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DRELL-YAN CROSS SECTION—
SENSITIVITY TO SEA QUARKS

Cross Section
§Point-like scattering of spin-1/2 particles
§Convoluted of beam and target parton distributions

Paul E Reimer 3
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Beam Sensitivity Experiment

Hadron Beam quarks
target antiquarks

SeaQuest, SpinQuest, 
J-PARC RHIC (forward)

Anti-Hadron Beam antiquarks
Target quarks

J-PARC, GSI-FAIR
Fermilab Collider

Meson Beam antiquarks
Target quarks

COMPASS, 
AMBER, J-PARC



DRELL-YAN CROSS SECTION—NEXT-TO-LEADING ORDER aS
§ Responsible for up to 50% of the cross section

5Paul E Reimer 25 September



Fixed Target Beam lines

Tevatron 800 GeV

Main Injector 120 GeV
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§Entire beam interacts upstream of first SeaQuest 
Spectrometer tracking chamber

Paul E Reimer

DATA FROM FY2014—TARGET-DUMP SEPARATION

ld2 None Fe C W

Off page lH2 Empty flask

Beam 
Dump

Beam into Page
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§ Spatial resolution poor along beam axis
§ Resolve target vs beam dump

25 September



E906 MASS SPECTRUM
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RANDOMLY CHOSEN BEAM INTENSITY PROFILE

FOURIER TRANSFORM

Beam Structure
§Macroscopic Beam Structure:  

– 4s every 60
§ Microscopic

– “bucket” every 19 ns of 53 MHz
10

36
0 

H
z

24
0 

H
z12

0 
H

z

72
0 

H
z

60
 H

z



§ SeaQuest had collected enough 
statistics to allow a separation of 
the data into different xT bins

§ Intensity dependence seen in the 
ratio of cross sections

§ Extract intercept at 0 which is free 
from accidental background and 
rate dependence!

Paul E Reimer 11

EXTRAPOLATION METHOD

Trigger intensity (# of protons in triggered bucket)

σ pd

2σ pp

25 September



CROSS CHECK OF
RATE DEPENDENCE

§ Multi-componet mass fit

25 SeptemberPaul E Reimer 12

Jason Dove DIS 2019 18

Cross check with
the mass fit

● Performing a component fit
to the mass spectrum

● Use Monte Carlo for signal
events

● Use mixed single track
events for accidental
background

● Compute D-Y cross section
for individual targets

● Preliminary D-Y results
show consistent D2/H2 ratios

LD2

Preliminary
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§ Cross Check
§ Agrees in high 

statistical 
overlap
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Next:  Extraction 
and Interpretation 

in terms of 

d̄(x)/ū(x)
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From C to Parton Sea: Bjorken-x Dependence of the PDFs Huey-Wen Lin

Figure 4: The sea flavor asymmetry measured in the Drell-Yan experiment E866 at FNAL (black circles),
along with our 2014 exploratory study at 310-MeV pion mass [27] (purple band), 2015 ETMC [41] (yellow)
and the global analyses by MSTW [11] (brown dotted line), and CTEQ-JLab (CJ12, green dashed line) [34].

constraint data from polarized experiments. Future experiments with neutral- and charged-current
deep inelastic scattering (such as at EIC) will provide useful measurements to constrain our under-
standing of the antiquark helicity distribution.

Our result for antiquark helicity favors more polarized up quark than down flavor, with a
moderate polarized total sea asymmetry,

R 1
0.08 Du(x)� Dd(x) = 0.14(9). This was first pointed

out in our 2014 paper [27] which concentrated on the sea flavor asymmetry in the unpolarized
distribution. The sea flavor asymmetry was confirmed in the full analysis of the RHIC Run-9 data
by both STAR [46] and PHENIX [47] collaborations in the middle-x range, but their results do not
clarify what the total asymmetry would be. cQSM, a large-Nc model, gives rather different results
by predicting a large polarized sea asymmetry: 0.31. Unfortunately, our current statistical error
does not help rule out many models yet based on the total sea asymmetry. On the experimental
global analysis side, the total polarized sea asymmetry estimated by DSSV09 is consistent with
zero within 2 sigma, and the central value (about 0.07) is also smaller than the unpolarized case.
The upcoming RHIC data from Run-13 with significantly improved statistics may shed some light
on this matter. The upcoming Fermilab Drell-Yan experiments (E1027/E1039) may also provide
precise experimental input on the polarized sea asymmetry magnitude.

The transversity distribution is the least known PDF among the three studied, because the
direct measurements are so challenging to make. The few attempts to extract the transversity
distribution suffer from fundamental defects. Ref. [48] makes various assumptions such as the
evolution form and that there is no antiquark contribution. Radici et al. [49, 50] use the Soffer
inequality and dihadron fragmentation functions with data from HERMES and COMPASS analysis
of pion-pair production in DIS off a transversely polarized target for two combinations of “valence”
(q+ q̄) helicity distribution and proper Q2 evolution. Kang et al. [51] has improved evolutions
implemented in their analysis, but they also make the assumption that the sea asymmetry is zero.
The distribution for positive x goes quickly to zero, likely due to lack of data.
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From C to Parton Sea: Bjorken-x Dependence of the PDFs Huey-Wen Lin

This choice reduces the systematic uncertainty arising from the matching and other systematics
such as finite-volume effects and lattice discretization. Given that the lattice renormalization con-
stants for most observables are close to 1 on this ensemble, we will get reasonable cancellation of
the remaining factors. In all three quasi-distributions, shown in Fig. 2, the smallest momentum has
the widest distribution, spreading out to large positive and negative x, beyond |x| = 1. But as the
boosted momentum increases, the distribution sharpens and narrows, decreasing the contribution
coming from the |x| > 1 regions, just what we would expect in the lightcone distribution. This
is not hard to understand (as discussed in Ref. [27]): in the infinite-momentum frame, no con-
stituents of the nucleon can carry more momentum than the nucleon as a whole. However, since
the momentum in our calculation is finite, the PDF does not have to vanish at x = 1.
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Figure 2: The nucleon isovector quasi-distributions for the parton density (left), helicity (middle) and
transversity (right) as functions of x. The different colors indicate Pz (in units of 2p/L) 1 (red), 2 (green), 3
(cyan).

The resulting quark distribution after one-loop and mass corrections is shown in Fig. 3. Al-
though the uncorrected distributions have a strong dependence on Pz, the corrected distributions
have much reduced Pz dependence. We further reduce the remaining leading O(L2

QCD/P2
z ) correc-

tion by extrapolating to infinite momentum using the form a+b/P2
z . The resulting distribution for

the |x| > 1 region is within 2 sigma of zero; thus, we recover the correct support for the physical
distribution within error. Note that the smallest reliable region of x is related to the largest momen-
tum on available on the lattice O(1/a), which is roughly the inverse of length of the lattice volume
in the link direction; therefore, we expect large uncertainty for x 2 [�0.05,0.05].

The isovector unpolarized distribution u(x)� d(x) is shown in Fig. 3 as the orange band,
along with the distributions from the largest two momenta Pz to show convergence. Compared
with global analyses by CTEQ-JLab (CJ12) [34] and NLO MSTW08 [11] at µ ⇡ 1.3 GeV, the
lattice distribution weighs more at larger |x|. This is qualitatively consistent with artifacts due to
using heavier-than-physical light-quark masses. The heavier quarks naturally reduce the long-range
contributions to the correlator, which after Fourier transformation reduce the small-|x| contribution
to the distribution. Since the total integrated u� d is conserved, a reduction in small-|x| means
an increase in larger-|x|. This is also consistent with the fact that the lattice first-moment of the
momentum fraction (hxiu�d) and helicity (hxiDu�Dd) above pion mass 250 MeV is roughly double
the integrated values derived from global analyses [35, 36]. It would be very interesting to observe
how the distribution changes when approaching the physical pion mass.

Our pioneering study also allows us access to antiquark structure that could never have been
studied in the traditional lattice approach; see Fig. 4 for the sea flavor asymmetry obtained in our
exploratory study [27]. The sea-quark distribution is obtained from the negative-x contribution:
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CAN KT-DEPENDENT DISTRIBUTIONS BE CALCULATED?

h1T(x)

q(x)

Dq(x) Non-zero 
after kT

integration h1L⊥(x,kT)

g1T(x,kT)

h1T⊥(x,kT)

kT -
dependent, 
“T-even”

f1T
⊥(x,kT)

h1(x,kT)

Sivers

Bohr-Mulders

“Naively” T-Odd
kT dependent 
distributions
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QUARK MOTION IN THE SEA

Winslow Homer, Metropolitan Museum of Art



SPINQUEST—POLARIZED HYDROGEN AND DEUTERIUM

25 SeptemberPaul E Reimer 18

Where is the spin of the proton?
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SIVERS FUNCTION

25 SeptemberPaul E Reimer 19

§Correlation between unpolarized quarks and 
nucleon transverse polarization

§Do quarks have orbital angular momentum? 
–Non-zero Sivers distribution _ non-zero quark 

orbital momentum
–Seen in both HERMES and COMPASS
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SIVERS FUNCTION:  ANTIQUARKS
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§Correlation between unpolarized quarks and 
nucleon transverse polarization

|p⇥ = (1� a� b) |p0⇥ + a|N�⇥ + b|��⇥ + . . .

FERMILAB E1039 EXPERIMENT

M. Yurov, LANL  8/17

asymmetry estimates
(E1039 proposal)

Range x2 Mean x2 N events p ΔA % p N events n ΔA % n

0.1-0.16 .139 5.0 x 104 3.2 5.8 x 104 5.4

0.16-0.19 0.175 4.5 x 104 3.3 5.2 x 104 5.7

0.19-0.24 0.213 5.7 x 104 2.0 6.6 x 104 5.0

0.24-0.6 0.295 5.5x 104 3.0 6.4 x 104 5.1

sign and value of sea quark Sivers asymmetry
sea quark Sivers flavor dependence
if non-zero, "smoking gun" evidence
for sea quark OAM

statistics estimates and kinematics coverage 
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§Do Sea quarks have orbital angular momentum? 
–We don’t know—Enter Drell-Yan and SpinQuest

xtarget

Drell-Yan Target Single-Spin Asymmetry
pp↑ → µ+µ-X,  4<Mµµ<9 GeV

A N



EMC EFFECT WITH SEAQUARKS

25 SeptemberPaul E Reimer 21
NOT EVERYTHING SCALES WITH SIZE



EMC EFFECT WITH ANTIQUARKS?

25 SeptemberPaul E Reimer 22

Alde et al (Fermilab E772) Phys. Rev. Lett. 64 2479 (1990)



SEAQUEST SEAQUARK EMC EFFECT

25 SeptemberPaul E Reimer 23

Parton distributions in nuclei are different than in nucleons!!
n No antiquark enhancement apparent.
n 10% of anticipated statistical precision
n Increased detector acceptance at large-x to come.

Old Rate Dependence Correction

New results due next week



§ AMBER slides
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COMPASS++/AMBER
§ New proposal for the M1 Beamline at CERN
§ 2021-2024 and beyond
§ Variety of Physics:

– Proton Radius with μp elastic scattering
– Antiproton Cross Sections for Dark Matter 

Searches
– Pionic Parton Distributions from Drell-Yan
– Charmonium Production

§ Beyond 2024
– Exploring the possibility of separated Kaon/pion 

beam
– Compare kaon and pion structure with Drell-Yan, 

Direct Photons

25 SeptemberPaul E Reimer 25
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Figure 31: Experimental setup for the proposed Drell-Yan and charmonium measurements. Top: sketch of target system and hadron absorber. Bottom: Extended setup.
The beam enters from the left.



LIGHT PIONS AND HEAVY KAONS AND PROTONS
Lattice challenges from 
AMBER 2024

§ What can the pion PDF’s tell us 
about QCD mass emergence?

§ What does a lattice-based 
calculation of a π-PDF mean with a 
Mπ >= 300 MeV?

25 SeptemberPaul E Reimer 26

38

Figure 22: The ratio ⌃
sea

/⌃
val

as a function of x⇡ , using three di�erent sea-quark distributions from [77] for two
mass ranges. The ratio is also calculated with the sea-quark distribution from [82], which includes leading-neutron
DIS data from ZEUS [80] and H1 [81]. The shown statistical accuracy is expected when using the data-taking
conditions presented in the text. The blue shaded area is the uncertainty derived from the statistics quoted in the
NA3 paper [50].

The Drell-Yan mass range considered in Tab. 6 is adequate for a mass resolution of the order of 2001092

MeV/c2. For events originating from the carbon target, the background contamination to the Drell-Yan1093

signal is estimated to be below 5%. As will be explained in Sec. 5.4, the inclusion of a target telescope in1094

the setup, with fast and highly granular (possibly pixelised) detectors in between the target cells, improves1095

significantly the muon tracking upstream of the hadron absorber, and it positively impacts the vertexing1096

precision and consequently the dimuon mass resolution. The simulations presently available using such1097

an improved setup indicate that a resolution of the order of 100 MeV/c2 can be expected, in which case1098

the mass interval for a pure Drell-Yan sample can be safely enlarged to 4.0 < Mµµ(/(GeV/c2
)) < 8.5 ,1099

which would lead to an increase in statistics by 35%.1100

Recently developed techniques of data analysis, as e.g. machine-learning, are planned to be employed in1101

order to disentangle the di�erent physics contributions to the dimuon mass spectrum. Machine-learning1102

algorithms allow for the multidimensional clusterisation of data, by simultaneously parameterising over1103

a chosen set of physics variables. Such new methods are presently being developed and tested with the1104

C������ Drell-Yan data. Monte-Carlo data is used to train deep neural networks that classify each event1105

according to its probability to originate from a particular physics process. Two types of approaches can be1106

followed, either by selecting the probability value, above which events can be safely considered as signal,1107

or by using all events weighted by their probabilities to be signal or background. With such techniques,1108

the analysis can be extended beyond the traditionally considered “Drell-Yan safe mass range", to an1109

enlarged region where the Drell-Yan process is still dominant. Research in the field of machine-learning1110

techniques applied to particle physics has seen enormous and very fast progress in recent years, making1111

it realistic to consider their use in our proposed measurement.1112



LIGHT PIONS AND HEAVY KAONS AND PROTONS
Lattice challenges from 
AMBER 2027

§ What can the ratio of π/K PDF’s tell 
us about mass, QCD and binding?

§ Or is a Kaon just a 500 MeV pion in 
a lattice?

Not Drell-Yan, but
§ Gluon PDFs for pions and Kaons 

via prompt photon detection.

25 SeptemberPaul E Reimer 27

Letter of Intent: A New QCD facility at the M2 beam line of the CERN SPS29 51
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Figure 32: The 3 panels show, for 3 different momenta of the incoming kaon beam, the ratio Rs/v as a
function of xK for three hypotheses on the kaon sea-quark content. The projected statistical uncertainties
of the experiment are compared to the sensitivity of Rs/v to a variation of this content. The three curves
representing 10%, 15%, and 20% of kaon momentum carried by sea quarks are derived from SMRS pion
PDFs by interchanging d-quarks with s-quarks.

rameterisations of Ref. [63] for the pion were used replacing d by s-quarks. The three distributions were
obtained assuming sea-quark momentum contributions between 10% and 20%. For xK = 0.4, the differ-
ence between the two extreme values of the sea contribution reaches about 25%. With decreasing xK the
difference increases, uo to about a factor of 1.6 at xK = 0.2 . Three different kaon-beam momenta are
shown. The largest is the most favourable one from the physics point of view, but it requires additional
R&D studies to optimise the RF-separation of the kaon beam.

Since the cross section for positive kaons is smaller than that for negative kaons, the statistical uncertain-
ties of the sea-valence separation can be further minimised by a better sharing of the beam time for the
two kaon charges. For a 280 days data-taking period, such an optimisation leads to 210 days with a K+

beam and 70 days with a K� beam.

4.3.4 The J/y production mechanism and the gluon distribution in the kaon

It is expected that the heavier quark in the kaon radiates less gluons than the lighter quarks in the pion.
A natural consequence of this expectation is that the gluons in the kaon carry less momentum than the
gluons in the pion. Using the Dyson-Schwinger-Equation (DSE) approach, the authors of Ref. [55]
find that at the hadronic scale the gluons contribute to only 5% of the total momentum in the kaon, as
compared to about one third in the pion. A stringent check of this prediction requires the measurement
of the presently unknown gluon distribution in the kaon.

The gluon distribution in the kaon can in principle be inferred through a measurement of kaon-induced
J/y production. An important advantage of this process is its large cross section, which reaches 100
nb/nucleon for small values of xF , as compared to a fraction of nb per nucleon for the high-mass Drell-
Yan production at the fixed-target energies available at the CERN SPS. As discussed in Sec. 3.1.3, J/y
production is not well understood. For fixed-target energies, the simple Color Evaporation Model (CEM)
does not agree with the more thorough NRQCD approach, and the relative contributions of the gg fusion
and qq̄ annihilation terms depend on the model considered [75]. In both models, the gg component
is larger at small xF , whereas the qq̄ term is dominant at large xF , although with somewhat different
intensities.

Here, the availability of the two signs of beam kaon charge can greatly help. A comparison between cross
sections measured with the two beam-charge signs can be used to both improve our understanding of the
J/y production mechanism and infer the gluon distribution in the kaon. Indeed, the J/y cross section
for the positive kaon beam is different from the one for the negative kaon beam. The main difference
comes from the valence ū quark in the negative kaon, which annihilates the valence u quark in the target.

Letter of Intent: A New QCD facility at the M2 beam line of the CERN SPS29 51
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Figure 32: The 3 panels show, for 3 different momenta of the incoming kaon beam, the ratio Rs/v as a
function of xK for three hypotheses on the kaon sea-quark content. The projected statistical uncertainties
of the experiment are compared to the sensitivity of Rs/v to a variation of this content. The three curves
representing 10%, 15%, and 20% of kaon momentum carried by sea quarks are derived from SMRS pion
PDFs by interchanging d-quarks with s-quarks.

rameterisations of Ref. [63] for the pion were used replacing d by s-quarks. The three distributions were
obtained assuming sea-quark momentum contributions between 10% and 20%. For xK = 0.4, the differ-
ence between the two extreme values of the sea contribution reaches about 25%. With decreasing xK the
difference increases, uo to about a factor of 1.6 at xK = 0.2 . Three different kaon-beam momenta are
shown. The largest is the most favourable one from the physics point of view, but it requires additional
R&D studies to optimise the RF-separation of the kaon beam.

Since the cross section for positive kaons is smaller than that for negative kaons, the statistical uncertain-
ties of the sea-valence separation can be further minimised by a better sharing of the beam time for the
two kaon charges. For a 280 days data-taking period, such an optimisation leads to 210 days with a K+

beam and 70 days with a K� beam.

4.3.4 The J/y production mechanism and the gluon distribution in the kaon

It is expected that the heavier quark in the kaon radiates less gluons than the lighter quarks in the pion.
A natural consequence of this expectation is that the gluons in the kaon carry less momentum than the
gluons in the pion. Using the Dyson-Schwinger-Equation (DSE) approach, the authors of Ref. [55]
find that at the hadronic scale the gluons contribute to only 5% of the total momentum in the kaon, as
compared to about one third in the pion. A stringent check of this prediction requires the measurement
of the presently unknown gluon distribution in the kaon.

The gluon distribution in the kaon can in principle be inferred through a measurement of kaon-induced
J/y production. An important advantage of this process is its large cross section, which reaches 100
nb/nucleon for small values of xF , as compared to a fraction of nb per nucleon for the high-mass Drell-
Yan production at the fixed-target energies available at the CERN SPS. As discussed in Sec. 3.1.3, J/y
production is not well understood. For fixed-target energies, the simple Color Evaporation Model (CEM)
does not agree with the more thorough NRQCD approach, and the relative contributions of the gg fusion
and qq̄ annihilation terms depend on the model considered [75]. In both models, the gg component
is larger at small xF , whereas the qq̄ term is dominant at large xF , although with somewhat different
intensities.

Here, the availability of the two signs of beam kaon charge can greatly help. A comparison between cross
sections measured with the two beam-charge signs can be used to both improve our understanding of the
J/y production mechanism and infer the gluon distribution in the kaon. Indeed, the J/y cross section
for the positive kaon beam is different from the one for the negative kaon beam. The main difference
comes from the valence ū quark in the negative kaon, which annihilates the valence u quark in the target.

Expected statistical
uncertainty for Kaon 
sea to valence quark 
ratio.
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§ Drell-Yan can select sea quark distributions

§ SeaQuest extends the reach of previous sea quark 
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Figure 22: The ratio ⌃
sea

/⌃
val

as a function of x⇡ , using three di�erent sea-quark distributions from [77] for two
mass ranges. The ratio is also calculated with the sea-quark distribution from [82], which includes leading-neutron
DIS data from ZEUS [80] and H1 [81]. The shown statistical accuracy is expected when using the data-taking
conditions presented in the text. The blue shaded area is the uncertainty derived from the statistics quoted in the
NA3 paper [50].

The Drell-Yan mass range considered in Tab. 6 is adequate for a mass resolution of the order of 2001092

MeV/c2. For events originating from the carbon target, the background contamination to the Drell-Yan1093

signal is estimated to be below 5%. As will be explained in Sec. 5.4, the inclusion of a target telescope in1094

the setup, with fast and highly granular (possibly pixelised) detectors in between the target cells, improves1095

significantly the muon tracking upstream of the hadron absorber, and it positively impacts the vertexing1096

precision and consequently the dimuon mass resolution. The simulations presently available using such1097

an improved setup indicate that a resolution of the order of 100 MeV/c2 can be expected, in which case1098

the mass interval for a pure Drell-Yan sample can be safely enlarged to 4.0 < Mµµ(/(GeV/c2
)) < 8.5 ,1099

which would lead to an increase in statistics by 35%.1100

Recently developed techniques of data analysis, as e.g. machine-learning, are planned to be employed in1101

order to disentangle the di�erent physics contributions to the dimuon mass spectrum. Machine-learning1102

algorithms allow for the multidimensional clusterisation of data, by simultaneously parameterising over1103

a chosen set of physics variables. Such new methods are presently being developed and tested with the1104

C������ Drell-Yan data. Monte-Carlo data is used to train deep neural networks that classify each event1105

according to its probability to originate from a particular physics process. Two types of approaches can be1106

followed, either by selecting the probability value, above which events can be safely considered as signal,1107

or by using all events weighted by their probabilities to be signal or background. With such techniques,1108

the analysis can be extended beyond the traditionally considered “Drell-Yan safe mass range", to an1109

enlarged region where the Drell-Yan process is still dominant. Research in the field of machine-learning1110

techniques applied to particle physics has seen enormous and very fast progress in recent years, making1111

it realistic to consider their use in our proposed measurement.1112

§ SpinQuest will measure the Drell-Yan Sivers
Function and sea quark orbital angular 
momentum will be probed with polarized target


