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The asymmetry of antimatter in the proton
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The fundamental building blocks of the proton—quarks and gluons—have been
known for decades. However, we still have anincomplete theoretical and
experimental understanding of how these particles and their dynamics giverise to the
quantumbound state of the proton and its physical properties, such asits spin’. The
two up quarks and the single down quark that comprise the protonin the simplest
pictureaccountonly for afew per cent of the proton mass, the bulk of whichisin the
form of quark kinetic and potential energy and gluon energy from the strong force?.
An essential feature of this force, as described by quantum chromodynamics, is its
ability to create matter-antimatter quark pairs inside the proton that exist only for a
very short time. Their fleeting existence makes the antimatter quarks within protons
difficult to study, but their existence is discernible in reactions in which a matter—
antimatter quark pair annihilates. In this picture of quark-antiquark creation by the
strong force, the probability distributions as a function of momentum for the
presence of up and down antimatter quarks should be nearly identical, given that
their masses are very similar and small compared to the mass of the proton®. Here we
provide evidence from muon pair production measurements that these distributions
are considerably different, with more abundant down antimatter quarks than up
antimatter quarks over awide range of momenta. These results are expected to revive
interest in several proposed mechanisms for the origin of this antimatter asymmetry
in the proton that had been disfavoured by previous results*, and point to future
measurements that can distinguish between these mechanisms.

The structure of the proton is a prototypical example of a strongly  interaction. The original quark model, inwhich the proton consists of
coupled and correlated system with quarks and gluons interacting  twoup quarks (1) and one down (d) quark, has an appealing simplicity,
according to quantum chromodynamics (QCD). At large energy  butexperiments that measure the distributions of quarks asafunction
and momentum scales, the interaction is relatively weak, whereas at  of the fractional momentum (x) of the proton that these quarks carry
lower energy scales the picture is clouded by the increasingly strong  haverevealed arich structure with additional quarks, antimatter quarks
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Fig.1|Ratios 6,/(20y). a-c, Ratios oy (x,)/[20,(x,)] (red filled circles) with their
statistical (vertical bars) and systematic (yellow boxes) uncertainties asa
function of x, (a) and of transverse momentum, P; (b), and mass, M (c), of the
virtual photon. The cross-sectionratios are defined as the ratio of
luminosity-corrected yields from the hydrogen and deuterium targets. Also
shown (open black squares) are the results of the NuSea experiment* for the x,
dependence, with statistical uncertainties only. NuSeaalsoreports an overall
1% common systematic uncertainty. The massscale of the NuSeadataisup to

(antiquarks) and gluons, beyond the minimal three-quark Fock state.
These additional quarks and antiquarks are referred to as sea quarks.
Collectively quarks and gluons arereferred to as partons. It is not pos-
sible to identify any individual up or down quark as a sea or valence
quark, but antiquarks and strange quarks must belong to the sea, so
their study promises to reveal information about the structure of the
proton. Evenbefore QCD, hadronic models emphasized theimportance
of the presence of mesons (for example, ref. *), and therefore (as was
realized later) antiquarks, in the physical state of a proton or neutron.
Nevertheless, the initial naive expectation was that the seawas formed
predominantly by gluons splitting into quark-antiquark pairs. Indeed,
several authors assumed that at some low momentum scale the sea
quarks and gluons vanish, and at high momentum scales they are all
generated by gluon radiation and then gluon splitting. These assump-
tions were used to describe successfully the existing datain the late
1970s (for example, refs. ¢7).

In the early 1990s the New Muon Collaboration (NMC) reported
measurements of the deep inelastic structure functions (£,) of hydro-
gen (H) and deuterium (D)®° at 0.004 < x < 0.8. The cross-section for
deepinelastic scattering measures the charge-squared-weighted sum
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50% larger than that of the SeaQuest data, and the distributionsin the other
kinematicvariable, x,, are slightly different owing to the differingbeam
energiesand acceptances of the experiments. These differences imply that the
cross-sectionratios donot need to beidentical. Thisis demonstrated by the
redsolid and violet dashed curvesrepresenting NLO calculations of the
cross-section ratiowith SeaQuest and NuSea kinematics using CT18 parton
distributions®. The horizontal bars on the data pointsindicate the width of the
bins.

ofthe quark and antiquark distributions, in this case at an average scale
of 4 GeV?/c? (c, speed of light in vacuum). The integrals of the parton
distributions of the proton (p) and neutron (n) were assumed to have
charge symmetry, IL up(x)dx=jz) d,(x)dx, where u,(x) is the probabil-
ity distribution of up quarksinthe protonand d,(x) is the distribution
of down quarksinthe neutron, with similarintegrals for the other quark
flavours, and nuclear effects in deuterium were assumed to be small
(F9=F5+F?%.Inthat case, their measurements and their estimate of
the unmeasured region led NMC to conclude

L dx " 1 2¢, —
J, TR0 - Fi0) = 5 + 3jo dxlz(0) - d(0]=0.235+0.026, ()
and thus the integral of d (x) is greater than that of (x),

1
IO dx[d (x) - a(x)] = 0.147+0.039, @)

where @1(x) and d (x) are the distributions of up and down antiquarks
inthe proton, respectively.
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Fig.2|Ratiosd (x)/ii(x). Ratios d (x)/i(x)in the proton (red filled circles) with
their statistical (vertical bars) and systematic (yellow boxes) uncertainties
extracted fromthe present databased on NLO calculations of the Drell-Yan
cross-sections. Alsoshown are the results obtained by the NuSea experiment
(openblack squares) with statistical and systematic uncertaintiesadded in
quadrature®. The cyan band shows the predictions of the meson-baryon model

The Drell-Yan process in hadron-hadron collisions is a reaction in
whichaquarkandanantiquark annihilateinto avirtual photon, and that
virtual photon decays into alepton-antilepton pair'®. One canisolate
the antiquark distributions from the Drell-Yan cross-section by mak-
ing use of this property. At lowest order, the Drell-Yan cross-section
ogisgivenby

d’s  4ma®
dx, dx; 98 X, X7

ealg05,)q(x) + G (%) q(x)], 3)

where x, and x, are the momentum fractions of the beam and target
partons participating in the reaction, respectively, e, is the electrical
charge of quarkflavour g, g(x) and g(x)are the probability distributions
for quarks and antiquarks of flavour g in the proton, « is the
fine-structure constant, andsisthe square of the centre of mass energy
ofthebeamandtarget.InaDrell-Yan measurement at CERN, the NAS1
collaboration confirmed" that d (x) is larger than @(x) at an average x
value of 0.18.

WhenaDrell-Yan experiment is performed with a protonbeam and
kinematic acceptance that selects events withx, in the valence-quark-
dominated region and with Feynman momentum fractionx; =x, — x>0,
thefirstterminequation (3) dominates. The charge-squared weighting
and the fact that u,(x) is approximately 2d,(x) for the valence quark
distributions of the proton beam mean that the measurement is, by a
factor of approximately eight, more sensitive to & quarksin the target
thand. The renormalization and factorization scales for the extraction
of parton distributions are usually chosen as the mass of the virtual
photonsquared times the speed of light squared, M*c? = (x,x,s/c?) - P,
where P2 is the square of the transverse momentum of the virtual
photonand is usually small compared to M*c. Using charge symmetry™
to relate the proton and neutron parton distributions (u,(x) = d,(x),
d,(x) =u,(x), w,(x) = d,(x), d,(x) = @,(x)), as is assumed by almost all the
global parton distribution fits, and assuming that the nuclear correc-
tions in the deuteron are small, as supported by calculations™*,
the ratio of the Drell-Yan cross-section on a deuterium target to that
on a hydrogen target, op/0y= (0, + 0,)/0,= 1+ [d,(x,)/T@,(x)], almost
directly measures d (x)/u(x,).

The FermilabNuSea/E866 collaboration* (whose results are displayed
inFigs.1,2)was able to measure the x,dependence of the 0,/(20,,) ratio

of Alberg & Miller® and the green band shows the predictions of the statistical
partondistributions of Basso etal.”’. Thered solid (blue dashed) curves show
theratiosd (x)/a(x) calculated with CT18%° (CTEQ6*) parton distributions at
thescalesofthe SeaQuestresults. The horizontal bars onthe data points
indicate the width of the bins.

withan800-GeV protonbeamin the kinematic range 0.015<x,<0.35,
and by extrapolating the results to x,= 0 and x, =1 obtained a value of
f:) dx[d (x) — @i(x)] = 0.118 + 0.012at an average scale of 54 GeV?/c?). The
HERMES collaboration also measured part of this integral and obtained
results® consistent with those of NMC and NuSea. One feature of the
NuSearesults, with admittedly limited statistics, is the suggestion that
the ratio of d (x)/u(x) begis to decrease for x> 0.2, reaching a value of
d(x)/a(x)=0.35+0.40atx=0.31,as seenin Fig. 2.

There are various mechanisms that may account for the antiquark
flavour asymmetry of the proton; recent reviews include refs. *7, Pauli
blocking™ may lead to a flavour asymmetry as the extra u valence quark
Pauli blocks some u-u pairs from forming, but the x dependence and
even the sign of this mechanism are debated in the literature®’. A
related approach involves statistical models?®?'. Another class that
includes chiral soliton models?? and meson-baryon models emphasizes
mesonic degrees of freedom in the proton structure® %, These latter
models (statistical, chiral soliton and meson-baryon) attempt to
describe the entire non-perturbative composition of the proton, and
a common feature of these modelsis arise in the d /@ flavour asym-
metry with x. Although at low x this behaviour reproduces the NuSea
data, none of these models is able to reproduce the fall-off at higher x
observed by NuSea. The only abinitio technique with which to calculate
the partondistributions of the protonis lattice QCD (recently reviewed
by Linetal.?). At this time, the lattice results for both quarks and anti-
quarks aresstill notin quantitative agreement with global fits of parton
distributions to experimental data, and the systematic errors are still
being evaluated.

The SeaQuest experiment (E906) at Fermi National Accelerator Labo-
ratory (Fermilab) was designed to investigate the flavour asymmetry at
higher x, values than NuSea with the newly constructed experimental
apparatus that is described in detail in ref. ”. With a proton beam at an
energy of120 GeV, liquid hydrogen and deuterium targets and afocusing
magnet of 10 T mafter the target region, the experiment was optimized
for the study of target antiquarks in the intermediate region, with x,
around 0.3, by detecting muon (u"i") pairs from decays of the virtual pho-
tons producedin the Drell-Yan process. The proton beam was extracted
from the Fermilab Main Injector using slow-spill extraction for 4 severy
60 s. The microstructure of the beam consisted of 1-ns-long bunches of
approximately O to 80,000 protons at 53 MHz repetition rate. About
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Table 1| Ratios o,/(20,,)

x,bin op/(20,) £ stat. t syst. X,

0.130-0.160 0147 0.688 47 0.651 1.211+0.052 + 0.053 0.013
0.160-0.195 04179 0.61 4.88 0717 1.141+£0.043 +0.025 0.016
0.195-0.240 0.216 0.554 51 0.757 1196 £ 0.042+0.044 0.019
0.240-0.290 0.263 0.519 5.46 0.786 1165 + 0.046 + 0.032 0.022
0.290-0.350 0.315 0.498 5.87 0.7 85 1193 £ 0.050 + 0.034 0.026
0.350-0.450 0.385 0.477 6.36 0.776 1113+ 0.064 £ 0.039 0.030

Cross-section ratios op/(20,,) binned in x,, with their statistical (stat.) and systematic (syst.) uncertainties and the average values for the kinematic variables in each x, bin. The cross-section ratios
are defined as the ratio of luminosity-corrected yields from the hydrogen and deuterium targets. The final column is the experimental resolution in x, as determined by Monte Carlo simulations.

6 x10" protons were incident on the target in the 4-s-long extraction
period. A Cherenkov detector, installed in the beam line, measured the
number of protons for each bunch and allowed high-intensity bunches
(usually greater than 64,000 protons) to be vetoed.

The data analysis procedure is described in Methods. The primary
challenge in the data analysis consisted of rate-dependent effects that
were exacerbated by large fluctuations in the bunch beam intensity.
Theaverage duty factor of the beam, defined as the square of the aver-
age intensity divided by the average of the intensity squared during
the beam spill, {Y*/</*, ranged between 20% and 40%. These intensity
variations had two primary consequences: first, a variationin the track
reconstruction efficiency and second, achange in the rate of acciden-
tal coincidences. Rather than trying to separate and model all the
rate-dependent effects, the ratios of the yields on deuterium, Y, and
hydrogen, ¥;;, were analysed by fitting them as a function of x,and bunch
intensity, /, with a functional form. For the final analysis, the form

2)1)/3:((;,11)) =R, +al+bI* was chosen based on the Akaike information
v ¢

criterion®. Here, x, is the bin average of each x, bin, R, is thefitted cross-
sectionratioat zero intensity, o,/(20,;),and aand b are constants fitted
to the entire x, range. The results from this form were compared with
other functional forms, such as ZY;’;f;t';) =R, +(ay+ap)l+(by+bx)I?
and the differences between the results obtained with these two forms
were taken as part of the x,-dependent systematic error. The only other
significant systematic uncertainty was related to the relative beam
normalization, which had a standard deviation of 2% of the measured
ratio for each point and was completely correlated over the measure-
ments. The cross-section ratios, o,/(20,,), defined as the ratio of
luminosity-correctedyields fromthe hydrogen and deuterium targets,
measured by SeaQuest as a function of x,, Mand P;, are shown in Fig. 1
and tabulated in Table 1, along with the average x;,, M, and P;. (The
cross-section ratios values for the Prand M plotsin Fig. 1are given in
Extended DataTables1,2.) The average values of x,, x,, Mand Prineach
binare the same for deuterium and hydrogen within uncertainties and
are not corrected for acceptance. The statistical uncertainty on each
datapointisthe uncertainty returned from the fit on the zero-intensity
(R) parameter, where the uncertainty of the individual ratios only
included the counting uncertainties of the Drell-Yan yields on the
hydrogen and deuterium targets. Because parameters a and b are fitted
over all x, bins, the statistical uncertainty is correlated by 40-70%
among x, bins. The covariance matrix is given in equation (9) in Meth-
ods. The systematic uncertainty is fully correlated among all x, bins.
The observationthatboth Mand P; (for all but the very highest P; bins)
distributions for deuterium and hydrogen have the same shapes helps
to confirm that the acceptances are very similar for each target. Also
shown in Fig. 1are the results from NuSea* as a function of x, and the
cross-section ratio calculated at next-to-leading order (NLO) with the
CT18% parton distribution. The NuSea results are at a different scale,
54 GeV?/c?, than the SeaQuest results, 22-40 GeV?/c%. The cross-section
ratios depend on both x; and x, and, owing to the differing beam
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energies and acceptances, the x, distributions are slightly different for
SeaQuest and NuSea, the effects of which are shown in Fig. 1 and
Extended Data Fig. 1.

To extract d (x)/u(x), NLO calculations of 6,/(20,,) were carried out,
starting fromseveral NLO global fits to the parton distributions (CT10%,
CT14¥,CT18”, MMHT2014*). No nuclear correction for deuterium was
applied, but a systematic uncertainty of (0.5 + 5x,)% was included
according to the range of deviation from unity found in refs. >, Hold-
ing all other parton distributions fixed, including the sumd (x) + @(x),
the ratiod (x)/u(x) for each x,bin was varied until the results converged
on the measured cross-section ratios. The correlations of the statisti-
cal uncertainties of g,/(20,) were propagated through the extraction
of d /. The dependence of the ratio d (x)/@(x) above the measured x
regionon the value of o,(x)/[20,,(x)] was estimated by varying this value
from1.0 to 0.5 and 2.0. The spread of the results due to the choice of
initial parton distributions was always less than half of the statistical
error. Each x, bin was subdivided into multiple x, sub-bins. The
cross-sections for hydrogen and deuterium were calculated separately
for each sub-bin at <(x;), (x;,» and (M) of that sub-bin, and an
acceptance-weighted sumwas used to determine the final cross-section.
These distributions are given in Extended Data Table 3. Calculations
using only one average x,and x, for each x,bin were less reliable. It was
also found that a leading-order extraction of d(x)/u(x) using
leading-order partondistributions and cross-section calculations gave
very similar results for the ratios as the NLO results.

Theresulting d (x)/u(x)ratios obtained when starting with the CT18
distributions are givenin Table 2 at the scale of each x, bin and are dis-
played in Fig. 2 in comparison with the NuSea results. The trends
between the two experiments at higher x, are quite different. No expla-
nation has been found yet for these differences, even though there is
asmall overlap between the members of the NuSea and SeaQuest

Table 2 | Ratios d(x)/d(x)

d(x)/d(x) + stat. + syst.

0147 1.42373:985 13108
0179 1.33815:952 +0-065
0.216 1.487:5:592 1910
0.263 1.4821574 +0.0%8
0.315 1.645!3148 10125
0.385 1‘578t0.214 +0.153

0.203 -0.148

Ratios d(x)/T(x) with their upper and lower statistical and systematic uncertainties. The
analysis was based on the present cross-section ratio data and NLO calculations of the
Drell-Yan cross-sections using CT18 parton distributions for all calculations except d(x)/T(x).
The systematic uncertainty is fully correlated among all x bins. The systematic uncertainty
does not include a contribution from the choice of the base (CT18) parton distributions, which
is small if added in quadrature to the other systematic uncertainties.




collaborations. The present data are reasonably described by the pre-
dictions of the statistical parton distributions of Basso et al.”! and by
the chiral effective perturbation theory of Alberg & Miller®, also shown
in Fig. 2. These two calculations emphasize rather different
non-perturbative mechanisms that lead to the differencesind (x) and
(x). The present data show that d is greater than & for the entire x
range measured in this experiment. This provides important support
forthese and other non-perturbative mechanisms of the QCD structure
of the proton that were disfavoured by the NuSea results.

The next major step to help us to assess the various models is to
measure how much the spin and angular momentum of the antiquarks
contribute to the total spin of the proton. It has long been realized
that these models make rather different predictions for the contribu-
tion of the total spin of the proton carried by the antiquarks'®". For
example, meson-nucleon models predict that little spin is carried by
the antiquarks, the statistical model finds a difference in spin
of Ad (x) - Aui(x) = - [d (x) — u(x)], and chiral soliton models® predict
Ad(x) - At(x)=- %[J (x) — u(x)]. Experimentsare planned or are under-
way at Fermilab, the Thomas Jefferson National Accelerator Facility,
Brookhaven National Laboratory and the European Organization for
Nuclear Research to pursue this goal'®”.

These results affect the reach of a p—p collider, such as the Large
Hadron Collider, for new physics. For example, production of the
high-mass Z” and W’ particles has been shown to be dominated by
light-quark fusion®. Calculations with contrasting statistical distribu-
tions (CTEQ®6 distributions), which mimic the present (NuSea) data,
showthat theratiod /Tisrelatively insensitive to scalein each case. At
mass scales of 4-5TeV/c?, just above current limits on Z’ production®,
cross-sections driven by the fusion of u,(x;) and d (x,) with x; = x,=0.3-
0.4 willbeenhanced accordingto the presentresults, and cross-sections
drivenby u, (x)u(x,) will be diminished, compared to those calculated
with the central values of previous parton distributions.
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Methods

For the measurement of the pd-to-pp Drell-Yan cross-section ratios,
50.8-cm-long liquid hydrogen (0.069 interaction lengths) and liquid
deuterium (0.116 interaction lengths) targets and an empty target flask
were used. The targets were interchanged every few minutes to sub-
stantially reduce time-dependent systematic effects.

The SeaQuest spectrometer was constructed for the measurement of
muon tracks inthe forward region (laboratory angles lessthan 0.1rad).
Itiscomposed of two magnets and four detector stations, each consist-
ing of fast trigger detectors and drift chambers, distributed over 25m
alongthebeam direction, withal-m-thickiron muonidentification wall
before thefinal detector station. The first magnet provided a 3.07-GeV/c
transverse momentum kick between the target and the first detector
station to enhance the acceptance for muon pairs resulting from the
decay of high-mass virtual photons and to reduce the acceptance for
the large background of low-mass (less than 4 GeV/c?) virtual photon
events. It was filled with solid iron to absorb the proton beam and all
other hadronsand electrons producedineither the target or thisbeam
dump. Asecond magnet (witha 0.41-GeV/c transverse momentum kick)
located between the first and second detector stations provided for
charge and momentum measurements of the muons. Theironhadron
absorber between the third and fourth stations was used to establish
the identification of muons.

Opposite-sign muon pairs were combined into di-muon candidates.
The muons of each candidate were tracked back through the spectrom-
eter to find whether they emerged from a common vertex along the
beam path and near the target. The resolution of the vertex location
was about 30 cmalong thebeamdirection, compared with the170 cm
separation between the target centre and the average interaction point
of protons in the solid iron magnet. Events identified as coming from
the target were refitted using the target-centre vertex location, and
the di-muon mass, M, the longitudinal momentum in the laboratory
frame, P,, and the transverse momentum, P;, were determined. With
this information, the fractional momentum of the beam and target
quarks participating in the reaction were calculated as

_ ptarget ) I:’sum
ptarget ' (pbeam + ptarget)

)

Xp

- I:’beam ) psum
I:’beam ’ (pbeam + ptarget)

X

()]

where Prarge; aNd Ppear are the four-momenta of the target and beam,
respectively, and py,, is the sum of the four-momenta of the positive and
negative muons. The prominent//g peak (resolution of 0.21GeV/c?) and
the requirement that events come from the target or beam dump were
used to calibrate the field integral of the solid iron magnet. The mass
spectraare shown in Extended Data Fig. 3. Detailed field maps coupled
withHall probe measurements were used to calibrate the second magnet.
Various kinematic constraints were placed on the accepted events,
the mostimportant ones being the requirements for the virtual photon
mass to be greater than 4.5 GeV/c*and for the primary vertex to be in the
target region. Theyields for each target were corrected by subtracting
the appropriately weighted yield of the empty target flask. For much
of the data sample, the deuterium target had a HD contamination of
8.4% + 0.4% per molecule and the yields were corrected accordingly.
The beam normalization and the uncertainty in the rate-dependence
corrections were the dominant systematic errors. Other smaller contri-
butionsinclude the uncertainty in the purity of the deuteriumtarget,
uncertainties in the target density, and the contribution of the tail of
theJ/¢ and ¢’ peaks to the di-muon mass spectrum above 4.5 GeV/c’.
Instantaneous fluctuations in the beam intensity during data
collection presented the main challenge in the data analysis.

These fluctuations occurred at the accelerator frequency of 53 MHz
and led to a luminosity-normalized rate-dependent variation in the
yield of events from the deuterium and hydrogen targets for anumber
of different sources. Several approaches were considered to account
for this variation. Generally, the simplest approach would be to reject
any event produced when the accelerator was above a certain, arbi-
trary (fairly low) threshold, and absorb the remainder of the effect
into a systematic uncertainty. This would have a substantial impact
on the statistical significance of the data. A second approach would
be to model eachindividual effect in Monte Carlo, then parameterize
individual effects, and finally apply the combined parameterizations
tothe data. The systematic uncertainty would need to account for the
accuracy of the model and for any still unknown effects. For the present
data, athird method was chosen, which allowed the full statistical power
of the data to be maintained without requiring each and every effect
of the intensity variation to be modelled.

This method considers only the final result—the ratio of event yields
between the two targets—as afunction of intensity. For each x, bin, the
cross-sectionratiowas plotted as afunction of theinstantaneous beam
intensity when thatevent occurred, asillustrated in Extended Data Fig. 2.
The effect of the intensity dependence on the final result could thenbe
parameterized from the measured data and then extrapolated to zero
intensity. The simplicity of this method is that only the dataare used to
measure and correct for the intensity dependence. Because the x, bin
boundaries arearbitrary relative to the beamintensity, asmooth, com-
mon parameterization for theintensity dependenceis tobe expected. A
variety of parametric forms were compared to the data. One such formis

% =R, +al+bI?, (6)
where Yy, is the luminosity-normalized, empty-target-subtracted
yield of events from the deuterium (hydrogen) target. In this form, a
and b are parameters of the fit that are common to all x, bins describing
theintensity, /, dependence, and R, is the zero-intensity intercept for
thatbin. Theinterceptsresulting from the simultaneousfit of all x, bins
gives the cross-sectionratio 0,/(20,,) for each bin. The commoninten-
sity parameters, a and b, correlate o,/(20,,) for all bins and are also
determined in the simultaneous fit. Other forms were also studied,
including, for example,

Yo(x., 1)
m =Ry +(ag+ap)l+(by+byx)I, (7)
which allows for anx,-correlated intensity dependence. An example of
aless conventional extrapolation form that was considered is

Bx, D I
e =R, cos dorax. ) (8

Inaddition, constraining either a or bto zero and thus eliminating the
lor Pdependence was explored. Using the Akaike information criterion
to avoid over-parameterization, the form given in equation (6) was
chosen for the extrapolation. The resulting fits from three represent-
ative x,bins are shown in Extended Data Fig. 2. Acomparison with afit
to the parameterization in equation (7) was used to estimate the sys-
tematic uncertainties. The covariance matrix for the intercepts R,
resulting from the fit to equation (6) is

270 119 115 120 109 116
119 187 125 131 119 126
115 125 179 125 115 121 |, 1073, 9)
120 131 125 214 120 127
109 119 115 120 249 116
116 126 121 127 116 4.06



The same technique was independently applied to the databinned in
transverse momenta, Py, and mass, M.

The cross-sectionratios showninFig.1andlisted in Table1are not cor-
rected foracceptance. Tocompare any calculation withthe present data, it
isnecessary to consider the SeaQuest spectrometer’sacceptanceinx;. The
appropriate theoretical cross-sectionratio may be calculated forax; binias

(&J _ 24 o5 (x,, X, M) 10)

204 l_ 23 A0, X M)

where the subscriptj denotes the jth x, sub-bin of the ith x, bin, and 4;
istheacceptance for that bin, tabulated in Extended Data Table 3. Finally,
ag‘;lﬁ)(xt, X, M) is the calculated cross-section, where the dependence
onx, x, and M has been made explicit. The code used by SeaQuest for
the NLO calculation ofog‘zlﬁ)(x, M)was provided by W. K. Tung of CTEQ.

Data availability

Raw datawere generated at the Fermi National Accelerator Laboratory.
Derived data supporting the findings of this study are available from
the corresponding author upon request.
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Extended DataFig.1| Comparison of NuSea and SeaQuest datawithNLO
calculations.a, b, Comparison of the datafrom the present work and the
NuSea measurements with NLO calculations made at the integrated kinematics
of SeaQuest (a) and average kinematics of NuSea (b) based on the CT18 and
CTEQ6m partondistributions. Events in the SeaQuest datawere producedbya
120-GeV proton beam, whereas in the NuSea datawere from an 800-GeV beam.
Inaddition, the spectrometers, although similarin concept, had different
acceptances. Asaconsequence, the cross-section ratios, which convolve x,

withx,, areexpected to differ because of their distinct distributionsin
acceptedx,. These kinematic effects can clearly be seen by the difference
betweenthe curves. Because anacceptance table analogous to Extended Data
Table 3 was not available for NuSea, those calculations used (x.), {x,) and (M) of
the NuSeadata.Both CTEQémand CT18 have included the NuSea datain their
global analysis, so calculations based on those probability distribution
functionsare expected to agree better with the NuSeadata. The red (violet)
curveina(b)isthesameasthatinFig.laandis repeated here for comparison.
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Extended DataFig.3|Reconstructed invariant massspectra. process becomes the dominant feature. The dataare shownasred points.
a, b, Reconstructed muon-pair invariant-mass spectra for the liquid hydrogen Additionally, Monte Carlo (MC) simulated distributions of Drell-Yan, J/¢pand ¢,
(a) and liquid deuterium (b) targets. In the lower mass region, the predominant along with measured random-coincidence and empty-target backgrounds, are
signalis produced by /¢ > u'u” decay, followed by yi'pi” decay of ¢”. The shown. The sum oftheseis showninthebluesolid curve labelled‘MC sum’. The

prominence of the J/ peak provides a calibration point for the absolute fieldof =~ normalizations of the Monte Carlo and the random background were from a fit
the solidironmagnet. Atinvariant masses above 4.5 GeV/c? the Drell-Yan tothedata.



Extended Data Table 1| Ratios 6,/(20,) as a function of P;

Pr (GeV/c) (Pr)(GeV/c) op/(20u) £+ stat. =+ syst. 0 Pr (GeV/c)

0.0 -0.3 0.198 1.137 £ 0.049 £ 0.061 0.161
0.3 —-0.5 0.405 1.174 £ 0.045 £ 0.052 0.177
0.5—-0.7 0.599 1.209 £ 0.046 £+ 0.038 0.188
0.7-0.9 0.797 1.210 £ 0.046 £ 0.045 0.194
09-12 1.035 1.130 £ 0.043 £ 0.037 0.198
1.2-1.5 1.330 1.287 £ 0.061 £ 0.094 0.201
1.5—-1.8 1.625 1.087 £ 0.078 £ 0.099 0.206
1.8-23 1.915 0.838 £ 0.095 + 0.162 0.204

Ratios op/(20,,) with their statistical and systematic uncertainties as a function of transverse momentum, P;. The cross-section ratios are defined as the ratio of luminosity-corrected yields from
the hydrogen and deuterium targets. The final column, 8P;, is the experimental resolution in P; as determined by Monte Carlo simulation.
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Extended Data Table 2 | Ratios 6,/(20,,) as a function of M

M (GeV/c®) (M) (GeV/c?)  opn/(20u) + stat. +syst. M (GeV/c?)

4.4—-4.6 4.55 1.170 £ 0.053 &£ 0.059 0.24
4.6 —4.8 4.70 1.204 £ 0.047 £ 0.039 0.24
4.8 -5.0 4.90 1.202 £ 0.048 £ 0.039 0.25
5.0—-5.2 5.10 1.163 £ 0.050 +£ 0.039 0.26
5.2—-5.5 5.34 1.123 £ 0.046 £ 0.037 0.26
55—6.5 5.89 1.183 £ 0.043 +£ 0.042 0.28
6.5 — 8.8 6.91 1.167 £ 0.068 £ 0.096 0.30

Ratios op/(20,,) with their statistical and systematic uncertainties as a function of mass, M. The cross-section ratios are defined as the ratio of luminosity-corrected yields from the hydrogen and
deuterium targets. The final column, 8M is the experimental resolution in M as determined by Monte Carlo simulation.



Extended Data Table 3 | Spectrometer acceptance

xy,  0.30-
Tt 0.35
0.130-
0.160
0.160-
0.195
0.195-
0.240
0.240-
0.290
0.0002
0.290- 0.341
0.350 0.324
4.95
0.0006
0.350- 0.339
0.450 0.384
5.38

The acceptance relative to a 4 detector and average kinematic values for bins in x, and x,. Each cell shows, from top to bottom, the acceptance, {x.), {x,» and average mass for each sub-bin.
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