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We present experimental results on the angular distributions of Drell-Yan muons produced by
a 120 GeV/c proton beam interacting with liquid hydrogen and deuterium targets. The dimuon
angular distributions in both polar (θ) and azimuthal (ϕ) angles in the Collins-Soper frame are
measured within the kinematic range of 4.5 < mµµ < 10 GeV/c2, 0.19 < pT < 2.24 GeV/c, and
0 < xF < 0.95. Unlike the results of a previous proton-induced Drell-Yan experiment at a higher
energy, the data reveal a pronounced cos 2ϕ modulation in the angular distributions. Comparison
with perturbative QCD (pQCD) predictions shows statistically significant deviations, with p-values
of 3.5% for the p+ p and 1.5% for the p+ d Drell-Yan processes. These results suggest the presence
of nonperturbative QCD contributions.

The Drell-Yan process was proposed in 1970 [1, 2] to
describe the underlying mechanism for high-mass dimuon
production in hadron-hadron interactions. In this pro-
cess a quark and an antiquark in two colliding hadrons
annihilate into a virtual photon that then decays into a
lepton-antilepton pair. It is one of the cleanest processes
in high energy hadron-hadron collisions because the fi-
nal state leptons have no QCD final-state interactions.
Therefore it can be used to directly access the scattering
process of partons and the internal structure of scattering
hadrons, with no correction for final state interaction in-
volved. For the proton-induced Drell-Yan processes, the
dominant contribution comes from the uū annihilation,
where u and ū originate from the proton beam and target
nucleons, respectively. The uū channel dominates over

the dd̄ channel because the Drell-Yan cross section is pro-
portional to the square of the quark’s electric charge. The
angular distribution of lepton pairs from the Drell-Yan
process is sensitive to transverse-momentum-dependent
parton distribution functions (TMD PDFs) [3]. It can be
expressed in any rest frame of the virtual photon, such
as the Collins-Soper frame [4], as:

1

σ

dσ

dΩ
=

3

4π

1

λ+ 3

(
1 + λ cos2 θ

+ µ sin 2θ cosϕ+
ν

2
sin2 θ cos 2ϕ

)
, (1)

where ϕ and θ are the azimuthal and polar angles, as
illustrated in Fig. 1, and λ, µ and ν represent the mag-
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nitude of the angular dependence.

hadron plane
h1 h2

m +

m – lepton plane
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FIG. 1. Angle definitions of the Drell-Yan process in the
Collins-Soper frame. It is a rest frame of the virtual photon.
The hadron plane is defined by the momenta of two interact-
ing hadrons (h1 and h2). The z axis is taken on the hadron
plane so that the angle to h1 is equal to that to h2. The lep-
ton plane is defined by the momenta of two final-state leptons
(µ+ and µ−) and the z axis.

The cross section of the Drell-Yan process can be com-
puted based on perturbative Quantum Chromodynamics
(pQCD) [5]. Ignoring intrinsic transverse momentum of
the quarks, at leading order (LO), the transverse momen-
tum (pT ) of the virtual photon is zero, and the angular
dependence becomes 1 + cos2 θ with λ = 1, µ = 0 and
ν = 0. At higher order in αs, the processes such as
gluon emission would lead to nonzero transverse momen-
tum (pT ) of the virtual photon, and thus to a nonzero
ϕ dependence, i.e. µ ̸= 0 and ν ̸= 0. Theoretical cal-
culations at next-to-next-to-leading order (NNLO; α2

s)
have been performed and compared to existing exper-
imental datasets [6, 7]. The calculations generally de-
scribe well the observed trends of λ, µ and ν as functions
of the transverse momentum (pT ) of the virtual photon,
but exhibit significant deviations in several experimental
datasets and pT ranges.

There is another mechanism that affects the angular
distributions. The Boer-Mulders function (h⊥

1 (x, kT )) [3]
is a TMD PDF that represents the correlation between
the transverse spin and the transverse momentum of par-
ton within an unpolarized hadron. The coefficient ν is
roughly proportional to the product of the Boer-Mulders
functions of two interacting partons; ν ∝ h⊥f1

1 (x1, kT1)×
h⊥f2
1 (x2, kT2) [8], where f1, x1 and kT1 denote the flavor,

the Bjorken x and the transverse momentum of the in-
teracting parton in the beam hadron, and f2, x2 and kT2

in the target hadron. Therefore h⊥
1 (x, kT ) can be con-

strained by a measurement of ν. Extractions of h⊥
1 (x, kT )

from existing experimental datasets have been investi-
gated, although the statistics of these datasets are highly
limited [9–15].

Both mechanisms described above—higher-order
pQCD effects and the Boer-Mulders function—may
contribute to the observed angular distribution. The
relative contributions of these two effects can be disen-
tangled through systematic measurements using different
beam and target combinations.

The NA10 and E615 collaborations conducted early
pion-induced Drell-Yan studies, measuring the angular
distributions in π−N collisions. The NA10 data [16],
using π− beams at different energies on deuterium and
tungsten targets, showed no dependence on center-of-
mass energy or nuclear effects. The λ parameter was
close to unity, consistent with the naive parton model,
and µ was near zero, indicating balanced transverse mo-
mentum contributions from annihilating partons. How-
ever, the most striking result was the large ν parame-
ter, which reached values as high as 0.3 and increased
strongly with the dimuon transverse momentum pT , a
behavior inconsistent with pQCD predictions [7]. The
E615 experiment at Fermilab [17, 18] confirmed these re-
sults with a broader kinematic range in π−N → µ+µ−X,
finding similar large ν values and pT dependence. Both
NA10 and E615 observed significant cos(2ϕ) angular
asymmetries, indicating the presence of transverse mo-
mentum dependent effects beyond the collinear factor-
ization framework [7]. These findings were interpreted as
evidence of the Boer-Mulders mechanism, which intro-
duces spin-momentum correlations of partons. Proton-
induced Drell-Yan studies by the E866/NuSea collabora-
tion at Fermilab revealed a contrasting picture. In both
p + p [19] and p + d [20] collisions at 800 GeV/c, much
smaller ν values (< 0.05) were observed. A possible in-
terpretation for this dramatic difference was that it likely
arises from the underlying partonic structure: while pion-
induced processes involve valence antiquarks from the
pion beam annihilating with valence quarks from the nu-
cleon target, proton-induced processes primarily access
sea antiquarks from the target nucleon. This suggests
that Boer-Mulders functions for sea antiquarks are signif-
icantly smaller than those for valence quarks, providing
crucial constraints on the flavor dependence of transverse
momentum dependent parton distributions.

At collider energies, studies of lepton angular distri-
butions in W and Z boson production provide comple-
mentary perspectives across different kinematic regimes
and QCD dynamics. The CDF collaboration [21] re-
ported the first measurement of lepton angular distri-
butions in the Z mass region with p + p̄ collisions, and
found good agreement with leading-order pQCD predic-
tions at moderate pT , in contrast to the pion-induced
fixed target experiments. Conversely, recent high statis-
tics results in p+p collisions from CMS [22], ATLAS [23]
and LHCb [24] show clear deviations from naive parton
model expectations at high pT (above 5–10 GeV/c), ex-
tending up to transverse momenta of 300 GeV/c, driven
by perturbative NNLO QCD effects rather than intrin-
sic transverse momentum or Boer-Mulders functions [25].
The LHCb results additionally show a significant nonzero
and positive cos 2ϕ modulation in a single low-pT bin
(pT < 3.5 GeV/c), which may be due to nonperturbative
effects.

Overall, measuring angular distributions in both p+ p
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and p + d collisions across energies is crucial for under-
standing the interplay between sea and valence quark
dynamics, as well as perturbative and nonperturbative
QCD effects. Specifically, these measurements are vi-
tal for the separation of competing contributions to the
nonzero ν parameter from pQCD effects versus Boer-
Mulders processes, as the two mechanisms predict differ-
ent energy scaling and correlations with spin asymmetries
[7, 8]. Comparing these results with pion-induced ex-
periments, where interactions between the pion’s valence
antiquarks with the proton’s valence quarks dominate,
reveals how different projectiles and energy scales probe
unique aspects of QCD, offering a broader perspective on
hadronic structure.

The E906/SeaQuest experiment at Fermilab measured
the angular distributions of the proton-induced Drell–
Yan process. The details of the spectrometer are de-
scribed in Ref. [26]. The 120 GeV proton beam provided
by the Fermilab Main Injector was incident with the
50.8 cm long liquid hydrogen (LH2) and liquid deuterium
(LD2) targets. A focusing magnet (FMag) positioned im-
mediately downstream of the targets selects muons in the
desired momentum range. The iron magnet also serves as
a beam dump, stopping unscattered beam protons from
reaching the tracking detectors. Four tracking stations
detected the generated muons. Each station consisted of
hodoscope arrays and drift chambers (Sts. 1–3) or pro-
portional tubes (St. 4). An open-aperture magnet was
placed between the first and second tracking stations to
measure the momentum of the muons. A hadron ab-
sorber was placed between the third and fourth tracking
stations for muon identification. The kinematic variables
mµµ, pT and xF were reconstructed based on the mea-
sured momenta of the muons. A dimuon mass cutoff
of mµµ > 4.5 GeV/c2 was applied to remove the back-
ground from the contribution of charmonium states. In
2015, 5.6×1017 protons were delivered to liquid hydrogen
and deuterium targets for physics data collection. The
dataset, which includes approximately 13,000 dimuons
from the liquid hydrogen target and 15,000 from the deu-
terium target within the range −0.375 < cos θ < 0.375,
has been analyzed to extract the Drell–Yan angular dis-
tribution coefficients. The Drell-Yan data were divided
into three pT bins with approximately equal statistics in
each bin.

Two types of background were identified: dimuon pairs
originating from the target flask of the liquid targets,
and combinatorial background. Dedicated data were col-
lected with the beam incident on an empty flask to study
the first type of background. These empty flask data were
normalized by the total number of protons on target and
subtracted from the LH2 (LD2) data. The combinatorial
background, composed of uncorrelated muon pairs, was
estimated using the event mixing method [27] applied
to the corresponding liquid target data. After subtract-
ing both types of background, the remaining data were

LH2

pT bin (GeV/c) 0.19–0.55 0.55–0.88 0.88–2.24
Source µ ν µ ν µ ν

Acceptance Corr. 0.01 0.00 0.01 0.01 0.03 0.01
Kinematic Weight 0.01 0.00 0.02 0.01 0.04 0.02

Resolution 0.02 0.03 0.02 0.02 0.02 0.02
Mass cutoff 0.11 0.04 0.03 0.01 0.03 0.02
Non-fixed λ 0.01 0.00 0.02 0.00 0.00 0.01

Others 0.00 0.01 0.00 0.00 0.01 0.00
Systematic Total 0.11 0.05 0.05 0.03 0.07 0.04
Statistical Err. 0.1 0.06 0.1 0.09 0.2 0.1

LD2

pT bin (GeV/cGe) 0.19-0.55 0.55-0.88 0.88-2.24
Source µ ν µ ν µ ν

Acceptance Corr. 0.01 0.00 0.01 0.00 0.03 0.01
Kinematic Weight 0.01 0.01 0.02 0.01 0.06 0.03

Resolution 0.01 0.00 0.01 0.01 0.03 0.01
Mass Cutoff 0.02 0.03 0.05 0.03 0.03 0.00
Non-fixed λ 0.00 0.00 0.00 0.00 0.00 0.00
LD2 Purity 0.02 0.01 0.03 0.00 0.01 0.00

Others 0.00 0.00 0.00 0.00 0.01 0.01
Systematic Total 0.03 0.04 0.06 0.04 0.08 0.03
Statistical Err. 0.08 0.06 0.10 0.06 0.2 0.08

TABLE I. Systematic uncertainties for LH2 target (top) and
LD2 target (bottom) events. The “Others” row includes the
combined systematic uncertainties from the rate dependent
efficiency corrections and the uncertainty from the beam nor-
malization.

corrected for detector acceptance and detector efficiency
effects using Monte Carlo (MC) simulations. The MC
simulations were weighted to match the measured kine-
matic distributions of the data. These weight parameters
were determined by fitting the ratios of simulated data
to measured data.

An unbinned-log-likelihood fitting method was used to
extract the parameters, with the λ value fixed at a certain
value due to the limited sensitivity of our spectrometer to
λ. Since the acceptance and efficiency corrections depend
on the λ, µ, and ν parameters used in the simulation, an
iterative analysis was performed. The data fitting was
repeated with simulations updated using angular param-
eters obtained from the previous fit, until the angular
parameters converged.

Table I summarizes the sources and values of system-
atic uncertainties for the LH2 and LD2 data. The most
significant sources are the acceptance correction, kine-
matic weighting, detector resolution, and the dimuon
minimum mass. The uncertainty from the acceptance
correction was estimated using MC simulations and prop-
agated to the measured angular distribution parameters.
The uncertainties of the parameters from the additional
weight on the MC simulations were also propagated to es-
timate their impact on the final results. The uncertainty
from the detector resolution was evaluated by varying
cos θ and ϕ by ±10% and comparing the fit results. For
the dimuon mass cutoff, a threshold of 4.5 GeV/c2 was
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ν ( b o t t o m ) o b t ai n e d f r o m L H 2 t a r g e t e v e nt s ( t h e r e d p oi nt s
a n d s y s t e m a ti c u n c e r t ai nt y b a n d s ). T h e bl a c k t ri a n gl e p oi nt s
s h o w t h e E 8 6 6 r e s ul t s [ 1 9] a n d t h e bl u e li n e s s h o w t h e p Q C D
c al c ul a ti o n s [ 7]

u s e d, a n d s y st e m ati c u n c ert ai nti e s w er e a s s e s s e d b y p er-
f or mi n g a n al y s e s wit h c ut o ff m a s s e s of 4. 4 G e V /c 2 a n d
4. 6 G e V / c 2 . T h e s y st e m ati c u n c ert ai nt y d u e t o L D2 t ar-
g et p urit y w a s e sti m at e d b y li n e ar c o m bi n ati o n s of t h e
L H 2 a n d L D 2 r e s ult s, wit h t h e L H 2 r e s ult s r e pr e s e nti n g
t h e h y dr o g e n c o nt a mi n ati o n c o m p o n e nt. T h e λ v al u e s
w er e fi x e d b a s e d o n t h e p Q C D c al c ul ati o n s [ 7] i n t hi s
a n al y si s. T o a s s e s s t h e i m p a ct of fi xi n g t h e λ p ar a m e-
t er, a d diti o n al a n al y s e s w er e p erf or m e d wit h λ all o w e d
t o fl o at. Alt h o u g h t h e r e s ulti n g λ v al u e s di ff er e d b y 0. 3
t o 1. 9 c o m p ar e d t o t h e fi x e d v al u e s, t h e c orr e s p o n di n g
s hift s i n t h e e xtr a ct e d µ a n d ν p ar a m et er s w er e mi n or
a s s h o w n i n T a b. I. T h e s e di ff er e n c e s w er e a c c o u nt e d f or
i n t h e e v al u ati o n of t h e s y st e m ati c u n c ert ai nti e s. A d di-
ti o n al s o ur c e s of s y st e m ati c u n c ert ai nt y, i n cl u di n g r at e-
d e p e n d e nt e ffi ci e n c y c orr e cti o n s a n d t h e b e a m n or m al-
i z ati o n w er e al s o st u di e d. T h e s e w er e f o u n d t o b e s m all
c o m p ar e d t o t h e m aj or s o ur c e s di s c u s s e d a b o v e.
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ν ( b o t t o m ) o b t ai n e d f r o m L D 2 t a r g e t e v e nt s ( t h e r e d p oi nt s
a n d s y s t e m a ti c u n c e r t ai nt y b a n d s ). T h e bl a c k t ri a n gl e p oi nt s
s h o w t h e E 8 6 6 r e s ul t s [ 2 0], t h e bl u e li n e s s h o w t h e p Q C D
c al c ul a ti o n s [ 7], t h e g r e e n t ri a n gl e p oi nt s s h o w t h e N A 1 0 r e-
s ul t s [ 2 8], a n d o p e n ci r cl e p oi nt s s h o w t h e E 6 1 5 r e s ul t s [ 1 8].

Fi g ur e 2, Fi g. 3 a n d T a b. II pr e s e nt t h e a n g ul ar di stri-
b uti o n p ar a m et e r s µ a n d ν a s f u n cti o n s of p T , e xtr a ct e d
fr o m t h e L H2 a n d L D 2 d at a. T a bl e III pr e s e nt s t h e a v-
er a g e d p ar a m et er s o v er t h e m e a s ur e d ki n e m ati c r a n g e,
c o m p ar e d wit h r e s ult s fr o m pr e vi o u s e x p eri m e nt s. T h e
µ p ar a m et er s ar e c o n si st e nt wit h z er o, i n a gr e e m e nt wit h
r e s ult s fr o m t h e E 8 6 6 e x p eri m e nt a n d p Q C D c al c ul ati o n s
[ 7]. F or t h e ν p ar a m et er, n o n z er o v al u e s ar e o b s er v e d at
l ar g e p T , a tr e n d si mil ar t o t h at r e p ort e d i n pi o n-i n d u c e d
Dr ell- Y a n e x p eri m e nt s ( N A 1 0 a n d E 6 1 5). T hi s b e h a vi or
c o ntr a st s wit h t h e s m all ν v al u e s r e p ort e d b y E 8 6 6, a
pr ot o n-i n d u c e d Dr ell- Y a n e x p eri m e nt. Si n c e t h e λ v al u e s
w er e n ot e xtr a ct e d i n t hi s a n al y si s, t h e L a m- T u n g r el a-
ti o n [ 3 0], 1 − λ = 2 ν , w hi c h h ol d s at n e xt-t o-l e a di n g or d er
b ut i s vi ol at e d at n e xt-t o- n e xt-t o-l e a di n g or d er, w a s n ot
t e st e d i n t hi s a n al y si s.

T h e pr e s e nt a n al y si s r e v e al s a tr e n d of i n cr e a si n g ν
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LH2

pT bin (GeV/c) 0.19-0.55 0.55-0.88 0.88-2.24
⟨pT ⟩ (GeV/c) 0.39 0.71 1.19

⟨mµµ⟩ (GeV/c2) 5.2 5.2 5.3
⟨x1⟩ 0.56 0.56 0.56
⟨x2⟩ 0.23 0.23 0.24
⟨xF ⟩ 0.38 0.38 0.37
µ −0.21± 0.12 0.27± 0.14 0.18± 0.24

±0.11 ±0.05 ±0.07
ν 0.16± 0.08 0.17± 0.09 0.33± 0.12

±0.05 ±0.03 ±0.04

LD2

pT bin (GeV/c) 0.19-0.55 0.55-0.88 0.88-2.24
⟨pT ⟩ (GeV/c) 0.39 0.71 1.19

⟨mµµ⟩ (GeV/c2) 5.2 5.2 5.3
⟨x1⟩ 0.57 0.57 0.57
⟨x2⟩ 0.22 0.23 0.24
⟨xF ⟩ 0.39 0.39 0.38
µ 0.08± 0.08 −0.18± 0.10 −0.05± 0.17

±0.03 ±0.06 ±0.08
ν −0.06± 0.06 0.12± 0.06 0.36± 0.08

±0.04 ±0.04 ±0.03

TABLE II. Parameters of the angular distributions ob-
tained from LH2 (top) and LD2 (bottom) targets. The
average kinematic variables in each pT bin are also shown.
Both statistical (first error) and systematic (second error)
uncertainties are shown.

values with pT in both p + p and p + d collisions at
120 GeV/c, consistent with the behavior predicted by
pQCD calculations [7]. However, as shown in Figs. 2
and 3 (bottom), the observed magnitudes significantly
exceed the pQCD predictions. For the p + p Drell-Yan
process, the p-value of 3.5% (6.5% with systematic uncer-
tainty included) indicates a statistically significant posi-
tive deviation, suggesting contributions from nonpertur-
bative QCD effects. The p + d Drell-Yan results exhibit
an even more pronounced deviation, with a p-value of
1.5% (3.5% with systematic uncertainty included), point-
ing to an enhanced role of nonperturbative QCD in deu-
terium targets. Similarly, the pion-induced Drell-Yan
experiments (NA10 [16] and E615 [17, 18]) observed ν
values exceeding pQCD predictions [7], with the signifi-
cant cos(2ϕ) modulation attributed to the Boer-Mulders
mechanism. The E906 results align with this pattern of
enhancements beyond pQCD expectations. In contrast,
the Fermilab E866/NuSea experiment [19, 20] measured
ν values smaller than pQCD predictions at high pT [7],
yielding a distinctly different conclusion from other fixed-
target Drell-Yan measurements.
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⟨λ⟩ ⟨µ⟩ ⟨ν⟩
E906 (SeaQuest)

p+ p N/A 0.03± 0.09 0.20± 0.05
120 GeV/c

E906 (SeaQuest)
p+ d N/A −0.07± 0.06 0.14± 0.04

120 GeV/c
E866
p+ p

800 GeV/c [19] 0.85± 0.10 −0.026± 0.019 0.040± 0.015
⟨x1⟩ = 0.435 [29]
⟨x2⟩ = 0.074

E866
p+ d

800 GeV/c [20] 1.07± 0.07 0.003± 0.013 0.027± 0.010
⟨x1⟩ = 0.433 [29]
⟨x2⟩ = 0.075

NA10
π− +W 0.83± 0.04 0.008± 0.010 0.091± 0.009

194 GeV/c [28]
E615

π− +W 1.17± 0.04 0.09± 0.02 0.169± 0.019
252 GeV/c [17]

TABLE III. Angular parameters averaged over the measured
ranges.

their support of this experiment. This work was per-
formed by the SeaQuest Collaboration, whose work was
supported in part by the U.S. Department of Energy,
Office of Nuclear Physics under contract No. DE-AC02-
06CH11357, DE-SC0013620, DE-FG02-07ER41528; the
US National Science Foundation under Grants No. PHY
2013002, PHY 2110229, PHY 2111046, PHY 2209348,
PHY 2309922, PHY 2514181; the JSPS (Japan) KAK-
ENHI through Grants No. 21244028, No. 25247037, No.
25800133, No. 18H03694, No. 20K04000, No. 22H01244,
No. 23K22515, No. 25K07341; and the National Science
and Technology Council of Taiwan (R.O.C.). Fermilab is
managed by FermiForward Discovery Group, LLC, act-
ing under Contract No. 89243024CSC000002.

∗ knagai@memphis.edu
† Present Address: Lawrence Berkeley National Labora-
tory

‡ Present Address: Physics Department, Florida Interna-
tional University

§ Present Address: Kellogg Radiation Laboratory, Califor-
nia Institute of Technology, Pasadena, California 91125

¶ Present Address: Thomas Jefferson National Accelerator
Facility, Newport News, US

∗∗ Present Address: Department of Physics, National Cen-
tral University, Jhongli District, Taoyuan City 32001,Tai-
wan

†† Present Address: Pensacola State College, Pensacola, FL
32504

mailto:knagai@memphis.edu


6

‡‡ Present Address: University of Connecticut, Storrs, CT,
06269, USA

§§ Present Address: Institute for Cosmic Ray Research, The
University of Tokyo, Hida, Gifu 506-1205, Japan

¶¶ Present Address: George Washington University, Wash-
ington, DC 20052, USA

∗ ∗ ∗ Present Address: Nihon University, College of Science
and Technology, Chiyoda-ku, Tokyo 101-8308, Japan

† † † Present Address: Fermi National Accelerator Labora-
tory, Batavia, Illinois 60510, USA

‡ ‡ ‡ Present Address: Advanced Photon Source, Argonne Na-
tional Laboratory, Lemont, Illinois 60439, USA

§§§ Present Address: Department of Physics, Tsinghua Uni-
versity, Beijing China

[1] S. D. Drell and T.-M. Yan, Massive lepton pair produc-
tion in hadron-Hadron collisions at High-Energies, Phys.
Rev. Lett. 25, 316 (1970).

[2] J. H. Christenson et al., Observation of massive muon
pairs in hadron collisions, Phys. Rev. Lett. 25, 1523
(1970).

[3] D. Boer and P. Mulders, Time reversal odd distribu-
tion functions in leptoproduction, Phys.Rev. D57, 5780
(1998), arXiv:hep-ph/9711485 [hep-ph].

[4] J. C. Collins and D. E. Soper, Angular distribution
of dileptons in high-energy hadron collisions, Phys.Rev.
D16, 2219 (1977).

[5] J. C. Collins, D. E. Soper, and G. F. Sterman, Factor-
ization of hard processes in QCD, Adv. Ser. Direct. High
Energy Phys. 5, 1 (1989), arXiv:hep-ph/0409313.

[6] M. Lambertsen and W. Vogelsang, Drell–Yan lepton an-
gular distributions in perturbative QCD, Phys. Rev. D
93, 114013 (2016).

[7] W.-C. Chang, R. E. McClellan, J.-C. Peng, and
O. Teryaev, Lepton angular distributions of fixed-target
Drell–Yan experiments in perturbative QCD and a geo-
metric approach, Phys. Rev. D 99, 014032 (2019).

[8] D. Boer, Investigating the origins of transverse spin
asymmetries at BNL RHIC, Phys. Rev. D 60, 014012
(1999).

[9] B. Zhang, Z. Lu, B.-Q. Ma, and I. Schmidt, Extracting
Boer–Mulders functions from p+D Drell–Yan processes,
Phys. Rev. D 77, 054011 (2008), arXiv:0803.1692 [hep-
ph].

[10] Z. Lu and I. Schmidt, Updating Boer–Mulders functions
from unpolarized pd and pp Drell–Yan data, Phys. Rev.
D 81, 034023 (2010), arXiv:0912.2031 [hep-ph].

[11] V. Barone, S. Melis, and A. Prokudin, Azimuthal asym-
metries in unpolarized Drell–Yan processes and the Boer–
Mulders distributions of antiquarks, Phys. Rev. D 82,
114025 (2010), arXiv:1009.3423 [hep-ph].

[12] V. Barone, S. Melis, and A. Prokudin, The Boer–Mulders
effect in unpolarized SIDIS: An Analysis of the COM-
PASS and HERMES data on the cos 2ϕ asymmetry, Phys.
Rev. D 81, 114026 (2010), arXiv:0912.5194 [hep-ph].

[13] X. Wang, W. Mao, and Z. Lu, Boer–Mulders effect in
the unpolarized pion induced Drell–Yan process at COM-
PASS within TMD factorization, Eur. Phys. J. C 78, 643

(2018), arXiv:1805.03017 [hep-ph].
[14] E. Christova, D. Kotlorz, and E. Leader, New study of the

Boer–Mulders function: Implications for the quark and
hadron transverse momenta, Phys. Rev. D 102, 014035
(2020), arXiv:2004.02117 [hep-ph].

[15] S. Piloneta and A. Vladimirov, Angular distributions of
Drell–Yan leptons in the TMD factorization approach,

JHEP 12, 059, arXiv:2407.06277 [hep-ph].
[16] M. Guanziroli et al. (NA10 Collaboration), Angular dis-

tributions of muon pairs produced by negative pions on
deuterium and tungsten, Zeitschrift für Physik C Parti-
cles and Fields 37, 545 (1988).

[17] J. G. Heinrich et al. (E615 Collaboration), Higher-twist
effects in the reaction π−N → µ+µ−X at 253 GeV/c,
Phys. Rev. D 44, 1909 (1991).

[18] J. S. Conway et al. (E615 Collaboration), Experimental
study of muon pairs produced by 252 gev pions on tung-
sten, Phys. Rev. D 39, 92 (1989).

[19] L. Y. Zhu et al. (E866 Collaboration), Measurement of
angular distributions of Drell–Yan dimuons in p + p in-
teractions at 800 GeV/c, Phys. Rev. Lett. 102, 182001
(2009).

[20] L. Y. Zhu et al. (E866 Collaboration), Measurement of
angular distributions of Drell–Yan dimuons in p + d in-
teractions at 800 GeV/c, Phys. Rev. Lett. 99, 082301
(2007).

[21] T. Aaltonen et al. (CDF Collaboration), First mea-
surement of the angular coefficients of Drell–Yan e+e−

pairs in the Z mass region from pp collisions at
√
s =

1.96 TeV, Phys. Rev. Lett. 106, 241801 (2011).
[22] V. Khachatryan et al. (CMS Collaboration), Measure-

ment of the Z boson differential cross section in transverse
momentum and rapidity in proton–proton collisions at 8
TeV, Physics Letters B 749, 187 (2015).

[23] G. Aad et al. (ATLAS Collaboration), Measurement of
the angular coefficients in Z-boson events using electron
and muon pairs from data taken at

√
s = 8 TeV with the

ATLAS detector, J. High Energy Phys. 08, 159.
[24] R. Aaij et al. (LHCb Collaboration), First measurement

of the Z → µ+µ− angular coefficients in the forward
region of pp collisions at

√
s = 13 TeV, Phys. Rev. Lett.

129, 091801 (2022).
[25] R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann,

E. W. N. Glover, and A. Huss, Precise predictions for the
angular coefficients in Z-boson production at the LHC,
Journal of High Energy Physics 2017, 3 (2017).

[26] C. Aidala et al., The SeaQuest spectrometer at Fermilab,
Nucl. Instrum. Methods Phys. Res. A 930, 49 (2019).

[27] S. F. Pate et al., Estimation of combinatoric background
in SeaQuest using an event-mixing method, JINST 18,
10032 (2023).

[28] S. Falciano et al. (NA10 Collaboration), Angular distri-
butions of muon pairs produced by 194 GeV/c negative
pions, Z. Phys. C 31, 513 (1986).

[29] L. Y. Zhu, E866/NuSea analysis note (2005).
[30] C. Lam and W.-K. Tung, A systematic approach to

inclusive lepton pair production in hadronic collisions,
Phys.Rev. D18, 2447 (1978).

https://doi.org/10.1103/PhysRevLett.25.316
https://doi.org/10.1103/PhysRevLett.25.316
https://doi.org/10.1103/PhysRevLett.25.1523
https://doi.org/10.1103/PhysRevLett.25.1523
https://doi.org/10.1103/PhysRevD.57.5780
https://doi.org/10.1103/PhysRevD.57.5780
https://arxiv.org/abs/hep-ph/9711485
https://doi.org/10.1103/PhysRevD.16.2219
https://doi.org/10.1103/PhysRevD.16.2219
https://doi.org/10.1142/9789814503266_0001
https://doi.org/10.1142/9789814503266_0001
https://arxiv.org/abs/hep-ph/0409313
https://doi.org/10.1103/PhysRevD.93.114013
https://doi.org/10.1103/PhysRevD.93.114013
https://doi.org/10.1103/PhysRevD.99.014032
https://doi.org/10.1103/PhysRevD.60.014012
https://doi.org/10.1103/PhysRevD.60.014012
https://doi.org/10.1103/PhysRevD.77.054011
https://arxiv.org/abs/0803.1692
https://arxiv.org/abs/0803.1692
https://doi.org/10.1103/PhysRevD.81.034023
https://doi.org/10.1103/PhysRevD.81.034023
https://arxiv.org/abs/0912.2031
https://doi.org/10.1103/PhysRevD.82.114025
https://doi.org/10.1103/PhysRevD.82.114025
https://arxiv.org/abs/1009.3423
https://doi.org/10.1103/PhysRevD.81.114026
https://doi.org/10.1103/PhysRevD.81.114026
https://arxiv.org/abs/0912.5194
https://doi.org/10.1140/epjc/s10052-018-6114-4
https://doi.org/10.1140/epjc/s10052-018-6114-4
https://arxiv.org/abs/1805.03017
https://doi.org/10.1103/PhysRevD.102.014035
https://doi.org/10.1103/PhysRevD.102.014035
https://arxiv.org/abs/2004.02117
https://doi.org/10.1007/JHEP12(2024)059
https://arxiv.org/abs/2407.06277
https://doi.org/10.1007/BF01549713
https://doi.org/10.1007/BF01549713
https://doi.org/10.1103/PhysRevD.39.92
https://doi.org/10.1103/PhysRevLett.106.241801
https://doi.org/https://doi.org/10.1016/j.physletb.2015.07.065
https://doi.org/10.1103/PhysRevLett.129.091801
https://doi.org/10.1103/PhysRevLett.129.091801
https://doi.org/10.1007/JHEP11(2017)003
https://doi.org/https://doi.org/10.1088/1748-0221/18/10/P10032
https://doi.org/https://doi.org/10.1088/1748-0221/18/10/P10032
https://doi.org/10.1103/PhysRevD.18.2447

