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Impact of new measurements of light quarks at hadron colliders”
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Abstract: Recently a series of new measurements with both the neutral and charge current Drell-Yan processes

have been performed at hadron colliders, showing deviations from the predictions of the current parton distribution

functions (PDFs). In this article, the impact of these new measurements is studied by using their results to update the

PDFs. Although these new measurements correspond to different boson propagators and colliding energies, they are

found to have a similar impact to the light quark parton distributions with the momentum fraction x around 0.1. It

manifests that the deviations are consistent with each other and favor a larger valence d;/u, ratio than the modern

PDF predictions. Further study indicates that such tension arises dominantly from the deep inelastic scattering meas-
urements of NMC and the fixed target experiments of NuSea, both of which play pivotal roles in detecting the relat-
ive u and d type quark contributions for modern PDFs. According to the conclusions of the impact study, it would be
essential to include these new measurements into the complete PDF global analysis in the future.
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I. INTRODUCTION

The Drell-Yan processes [1], encompassing both
neutral current hh(q;q;) — Z/y* — £*¢", and charged cur-
rent hh(q;G;) — W* — £*v production, constitute one of
the most crucial inputs for proton parton distribution
function (PDF) analyses. Within ‘the framework of
Quantum Chromodynamics (QCD); inclusive Drell-Yan
process is rigorously factorized [2] into, a short-distance
hard-scattering part calculable in perturbation theory and
a universal long-distance non-perturbative part incorpor-
ated in the PDFs. This established factorization enables
the Drell-Yan processes to serve as model-independent
probes for PDF determination. At hadron colliders, the
productions of Drell-Yan processes are primarily initi-
ated by u (it) and d (d) quarks, which play a fundamental
role in the PDF studies. The colliding energy and kin-
ematic features renders the Drell-Yan process sensitive to
a wide range of the momentum fraction x of the initial-
state quarks, especially the region x ~ 0.1, where the so-
called "valence" quarks u, and d, are strongly dominant.
Furthermore, the Drell-Yan processes exhibit exception-
al precision in both theoretical predictions and experi-
mental measurements. Theoretically, the inclusive
Drell-Yan production allows the resummation and fixed-
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order perturbative QCD computations achieving percent-
level accuracy; experimentally, the final-state leptons ori-
ginating from W/Z boson decays are detected with very
high efficiencies and small uncertainties. Together with
very small background contaminations, this enables ex-
perimental uncertainties well controlled at also percent
level. Under these conditions, once new Drell-Yan meas-
urements with high precision become available, it's cru-
cial to examine their impacts to light quark PDFs. When
deviations are observed between data and predictions, it
may imply potential limitations in current PDF models or
QCD calculations. Such discrepancies offer unique op-
portunities to refine our understanding of proton struc-
ture.

Some recent Drell-Yan measurements, including the
proton structure parameter R (closely approximating
d,/u,) [3] extracted from the forward—backward asym-
metry (Agg) in Z/y* — £*¢~ by the DO [4] and CMS [5]
collaborations, as well as the W charge asymmetry meas-
urement at high transverse mass (my) region by ATLAS
[6], collectively reveal significant deviations from cur-
rent PDF predictions in the parton momentum fraction
range x ~ 0.1.

These new datasets exhibit distinctive characteristics.
First, they can provide flavor-sensitive information about
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the relative contributions of # and d quarks. Although
various Drell-Yan measurements [7—25] have been ex-
tensively incorporated into modern PDFs [26—28], direct
experimental determination of the relative u and d quark
distributions, such as the light quark ratio d/u, remains
very rare. This difficulty arises because the Drell-Yan
production occurs through both uii and dd initial states
with comparable cross sections and identical final-state
particles. Consequently, the u(it) and d(d) contributions
are always mixed together and experimentally indistin-
guishable, which makes the u and d quarks determination
heavily depend on the choice of non-perturbative formal-
ism in the global analysis. Second, with higher collider
energies, the s-, ¢-, and b-type quark contributions be-
come more significant, thereby complicate the depend-
ence on non-perturbative assumptions in the PDF global
fits. Fortunately, observables from these new datasets are
deliberately designed to contain no or insignificant contri-
butions from these heavy quarks. Due to their significant
deviations from PDF predictions, the distinctive features
make the impact study of these new datasets on PDFs
particular crucial.

The study in this paper verifies that deviations from
all the three datasets are mutually consistent, which may
indicate a coherent tendency in the u and d quark behavi-
ors with respect to the current PDFs. Details are organ-
ized as follows: Section II presents a short review of the
three new Drell-Yan measurements; Section III-studies
the correlations between these new measurements and the
PDFs using the cosine of the Pearson correlation angle;
Section IV examines the impact of these new measure-
ments by updating the PDFs with their results; Section V
presents a summary.

II. REVIEW OF THE NEW DRELL-YAN MEAS-
UREMENTS

For the neutral current Drell-Yan measurement, a re-
cent method proposed in Reference [3] enables a refined
flavor decomposition through the forward-backward
asymmetry (Arp) spectrum in the Z/y* — £*¢~ Drell-Yan
process. The u (i) and d (d) quark information inside Ay
observable can be factorized into a well-defined structure
parameter, R [5], which serves as a novel experimental
observable and reflects unique information of the relative
difference between u and d quarks.

At a pp collider such as the Tevatron and a pp col-
lider such as the LHC, the observable R can be approxim-
ately expressed as

d(x,)d(x;) — d(x))d(x,)
u(xp)u(x) = u(x))ia(x;)
d(x1)d(x2) — d(x1)d(xy)

u(xy) i(x2) — w(x u(xs) -

b

(M

pp

In the above definitions, x;, are the momentum frac-

tions of the two initial-state partons given by
VM2+Q% 1Y . .
Xi2=——5 €, where M, Y and Q7 are the invariant

mass, rapidity and transverse momentum of the dilepton
system in Drell-Yan productions, and +/s is the collision
center-of-mass energy. The convention x; >x, is fol-
lowed, reflecting the typical kinematic configuration at
hadron colliders, where one parton carries a substantially
larger momentum fraction than the other due to the boost
of the dilepton system. The contributions from s-, ¢- and
b-type quarks are mearly perfectly cancelled due to
q(x,0) = g(x,Q), for g = 5, ¢, and b up to the next-to-lead-
ing order (NLQO) in QCD interactions, assuming initial
equality at Qp around 1 GeV. Given the approximation
that the light-quark distributions are approximately fla-
vor-symmetric at low x [26] (i.e.,u(x;) ~ i(xy) ~
d(x,) =d(x,)) for x, <5x107%), one can extract a ratio at
both pp collider and pp collider:

d(x,) —J(xl) _ d,(x1)
o —— = : 2)
u(xy) —a(x))  uy(xy)
which provides a clean experimental probe of the valence
quark ratio d,/u, in the x ~ 0.1 region.

These analyses have been performed: one with the R
parameter extracted using 1.96 TeV pp collision data col-
lected with the DO detector at the Tevatron [4], and the
other with the R parameter extracted using 8 TeV pp col-
lision data collected with the CMS detector at the LHC
[5]. Both results indicate an enhancement of the d,/u, ra-
tio in the x region around 0.1 relative to the predictions
from current PDF sets. These measurements are expected
to provide unique information in the PDF analysis: the
DO measurement extracted the structure parameter R dif-
ferentially in Z boson rapidity regions, focusing in partic-
ular on the interval 1< |Y|< 1.5, which corresponds to
x; ~ 0.1 and x, ~ 0.01. In this kinematic region, the meas-
ured R values were found to be significantly higher than
the predictions of the three modern PDFs (CTEQ [26],
MSHT [27] and NNPDF [28]) by more than 3.5 standard
deviations as illustrated in Figure 1 (left panel). For the
same observable extraction using CMS data in the for-
ward rapidity intervals (1.25 < |Y| < 2.4), corresponding to
x; ~0.05-0.1 and x, ~ 0.002, the measured R values were
also found to be significantly larger than the predictions
of the three PDFs, again implying an ehanced d,/u, ratio
in x ~ 0.1 region (see Figure 1, middle panel). Given the
absence of direct constraints on the relative composition
of valence quarks in current global PDF fits, such devi-
ations are acceptable.

For the charged Drell-Yan process, ATLAS collabor-
ation performed a W charge asymmetry (A ) measure-
ment in the high transverse mass region (mr up to 5 TeV)
at /s =13 TeV [6]. The W charge asymmetry is a classic
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Fig. 1. (color online) Comparison between experimental measurements and theoretical predictions obtained using the modern PDF

sets CT18NNLO [26], MSHT20 [27], and NNPDF4.0 [28], for observables sensitive to the flavor composition of the proton in hadron
collider environments. The left panel shows the DO measurement of the inverse 1/R in the Drell-Yan process at +/s = 1.96 TeV, while
the middle panel presents the CMS measurement of R at /s =8 TeV in a similar process. The right panel shows the ATLAS measure-

ment of the J# boson charge asymmetry A% at s =13 TeV. According to Equation 2, R is defined as a function of x|, with x,

~0.1 be-

ing a valid approximation only in the rapidity ranges 1 <|Y| < 1.5 for the DO data and 1.25'<|Y| < 2.4 for the CMS data. The complete set
of rapidity bins in the left (middle) panel covers a wider range of 0.05 < x; < 0.4 (0.005 < x; <0.1) values.

experimental observable sensitive to PDF defined as
AY = (ow+ —ow-)/(ow+ +ow-), where o is the measured
cross sections. Compared with the traditional W charge
asymmetry measurements, the high transverse mass re-
quirement allows access to higher values of x, such as
x ~0.1. In this x region, the initial # and d quarks lie very
close to the valence peak distributions, whereas s(5), ¢(¢)
and b(b) quarks reside in their tail parts. Consequently,
the processes are overwhelmingly dominated by u and d
quarks. This configuration serves as an independent
probe for studying the relative d/u quark composition.
Notably, a deficit is observed in the ATLAS results relat-
ive to the PDF prediction around m} ~ 1 TeV, suggest-
ing that the relative structure of u.and d quarks may dif-
fer from current PDF expectations (see Figure 1, right
panel). The corresponding x; values probed in this high-
my region lie between 0.02 and 0.3, overlapping with the
x; range probed by the R measurements from both the DO
and CMS experiments.

Given that both observables, the high transverse mass
region W charge asymmetry and the R from App, can
provide information on the relative u and d quark contri-
butions and show deviations from current PDF predic-
tions, especially considering that these measurements are
performed at different colliders with different center-of-
mass energies, involving different processes and distinct
production mechanisms for accessing the x ~ 0.1 region,
their mutual consistency is particularly interesting. As
there are two quarks in the initial states, g(x;)g"(x;) and
3" (x1)q(x,) are alway mixed together, it is necessary to
quantitatively investigate the correlations among these
datasets and their collective impact on the u and d quark
PDFs of the proton.

III. DATASET PDF CORRELATION PATTERNS
AND IMPLICATIONS

To examine the relative correlation and mutual com-
patibility of the experimental datasets, a commonly used

approach is to compute the cosine of the Pearson correla-
tion angle Cy(X,Y) [29] between two quantities X and Y.
In the multidimensional parameter space of the Hessian
PDF framework [30—32], this evaluation is performed by
computing the variations of X and Y under unit displace-
ments along each eigenvector direction £ of the PDF er-
ror set. Specifically, X = X(0,...,+1,...,0) and Y., de-
note the values of X and Y evaluated at the +1o positions
along the k-th eigenvector direction The uncertainties

ouX and SuY are defined as: 6xX = 3 /> X —X_0)°,
6nY =3/ (Yae—Y_1)’. The correlation angle is then

cornputed as:

Cu(X.Y) = Z(x+k X )Y o=Y0)

46, X0uY
_ Zk:1 KXok =X DY = Y1)
VI X=X 02 /S (V- Yoy

A3)

Under this convention, the cosine of the correlation angle
between the minimal fit X? for dataset £ and the parton
distribution function fis defined as:

Zk I(XE(+k)
\/ Zk I(XE(+k)

X%(fk))(f-%—k - f—k)

X2 VS f= [
)

Cu(E, ) =

Thus, a positive Cy(E, f) value generally implies that the
direction minimizing X% simultaneously reduces the
value of PDF f. Conversely, a negative Cy(E, f) indicates
that dataset £ preferentially enhances f.

Since X2 depends on the theoretical predictions for
the observables in dataset £, the RESBOS generator [33] is
employed for neutral Drell-Yan process predictions, and
MCFM [34] is employed for charged Drell-Yan process
predictions. RESBOS provides approximate NNLO QCD
+ N°LL resummation and electroweak corrections via the
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effective Born approximation [35]. The MCFM program
provides NNLO QCD predictions for W-boson produc-
tion, incorporating NLO electroweak corrections.

To identify which parton distribution functions are
primarily responsible for the potential deviations ob-
served among the three datasets, and to assess the consist-
ency of their x-dependent correlation patterns, the
Cy(E, f) between the new datasets and the u,, d,, d,/u,,
u, d, d/u, i, d and d/i PDFs are shown in Figure 2. The
used quark PDFs are from CTI8NNLO. The DO 1.96
TeV R measurement (the blue curve), the CMS 8 TeV R
measurement (the green curve) and the ATLAS 13 TeV
AY measurement (the pink curve) are plotted together. It
should be emphasized that the exact definition of R, as
given in Reference [5], is employed in this chapter and in
Chapter IV, rather than the approximate expressions
presented in Equations 1 and 2.

Very similar patterns of behavior are observed among
the different Cy(E, f) distributions in Figure 2, reflecting
the common physical sensitivity of the three new meas-
urements. For the valence u quark PDF (u,, top-left pan-
el), all three datasets yield positive Cy(E, f) values in the
x region around 0.1, corresponding to the larger-x parton
in their kinematics. From the definition of Cy, a positive
correlation generally indicates that minimizing X% for a
given dataset is accompanied by a reduction in the value
of f,, in this region. This consistent trend implies that all

three measurements favor a lower u, compared with the
CT18NNLO prediction at x~0.1, in line with the ob-
served excess of R and the deficit in AY discussed in Sec-
tion II. A complementary pattern is seen for the valence d
quark PDF (d,, top-middle panel), where all datasets
show negative Cy(E, f) values in the same x region. This
generally indicates that these datasets tend to enhance d,
in this region, together with a reduction in u,, implying
that the deviations in R and A}, can be jointly interpreted
as a preference for a larger d,/u, ratio than modern PDF
predictions, in agreement with the negative value of the
valence d-to-u ratio (d,/uy, top-right panel) at x ~ 0.1.

The middle-row panels show the correlations with the
u, d, and d/u PDFs. At x ~ 0.1, u exhibits a positive cor-
relation for all datasets, again indicating a preference for
a downward shift in this range, while d exhibits the op-
posite sign, indicating an enhanced d quark density.
These patterns persist for the antiquark PDFs (i, d, and
d /i, bottom panels), where d follows the same trend as u,
and & follows the same trend as d at x~0.1. Con-
sequently, these behaviors lead to a negative value of d/u
and a positive value of d/ii at x ~ 0.1, thereby reinforcing
the conclusion that the observed deviations in R and A}
can be simultaneously accounted for by a shift in the
valence-quark ratio d,/u,, defined as (d —d)/(u—ir).

In summary, the strong correlation patterns for u,, d,,
and d,/u,, together with the consistent behavior in the u,
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d, d/u, @, d, and d/au PDFs, provide quantitative evid-
ence that the three new datasets are pulling the current
PDFs in the same direction of increasing d,/u, ratio at
x~0.1. This mutual agreement supports the conclusion
that the observed deviations are unlikely to be independ-
ent statistical fluctuations, but rather reflect a coherent
deviation with the central predictions of current PDFs.

IV. COMPATIBILITY AND TENSION ANALYSIS
VIA WEIGHTED PDF UPDATING

To further assess the compatibility between the three
new hadron collider measurements and the datasets cur-
rently input to modern global PDF fits, as well as to in-
vestigate their impact on the PDF updating results, the er-
ror PDF updating method package (EPump) [30, 36] is
employed to update the CT1SNNLO [26] PDFs. ePump
facilitates efficient updating of the best-fit PDF set and
Hessian eigenvector pairs of PDF sets (i.e., error PDFs)
in light of new data by retaining all theoretical assump-
tions of the original global fit, such as the choice of para-
metrization and number of parameters. In Reference [36],
the EPump framework is validated through detailed com-
parisons with full global analyses, and its potential isil-
lustrated via selected phenomenological applications rel-
evant to the LHC. In this work, the probed x regions and
the related energy scale Q regions lie within the valid-
ated applicability range of Reference [36]. Therefore,
despite the fixed assumptions, the qualitative conclusions
regarding the impact of the new measurements remain
valid.

The PDF updating is performed by systematically
varying the statistical weights of the three newly input
datasets (Rpo , Rems, and Al upyas) from 0 to 15, thereby
progressively enhancing their influences in the PDF up-
dating process. This procedure enables an assessment of
how the global fit responds, and whether these measure-
ments are consistent or in tension with the existing inputs.
Among the pre-existing datasets included in the modern
PDFs, the NMC [22] and NuSea [24] data exhibit the
most significant tensions with the three new hadron col-
lider Drell-Yan measurements and are therefore high-
lighted. The NMC dataset provides values of the struc-
ture function ratio F?/F) extracted from deep inelastic
muon scattering on hydrogen (p) and deuterium (D),
which is sensitive to the relative flavor composition of u
and d quarks. The NuSea dataset is a Drell-Yan dimuon
measurement with proton and deuteron targets, providing
direct access to the d/i ratio through the comparison of
pp and pD cross sections, and reporting a pronounced en-
hancement of the d/a distribution.

As shown in Figure 3, the shifts in the updating are
quantified by evaluating the changes in X? for selected
datasets, expressed as AX® = X7 por — Xopdatedppr- 10
this representation, an increasing AX? curve indicates that

o~ T T T T T T T T ‘ T T T T
410 —+ DO 1.96TeVR  —— CMS 8TeV R ATLAS 13TeV A)—|

I — NMCFyF, NuSea G,/26,, 1

Fig. 3.
the weight (from 0 to 15) of the three new input datasets (Rpo ,

(color online) Impact on the global fit by increasing

Rewms, A(‘:"k" atLas ). The effect is quantified by the changes in X2
for the five selected datasets. Each curve shows
AX? = XX (E)originatPpF — X2 (E)updated poF s a function of the up-
dating weight applied to the corresponding dataset. An in-
creasing slope reflects aligned PDF preferences, whereas a de-
creasing slope indicates opposite tendencies and potential ten-
sion.

the selected dataset favors PDF modifications in the same
direction as the three new data inputs, while a decreasing
trend suggest a tension. The three new hadron collider
Drell-Yan datasets exhibit monotonically increasing
trends, indicating a consistent preference for the updated
PDFs. In contrast, the NMC and NuSea datasets show
generally decreasing curves with larger X?,;,qappr Values,
highlighting a significant tension between these fixed-tar-
get measurements and the new hadron collider Drell-Yan
data.

To further illustrate the impact of the three new data-
sets on individual parton densities, we compare the ori-
ginal CT18NNLO PDF set with the updated version gen-
erated through EPump tool, where each dataset was as-
signed a weight of 15. Figure 4 shows the ratios of the
updated PDFs to the original ones, together with their un-
certainties, for nine selected parton flavors: u,, d,, d,/u,,
u,d, d/u, it, d and d/u, all evaluated at Q = 100 GeV.

The most pronounced changes appear in the valence
quark PDFs within the x ~ 0.1 region, where all three
datasets have their strongest sensitivity. Consistent with
the Cy(E, f) correlation patterns in Figure 2, the updated
u, distribution exhibits a downward shift in this range,
while d, shows a corresponding enhancement, jointly in-
dicating a preference for a larger d,/u, ratio. The same
flavor-dependent tendency is also visible in the other
quark PDFs: u, d, and d/i are reduced, whereas d, i, and
d/u are enhanced, in agreement with the correlation ana-
lysis discussed in Section III. Outside the x ~ 0.1 region,
the observed shifts are largely driven by the valence
quark sum rules fol u,(x)dx =2 and fol d,(x)dx=1,
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X

(color online) Comparison between updated PDFs, which are updated by the three new datasets with weight 15, and the ori-

ginal CTI8NNLO central predictions. Each plot shows the ratio of the updated PDF to the original one, with associated uncertainty

bands.

V. SUMMARY

In summary, recent hadron collider Drell-Yan meas-
urements including the R ratios from forward-backward
asymmetry at DO and CMS, and the high-mr W charge
asymmetry A% from ATLAS, exhibit a coherent prefer-
ence for an enhanced d,/u, ratio in the x ~ 0.1 region.
Despite the differences in collider types, energies, and
observables, these measurements demonstrate strong mu-
tual consistency, especially in their correlation patterns
within the global fit parameter space. A clear tension is
observed between these collider measurements and fixed-

target data such as NMC and NuSea, which have tradi-
tionally played a dominant role in constraining the relat-
ive light quark flavor structure. This result indicates a dis-
tinct trend in the preferred flavor composition of u and d
quarks. Future measurements with higher statistics will
be crucial for placing more stringent constraints on the
light-quark compositions. It should be noted that in this
study, the results are derived from the EPump analysis
tool, and the associated momentum fraction x represents
only a Leading Order approximation, therefore a full PDF
global analysis is required for more robust conclusions.
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