
proton [1]. Hence we take the same value of AMs (with
four flavors) as obtained by HMRS, namely

+Ms 190 MeV .

The quark distributions are defined in the universal MS
factorization scheme. We use the following parametriza-
tion to describe the parton distributions of the pion (m )
at Q =Qo =4 GeV:

xV =Aix (1—x)~,
xS:—2x(u +1+s)=A, (1—x ) ',
xg=A (1—x) ',Yl

(2)

(3)

(4)

where V =uz=dz and Az is determined in terms of a
and P by the flavor content of the pion. A, is taken as a
free parameter, so that A~ is determined by gg and the
momentum sum rule. We make the assumption that at
Q =Qo the pion sea is SU(3) syinmetric. That is, we as-
sume

Q =d=s (5)

II. VALENCE DISTRIBUTIONS AND THE
DRELL-YAN DATA

The dominant QCD process contributing to Drell-Yan
production, m.—N~p+p X, is qq annihilation, and,
hence, in principle, these data determine both the
valence- and the sea-quark distributions of the pion. Un-
fortunately at present there is no available experimental

Suppressing the strange-quark distribution relative to an
SU(2)-symmetric sea, as, for example, in the proton,
would have little effect given the fairly large uncertainty
in the sea distribution. The charm distribution of the
pion is generated through the evolution equations assum-
ing that the charm quark is massless and that
c(x,Qo)=0. There are thus a total of five free parame-
ters to be determined by the data (a, P, A„g„and ris).
We find that the valence quark distributions of the pion
are primarily determined by the Drell-Yan data and that
the gluon distribution of the pion is mainly constrained
by the ~+ prompt photon production process,
m+p ~@X;the process ~ p ~yX being dominated by qq
annihilation [5].

2349 1992 The American Physical Society

SMRS

NA3

SMRS: “tension” with NA3 data
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Pion global fits – GRV/S: 1992, 1998, 1999
u GRV inputs (NLO): 

n 1992: π-induced DY from NA3, NA10, E615
n 1999: Constituent Quark Model constraints
n Gluons: π-induced prompt photon data
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of the radiative (dynamical) parton model was under-
taken [9] utilizing additional improved data on F p

2 (x, Q2)
from HERA [10,11] and a somewhat increased αs(M2

Z) =
0.114 resulting in a slight increase in µ2 (µ2

LO = 0.26
GeV2, µ2

NLO = 0.40 GeV2). An improved treatment of the
running αs(Q2) at low Q2 was furthermore implemented
by solving in NLO(MS)

dαs(Q2)
d ln Q2 = −β0

4π
α2

s(Q
2) − β1

16π2 α3
s(Q

2) (8)

numerically [9] rather than using the approximate NLO
solution

αs(Q2)
4π

≃ 1
β0 ln (Q2/Λ2)

− β1

β3
0

ln ln (Q2/Λ2)
ln2 (Q2/Λ2)

(9)

as done in [5,6,8], which is sufficiently accurate only for
Q2 >∼ m2

c ≃ 2 GeV2 [9]. The LO and NLO evolutions of
fπ(n, Q2) to Q2 > µ2 are performed in Mellin n–moment
space, followed by a straightforward numerical Mellin–
inversion [12] to Bjorken-x space. It should be noted that
the evolutions are always performed in the fixed (light)
f = 3 flavor factorization scheme [13,6,8,9], i.e. we refrain
from generating radiatively massless ‘heavy’ quark densi-
ties hπ(x, Q2) where h = c, b, etc., in contrast to [5]. Hence
heavy quark contributions have to be calculated in fixed–
order perturbation theory via, e.g., gπgp → hh̄, ū πup →
hh̄, etc. (Nevertheless, rough estimates of ‘heavy’ quark
effects, valid to within a factor of 2, say, can be easier
obtained with the help of the massless densities cπ(x, Q2)
and bπ(x, Q2) given in [5].)

Using all these modified ingredients together with the
new updated [9] fp(x, µ2) in our basic predictions in (5),
the present reanalysis of the available Drell–Yan data [2],
closely following the procedure described in [6], yields

vπ
LO(x, µ2

LO) = 1.129x−0.496(1 − x)0.349

×(1 + 0.153
√

x) (10)
vπ
NLO(x, µ2

NLO) = 1.391x−0.447(1 − x)0.426 (11)

where [9] µ2
LO = 0.26 GeV2 and µ2

NLO = 0.40 GeV2. These
updated input valence densities correspond to total mo-
mentum fractions

∫ 1

0
x vπ

LO(x, µ2
LO)dx = 0.563 (12)

∫ 1

0
x vπ

NLO(x, µ2
NLO)dx = 0.559 (13)

as dictated by the valence densities of the proton [9] via
(7). Our new updated input distributions in (10), (11) and
(5) are rather different than the original GRVπ input [5]
in Fig. 1 which is mainly due to the vanishing sea input
of GRVπ in contrast to the present one in (5). On the
other hand, our updated input in Fig. 1 is, as expected,
rather similar to the one of [6]. In both cases, however,
the valence and gluon distributions become practically in-
distinguishable from our present updated ones at scales

NLO
LO

GRVπ (NLO)
GRVπ (LO)

Q2 = µ2

x

x vπ

x gπ

4x q
_π

0

0.1

0.2

0.3
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0.7

0.8

0.9
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 1. The valence and valence–like input distributions
xfπ(x, Q2 = µ2) with f = v, q̄, g as compared to those of
GRVπ [5]. Notice that GRVπ employs a vanishing SU(3)flavor

symmetric q̄ π input at µ2
LO = 0.25 GeV2 and µ2

NLO = 0.3
GeV2 [5]. Our present SU(3)flavor broken sea densities refer to
a vanishing sπ input in (3), as for GRVπ [5]

relevant for present Drell–Yan dimuon and direct–γ pro-
duction data, Q2 ≡ M2

µ+µ− ≃ 20 GeV2, as illustrated
in Fig. 2. Therefore our present updated pionic distribu-
tions give an equally good description of all available πN
Drell–Yan data as the ones shown in [6]. Notice that the
different gluon distributions presented in Fig. 2 can not be
discriminated by present direct–photon production data
[4] due to the uncertainty of the theoretically calculated
cross section arising from variations of the chosen factor-
ization scale and from possible intrinsic kT contributions,
cf. for example L. Apanasevich et al. [4].

For completeness let us mention that our basic predic-
tions (5) for the valence–like gluon and sea densities at
Q2 = µ2, as shown in Fig. 1, can be simply parametrized
in Bjorken–x space : in LO at Q2 = µ2

LO = 0.26 GeV2

x gπ(x, µ2
LO) = 7.326 x1.433(1 − 1.919

√
x + 1.524 x)

×(1 − x)1.326

x q̄ π(x, µ2
LO) = 0.522 x0.160(1 − 3.243

√
x + 5.206 x)

×(1 − x)5.20 , (14)

whereas in NLO at Q2 = µ2
NLO = 0.40 GeV2 we get

x gπ(x, µ2
NLO) = 5.90 x1.270(1 − 2.074

√
x + 1.824 x)

×(1 − x)1.290
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Q2 = 20 GeV2

NLO
GRS (NLO)
GRVπ (NLO)
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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)
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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.
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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).

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

Q2=0.25 GeV2 Q2=20 GeV2

The two global fits are non-consistent

SMRS

GRV/S
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Pion PDF: agreement with theory? 
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n Pion PDF : parametrized as:  ~ A𝑥𝛼 1 − x 𝛽

n Large x:  the fall-off is described by the slope parameter ß. 
n NA3: ß = 1.17 
n E615: ß = 1.26 
n SMRS: ß = 1.08
n GRS: ß = 1.05
n Const Quark Mod: ß < 2.0

n However: pQCD (Brodsky), DSE:  ß ≳ 2.0
n DSE (C. Roberts et al.,) ß = 3.0

Slope can be re-measured
Medium x: data accuracy is not good enough 

Holt and Roberts, Rev. Mod. Phys.  82, 2991 (2010).

could all the pion’s momentum be carried by the valence
quarks. For comparison, the parametrized valencelike
pion parton distributions of Glück et al. !1999" yield a
gluon momentum fraction of22 #xg$Q0

! =0.29 at Q0
=0.51 GeV. From Hecht et al. !2001", the second and
third moments are

#xu+d̄
2 $Q0=0.54 GeV

! = 0.36, #xu+d̄
3 $Q0=0.54 GeV

! = 0.21.

!6.95"

The low moments are primarily determined by the
distribution function’s behavior at small x !see Sec.
VI.B.2". Sensitivity to the nature of QCD’s interaction is
found at large x, which corresponds to large relative mo-
mentum between the dressed quark and antiquark. Two
questions come immediately to mind, namely, what
should one expect for the x dependence of the distribu-
tion in Fig. 40 at large x and what truly constitutes the
large-x domain?

The first question is readily answered. In this case
Q0

2"5#QCD
2 , which corresponds to a scale whereat the

chiral-limit mass function is dropping rapidly but does
not yet exhibit the behavior associated with its truly
asymptotic momentum dependence: Q0=0.54 GeV does
not lie beyond the inflexion point of the chiral-limit mass
function !see Fig. 11". One would therefore anticipate
that, for x%1, uv!x ;Q0=0.54 GeV"&!1−x"$, with $%2.
It was found by Hecht et al. !2001" that the distribution
in Fig. 40 is pointwise accurately interpolated by the
function

xuv
!!x ;Q0" = Ax$1!1 − &'x + 'x"!1 − x"$2 !6.96"

with the fit parameters taking the values

A $1 & ' $2

11.24 1.43 2.44 2.54 1.90
. !6.97"

These parameters depend on Q0 and the value of $2 is
fully consistent with expectation.

The second question posed above can now also be
answered quantitatively using Eqs. !6.96" and !6.97". The
dashed curve in Fig. 40 is the component of Eq. !6.96"
which dominates the x dependence of uv

!!x ;Q0" at “large
x.” On the domain

Lx = (x)x ( 0.86* , !6.98"

the dominant component agrees at the level of 20% or
better with the full curve. The extent of this domain
depends weakly on the mass scale MD: it is a little larger
in a model with a smaller value of MD and the disagree-
ment increases to 37% at x=0.76

From Hecht et al. !2001", using leading-order evolu-
tion, the distribution in Fig. 40 is evolved to Q0=2 and

4 GeV. The u-quark moments at the former scale are
presented in Table V and the curve at the latter scale is
presented in Fig. 16.

In Fig. 41 we display a compilation of results for the
valence-u-quark distribution in the pion. The elucida-
tion here explains why only the DSE prediction exhibits
behavior at large x that is consistent with the QCD par-
ton model +Eq. !6.84", first derived by Ezawa !1974" and
Farrar and Jackson !1975". The discussion of Wije-
sooriya et al. !2005" and Sec. III.E shows that one cannot
draw firm conclusions about the large-x behavior of the
pion’s valence-quark distribution function from the
single extant !N Drell-Yan experiment !Conway et al.,
1989". The status of QCD as the strong-interaction piece
of the standard model will seriously be challenged if an
improved experiment, such as that canvassed in Wije-
sooriya et al. !2001", is also incompatible with Eq. !6.84".

Computations of the valence-quark distribution func-
tions in other mesons are underway !Nguyen, 2010;
Nguyen et al., 2010" using the DSE approach that suc-
cessfully predicted the pion’s electromagnetic form fac-
tor !Maris and Tandy, 2000a, 2000b". The impact of the
dressed-quark mass function on the ratio uv

K!x" /uv
!!x" is

shown in Fig. 42. In comparison with the nonpointlike-
pion-regularized NJL result of Shigetani et al. !1993",
one finds that the momentum-dependent mass function
markedly affects the separate behaviors of uv

!!x" and
uv

K!x", especially on the valence-quark domain. How-
ever, the preliminary indication is that it does not mate-
rially affect the ratio, e.g.,

22A novel perspective on the magnitude of a hadron’s gluon
momentum fraction is discussed by Chen et al. !2009a, 2009b"
and Ji !2009".
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FIG. 41. !Color online" Compilation of results for the
valence-u-quark distribution in the pion: solid curve, DSE re-
sult !Hecht et al., 2001"; dotted-dashed curve, NJL model !see
Sec. VI.A.6"; short-dashed curve, instanton model !Dorokhov
and Tomio, 2000"; dash-dot-dotted curve, light-front
constituent-quark model !Frederico and Miller, 1994"; squares,
Drell-Yan data presented by Conway et al. !1989"; and long-
dashed curve, reanalysis of that Drell-Yan data described by
Wijesooriya et al. !2005", which is also shown in Fig. 18. All
calculations evolved at leading order to Q0=4.0 GeV using a
four-flavor value of #QCD=0.204 GeV, except that from Wije-
sooriya et al. !2005", which is reported at Q0=5.2 GeV.
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Falloff  at Q = 4 GeV: 	𝛽 = 2.34	
~ agreement with pQCD, DSE 

We match the resummed cross section to the NLO one by
subtracting the Oð!sÞ 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"

þ
v ¼ !d"

þ
v ¼ d"

&
v ¼ !u"

&
v . Following the NLO Glück-

Reya-Schienbein (GRS) analysis [5], we choose the initial
scale Q0 ¼ 0:63 GeV for the evolution and parameterize
the valence distribution function as

xv"ðx;Q2
0Þ ¼ Nvx

!ð1& xÞ#ð1þ $x%Þ; (17)

subject to the constraint
R
1
0 v

"ðx;Q2
0Þdx ¼ 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
i¼q; !qg

R
1
0 dxxfiðxÞ ¼ 1 is

maintained when we determine the valence distribution.
All distributions are then evolved at NLO to the relevant
factorization scale & ¼ 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 ¼ x01 & x02 ¼
ffiffiffi
(

p
sinhð'Þ: (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 % ¼ 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 ¼ R

1
0 xv

"ðx;Q2
0Þ. 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 ¼ 4 GeV. At this scale it behaves as
ð1& xÞ2:34. 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" ( ð1& xÞ2:4, 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& ¼ 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 ¼
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
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the “convergence” of the LO and NLO results in the sense
of Refs. [90,96,102,103], as an indication that the issue of
applicability of perturbative evolution equations down to
the low scales in Eqs. (2) and (3) is not the dominant source
of theoretical uncertainty in our approach.
In Fig. 3(b) the LFCM results at LO are compared with

the LO parametrizations of Refs. [96,97] and the calcu-
lation using Dyson-Schwinger equations of Ref. [98]. In
Fig. 3(c) we compare our NLO results with the NLO
phenomenological fits of Refs. [90,91,96] and the results
from the recent analysis of Ref. [99]. The evolution effects
are important, and change the shape of the distribution by
leading to the convex-up behavior near x ¼ 1, typical of the
renormalization group equations which populate the sea-
quark distribution at small x at the expense of the large-x
valence-quark contribution. In particular, the LFCM results
are in good agreement with the recent analysis of Ref. [99]
and the calculation [98] showing a falloff at large x much
softer than the linear behavior obtained from the other
analysis.
We remark that there is a recent extraction [100] of the

pion PDF in the valence region obtained from an updated
NLO analysis of the Fermilab pion DY data. These results
are consistent with the parametrization of Ref. [90] in the
valence-x region and therefore we do not show them
explicitly in Fig. 3(c). In summary, we observe that the
partonic description of the pion works with the same level
of accuracy observed for the LFCM of the nucleon [62].

D. Results for the Boer-Mulders function
at low initial scale

Having convinced ourselves that the pion LFCM
provides a reasonable description of the unpolarized
TMD, we now focus on what this approach predicts for
the Boer-Mulders function.
The overall normalization of the Boer-Mulders function

contains (in leading order of the Wilson line expansion) the

parameter g2 in Eqs. (28), (29) and (31). At first glance it
may appear natural to associate g2 with the strong coupling
at the low initial scale, αðμ20Þ ¼ g2=ð4πÞ, and eventually we
shall do this. But it is worth discussing this choice in some
more detail, because in a nonperturbative calculation this is
a nontrivial step which should be done with care. The
expansion of the Wilson line is certainly appropriate for
demonstrating “matters of principle” such as the existence
of T-odd TMDs in QCD [35,36]. But it is a priori not clear
whether this approach provides an adequate description of
nonperturbative hadronic physics. From this point of view,
one could consider the one-gluon-exchange approximation
as an effective description. Besides the pioneering efforts of
Ref. [71], nothing is known about effects from the Wilson
line beyond one-gluon exchange. One could therefore
understand g2 as a free parameter and choose its value
to “effectively” account for higher order effects, which
would be understood as part of the model. For instance, the
value of g2 could be adjusted to reproduce data. While in
principle perfectly legitimate, we feel that here this would
be an impractical procedure.
In the context of the pion Boer-Mulders function not

much data are available, and at the present state of the art
the analysis of that data bears uncertainties which are
difficult to control. We therefore prefer not to introduce a
free parameter at this point. Instead we fix αðμ20;NLOÞ ¼
g2=ð4πÞ in Eq. (3). One could have also chosen to
reproduce the LO value αðμ20;LOÞ in Eq. (2). However,
the choice of NLO value αðμ20;NLOÞ is preferable over the
LO value αðμ20;LOÞ for two reasons. First, the NLO value
can be associated with higher stability from the perspective
of perturbative convergence [53,87–89], and may be
interpreted as effectively considering higher order effects
in the above explained sense. Second, a smaller value of
αðμ20;NLOÞ helps to better comply with positivity constraints
(see below). However, let us stress that fixing the value of
g2 in the overall normalization of the Boer-Mulders
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FIG. 3. (a) xfuv1;πðxÞ as function of x. Solid line: at initial scale of the model. Dotted line: LO evolved to 25 GeV2. Dashed line: NLO
evolved to 25 GeV2. (b) xfuv1;πðxÞ as function of x after LO evolution to Q2 ¼ 25 GeV2 in comparison to the LO parametrizations from
[97] (dashed curve) and [96] (dotted curve), and the calculation of [98] (long-dashed curve). (c) xfuv1;πðxÞ as function of x after NLO
evolution toQ2 ¼ 25 GeV2 in comparison to the NLO parametrizations from [99] (long-dashed curve), [91] (dashed curve) and [90,96]
(dotted curve).
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TABLE I. Illustrative selection of DSE results [6,19,20,26]
obtained with the RL kernel employed herein compared with
experimental values [29]. (Dimensioned quantities are listed in GeV
or fm2, as appropriate.)

mπ fπ mK fK r2
π r2

K+ gπγ γ r2
πγ γ

Expt. 0.138 0.092 0.496 0.113 0.44 0.34 0.5 0.42
Calc. 0.138 0.092 0.497 0.110 0.45 0.38 0.5 0.41

n = 0 − 3. The domain of ℓ2 over which the quark propagators
are needed in this application is larger than what is available
from previous solutions of the quark DSE. We therefore adopt
a constituent mass pole approximation for the denominator
of the spectator quark propagator [18]. Constituent spectator
masses (Mu,Ms) = (0.4, 0.55) GeV permit a minimal adjust-
ment to establish the normalization ⟨x0⟩. We compared the
approximation $n(ℓ; x) ≈ nµ∂S−1(ℓ)/∂ℓµ δ(ℓ · n − xP · n)
with the bare vertex truncation and found that no distribution
moment changed by more than 3%. This approximation
becomes exact in the limit of an infrared dominant RL kernel
[30].

In Fig. 2 we display our DSE result [31] for the valence u-
quark distribution evolved to Q2 = (5.2 GeV)2 in comparison
with πN Drell-Yan data [3] at a scale Q2 ∼ (4.05 GeV)2

obtained via a LO analysis. Our distribution at the model scale
Q0 is evolved using leading-order DGLAP. The model scale
is fixed to Q0 = 0.57 GeV by matching the xn moments for
n = 1, 2, 3 to the experimental analysis given at (2 GeV)2 [34].
Our momentum sum rule result ⟨x⟩u+d = 0.74 (pion), ⟨x⟩u+s =
0.76 (kaon) at Q0 shows clearly the implicit inclusion of gluons
as a dynamical entity in a true covariant bound-state approach.
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FIG. 2. (Color online) Pion valence quark distribution function
evolved to (5.2 GeV)2. Solid curve: full DSE calculation [31];
dot-dashed curve: semi-phenomenological DSE-based calculation in
Ref. [18]; filled circles: experimental data from Ref. [3], at scale
(4.05 GeV)2; dashed curve: NLO reanalysis of the experimental
data [32]; and dot-dot-dashed curve: NLO reanalysis of experimental
data with inclusion of soft-gluon resummation [33].

Only a point-meson BS amplitude can produce a value of 1.0
for the momentum sum rule at Q0 [8].

In Fig. 2 we also show the result from the first DSE study
[18], which employed phenomenological parametrizations of
the nonperturbative elements. Our present calculation lies
marginally closer to the Drell-Yan data in Ref. [3] at high
x. However, this is not significant because both DSE results
agree with pQCD; viz., u(x) ∼ (1 − x)α with α >∼ 2 and
growing with increasing scale, which is not true of the reported
Drell-Yan data.

Motivated by this, a NLO reanalysis of the data was per-
formed [32]; and we also show that result at Q2 = (5.2 GeV)2

in Fig. 2. It does clearly reduce the extracted PDF at high
x but not enough to resolve the data’s apparent discrepancy
with pQCD behavior, which is discussed at length in Ref. [5].
The DSE exponents are 2.4 at model scale Q0 = 0.54 GeV
in Ref. [18], and 2.1 at scale Q0 = 0.57 GeV for the present
study. DSE analyses do not allow much room for a larger
PDF at high x. A resolution of the conflict between data
and well-constrained theory has recently been proposed: a
reanalysis of the original data at NLO with a resummation
of soft gluon processes [33] produces a PDF whose behavior
for x > 0.4 is essentially identical to that of the earlier DSE
calculation [18], as is apparent in Fig. 2.

In Fig. 3 we display the first nine moments of our result for
uπ (x) at scale Q2 = (5.2 GeV)2 in comparison with the earlier
DSE result from Ref. [18] and the NLO reanalysis [32] of the
original E615 data, all plotted as a percent deviation from the
moments of the most recent analysis in Ref. [33]. Considering
that the high moments are small, e.g., ⟨x9⟩ ∼ 0.003, the two
DSE results are both equally well in accord with the recent
analysis.

The ratio uK/uπ measures the local hadronic environment.
In the kaon, the u quark has a heavier partner than in the pion,
and this should cause u(x) to peak at lower x in the kaon. Our
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FIG. 3. (Color online) Moments of the pion’s valence u(x) at
scale (5.2 GeV)2, shown as a percent deviation from the recent
(ASV) reanalysis [33] (NLO, with soft gluon resummation) of the
1989 E615 πN Drell-Yan data [3]. Filled circles: present full DSE
calculation [31]; filled squares: semi-phenomenological DSE-based
calculation [18]; and filled diamonds: reanalysis (NLO, without soft
gluon resummation) of the same Drell-Yan data [32].

062201-3

LFCM-14
NLL-10

SMRS-92

GRS-99

E615: 36 000 events

RAPID COMMUNICATIONS

PION AND KAON VALENCE-QUARK PARTON . . . PHYSICAL REVIEW C 83, 062201(R) (2011)

TABLE I. Illustrative selection of DSE results [6,19,20,26]
obtained with the RL kernel employed herein compared with
experimental values [29]. (Dimensioned quantities are listed in GeV
or fm2, as appropriate.)

mπ fπ mK fK r2
π r2

K+ gπγ γ r2
πγ γ

Expt. 0.138 0.092 0.496 0.113 0.44 0.34 0.5 0.42
Calc. 0.138 0.092 0.497 0.110 0.45 0.38 0.5 0.41

n = 0 − 3. The domain of ℓ2 over which the quark propagators
are needed in this application is larger than what is available
from previous solutions of the quark DSE. We therefore adopt
a constituent mass pole approximation for the denominator
of the spectator quark propagator [18]. Constituent spectator
masses (Mu,Ms) = (0.4, 0.55) GeV permit a minimal adjust-
ment to establish the normalization ⟨x0⟩. We compared the
approximation $n(ℓ; x) ≈ nµ∂S−1(ℓ)/∂ℓµ δ(ℓ · n − xP · n)
with the bare vertex truncation and found that no distribution
moment changed by more than 3%. This approximation
becomes exact in the limit of an infrared dominant RL kernel
[30].

In Fig. 2 we display our DSE result [31] for the valence u-
quark distribution evolved to Q2 = (5.2 GeV)2 in comparison
with πN Drell-Yan data [3] at a scale Q2 ∼ (4.05 GeV)2

obtained via a LO analysis. Our distribution at the model scale
Q0 is evolved using leading-order DGLAP. The model scale
is fixed to Q0 = 0.57 GeV by matching the xn moments for
n = 1, 2, 3 to the experimental analysis given at (2 GeV)2 [34].
Our momentum sum rule result ⟨x⟩u+d = 0.74 (pion), ⟨x⟩u+s =
0.76 (kaon) at Q0 shows clearly the implicit inclusion of gluons
as a dynamical entity in a true covariant bound-state approach.
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FIG. 2. (Color online) Pion valence quark distribution function
evolved to (5.2 GeV)2. Solid curve: full DSE calculation [31];
dot-dashed curve: semi-phenomenological DSE-based calculation in
Ref. [18]; filled circles: experimental data from Ref. [3], at scale
(4.05 GeV)2; dashed curve: NLO reanalysis of the experimental
data [32]; and dot-dot-dashed curve: NLO reanalysis of experimental
data with inclusion of soft-gluon resummation [33].

Only a point-meson BS amplitude can produce a value of 1.0
for the momentum sum rule at Q0 [8].

In Fig. 2 we also show the result from the first DSE study
[18], which employed phenomenological parametrizations of
the nonperturbative elements. Our present calculation lies
marginally closer to the Drell-Yan data in Ref. [3] at high
x. However, this is not significant because both DSE results
agree with pQCD; viz., u(x) ∼ (1 − x)α with α >∼ 2 and
growing with increasing scale, which is not true of the reported
Drell-Yan data.

Motivated by this, a NLO reanalysis of the data was per-
formed [32]; and we also show that result at Q2 = (5.2 GeV)2

in Fig. 2. It does clearly reduce the extracted PDF at high
x but not enough to resolve the data’s apparent discrepancy
with pQCD behavior, which is discussed at length in Ref. [5].
The DSE exponents are 2.4 at model scale Q0 = 0.54 GeV
in Ref. [18], and 2.1 at scale Q0 = 0.57 GeV for the present
study. DSE analyses do not allow much room for a larger
PDF at high x. A resolution of the conflict between data
and well-constrained theory has recently been proposed: a
reanalysis of the original data at NLO with a resummation
of soft gluon processes [33] produces a PDF whose behavior
for x > 0.4 is essentially identical to that of the earlier DSE
calculation [18], as is apparent in Fig. 2.

In Fig. 3 we display the first nine moments of our result for
uπ (x) at scale Q2 = (5.2 GeV)2 in comparison with the earlier
DSE result from Ref. [18] and the NLO reanalysis [32] of the
original E615 data, all plotted as a percent deviation from the
moments of the most recent analysis in Ref. [33]. Considering
that the high moments are small, e.g., ⟨x9⟩ ∼ 0.003, the two
DSE results are both equally well in accord with the recent
analysis.

The ratio uK/uπ measures the local hadronic environment.
In the kaon, the u quark has a heavier partner than in the pion,
and this should cause u(x) to peak at lower x in the kaon. Our
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FIG. 3. (Color online) Moments of the pion’s valence u(x) at
scale (5.2 GeV)2, shown as a percent deviation from the recent
(ASV) reanalysis [33] (NLO, with soft gluon resummation) of the
1989 E615 πN Drell-Yan data [3]. Filled circles: present full DSE
calculation [31]; filled squares: semi-phenomenological DSE-based
calculation [18]; and filled diamonds: reanalysis (NLO, without soft
gluon resummation) of the same Drell-Yan data [32].
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u Data (see also Jen-Chieh’s talk) 
n E615 – only pseudo data (LO) available, 1989
n NA3,1983 and NA10, 1985 

u Global fits
n SMRS, 1992
n GRV/GRS, 1992 – 1999 

u Re-analysis
n NLO : Wijesoorija, Reimer, Holt, 2005 
n NLO/NLL : Aicher, Shaffer, Voglesang, 2010

u Model calculations
n DSE : Nguyen et al., 2011, Chen et al., 2016
n LFCM : Pasquini et al., 2014
n NLChQM: Nam, 2012

Continuous interest, no no new data since 1989 
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u COMPASS features
n Better statistics on NH3, and also W: 

n E615: 36 000; Compass 2015+2018: up to ~150 000 (x4); and about ~300 000 events on W. 
n Very good xF resolution (~0.01) 
n Better acceptance ; large xF coverage J. S. CON&AY et al. 39
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the target, w'e measure a luminosity of 4.01+0.8
events/(fb/nucleon) assuming a linear dependence of
cross section on atomic weight of the target nucleus.
The integrated luminosity has also been determined

from the number of J/g events detected, together with
the known production cross section. ' From J/g events
contained in the prescaled level-1 sample, we calculate a
luminosity of 3.99+0.6 everits/(fb/nucleon), in very good
agreement with the first method. Similar results are ob-
tained from the J/t/i events in the level-3 sample. In the
results which follow, a luminosity of 3.99+0.6
events/(fb/nucleon) is used.
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1. Cross-section formula

The expression for the Drell-Yan cross section was
given in Sec. I. Considering only u, d, and s quarks, in-
cluding valence and sea quarks and all possible valence-
valence, valence-sea, and sea-sea interactions, the expres-
sion becomes

FIG. 10. Integrated detector acceptance for each kinematic
variable. 0

dx ~dx~

F' (x )G~(x~ )+F' (x )H~(x~ )

9s (x„x„)

ber of accepted Monte Carlo events. The errors in the
number of observed and background events are taken to
be those from a Poisson-distributed variable. This
method correctly accounts for the experimental resolu-
tion of the reconstructed quantities only if the observed,
background, and accepted Monte Carlo events are all
subject to exactly the same cuts and the generated distri-
butions are close to the true physical distributions. The
generated distributions must also be close to the true
physical ones for proper integration over kinematic vari-
ables not displayed.
The differential production cross section used in the

Monte Carlo program was arrived at by an iterative pro-
cedure starting with the Drell-Yan model and earlier
measurements of the pion and nucleon structure func-
tions. Our data were used to modify the model. The final
form (see Appendix A) includes the observed correlation
of the angular distribution with x, pT, and mass and the
dependence ofpT on x and mass. For the results report-
ed below, a systematic error of S%%uo is assigned to the ac-
ceptance computed in any interval. This is added in
quadrature with statistical errors.

D. Normalization

Given the corrected number of events in a bin, the cor-
responding cross section also depends on the integrated
luminosity. This was determined by two methods. From
the integrated charge in the beam-line ion chambers,
corrected for detector live time and beam attenuation in

where x xz=m„„/s and

F"„(x„)=xu '(x„)=x d'(x ),
F'(x )=x u '(x )=x u'(x )= . =x s'(x„),

GN(xN )

T

xN Z U Z4 u '(x~ )+4 1— dp(x~ )9

+Su'(x~)

xx
HN(x~)= 9 1+3 u'(x~)+ 4—3 d'(x~)

+ 1 lu'(x~)

Here u'(x ) is the pion valence u-quark number density,
u'(x~) is the proton sea u-quark density, and so on. The
quark densities are expressed in terms of those of the pro-
ton via the factors involving the atomic number Z and
the atomic weight A of the target nucleus. We have tak-
en 2s' =u ' =d', as supported by deeply inelastic scatter-
ing experiments. ' The structure functions satisfy sum
rules based on the number of valence quarks in the had-
rons and the momentum fractions carried by the gluons.
These are given in Appendix B.

New data from COMPASS to come 
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Acceptance
The global geometrical acceptance of DY dimuons with 4 < M < 9 GeV/c2 is 39%.
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DY with π− beam on fixed target: u-quark dominance with valence quarks interacting.

Monte-Carlo simulations for Drell-Yan in COMPASS C. Quintans – p.20

COMPASS (no data cuts!)

xF = 0.5 : 60%xF = 0.5 : 7%

Needed is also :  state-of-the-art analysis (NNLO / NLL) 

E615
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Acceptances : COMPASS vs NA10 vs E615
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the target, w'e measure a luminosity of 4.01+0.8
events/(fb/nucleon) assuming a linear dependence of
cross section on atomic weight of the target nucleus.
The integrated luminosity has also been determined

from the number of J/g events detected, together with
the known production cross section. ' From J/g events
contained in the prescaled level-1 sample, we calculate a
luminosity of 3.99+0.6 everits/(fb/nucleon), in very good
agreement with the first method. Similar results are ob-
tained from the J/t/i events in the level-3 sample. In the
results which follow, a luminosity of 3.99+0.6
events/(fb/nucleon) is used.
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1. Cross-section formula

The expression for the Drell-Yan cross section was
given in Sec. I. Considering only u, d, and s quarks, in-
cluding valence and sea quarks and all possible valence-
valence, valence-sea, and sea-sea interactions, the expres-
sion becomes

FIG. 10. Integrated detector acceptance for each kinematic
variable. 0
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ber of accepted Monte Carlo events. The errors in the
number of observed and background events are taken to
be those from a Poisson-distributed variable. This
method correctly accounts for the experimental resolu-
tion of the reconstructed quantities only if the observed,
background, and accepted Monte Carlo events are all
subject to exactly the same cuts and the generated distri-
butions are close to the true physical distributions. The
generated distributions must also be close to the true
physical ones for proper integration over kinematic vari-
ables not displayed.
The differential production cross section used in the

Monte Carlo program was arrived at by an iterative pro-
cedure starting with the Drell-Yan model and earlier
measurements of the pion and nucleon structure func-
tions. Our data were used to modify the model. The final
form (see Appendix A) includes the observed correlation
of the angular distribution with x, pT, and mass and the
dependence ofpT on x and mass. For the results report-
ed below, a systematic error of S%%uo is assigned to the ac-
ceptance computed in any interval. This is added in
quadrature with statistical errors.

D. Normalization

Given the corrected number of events in a bin, the cor-
responding cross section also depends on the integrated
luminosity. This was determined by two methods. From
the integrated charge in the beam-line ion chambers,
corrected for detector live time and beam attenuation in

where x xz=m„„/s and

F"„(x„)=xu '(x„)=x d'(x ),
F'(x )=x u '(x )=x u'(x )= . =x s'(x„),

GN(xN )

T

xN Z U Z4 u '(x~ )+4 1— dp(x~ )9

+Su'(x~)

xx
HN(x~)= 9 1+3 u'(x~)+ 4—3 d'(x~)

+ 1 lu'(x~)

Here u'(x ) is the pion valence u-quark number density,
u'(x~) is the proton sea u-quark density, and so on. The
quark densities are expressed in terms of those of the pro-
ton via the factors involving the atomic number Z and
the atomic weight A of the target nucleus. We have tak-
en 2s' =u ' =d', as supported by deeply inelastic scatter-
ing experiments. ' The structure functions satisfy sum
rules based on the number of valence quarks in the had-
rons and the momentum fractions carried by the gluons.
These are given in Appendix B.
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The simulation program was checked by comparing 
the distributions of kinematical parameters with those 
of real events. The computing time per accepted event is 
about 40 ms on the CDC 7600 computer. 

6.3.2.  A c c e p t a n c e  
The acceptance of the spectrometer was determined 

by a Monte Carlo calculation as described above. The 
result is shown in fig. 8 for 200 G e V / c  pions, as a 
function of the dimuon mass M, of the Feynman varia- 
ble x v,  and of the dimuon transverse momentum PT 
(integrating over all the other variables). The acceptance 
in x v allows a good determination of the pion structure 
function. 

6.3 .3 .  R e s o l u t i o n  

The resolution of the spectrometer depends mainly 
on the accuracy of the momenta and of the vertex 
angles, which is mostly limited by the multiple scatter- 
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Fig. 7. Vertex distribution for a 12 cm tungsten target. 

6.3. S i m u l a t i o n  p r o g r a m  

This Monte Carlo program serves to compute the 
acceptance and the resolution of the spectrometer, and 
also to study possible biases of the trigger. 

6.3 ,1 .  E v e n t  g e n e r a t i o n  
The event configuration, for a given dimuon mass 

and beam momentum, is derived from known distribu- 
tions: structure functions, dimuon transverse momen- 
tum PT, angular distributions, etc. The Fermi motion of 
the nucleon [12] and the momentum spread of the beam 
(see subsection 2.2) are taken into account. The two 
muons are followed through the apparatus, allowing for 
effective target length, energy loss (including straggling) 
by ionization, bremsstrahlung and pair creation, multi- 
ple scattering, detector sizes and shapes, dead regions, 
wire spacing, etc. The tracks are traced through the 
magnetic field using the algorithm N Y S T R K  [10] with 
the same field parametrization as in the reconstruction 
program. Finally, the trigger conditions are imposed on 
the event. The simulated events are processed by the 
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the target, w'e measure a luminosity of 4.01+0.8
events/(fb/nucleon) assuming a linear dependence of
cross section on atomic weight of the target nucleus.
The integrated luminosity has also been determined

from the number of J/g events detected, together with
the known production cross section. ' From J/g events
contained in the prescaled level-1 sample, we calculate a
luminosity of 3.99+0.6 everits/(fb/nucleon), in very good
agreement with the first method. Similar results are ob-
tained from the J/t/i events in the level-3 sample. In the
results which follow, a luminosity of 3.99+0.6
events/(fb/nucleon) is used.

0.00
0.00 2~ 5.00

pl (GeV/c)
I s s I I s0~~~~

0.00-1.00 0.00
cos8t

00S I I I I 1 I I

1.00
IV. HADRONIC STRUCTURE FUNCTIONS

A. Mathematical formalism

W0
CL
g) 0.04—
O

0.00-3,14 0.00 3.14
0.00-3.14 0.00 3.%

1. Cross-section formula

The expression for the Drell-Yan cross section was
given in Sec. I. Considering only u, d, and s quarks, in-
cluding valence and sea quarks and all possible valence-
valence, valence-sea, and sea-sea interactions, the expres-
sion becomes

FIG. 10. Integrated detector acceptance for each kinematic
variable. 0
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F' (x )G~(x~ )+F' (x )H~(x~ )
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ber of accepted Monte Carlo events. The errors in the
number of observed and background events are taken to
be those from a Poisson-distributed variable. This
method correctly accounts for the experimental resolu-
tion of the reconstructed quantities only if the observed,
background, and accepted Monte Carlo events are all
subject to exactly the same cuts and the generated distri-
butions are close to the true physical distributions. The
generated distributions must also be close to the true
physical ones for proper integration over kinematic vari-
ables not displayed.
The differential production cross section used in the

Monte Carlo program was arrived at by an iterative pro-
cedure starting with the Drell-Yan model and earlier
measurements of the pion and nucleon structure func-
tions. Our data were used to modify the model. The final
form (see Appendix A) includes the observed correlation
of the angular distribution with x, pT, and mass and the
dependence ofpT on x and mass. For the results report-
ed below, a systematic error of S%%uo is assigned to the ac-
ceptance computed in any interval. This is added in
quadrature with statistical errors.

D. Normalization

Given the corrected number of events in a bin, the cor-
responding cross section also depends on the integrated
luminosity. This was determined by two methods. From
the integrated charge in the beam-line ion chambers,
corrected for detector live time and beam attenuation in

where x xz=m„„/s and

F"„(x„)=xu '(x„)=x d'(x ),
F'(x )=x u '(x )=x u'(x )= . =x s'(x„),

GN(xN )

T

xN Z U Z4 u '(x~ )+4 1— dp(x~ )9

+Su'(x~)

xx
HN(x~)= 9 1+3 u'(x~)+ 4—3 d'(x~)

+ 1 lu'(x~)

Here u'(x ) is the pion valence u-quark number density,
u'(x~) is the proton sea u-quark density, and so on. The
quark densities are expressed in terms of those of the pro-
ton via the factors involving the atomic number Z and
the atomic weight A of the target nucleus. We have tak-
en 2s' =u ' =d', as supported by deeply inelastic scatter-
ing experiments. ' The structure functions satisfy sum
rules based on the number of valence quarks in the had-
rons and the momentum fractions carried by the gluons.
These are given in Appendix B.
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the target, w'e measure a luminosity of 4.01+0.8
events/(fb/nucleon) assuming a linear dependence of
cross section on atomic weight of the target nucleus.
The integrated luminosity has also been determined

from the number of J/g events detected, together with
the known production cross section. ' From J/g events
contained in the prescaled level-1 sample, we calculate a
luminosity of 3.99+0.6 everits/(fb/nucleon), in very good
agreement with the first method. Similar results are ob-
tained from the J/t/i events in the level-3 sample. In the
results which follow, a luminosity of 3.99+0.6
events/(fb/nucleon) is used.
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1. Cross-section formula

The expression for the Drell-Yan cross section was
given in Sec. I. Considering only u, d, and s quarks, in-
cluding valence and sea quarks and all possible valence-
valence, valence-sea, and sea-sea interactions, the expres-
sion becomes

FIG. 10. Integrated detector acceptance for each kinematic
variable. 0
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ber of accepted Monte Carlo events. The errors in the
number of observed and background events are taken to
be those from a Poisson-distributed variable. This
method correctly accounts for the experimental resolu-
tion of the reconstructed quantities only if the observed,
background, and accepted Monte Carlo events are all
subject to exactly the same cuts and the generated distri-
butions are close to the true physical distributions. The
generated distributions must also be close to the true
physical ones for proper integration over kinematic vari-
ables not displayed.
The differential production cross section used in the

Monte Carlo program was arrived at by an iterative pro-
cedure starting with the Drell-Yan model and earlier
measurements of the pion and nucleon structure func-
tions. Our data were used to modify the model. The final
form (see Appendix A) includes the observed correlation
of the angular distribution with x, pT, and mass and the
dependence ofpT on x and mass. For the results report-
ed below, a systematic error of S%%uo is assigned to the ac-
ceptance computed in any interval. This is added in
quadrature with statistical errors.

D. Normalization

Given the corrected number of events in a bin, the cor-
responding cross section also depends on the integrated
luminosity. This was determined by two methods. From
the integrated charge in the beam-line ion chambers,
corrected for detector live time and beam attenuation in

where x xz=m„„/s and

F"„(x„)=xu '(x„)=x d'(x ),
F'(x )=x u '(x )=x u'(x )= . =x s'(x„),
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Here u'(x ) is the pion valence u-quark number density,
u'(x~) is the proton sea u-quark density, and so on. The
quark densities are expressed in terms of those of the pro-
ton via the factors involving the atomic number Z and
the atomic weight A of the target nucleus. We have tak-
en 2s' =u ' =d', as supported by deeply inelastic scatter-
ing experiments. ' The structure functions satisfy sum
rules based on the number of valence quarks in the had-
rons and the momentum fractions carried by the gluons.
These are given in Appendix B.
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COMPASS acceptance is relatively flat and a factor of 5 -10 better 
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Can we measure the pion sea?
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COMPASS

n First measurement: NA3 
n Target: 195Pt 
n Beam : π− (4.7k) and π+ (1.7k) at 200 GeV

n Analysis  (LO) 
n Assume SU(2) and SU(3) symmetry
n Nucleon PDF: from CDHS (1979)
n Determine valence pion: A𝑥𝛼 1 − 𝑥 𝛽

n Determine sea pion B 1 − 𝑥 𝛾

n Drawbacks
n Statistics: only 1700 events
n Analysis: old nucleon PDFs, only LO 

J. Badier et al.: Experimental Determination of the ~z Meson Structure Functions 285 

x 

1.2C 

0.90 

0.60 

0 ,30  

a) 

I II I I 
0.2 0.4 0.6 O.B 

X I 

~ z  

2.00 

1.50 

1,00 

0.50 

b) 

I t 
0.2 0.~ 

Xz 

I 

0.6 

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 - 
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_+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  f o l l ow i ng :  

- 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  SU2  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 u m i nos 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  

Pion sea determination – NA3 results (1983)
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Val

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

E = 200 GeV

Val + Sea

There is much room for an improvement
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Valence sea separation in the pion 
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n Use positive and negative pion beams : possible only at CERN
n Drell-Yan cross sections for each polarity: 

n assume SU(2) and charge invariance

n Two linear combinations : 
n Sea : no valence-valence terms
n Valence: only valence-valence terms

!!

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)⎡⎣ ⎤⎦
val-val sea-sea sea-val val-sea

Appropriate combinations select valence or sea terms

Londergan, Liu and Thomas, PL B361, 110 (1995).   

Σsea
πD = 4σ π +D −σ π −D

Σval
πD = −σ π +D +σ π −D
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Valence-sea separation in the pion

u Assumptions
n Sea contribution not known: assume from 5% to 20%  (as in SMRS)

u Requirements :
n Need π– and π+ beams
n Need an isoscalar target (D)
n Need a good σ normalization
n Knowledge of the nucleon PDFs 

u Form the ratio: 𝑅C/E =
FGHIJK

FLIM
JK , 
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Londergan, Liu and Thomas, PL B361, 110 (1995).   

LT. Lmdergun et al. / Pitysics L&ten B 361~1995~110-114 113 

CTEO(W (b) 

CTEO(?.M) 

Fig. 3. Sea/valence ratio R,/,, using the same notation as that in 
Fig. 2. Nucleon distributions are the CTEQ(3M) distributions of 
Ref. [ 141. 

clean structure functions, rather than the HMRS(B) 
structure functions of Fig. 2. Although there are some 
minor quantitative differences between Figs. 2 and 3, 
it is clearly straightforward to differentiate experimen- 

tally between the various pion sea distributions. In both 
Figs. 2 and 3, the quantity R,/, allows one to extract 
the pion sea distribution, and R,/, is extremely sensi- 
tive to the fraction of the pion momentum carried by 
the sea. 

The Drell-Yan ratio given in Eq. (4) was derived 
assuming charge symmetry for the nucleon and pion 
structure functions. In a recent paper [ 81 we estimated 
charge symmetry violation [CSV] for both nucleon 
and pion (see also Ref. [ 151) and found that the “mi- 
nority” CSV term Sd was surprisingly large. If we in- 
clude CSV terms, then to lowest order in charge sym- 
metry violation the sea/valence ratio R,/, will acquire 
additional terms 

4 
SR,,, = - 

ad,(x) - c%,(x) 
3 [ d,(x) + u,(x) I 

[ 

&J(n) + $d,(x) - r;(G) 
d,(x) + n,,(x) 1 - 6&,(x,) [843x) - $1 , (3 

where we define the charge symmetry violating terms 
for the nucleon and pion, 

ad,(x) E d:(x) - u;(x), 

h,(x) = u:(x) -d;(x), 

S&(x) E q’(x) -q-(x). (6) 

In Fig. 3 we have already included the CSV contribu- 
tions to R,p,. In Fig. 4, we show the CSV contribu- 
tions 6R,,, for T - D Drell-Yan processes, assuming 
various values for the momentum fraction carried by 
the pion sea. Comparing Fig. 4 with Fig. 3 shows that, 
for reasonably small values of xlrr charge symmetry 
violation makes a quite a small contribution - of the 
order of l-2% percent of R,/, . This relative contribu- 
tion grows with increasing x,, so that for xv M 0.5 the 
contribution is of the order of 10%. Clearly, it should 
be possible to extract the pion sea from such measure- 
ments even in the presence of charge symmetry vio- 
lating amplitudes for both nucleon and pion. Finally, 
the magnitude of the CSV contributions depends very 
weakly on the fraction of the pion momentum carried 
by the sea. 

These results should hold for Drell-Yan processes 
induced by & and rr- on any isoscalar target, such 
as 12C or t60. Furthermore, EMC effects (shifts in the 

20% sea

5% sea
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u Possible new experiment
n Hadron intensity: 8x107 s-1 (as present)
n Target: C or 2D, same Luminosity as in 2015
n Large and flat acceptance down 

u BUT: ☹
n π+ cross section smaller than π−    (x ~1/2) 
n pion fraction in the beam smaller 

Single out the sea with π+/π− beams ?  

S. Platchkov Argonne, PIEIC 2017 30

factor of ~2 

3.3.1. The principle of operation and the mechanical design
The principle of operation of a CEDAR detector is illustrated in

Fig. 6. For a beam containing particles of different types but the same
momentum, the angles of the emitted Cherenkov photons differ due
to the different masses. The Cherenkov photons are focused onto the
photon detectors using a mirror and a system of lenses (lens, corr-
ector, condenser). This results in rings of photons at the focal plane
whereby compensating for the chromatic aberration in the gas,
which is mandatory for a proper separation of the rings. A ring
shaped diaphragm, which is located in the focal plane perpendicular
to the beam direction, selects photon rings with a fixed radius. The
radius of the photon ring is matched to the radius of the diaphragm
by adjusting the pressure of the helium gas in the vessel.

COMPASS operates two CEDAR detectors. Each consists of a 6 m
long vessel containing pressurised He gas, a mirror, a lens system
and a diaphragm (Fig. 7). The nominal pressure at 190 GeV/c beam
momentum is 10.5 bar. The photons are detected with eight PMTs
(Thorn-EMI-9820) equipped with passive voltage dividers.

The photon rings are smeared by several effects, e.g. temperature
changes, beam divergence and limited precision of alignment. In
order to keep the density constant along the 6 m long vessels and
thus the refractive index, good thermal insulation and conduction is
mandatory. The vessel is covered with copper filaments for thermal
conduction and surrounded by a 10 cm thick polyethylene foam layer
for insulation. In addition, the PMT voltage dividers are mounted
outside the vessel. Particles travelling not parallel to the optical axis
will produce shifted photon rings that do not match the diaphragm.
A tilt of the beam with respect to the principal axis of the optical
system can be corrected by adjusting the detector position with the
help of a motorised base. The beam divergence could only be com-
pensated by opening the diaphragm at the expense of a lower purity
of the particle identification.

As the parallelism of beam tracks is of great importance for an
efficient operation of the CEDARs, the beam divergence is optimised

using pairs of single scintillating fibre detectors (one horizontal, one
vertical) that were installed upstream (FISC1,2) and downstream
(FISC3,4) of the CEDARs. Their position in the beam can be adjusted
to measure the track angles by a coincidence between an upstream
and a downstream fibre hit. Furthermore, two scintillating discs (TRIG
2) are installed as beam counters. They are used to normalise the
CEDAR count rates during so-called pressure scans. While taking
physics data, the discs and single-fibre detectors are moved out of
the beam in order to reduce the material budget in the beam line.

As the ratio of pressure over temperature, p=T , is proportional to
the refractive index, the working point of the CEDAR detectors is
determined by performing pressure scans. In a pressure scan, the
count rate normalised to the rate in the FISC counters is determined
as a function of the pressure in the vessel and the multiplicity of
PMT signals. Using the known beam composition, this yields also an
online estimate for the particle identification efficiency. A more
refined offline method will be discussed in Section 9.6. During data
taking the He pressure in the CEDARs is regularly adjusted to
compensate for He leakage and to keep p=T constant.
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Table 2
The relative composition of the hadron beam at the COMPASS target for some
typical momenta. It does not include the e7 component, which is still present at
100 GeV/c but rapidly decreasing at higher momenta due to synchrotron radiation.
The composition values are calculated from measured values [5] and their relative
uncertainties amount to 1% for pions and proton, and 2–3% for kaons and
antiprotons.

Momentum (GeV/c) Positive beams Negative beams

πþ K þ p π" K " p

100 0.618 0.015 0.367 0.958 0.018 0.024
160 0.360 0.017 0.623 0.966 0.023 0.011
190 0.240 0.014 0.746 0.968 0.024 0.008
200 0.205 0.012 0.783 0.969 0.024 0.007

PMT

PMT

vapour-deposit mirrorcorrector

diaphragm

condenser

lensewindowquartz light path

helium

vessel

Fig. 6. The basic principle of a CEDAR counter. Two particles with the same
momentum but with different masses (here full and dashed lines) radiate
Cherenkov photons at different angles, resulting in rings with different radii. A
diaphragm selects the rings from the required particle type.

Fig. 7. A cut through one of the CEDAR detectors.

Table 1
The main parameters of the M2 hadron beam.

Parameter Value

Length of beam line from primary target to COMPASS target 1131.8 m
Maximum beam momentum (high-energy mode) 280 GeV/c
Maximum beam momentum (normal mode) 225 GeV/c
Angular acceptance: horizontal 71.0 mrad
Angular acceptance: vertical 72.5 mrad
Angular acceptance: solid angle 7:8 μsr
Momentum acceptance 78%
Momentum resolution 1%
Spot size at COMPASS target (σx # σy) 7# 8 mm2

Divergence at COMPASS target (σx # σy) 80 μrad# 200 μrad
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Fig. 4. D imuon  mass spec t rum in the  reactions lr+-N at 200 
GeV/c;  the  data are compared to predictions with the  CDHS 
nucleon parameters  as input.  

X d x = l .  

3.5. The l r - - ~ r  + data. We have also checked 
whether the " too  large Cross section" could be due 
to hadronic production o f  dimuons in the high-mass 
cont inuum*4,  in addition to the  DY process. Such a 
background would contribute equally to rr +- and r r - -  
induced events, and can therefore be eliminated by  

,4  For instance,  via heavy particle decay. 

Table 2 
K = (d 2 o /dx  I dx 2)exp/(  d2 a /dx  ] dx 2 )DY model" 

7T- H 2 data (200 GeV/c) 

IO 2 -- ~ CDHS parametrization- 
! ' , ~  - - c D . s  x z,4 >~ \ 

£ 9  \ 

te  

z I0 

t 

4 6 ~8 10 
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Fig. 5. D imuon  mass spectrum for  ~r-H2 data at 200 GeV/c ,  
compared to predictions f rom the  DY model  using the  CDHS 
nucleon parameters as input.  

using the n - - n  + difference. This type of  analysis has 
been done for the lr+-N data with the result that K = 
2.2 -4- 0.4 in good agreement with the other channels. 

4. Summary and conclusions 
In conclusion we have measured the absolute 

Dre l l -Yan  cross section for p, ~, n -+ on Pt and n -  on 
H 2 targets at 200 GeV/c. The values o f  the experimen- 
tal cross section factor K for the various reaction chan- 
nels are summarized in table 2. The errors quoted in 
table 2 take into account both" the statistical and the 
systematic error of  each individual channel; in addi- 
t ion there is an overall normalisation error o f  15% 
common to all channels. 

The ratio of  o(exp)/o(DY)is  the same within er- 
rors for all reactions and has an average value o f K  = 

React ion pN ~N ~r-N ,r+N 7r-H2 (,r- -Tr +) N 

K 2.2 -+ 0.4 2.4 -+ 0.5 2.2 -+ 0.3 2.4 -* 0.4 2.4 ± 0.4 2.2 -+ 0.4 

Events 960 44 5607 2073 138 - 

149 

π−

π+

Badier et al., PL B89, 145 (1979).   

Compromise between higher energy (low x1) and  π+ fraction in the beam
In one “year” (5  months), an order of magnitude better statistics can be collected
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What about kaon PDFs? 
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A single measurement (NA3) from 1983
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Fig. 2. The data points represent (LTr/L K)(dN/d.x 1)K/(dN/ 
dxl)Tr as defined by eq. (4). The dashed curves represent the 
limits of the ratio [ffK(Xx)/ffn(Xl)]C(xl) -1 where C(x 1) is 
defined in eq. (3), ffK/ffTr and SK/ff K are taken from ref. [5], 
and the ratio J(xl) / l (x  1) is shown in the insert. The upper 
(lower) curve corresponds to A = 118 (A = 1/2). The dotted 
and solid curves represent the ratio ffK/ffrr from refs. [6] and 
[7 ], respectively. 

These models limit the value of A to the range 1/8 to 
1/2. Recently a non-relativistic calculation [7] of the 
pion and kaon structure function in the framework of 
QCD has been performed assuming for the quark mass 
ratio m s / m  u the value: 540/336. The corresponding 

UK/UTr ratio can be deduced from this model and 
compared to our experimental data. This is shown in 
fig. 2 by the solid curve which seems to agree satis- 
factorily with the data. 

We would like to acknowledge the efficient opera- 
tion of the SPS accelerator and the strong support 
provided in the running of the beam line by the SPS 
Experimental Area group. We also express our deep 
appreciation to the technical staff of the collaboration 
for the continuous effort during the preparation and 
the running of the experiment. Finally, interesting 
discussions with F. Martin on the theoretical inter- 
pretation of the data kindly acknowledged. 
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π- or K- on a Pt target

NA3

!!u
K −(x)/uπ−(x)

n Results
n The cross section ratio for K– and  π– beams 

is proportional to: 

n At large x, the kaon u(x) is smaller than the 
pion u(x) 

n The heavier s quark carries a larger fraction 
of the kaon momentum
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Theoretical predictions (NJL, 2016)

n Nambu-Jona-Lasinio model n Dyson-Schwinger Equation
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Result and Discussion
The valence quark distributions of each quark
constituent in theK+

• The valence quark distribution of the Kaon for
their evolution in the NLO, Q2 = 5 GeV 2

0 0.2 0.4 0.6 0.8 1

x

0

0.1

0.2

0.3

x
q(

x
)

(u,π+),NLO, Q2 = 5 GeV 2

(u,K+), NLO, Q2 = 5 GeV 2

(s̄,K+), NLO, Q2 = 5 GeV 2

Conway (CERN-SPS) Expt. Data

Kaon Elastic Form Factor and Parton Distribution Functions – p. 24/27

Hauturuk, Cloët and Thomas, Phys. Rev. C 94, 035201 (2016).

kaon-s

kaon-u 

pion-uThere is a marked similarity between our result (solid,
black curve), obtained using simple algebraic inputs, and
the DSE prediction in Ref. [24] (long-dashed, purple
curve), which was computed using numerical solutions
of realistic gap and Bethe-Salpeter equations. This con-
fluence suggests that the theoretical prediction of the ratio
and explanation of its behavior are sound, and argues
strongly for empirical verification of the first and only
experimental result [5]. In connection with these predic-
tions, it is important to remark that any differences
generated by NLO evolution are readily masked by a
25% increase in ζH [60] and are thus immaterial.
It is apparent in Fig. 2 that limx→1uKðxÞ=uπðxÞ is

independent of the kaon’s gluon (and sea) content at ζH.
This feature of the ratio at x ¼ 1 is a corollary of its ζ
independence, explained in connection with Eqs. (18). On
the other hand [61],

lim
x→0

uKðx; ζÞ
uπðx; ζÞ

→
ΛQCD=ζ≃0

1: ð34Þ

This owes to inexorable growth in both mesons’ gluon and
sea-quark content driven by pQCD splitting mechanisms.
That content finally comes to overwhelm nonperturbatively
generated differences between the internal structure of the
pion and kaon. The result in Eq. (34) is analogous to the
convergence of all meson PDAs to the conformal form as
ΛQCD=ζ → 0 [57,62,63].
In Fig. 3 we compare our result for the pion’s valence-

quark distribution with available experiments [4]. In con-
sidering the data in Fig. 3, it is important to recall that E615
[4] reported a PDF inferred via LO analysis in pQCD; and,
as noted in Sec. II, this yielded controversial\ behavior on
x≃ 1, contradicting QCD-based expectations: producing
uπðxÞ ∼ ð1 − xÞ instead of uπðxÞ ∼ ð1 − xÞ2. A subsequent
NLO reanalysis [40], which, crucially, also included soft-
gluon resummation, indicated that the data are actually
consistent with uπðxÞ ∼ ð1 − xÞ2. As emphasized by
Ref. [39], NLO evolution alone cannot expose that.
Thus, in Fig. 3 we plot the E615 data rescaled as follows:
E6152010 ¼ F ðxÞE6151989, where F ðxÞ is the x-dependent
ratio of Fit 3 in Ref. [40] to the E615 fit described in
Table VII of Ref. [64]. It is evident in Fig. 3 that the data
and all QCD-based calculations agree on the behavior of
uπðxÞ within the valence-quark domain.
In connection with the remarks made following Eq. (3),

it is useful to report the pion valence-quark PDF obtained
using a Poincaré-covariant regularization of a momentum-
independent (contact) quark-quark interaction, which is
[65] (chiral limit)

uπCIðx; ζHÞ ¼ θðxÞθð1 − xÞ: ð35Þ

In the present application, this result is identical to that
obtained using equivalent regularizations of the Nambu–
Jona-Lasinio model (see, e.g. Sec. VI.B.3 of Ref. [1] and

citations therein). Evolving this distribution as described in
connection with Fig. 2, one obtains

xuπCIðx; ζ5.2Þ ¼ 1.20x0.73ð1 − xÞ0.88; ð36Þ

which is the dotted (red) curve in Fig. 3. Notably, evolving
from a smaller initial scale, such as QCI

0 ¼ 0.4 GeV, which
is commonplace in applications of a contact interaction, has
no material effect on the result in Eq. (36), viz. 0.88 → 1.1,
but both values are less than 40% of that required to be
consistent with the modern reappraisal of E615 data [40],
displayed in Fig. 3.
Numerical simulations of lattice-regularized QCD

(lQCD) typically report moments of hadron PDFs at a
resolving scale ζ2 ¼ 2 GeV. Importantly, owing to the loss
of Poincaré covariance, the most widely used lQCD
algorithms only provide access to the lowest three non-
trivial moments. Such results are available for uπðxÞ, e.g. a
contemporary simulation [66], using two dynamical fer-
mion flavors, mπ ≳ 0.34 GeV and nonperturbative renorm-
alization at ζ2 ¼ 2 GeV, produces the first row here:

hxiπu hx2iπu hx3iπu
½66% 0.27ð1Þ 0.13ð1Þ 0.074ð10Þ
½67% 0.28ð8Þ 0.11ð3Þ 0.048ð20Þ
½68% 0.24ð2Þ 0.09ð3Þ 0.053ð15Þ
average 0.26ð8Þ 0.11ð4Þ 0.058ð27Þ
Herein 0.26 0.11 0.052

: ð37Þ

The results in Ref. [66] agree with those obtained in earlier
estimates based on simulations of quenched lQCD [67,68]
and are consistent with the values obtained from our

FIG. 3. xuπðx; ζ5.2Þ. Solid (black) curve, our prediction, ex-
pressed in Eqs. (32)–(33); dot-dot-dashed (purple) curve, result
obtained when sea-quark and gluon contributions are neglected at
ζH , i.e. using uπVðxÞ from Eqs. (14) and (17); dashed (blue) curve,
first DSE prediction [38]; and data, Ref. [4], are rescaled
according to the reanalysis described in Ref. [40], from which
the dot-dashed (green) curve is drawn. The dotted (red) curve is
the result obtained using a Poincaré-covariant regularization of a
contact interaction, Eq. (36).

CHEN, CHANG, ROBERTS, WAN, and ZONG PHYSICAL REVIEW D 93, 074021 (2016)

074021-8

Chen chen et al., Phys. Rev. D 93, 074021 (2016).
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Gluon PDF for kaons (see Craig’s talk) ? 
u From Chen Chen et al., 2016 (BS + DSE) 

n Derive valence distributions
n Incorporate sea and gluons. 
n Evolve. 
n Fit u(K)/u(π) ratio and adjust the gluon PDF. 

u Chen et al. conclusion: 
n At the hadronic scale gluons carry only 5% of the momentum of the kaon
n At the hadronic scale gluons carry only 35% of the momentum of the pion
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distribution; and in this we draw guidance from empirical
information on πN Drell-Yan [60],

xuπMðxÞ ¼
1

n
xᾱð1 − xÞβ̄ð1 − γ̄

ffiffiffi
x

p
þ δ̄xÞ; ð26Þ

where 1=n is a simple algebraic factor that ensuresR
1
0 dx uπMðxÞ ¼ 1. Then, at ζH ¼ 0.51 GeV an empirical
assessment of the pion’s sea-quark distribution is
consistent with

ᾱ ¼ 0.16; β̄ ¼ 5.20; γ̄ ¼ 3.243; δ̄ ¼ 5.206: ð27Þ

The same consideration of πN Drell-Yan shows that 29%
of the pion’s momentum is carried by glue at ζH
½hxgi ¼ 0.29&, in a distribution that has [60] αg ≈ 3=2
and βg ≈ 1þ βV , where βV is the exponent which charac-
terizes the pion’s valence-quark distribution on x≃ 1. In
Eq. (25a), we therefore emulate Ref. [30] and use
δguπV;M ¼ δguπ ,

δguπðxÞ ¼ cπgxαg−1ð1 − xÞβgPðβg;αg−1Þ
1 ð2x − 1Þ; ð28Þ

with cπg being a parameter and P1 a Jacobi polynomial, in
order to shift 29% of the dressed quarks’ momentum into
the gluon distribution. [Equation (28) is consistent with
Eqs. (24).] With βg ¼ 3, owing to Eq. (12), one finds

cπgðζHÞ ¼ 8.50: ð29Þ

All parameters in uπðxÞ are now fixed, so that the result
we subsequently describe is a prediction for this distribu-
tion. We are not so fortunate with the kaon: there are no
published constraints on its gluon distribution. We there-
fore employ Eq. (28) for the kaon’s gluon profiles, use
cKu
g ðζHÞ as a parameter to be determined by fitting extant
Drell-Yan data on the ratio uKðxÞ=uπðxÞ, and thereby
provide a constraint on the fraction of the kaon’s momen-
tum carried by glue at the hadronic scale. In order to
proceed we must fix cKs

g ðζHÞ, which we do by requiring that
gluons remove the same fraction of momentum from u and
s̄ quarks in the kaon, viz.

uKðxÞ
s̄KðxÞ

¼ uKV ðxÞ
s̄KV ðxÞ

⇒ cKs
g ¼ 1.29cKu

g : ð30Þ

At this point, we have just one free parameter in our
predictions for uπðxÞ, uKðxÞ, and s̄KðxÞ, i.e. cKu

g .

V. DRAWING COMPARISONS WITH DATA

All that is required to report results for the valence-quark
distribution in the pion is now specified. However, in order
to supply results for the kaon PDFs, the parameter cKu

g must

be determined. In order to achieve that, we use leading-
order DGLAP evolution from ζH ¼ 0.51 GeV to ζ5.2 ¼
5.2 GeV and require a least-squares fit to the kaon-to-pion
ratio of Drell-Yan cross sections obtained from a sample of
dimuon events with invariant mass 4.1 < M < 8.5 GeV
[5]. (N.B. We choose ζ5.2 because that is the average mass
for data taken in the E615 experiment [4,39], which
covered bins with 4.05 < M < 8.53 GeV.) In this way,
one finds

cKu
g ðζHÞ ¼ 1.28 ⇒ hxgiKuðζHÞ ¼ 0.05; ð31Þ

and the result depicted in Fig. 2. The evolved distribu-
tions may satisfactorily be interpolated by the following
expression1:

xqðxÞ ¼ Axαð1 − xÞβð1 − γ
ffiffiffi
x

p
þ δxÞ; ð32Þ

with

ζ5.2 A α β γ δ

xuπ 1.08 0.70 2.93 0 5.48
xuK 18.62 1.56 2.93 0.86 0
xs̄K 20.17 1.64 2.93 2.09 2.25

: ð33Þ

FIG. 2. uKðxÞ=uπðxÞ at ζ ¼ 5.2 GeV: solid (black) curve,
obtained via LO evolution from ζH ¼ 0.51 GeV assuming 5%
of the kaon’s momentum is carried by glue at this hadronic scale;
dashed (green) curve, zero momentum carried by gluons; and dot-
dashed (blue) curve, 10% of the kaon’s momentum carried by
glue. For comparison, an analysis of πN Drell-Yan data suggests
that 29% of the pion’s momentum is carried by glue at ζH , as
explained in connection with Eq. (28). The long-dashed (purple)
curve is the DSE prediction in Ref. [24], obtained using
numerical solutions of realistic gap and Bethe-Salpeter equations.
(Data in this figure are from Ref. [5]. The dotted (red) line
marks a value of unity for the ratio. It is drawn to highlight the
domain upon which one might be confident empirically that
uKðxÞ=uπðxÞ ≠ 1, viz. x ≳ 0.8.)

1Herein we employ a more sophisticated interpolating function
than that used in Ref. [30] because it enables increased precision
in the determination of the large-x behavior of the PDFs, as
explained in Ref. [38].
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Sensitivity to s quarks for xN=0.2

u Use intense K+ and K− beams
u Deuteron target
u Form the combinations

J.T. Londergan et al./Physics Letters B 380 (1996) 393-398 397 
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Fig. 4. Dependence of sea/valence ratio R$ on the strange valence distribution of the kaon, plotted v. kaon momentum fraction XK. 

Solid curve: the quantity R$, of Eq. (5) including the kaon strange valence distribution; dashed curve: the same quantity where the kaon 
strange valence distribution is set to zero. (a) Nucleon momentum fraction x = 0.2; (b) nucleon momentum fraction n = 0.3. Nucleon 
and kaon parton distributions are those of Fig. 2. 

which showed that the ii distribution in the K- was 
roughly half the ii distribution in the nTT- at large X, as 
measured in meson-nucleus Drell-Yan processes. This 
large-x depletion of the nonstrange valence distribu- 
tion in the kaon is expected to be offset by an increase 
in the strange quark valence distribution. 

In Figs. 4 we show the quantity Rzv versus XK, for 
two values of the nucleon momentum fraction (X = 
0.2 and 0.3). The solidcurves include the kaon strange 
valence quark distribution; in the dashed curves this 
distribution is set to zero (for illustrative purposes, to 
show the magnitude of the strange valence contribu- 
tion). For large XK, the differences range from 40% 
at small x (X - 0.2), to about 15% effects at larger 
x x 0.4. However, the quantity R& is small in this re- 
gion, and it would be extremely difficult to extract any 
information about the kaon’s strange valence quark 
distribution from such measurements. This quantity is 
relatively small due both to the charge (l/3) of the 
strange quark, and the strange/nonstrange ratio (K) 
of the nucleon sea. 

We have assumed the validity of charge symmetry in 
this work. From previous investigations of charge sym- 
metry violation [ CSV] in such systems ( [ 7,9,10] ) 
one would expect CSV effects to be at most a few 
percent in the valence distributions. EMC-type effects 
( [ 181) would also be expected to be small for light 
isoscalar targets. 

In conclusion, with presently available kaon beams 
precision Drell-Yan experiments are probably not fea- 
sible. However, the CERN NA3 group has already 
been able to obtain Drell-Yan cross sections integrated 
over x, and to extract qualitative results comparing 
pion and kaon-induced reactions. It should also be pos- 
sible for experiments to obtain interesting information 
on kaon structure at small x and XK. 

This work was supported by the Australian Re- 
search Council. One of the authors [JTL] was sup- 
ported in part by the US NSF under research contract 
NSF-PHY94-08843, and wishes to thank G.T. Garvey 
for useful discussions. 
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XK for fixed X. 
In Figs. 3 we show predictions for R& (the ratio 

of C&D to 2, ) KD defined in Eq. (5)) versus XK, for 
three values of nucleon momentum fraction (X = 0.2, 
0.3 and 0.4). At each value of x, we show curves cor- 
responding to four different kaon sea quark distribu- 
tions; these are taken from the pion sea quark distri- 
butions of Sutton et al. [ 11. Those correspond to dif- 
ferent fits to the NAlO Drell-Yan data [2,3], where 
the meson sea carries from 5% to 20% of the pion’s 
momentum at Q2 = 20 GeV* (i.e., these are fits 2-5 
of Ref. [ 1 ] ) . The predicted ratio R& is quite large: 
e.g., for x = XK = 0.2, R& varies from around 0.2 to 
0.5 depending on the momentum fraction carried by 
the sea. Furthermore, R$ is quite sensitive to the mo- 
mentum fraction carried by the sea. The quantity R& 
is more or less linear in this momentum fraction; the 
difference between a parton distribution where 5% of 
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Fig. 3. Predicted sea/valence term R& of Eq. (5), vs. the kaon 
momentum fraction XK. for various kaon sea quark distributions, 
which vary according to the fraction of the kaon’s momentum 
carried by the kaon sea. Solid curve: kaon sea carries 20% of the 
kaon’s momentum; dashed curve: kaon sea of 15%; long-dashed 
curve: kaon sea of 10%; dot-dashed curve: kaon sea of 5%. (a) 
Nucleon momentum fraction n = 0.2; (b) x = 0.3; (c) x = 0.4. 
Valence parton distributions are those of Fig. 1. Meson sea quark 
distributions are pion sea quark distributions of Sutton et al., 
Ref. [l]. 

the kaon’s momentum is carried by the sea, and one 
where 20% of the momentum is carried by sea quarks, 
is roughly a factor of 3 in R& 

Thus, assuming the availability of sufficiently in- 
tense separated beams of kaons, even qualitative mea- 
surements of R& would be able to differentiate be- 
tween kaon par-ton distributions where the sea carries 
different fractions of the kaon’s momentum. The pro- 
cess could be measured at r k latively small values of x 
and XK provided that sufficiently large count rates of 
muon pairs could be obtained. 

One remaining quantity is the kaon’s strange quark 
valence distribution. In Eq. (5) this arises from anni- 
hilation between a strange valence quark in the kaon 
and the strange sea of the nucleon. At large XK, the 
strange quark in the kaon should carry more of the 
kaon’s momentum than the nonstrange quark, due to 
the larger mass of the strange quark. This was con- 
firmed in the NA3 measurements of Badier et al. [ 61, 

Sea/valence ratio RS/V for xN=0.3

20% kaon sea

5% kaon sea

x kaon

20%

x kaon

Londergan, Liu and Thomas, PL B380, 393 (1996).  

Σval
KD = −σ K+D +σ K−D

Rs/v
KD =σ K+D / Σval

KD
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How to measure g(x) directly? 
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Gluon PDFs – method-1 : J/psi production 
u J/psi are produced through two processes: qq and gg (+g)  

u π − induced J/psi production
=> gluon PDF:  xG(x) = A(1-x)𝛽

n NA3 (150, 200 GeV)
n E537 (125 GeV),
n WA11 (McEwen, 1983, 190 GeV), 
n NA10 (ϒ prod) 

Large statistics, but difficult interpretation 
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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
73+3

76+8
75+7

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

I40-

120 ~Iw~=

8
2
J3

U

2)0

I ] I
IOO

Ol 80—
P:

60—

40—

20-
IO

00 0.2 0.4
xF

0.6 0.8

0.2 0,Q 0.6 0.8

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.

Akerlof et al., PRD48, 5067 (1993)

qq gg

ß parameter: varies from 1.20 to 2.38

E537
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Gluon PDFs – method-2 : direct photon production 

u High-pt prompt photons in π + p → 𝛾 + X  (π+ and π− beams)
n two processes: qg -> 𝛾q  and qq -> 𝛾q  

n Data from WA70 (CERN) at 280 GeV (1989)
n Intensity : ~2x107 pions/spill 
n 1 m long H target
n 4.0 < pT < 7.0 GeV

n Cross section ratio dominated by:  qg -> 𝛾q
n Analysis by Aurenche et al., 1989
n Used in SMRS -1992

S. Platchkov Argonne, PIEIC 2017 38
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reactions via gluon-gluon fusion using a leading or- 
der QCD formalism. In fig. 3 the direct photon result 
is compared with determinations from J / ~  [ 16,4 ] at 
Q2 = 10 GeV2; the gluon distribution of the present 
analysis is below the previous determinations. For the 
"I' production, the NA10 experiment [ 17] finds the 
same value of t/and keeps the same average value of 
G(x) as for J/t~ production; this result is rather dif- 
ficult to understand if the gluon structure function is 
evolved to a Q2 corresponding to the "F mass. We re- 
call however that our analysis of the gluon distribu- 
tion uses a next-to-leading logarithms formalism 
whereas the previous determinations, from heavy 
resonance production [4,16,17 ], were based on a 
leading logarithm approach and one should therefore 
be very cautious before drawing conclusions form the 
comparison. 

We have repeated the fit to the WA70 data with a 
fixed choice of factorization and renormalization 
scales. Imposing M=#=pt/2 the quality of  the fit 
worsens (table 1), but the parameters r/ and 
2(xV(x)) change only by two and three standard 
deviations respectively. This choice of scales gives 
therefore a fair representation for the stability region 
of the theoretical cross-sections in the kinematical 
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Fig. 3. Gluon structure function of  the pion at Q2= 10 GeV 2 from 
the WA70 experiment (continuous line) compared to the pa- 
rametrization of  Owens [4] set 1 (dash-dotted l i n e ) a n d  to the 
fit of  J/t~ data o fNA3 [ 16] (dashed line). 

range explored by the data under investigation. In 
contrast a conventional choice of scales M = / t = p t  , 
does not allow to reproduce the data with the A pa- 
rameter fixed to 0.231 GeV. In this case it is neces- 
sary to leave A free to reach a higher value: A =0.688 
GeV (table 1 ). A similar pattern has also been ob- 
tained in fitting the pp~TX reaction [ 5 ]. Despite the 
unreasonable value of A, the other parameters change 
by less than one standard deviation. 

The sensitivity of this fit to a variation of the pa- 
rameters fixed by other analysis is difficult to quan- 
tify since all parameters are highly correlated. An in- 
dication of the sensitivity is given in table 2 where 
the variation of q and 2(xV(x) ) is obtained by re- 
peating the fit to the WA70 data for the two extreme 
values each fixed parameter can assume. The param- 
eter fl of  the pion valence structure function, varied 
between the different estimates of the D - Y  experi- 
ments, gives a small effect. When the sea parameters 
are varied inside the uncertainties given by NA3, the 
shape of the gluon distribution appears rather sensi- 
tive to the sea normalization, while no effect is ob- 
servable on the average valence distribution. To es- 
timate the errors induced by the proton structure 
functions determination we take the proton gluon 
shape parameter t/o and the QCD parameter A to the 
limit of their systematic errors and we find that the 
effect on the pion structure functions is of the same 
order as the experimental systematic errors (table 2 ). 

In conclusion the analysis of high Pt direct photon 
data produced by 280 GeV/c  n + and n -  incident on 
hydrogen, in the framework of a QCD calculation 
complete up to the order ot~ a with the choice of  scales 
defined by the Principle of Minimal Sensitivity, gives 
a scale parameter of  QCD A, in the MS scheme, con- 
sistent with the most precise deep inelastic scattering 

Table 2 
Sensitivity to variations of  the fixed parameters. 

Parameter Variation 8q ~(2<xV(x) > ) 

/3=0.85 +0.15 -T-0.04 +0.005 
~=7.5  +2.2  - 0 . 0 3  

- 2 . 2  +0.07 
(xS(x ) )=O.  14 +0.05 -T-0.25 
t/p=4.0 +0.8  - 0 . 2 3  +0.001 

- 0 . 6  +0.27 -0 .001  
A=0.231 +0.05 +0.37 -0 .041  

- 0 . 0 5  - 0 . 3 4  +0.054 

520 

Bonesini et al., Z.Phys. C37, 535 (1988)
Aurenche et al, PLB233,v517 (1989)

Results for xG(x) depend on the assumptions about valence and sea
π+/π− and K+/K− beams are available only at CERN ! 

xGπ(x)
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RF-separated beams

u Idea: Panofsky and Wenzel, 1956
u Studies for Triumph (~1998) and at CERN (~2005) 

for rare kaon decay experiments
u Method:

n particles with same momenta have different velocities –
small TOF differences

n produce a time-dependent transverse kick with RF 
cavities

n select particles by the phase space difference:
𝛥𝛷 = 2π(Lf/c)(𝛽1

-1−𝛽2
-1)

n available length at CERN: up to 900 meters
n working frequency: 3.9 GHz
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J. Doornbos, NIM A455, 253 (2000)

Fig. 1. Principle of the normal method of RF separation in the
vertical plane. Pions and protons are kept close to the axis and
are blocked by a beam stopper. Most of the kaons are spread out
and pass above or below the stopper.

2.1. Frequency and strength of the cavities

A recent investigation at Fermilab [9] showed
that it is possible to make cavities with a frequency
of 3.9 GHz and a transverse de#ection of 5 MeV/c
per meter length. In this paper a total de#ection
amplitude per RF station of 15 MeV/c is assumed,
giving a required length of 3 m. The cavities can be
constructed out of 0.50 m long sections, separated
by 0.20 m connections. Assuming also 0.20 m at
beginning and end, the total physical length be-
comes 4.40 m. Therefore, in the calculations we
used 4.40 m long cavities with a maximum ampli-
tude of 3.4 MeV/c per m length for a total de#ec-
tion of 15 MeV/c. The free diameter of the cavities
for the beam is 2.7 cm.

2.2. Separation in the vertical plane with two RF
stations

This is illustrated in Fig. 1 for the unwanted
pions and the wanted kaons. A pion beam travels
from the production target to the "rst RF cavity
where the beam has a certain divergence. The pions
receive a de#ection which depends on their time of
arrival at the cavity. The result is an enhancement
of the divergence of the beam. The kaons arrive
later than the pions, but they, too, arrive at all
phases of the RF wave and receive the same in-
crease in beam divergence. A system of quadru-
poles with a minus unit "rst order transformation
matrix inverts all positions and angles. The second
cavity is tuned such that the pions arrive at the
same phase that they had at CAV1. Their de#ection
is cancelled and after CAV2 the pion beam has
again the original divergence. On the other hand,
the kaons arrive at CAV2 at a later time. In the
sketch it is assumed that the delay is 1803. Their
de#ection is enhanced. After CAV2, the kaon beam
has a much wider divergence than the pion beam.
By letting the beam drift far enough, the di!erence
in vertical size becomes su$ciently large so that the
pions can be intercepted by a beam stopper, while
most of the kaons pass around it. However, this is
not so practical. Therefore, a quadrupole triplet is
used to make the beam parallel at the beam
blocker. About one third of the kaons are stopped
by the stopper.

After the stopper the beam does no longer con-
tain any pions. Unfortunately, the kaon beam
phase space has increased by about a factor 3, due
to the extra divergence which was added by the
cavities. Furthermore, the beam stopper intercepts
the central part of this phase space and creates
a hole. Both e!ects worsen the beam quality, and
also make transport to the experimental area tedi-
ous. It is possible to restore the originally smaller
vertical phase space by focussing the beam into an
other cavity, the recombination cavity, and phasing
it in such a way that the de#ection of the kaons is
cancelled. The transmitted kaon beam has about
two-third of the original intensity, but the fact that
part of the beam is missing shows up only in longi-
tudinal phase space, namely in the distribution in
time.

The de#ection after CAV2 can be written as

D"A sin(!t
!
)!A sin(!t

"
#"!) (1)
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are blocked by a beam stopper. Most of the kaons are spread out
and pass above or below the stopper.
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A recent investigation at Fermilab [9] showed
that it is possible to make cavities with a frequency
of 3.9 GHz and a transverse de#ection of 5 MeV/c
per meter length. In this paper a total de#ection
amplitude per RF station of 15 MeV/c is assumed,
giving a required length of 3 m. The cavities can be
constructed out of 0.50 m long sections, separated
by 0.20 m connections. Assuming also 0.20 m at
beginning and end, the total physical length be-
comes 4.40 m. Therefore, in the calculations we
used 4.40 m long cavities with a maximum ampli-
tude of 3.4 MeV/c per m length for a total de#ec-
tion of 15 MeV/c. The free diameter of the cavities
for the beam is 2.7 cm.

2.2. Separation in the vertical plane with two RF
stations

This is illustrated in Fig. 1 for the unwanted
pions and the wanted kaons. A pion beam travels
from the production target to the "rst RF cavity
where the beam has a certain divergence. The pions
receive a de#ection which depends on their time of
arrival at the cavity. The result is an enhancement
of the divergence of the beam. The kaons arrive
later than the pions, but they, too, arrive at all
phases of the RF wave and receive the same in-
crease in beam divergence. A system of quadru-
poles with a minus unit "rst order transformation
matrix inverts all positions and angles. The second
cavity is tuned such that the pions arrive at the
same phase that they had at CAV1. Their de#ection
is cancelled and after CAV2 the pion beam has
again the original divergence. On the other hand,
the kaons arrive at CAV2 at a later time. In the
sketch it is assumed that the delay is 1803. Their
de#ection is enhanced. After CAV2, the kaon beam
has a much wider divergence than the pion beam.
By letting the beam drift far enough, the di!erence
in vertical size becomes su$ciently large so that the
pions can be intercepted by a beam stopper, while
most of the kaons pass around it. However, this is
not so practical. Therefore, a quadrupole triplet is
used to make the beam parallel at the beam
blocker. About one third of the kaons are stopped
by the stopper.

After the stopper the beam does no longer con-
tain any pions. Unfortunately, the kaon beam
phase space has increased by about a factor 3, due
to the extra divergence which was added by the
cavities. Furthermore, the beam stopper intercepts
the central part of this phase space and creates
a hole. Both e!ects worsen the beam quality, and
also make transport to the experimental area tedi-
ous. It is possible to restore the originally smaller
vertical phase space by focussing the beam into an
other cavity, the recombination cavity, and phasing
it in such a way that the de#ection of the kaons is
cancelled. The transmitted kaon beam has about
two-third of the original intensity, but the fact that
part of the beam is missing shows up only in longi-
tudinal phase space, namely in the distribution in
time.

The de#ection after CAV2 can be written as
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Example: preliminary estimates for antiprotons and kaons 

u Studies underway at CERN 
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 flux with purity of  the order of 50% 
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CERN strategy : support physics other than LHC

u “Physics Beyond Colliders” initiative – meetings Sept. 6/7, 2016;  March 1st 2017 
n Initiated by CERN’ DG as part of the CERN’s future 
n Exploit the full potential of CERN’s accelerator complex; complement the LHC programme
n Set working groups with deliverables for each project that include: 

n evaluation of the physics case
n detector building and optimizations  
n CERN’s uniqueness

n Physics QCD subgroup (among others) : 
n COMPASS++, LHC Fixed-target, other experiments.... 

n Conventional beams subgroup
n comprises studies for RF-separated beams fro COMPASS
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Info at: http://pbc.web.cern.ch//

Deliverables due end 2018
In time for the European Strategy for Particle Physics update in 2019/2020



COMPASS

Timelines (meson PDFs only)

u Present: (2015 and 2018) data – improved knowledge:
n Pion valence PDF 
n Kaon/Pion u(x) ratio measurement: with an upgraded beam identification (CEDAR) in 2018
----------- Future options      ------------

u Near future (No RF needed): 1 year π+/π− run immediately after LS2 
n valence – sea  separation of the pion PDFs 
n direct photon production : measurement of  gπ(x)

u RF separation: dedicated runs with an intense kaon beam
n Kaon valence PDF
n Kaon sea and/or valence strange distribution
n Direct photon production : measurement of  gK(x)
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Letter of Intent writing has started. Ideas and contributions from 
people outside COMPASS more than appreciated  


