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In this study, we examine closely the impact of the post-CT18 LHC Drell-Yan data on parton distribution
functions (PDFs) in the general CTEQ-TEA global analysis framework. We compare the two main
theoretical predictions, the MCFM fixed order calculations at next-to-next-to-leading order (NNLO) and
the ResBos2 NNLO matched to qT resummation up to next-to-next-to-next-to-leading logarithmic (N3LL)
level. We find that the overall inclusive cross sections agree well but the fiducial distributions can differ at a
percent level. We mainly discuss the result of the ResBos2 resummation calculation which yields a smaller
Monte Carlo uncertainty, and a better description to the post-CT18 LHC Drell-Yan data. We find that the
majority of post-CT18 LHC Drell-Yan data are consistent with the ATLAS 7 TeV W, Z data, which were
included in the CT18A, but not CT18, fit and increases the strange-quark distribution at the small x region.
The noticeable exception is that the ATLAS and LHCb 8 TeVW data pull dðd̄Þ quark PDFs to the opposite
direction with respect to the ATLAS 7 TeV W, Z data. The inclusion of these post-CT18 LHC Drell-Yan
datasets in the CTEQ-TEA global analysis is to update the CT18 PDFs following similar trends as CT18Z
PDFs. The parton luminosities and a few phenomenological implications with the fiducial W�; Z and
inclusive H; tt̄; tt̄H productions at the 14 TeV LHC, as examples, are presented.
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I. OVERVIEW

The Drell-Yan mechanism, first introduced by Sidney
Drell and Tung-Mow Yan [1], describes the lepton-pair
production through quark-antiquark annihilation in hadron
collisions. It turns out to be a cornerstone process to establish
the strong interaction theory, i.e., quantum chromodynamics
(QCD). The charged- and neutral-current Drell-Yan produc-
tions at the superproton synchrotron (SPS) led to the

discoveries of the W [2,3] and Z [4,5] bosons, separately
observed by UA1 and UA2 Collaborations. Meanwhile, the
Drell-Yan production can also provide a precise determi-
nation of the Standard Model (SM) parameters, such as the
weak-mixing angle [6–8], the strong coupling [9], and the
weak-boson widths and branching ratios [10]. The latest
high-precision measurement ofW-boson mass performed by
the CDF Collaboration based on the Tevatron Run II data
shows a 7σ deviation from the SM expectation [11], which
inspires numerous Beyond the Standard Model (BSM)
explanations. In modern global QCD analyzes [12–18],
the Drell-Yan production plays a crucial role in constraining
the parton distribution functions (PDFs).
The accumulation of high-quality data at the Large

Hadron Collider (LHC) brings the experimental uncertain-
ties to a percent or subpercent precision level for many
SM processes, especially for the Drell-Yan production.
It mandatorily requires theoretical precision to enter the
same level to analyze these data. Currently, next-to-next-
to-leading order (NNLO) calculations in terms of the
perturbative expansion of the strong coupling become a
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state-of-the-art [19]. In some instances, even the next-to-
NNLO (N3LO) accuracy for some processes (such as
Drell-Yan and Higgs productions) becomes available,
and for some processes is in progress [20]. Meanwhile,
next-to-leading order (NLO) corrections in terms of
quantum electrodynamics (QED) (or electroweak in a
more general sense) are also necessary for some specific
processes [21–23].
Specifically for the Drell-Yan production, the NNLO

fixed-order correction to the total cross section has been
known for three decades [24]. The NNLO dilepton rapidity
distribution of the virtual photon produced in the Drell-Yan
process came afterwards [25,26], followed by the fully
differential kinematics in the leptonic decay of the vector
boson ðW;Z=γ�Þ, including the γ-Z interference, finite-
width effects, as well as spin correlations [27–29].
Nowadays, a few public NNLO codes with different
subtraction schemes are available, such as the transverse
moment (qT) subtraction in DYNNLO [29,30] and
MATRIX [31], the sector decomposition in FEWZ [32,33],
and the N-jettiness in MCFM [34,35]. On the other side,
the qT resummation calculation for Drell-Yan vector boson
production has been established even for a longer time
firstly with the Collins-Soper-Sterman (CSS) formalism
[36], and later reorganized by Catani, Cieri, de Florian, and
Grazzini [37]. Recently, the soft-collinear effective theory
(SCET) [38–42] provides a convenient framework to
perform the resummation up to higher orders [43–45].
Based on various techniques, the predictions of qT resum-
mation calculation also became available in a few
public codes, such as ResBos(2) [46–48], DYRes [49],
DYqT [50,51], DYTurbo [52], and CuTe [44,53].

Recently, based on the antenna subtraction method,
the Drell-Yan inclusive cross section was calculated up
to N3LO [54,55]. Afterwards, based on the qT subtraction
method, the Drell-Yan N3LO cross sections have been
calculated either inclusively [56], or fully exclusively, with
the qT resummation matched to the next-to-next-to-next-to-
leading logarithimic (N3LL) level [57,58] and beyond [59].
In the meantime, the next-to-leading order electroweak
(EW) corrections have been known in Refs. [60,61]. Very
recently, the mixed QCD-EW corrections have also been
computed for the neutral-current Drell-Yan dilepton pro-
duction at hadron colliders, which are found to be within a
percent level for the invariant mass and (potentially)
rapidity distributions [62].
In this work, we will follow the QCD global analysis

presented in Refs. [14,63] and mainly consider the NNLO
QCD fixed order calculation with the MCFM [35] as well
as the matched qT resummation calculation up to N3LL,
provided by the ResBos2 program [48]. A minor difference
up to a percent level is found in these two calculations. A
similar level of difference also shows up with different
NNLO subtraction methods. See Appendix F of Ref. [14]
or Ref. [64] for details.

The Drell-Yan production has been precisely measured at
the LHC, mostly delivered by ATLAS, CMS, and LHCb
Collaborations. Many Run I and Run II data have already
been closely inspected and partially included in the global
analysis of parton distribution functions (PDFs) of proton
performed by various groups [13–18]. In comparison with
the proton-antiproton colliders, such as SPS or Tevatron, the
LHC as a proton-proton collider embraces an advantage to
provide more insights into the proton’s light sea-quark
decomposition, as a result of that one initial parton in the
quark-antiquark annihilation must come from the sea quarks.
As mentioned, with the reduction of experimental uncer-
tainties, especially the statistical ones, a consistent theoreti-
cal description of data becomes more and more of a
challenge. In many scenarios, the theoretical uncertainties,
especially the PDF uncertainty, become a bottleneck for
precision theoretical predictions or Monte Carlo simulations
[11,65]. All these aspects motivate the present study to
understand the impact of the LHC precision Drell-Yan data
on the CTEQ-TEA global QCD analysis of proton PDFs.
This paper is organized as follows. In Sec. II, we will

summarize the measurements of Drell-Yan production
made by the ATLAS, CMS, and LHCb experiments at
the LHC and emphasize those in the post-CT18 era.
Meanwhile, we will describe the theoretical predictions
for these data, with the comparison of the MCFM NNLO
fixed-order calculation and the ResBos2 NNLOþ N3LL
resummation calculation (denoted as “N3LL” in the rest of
this work). The correlation between the data and the PDFs
will be presented as well. In Sec. III, we will examine the
individual impact of these new Drell-Yan data on the three
ensembles (CT18, CT18A [14], and CT18As [66]) of
PDFs, both using the ePump’s fast Hessian profiling
technique [67,68], and the CTEQ-TEA global analysis.
The simultaneous fits of these post-CT18 DY data together
with the corresponding phenomenological implications
are presented in Sec. IV. In Sec. V, we will provide our
conclusion and discussion. For completeness, some addi-
tional figures are collected in Appendix.

II. POST-CT18 LHC DRELL-YAN DATA

Since the CT14 era [63], the CTEQ-TEA global analysis
began to include the LHC Run I data, with matrix elements
calculated with the CTEQ internal codes and K-factors
extracted from the ResBos [46,47], FEWZ [32,33], or
VRAP [25,26]. Specifically for Drell-Yan datasets, CT14
includes the LHCb 7 TeV inclusive W=Z production [69],
CMS 7 TeVmuon [70] and electron [71] charge asymmetry
in W-boson decays, and the ATLAS 7 TeV Drell-Yan (W�
and Z=γ�) production [72]. These CMS and ATLAS 7 TeV
datasets were inherited in the CT18 analysis [14], while the
LHCb one is updated with a higher-luminosity data [73].
Meanwhile, more LHC Run I Drell-Yan data were included
in the CT18 analysis, with the fast interpolation grid
technique, APPLgrid [74], generated with MCFM-6.8 [75]
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and aMCfast [76], together with NNLO K-factors generated
with MCFM-8 [34,77] and FEWZ [32,33].
After the release of the CT18 PDFs, more Drell-Yan data

become available. We summarize the ones relevant to this
study as follows:

(i) ATL5WZ. The ATLAS Collaboration measuredW�-
and Z-boson productions in pp collisions at theffiffiffi
s

p ¼ 5.02 TeV, which serve as an important refer-
ence forW� and Z-boson productions in proton-lead
(pþ Pb) and lead-lead (Pbþ Pb) collisions at the
same center-of-mass energy. The inclusive W�- and
Z-boson productions were measured for the fiducial
integrated and differential cross sections with an
integrated luminosity of 25 pb−1 [78], which we will
dub as ATL5WZ as follows. The fiducial phase
space is defined as

pl;ν
T >25GeV; jηlj<2.5; mT >40GeV; ð1Þ

for W� production, and

pl
T >20GeV; jηlj<2.5; 66<mll<116GeV;

ð2Þ

for on shell Z production. The transverse mass
of lepton-neutrino system is defined as mT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

Tp
ν
Tð1 − cosΔϕÞ

p
, where Δϕ is the azimuthal

angle between p⃗l
T and p⃗ν

T .
In the upper panels of Fig. 1, we present the

theoretical predictions obtained with CT18 NNLO

PDFs by using the MCFM-6.8 NLO [75], MCFM-8
NNLO [34,77], and ResBos NLO fixed order
[46,47] as well as ResBos2 qT resummation up to
the N3LLþ NNLO (denoted as “N3LL”) level [48]
calculations. Throughout this work, the renormali-
zation and factorization scales (μR and μF) are set to
the invariant mass of the vector bosonmZ ormW. We
use MCFM-6.8 to generate the fast computational
APPLgrid [74] tables. We have checked that both the
MCFM-8 and ResBos NLO fixed order calculations
reproduce the MCFM-6.8 results at the NLO, as
shown in Fig. 1. The K-factors were calculated as
ratios to the MCFM-6.8 prediction, as shown in the
lower insets of upper panels of Fig. 1. We see that the
differential fiducial cross section of Drell-Yan pro-
duction predicted by the MCFM NNLO fixed-order
calculation can differ from the ResBos2 resumma-
tion prediction by a percent level. Recall that differ-
ent NNLO codes, such as FEWZ, DYNNLO, and
MCFM (with different subtraction schemes), can
yield different predictions, at the percent level, on
the differential fiducial cross section of Drell-Yan
production, though their predictions agree well in
total inclusive cross section [14,64]. This is because
when both leptons of the Drell-Yan pair are required
to have the same minimum values of transverse
momentum, the transverse momentum of the Drell-
Yan pair is about zero. In that kinematic region, a
resummation calculation, summing up the effect of
multiple soft-gluon emissions, can provide better
prediction than a fixed-order calculation (which

FIG. 1. The comparison of CT18 predictions for the ATLAS 5.02 TeV W=Z data (upper panels), and the correlation cosines between
the CT18 PDFs and the ATLAS 5.02 TeV W=Z data points (lower panels).
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yields a singular result as the transverse momentum
of the Drell-Yan pair approaches to zero). Hence, in
this work, we will focus on the ResBos predictions,
unless specified otherwise. In general, we found that
the Monte Carlo uncertainty of the MCFM NNLO
predictions is larger than that of ResBos2, which in
principle can be improved by increasing the statis-
tics. However, with a limited resource of computa-
tion power, we get a better convergence in the
Resbos2 N3LL calculation. Comparing global fits
with these two types of K-factors, we normally
found a better χ2 for the ResBos N3LL predictions.
For this reason, we will mainly present the fitted
results with the ResBos K-factors in this work.
A similar comparison between the experimental

data and theoretical predictions, after including the
post-CT18 LHC Drell-Yan data in a global fit, will
be presented in Sec. IV.
In the lower panels of Fig. 1, we show the

correlation cosine [79] between the ATLAS
5.02 TeV W=Z boson production data and the
CT18 PDFs at Q ¼ 100 GeV. We see that the
ATLAS 5.02 TeV Wþ data gives a large correlation
to the d̄ðdÞ PDFs around x ∼ 10−3. It can be under-
stood in terms of the LO partonic process ud̄ → Wþ,
which directly probes the d̄ PDF. The large d quark
PDF correlation originates from the co-evolution
of d and d̄ PDFs due to the g → dd̄ splitting. In
comparison, the ūd → W− production gives large
correlation to the ūðuÞ PDFs, with a slightly milder
value than the cosϕðdðd̄Þ;WþÞ. It can be understood
that the valence u quark PDF is better constrained
than d quark PDF with the deep-inelastic scattering
(DIS) data. For this reason, the ATLAS 5.02 TeV
W− data can also constrain the d quark PDF. Finally,
the ATLAS 5.02 TeV Z production data gives a large
correlation to dðd̄Þ PDFs and a slightly smaller
correlation to uðūÞ.

(ii) ATL8W. The W production in the muonic decay
channel ðW → μνÞ at the LHC 8 TeV was measured
by the ATLAS Collaboration with the 20.2 fb−1

integrated luminosity [80]. We will call it ATL8W
in this work. The fiducial volume is defined as in
Eq. (1), except the absolute muon pseudorapidity is
required as jηlj < 2.4. The data were released in
terms of the differential cross section as well as the
charge asymmetry with respect to the muon pseu-
dorapidity. Similarly, in Fig. 2, we compare the
CT18 theoretical predictions in the upper panels and
the corresponding correlation cosine in the lower
panels. The main features of correlation already
show up in the ATLAS 5.02 TeV case, while the
specific strongly correlated x value becomes slightly
smaller due to the larger collision energy, in terms
of the x ∼ ðMW=

ffiffiffi
s

p Þe�y dependence. As we will see

later, the ATL8W data can provide a strong con-
straint on dðd̄Þ-quark PDFs around x ∼ 10−3.

(iii) ATL8Z3D. The neutral-current Drell-Yan production
at the LHC 8 TeV for both electron and muon
decay channels was measured by the ATLAS
Collaboration with an integrated luminosity of
20.2 fb−1 [81]. For the central leptons, the fiducial
region is defined as

pl
T >20GeV; jηlj<2.4; 46<mll<200GeV:

ð3Þ

The data were presented as a triple differential
distribution in terms of invariant mass mll, rapidity
of dilepton yll, and cosine of the Collin-Soper angle
cos θ�,1 which we name as ATL8Z3D. Similar to
the ATLASpdf21 [18] analysis, we do not consider
the high-rapidity electron channel in this work.

For this dataset, we obtain the theoretical pre-
dictions directly from the ATLAS Collaboration,
which was employed in the ATLASpdf21 PDF
determination [18] with the xFitter framework [83].
In this analysis, the NLO predictions are calculated
by using APPLgrid [74], generated with the MCFM-
6.8 [75], while NNLO QCD and NLO EW correc-
tions are folded into the K-factors with NNLOJET

[84]. Meanwhile, the K-factors provided by the
ATLAS Collaboration also incorporate the accep-
tance of the lepton fiducial cuts for every
ðmll; yll; cos θ�Þ bin. The theoretical predictions
in comparison with data before and after including
this dataset in global fits will be presented later. We
remind readers that the MSHT20 and NNPDF4.0
treated this data differently from ATLASpdf21
and this study. Namely, in their PDF analyses, they
have summed over the cos θ� bins to obtain the
double differential distributions in terms of
ðmll; yllÞ, which correspond to a smaller number
of data points.

In Fig. 3, we show the correlation cosine of the
ATLAS 8 TeV Z 3D data and the CT18 PDFs.
Similar to ATLAS 5.02 TeV Z case, we obtain
somewhat larger correlation to the uðūÞ, dðd̄Þ and
sðs̄Þ2 PDFs. This can be understood that this triple
differential distribution can provide more exclusive
information to constrain the PDFs in terms of the
ðx;QÞ kinematics.

1The cosine of the Collins-Soper angle is defined as

cos θ� ¼ pz;ll

mlljpz;llj
pþ
1
p−
2
−p−

1
pþ
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
llþp2

T;ll

p , where p�
i ¼ Ei � pz;i and i ¼ 1, 2

denote the negatively and positive charged leptons [82].
2The CT18 fit assumes s ¼ s̄ at the starting scale

Q0ð¼ 1.3 GeVÞ.
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(iv) CMS13Z. The differential cross sections for Z-boson
production at the LHC 13 TeV were measured by the
CMS Collaboration with an integrated luminosity of
35.9 fb−1 [85], which is denoted as CMS13Z in this
work. The fiducial phase space requires leptons to
have pl

T > 25 GeV, jηlj < 2.4 and jmll −MZj <
15 GeV. The data were presented in terms of one-
dimensional distributions of rapidity yZ, transverse
momentum pZ

T , and the optimized angular variable
ϕ�
η
3 of the lepton pairs, respectively. The double

differential distribution in terms of ðyZ; pZ
TÞ was also

presented. In this study, we will mainly focus on the
rapidity distribution, while other distributions are
left for a future study that focuses on the vector-
boson transverse momentum ðpTÞ distributions. In
Fig. 4, we display our theoretical predictions and the
correlation cosine, which shows a large correlation

to the strangeness PDF, while anticorrelation to the
uðūÞ PDFs.

(v) LHCb8W. The W → eν production at the 8 TeV
LHC 8 in the forward region was measured by the
LHCb with an integrated luminosity of 2 fb−1 [88].
We name this dataset as LHCb8W in this work. The
fiducial region is defined as 2.0 < η < 4.25 and
pe
T > 20 GeV, without additional requirements on

the missing energy or transverse mass. The data
were presented as differential cross section and
charge ratio as a function of the electron pseudor-
apidity. In this study, we focus on the absolute
differential cross sections. The CT18 predictions on
the LHCb 8 TeVW production cross section and the
correlation cosine are shown in Fig. 5. We note a
large variation of various theory predictions for the
forward boundary bins, such as the last ones in the
upper panels of Fig. 5. This arises mainly because
the boundary phase space constrains theMonte Carlo
statistics and results in a large theoretical uncer-
tainty. At a higher order, the opening up of new
phase space will yield a large QCD correction. As
explored later, the inclusion of the boundary bins

FIG. 2. Similar to Fig. 1, but for the ATLAS 8 TeV W data.

3The optimized angular variable is defined as ϕ�
η ¼ tanðπ−Δϕ

2
Þ=

coshðΔηÞ, where Δη and Δϕ are the difference in pseudorapidity
and azimuthal angle between the two leptons [86]. It probes
similar physics as the boson transverse momentum, but with a
better experimental resolution [87].
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will lead to very poor fits. Therefore, wewill exclude
them from our canonical fits.
The correlation cosines of the LHCb 8 TeV W

data show similar behavior as the ATLAS 8 TeV W
data. However, the sensitive x value becomes
smaller as a result of the exponential suppression
in x ∼ ðMW=

ffiffiffi
s

p Þe−y, for being produced at the
forward (pseudo)rapidity region.

(vi) LHCb13Z. The forward Z-boson production in the
13 TeV pp collision in both electron and muon
decay channels were measured by the LHCb Col-
laboration, with an integrated luminosity 0.29 fb−1

[89], which we name as LHCb13Z. The fiducial
volume is defined as 2.0 < ηl < 4.5; pl

T >
20 GeV, and 60 < mll < 120 GeV. The differen-
tial cross sections were measured in terms of the

rapidity, transverse momentum, and optimized an-
gular variable ϕ�

η. Afterward, the muon-decay chan-
nel data were updated with a higher-integrated
luminosity, 5.1 fb−1 [90]. Our theoretical predic-
tions as well as the correlation cosines are shown in
Fig. 6. Similarly, we obtain large uncertainty for the
boundary bins (the first and last ones), which will be
excluded in our canonical fits. In comparison with
the CMS 13 TeV data, the LHCb 13 TeV Z data
show stronger correlations to the uðūÞ and dðd̄Þ
PDFs in the small-x region.

As to be discussed below, the CT18 PDFs can
describe the lower-luminosity data [89] very well as
a result of the relatively large statistical uncertainty,
with χ2=Npt shown in Table II. In another word, this
dataset has a very limited impact on our global fit.

FIG. 3. The correlation cosines between the CT18 PDFs and the ATLAS 8 TeV Z 3D data.

FIG. 4. Similar to Fig. 1, but for the CMS 13 TeV Z data.
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FIG. 5. Similar to Fig. 1, but for the LHCb 8 TeV W data.

FIG. 6. Similar to Fig. 1, but for the LHCb 13 TeV Z data.
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In contrast, the updated one with higher luminosity
[90] can provide reasonable constraints on PDFs.
For this reason, we will only include the updated
data in our canonical analysis.

We summarize all these new LHC Drell-Yan datasets as
well as those included in the previous CT18 PDF fit [14]
in Table I. Meanwhile, we also compare the fitting quality
χ2=Npt and the corresponding number of data points
included in the global analyses of the MSHT20 [15],
NNPDF3.1 [16], and NNPDF4.0 [17].
In this study, we will not consider the high-mass

Drell-Yan data, such as ATLAS 7 TeV [92] and CMS
13 TeV [107] invariant mass of the dilepton pair ðmllÞ

distribution, the ATLAS 8 TeV [95] and CMS 7 TeV [103]
double differential ðmll; yllÞ distribution. A good descrip-
tion of these datasets requires the inclusion of EW
corrections, which incorporates photon as a parton content
[22]. This will be left for a future study on updating the
photon PDF of the proton. Furthermore, we do not consider
the transverse momentum distribution of Z boson either. As
studied in Ref. [48] and references therein, the low pZ

T data
requires a qT resummation calculation, which involves a
nonperturbative transverse-momentum-dependent (TMD)
parameter determination. The high pZ

T data suffer a large
EW correction as studied in the CT18 analysis [14]. We
leave these aspects to future dedicated studies.

TABLE I. Comparison of the χ2=Npt for the Drell-Yan (W=Z) data inlcuded in the CT18 [14], MSHT20 [15], and NNPDF3.1 [16],
4.0 [17] global analyses. The numbers in the parentheses indicate the data points.

Data
ffiffiffi
s

p
(TeV) Lint (fb−1) Ref. CT18 MSHT20 NNPDF3.1 NNPDF4.0 ATLASpdf21

ATLAS
Low-mass DY mll 7 1.6 [91] 0.90(6) 0.88(6)
High-mass DY mll 7 4.9 [92] 1.45(13) 1.54(5) 1.68(5)
W, Z 7 0.035 [72] 1.0 (30) 0.96(30) 0.98(30)
W, Z 7 4.6 [93] 1.91(61) 2.14(34) 1.67(61) 1.24(55)
ZðpT; yZÞ 7 4.7 [94]
W 8 20.2 [80] 4.96(22) 2.61(22) [3.50](22) 1.40(22)
High-mass DY ðmll; yllÞ 8 20.3 [95] 1.18(48) 1.11(48)
Zðmll; yll; cos θ�Þ 8 20.2 [81] 1.95(188) 1.45(59) 1.22 (60) 1.13(184)
ZðpT;mllÞ 8 20.3 [96] 0.93(44) 0.91(44)
ZðpT; yZÞ 8 20.3 [96] 1.1(27) 1.81(104) 0.94(48) 0.90(48)
σtotW;Z 13 0.081 [97] 0.80(3)
W;Zσfid;tot 2.76 0.004 [98]
W, Z 5.02 0.025 [78] 1.15(27)
Zpll

T 13 36.1 [99]

CMS
W asym 7 0.036 [100] 0.31(24)
Z 7 0.036 [101] 0.51(35)
WAe 7 0.84 [71] 0.4(11) 0.70(11) 0.78(11) 0.84(11)
WAμ 7 4.7 [70] 0.7(11) 1.75(11) 1.70(11)
W → μν 8 18.8 [102] 1.0(11) 0.58(22) 1.0(22) 1.38(22)
DY Zðmμμ; yμμÞ 7 4.5 [103] 1.09(132) 1.27(110) 1.36(110)
DY ZðpT; yllÞ 8 19.7 [104] Poor fit 1.32(28) 1.41(22)
Zϕ�; ðyll;ϕ�Þ 8 19.7 [105]
ZyZ; pT;ϕ�

η 13 35.9 [85] 9.24(12)
WyW; AW; ðηl; pl

TÞ; Al 13 35.9 [106]
ZðmllÞ 13 2.8 [107]

LHCb
Z → ee 7 0.94 [108] 2.52(9) 1.49(9) 1.65(9)
W;Z → μ 7 0.037 [69] 1.25(10)
W;Z → μ 7 1.0 [73] 1.6(33) 1.76(29) 1.97(29)
W;Z → μ 8 2.0 [109] 2.1(34) 1.37(30) 1.42(30)
W;Z → μ 7þ 8 [73,109] 1.48(67)
Z → ee 8 2.0 [110] 1.0(17) 1.54(17) 1.14(17) 1.33(17)
W → e 8 2.0 [88] 1.52(14) [2.61](8)
Z → ee 13 0.294 [89] 1.58(17) 1.72(15)
Z → μμ 13 5.1 [89] 0.89 0.99(16)
Z → μμ 13 5.1 [90] 1.27(16)
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III. IMPACTS ON THE CT18 PDFS

Before performing global fits with the inclusion of all
these post-CT18 LHC Drell-Yan datasets simultaneously,
we would like to examine the impact of the individual
dataset on the CT18 PDFs. This can be done by performing
the ePump updating [67,68] or a global fitting by including
one new dataset at a time on the top of CT18. Note that the
CT18þ ATL7WZ fit is the same as the CT18A which
includes the ATLAS 7 TeV W, Z precision dataset (named
as ATL7WZ) [93]. The comparisons of χ2=Npt from
CT18’s prefit, ePump updating and global fitting are
summarized in Table II.
In comparison with the ePump updating, in general, the

χ2=Npt decreases slightly in the global fitting, reflecting the
non-negligible impact of these new datasets. Two excep-
tions happen to the ATL5WZ and LHCb13Z datasets,
due to the pull of other datasets in the global fitting.
Nevertheless, both datasets can be well-described by CT18
with χ2=Npt about 1. Considering the prefit values of
χ2=Npt ∼ 1, the impact of these two datasets is expected
to be minimal, which will be illustrated later.
For comparison, we also present the global fitted χ2=Npt

with the setup of CT18A and CT18As in Table II. Recall
that CT18A is CT18 with the inclusion of ATL7WZ
precision data which shows sizable tension with other
datasets, such as the HERA Iþ II combined data and
neutrino DIS dimuon data [14]. On top of CT18A, the
CT18As fit includes more degrees of freedom in the
strangeness parametrization to allow s not equal to s̄ at
the initial scale Q0 ¼ 1.3 GeV which relaxes the above
mentioned tension [66]. In comparison with the fitted
CT18 χ2=Npt, we see the fitted CT18A ones generally
have smaller values, suggesting the consistency between
the ATL7WZ with these new DY datasets. In contrast, the
χ2=Npt for the ATL8W data increases from 2.46 to 2.72, as
an indication of some tension. With a more flexible
strangeness parametrization in CT18As, this tension can
be relaxed down to χ2=Npt ¼ 2.49. A minor increase of

χ2=Npt value is observed when using the LHCb8W data to
update CT18As as compared to CT18 and CT18A. But,
considering the small variation with respect to the ATL8W
one, the impact of LHCb8W is expected to be small, which
will be examined more closely later.
In Fig. 7, we show the ePump updated and the global

fitted d̄; g; s PDFs at Q ¼ 100 GeV, as an example to
demonstrate the impact of post-CT18 LHC Drell-Yan
datasets on the CT18 PDFs. A similar comparison for
other PDF flavors is collected in Fig. 15 of Appendix.
Here, we also include the reference PDF error bands for
the CT18þ ATL7WZ fit, i.e., CT18A, while only central
PDFs for other fits.
As shown in Fig. 7, the ATL7WZ dataset in the CT18A

fit softens the d̄ PDF, but enhances the sðs̄Þ PDF at x around
10−3–10−2. Most of the post-CT18 LHC Drell-Yan datasets
also prefer larger sðs̄Þ PDF than what CT18 predicts,
implying consistency with the ATL7WZ data. The strong-
est impacts come from the ATL8Z3D and CMS13Z data,
even though the strength are milder than ATL7WZ data. In
comparison with the fitted PDFs, the ePump updated ones
give similar results, with only slightly smaller pulls for
CT18þ CMS13Z sðxÞ PDF, as a result of the limitation of
the Hessian linear approximation [14,67].
However, by looking at the d̄ PDF, we realize that both

the ATL8W and LHCb8W data pull the CT18 d̄ PDF to
the opposite direction at x around ∼10−3, with respect to
ATL7WZ and other post-CT18 LHC Drell-Yan data. It
suggests a tension of the ATL8W (and LHCb8W) data with
other datasets, such as ATL8Z3D. We also note that when
the LHCb8W data is included to update the CT18 PDFs,
cf. Fig. 7, an opposite pull on d̄ PDF occurs at x ∼ 0.3
where the PDF uncertainty is large.

IV. GLOBAL FITS

A. χ 2 and PDFs for individual flavors

Now, we can simultaneously fit these new post-CT18
LHC Drell-Yan datasets (denoted as “CT18þ nDY”, etc.)

TABLE II. Comparisons of χ2=Npt for the post-CT18 LHC Drell-Yan data which are included one by one in the fit. The numbers in the
parentheses correspond to the case when including all the LHCb data points, while the outside ones are for the case when excluding two
boundary bins of the LHCb data.

χ2=Npt

ID Experiment Npt Prefita ePumpa CT18 CT18A CT18As

215 ATLAS 5.02 TeV W, Z 27 1.15 0.96 1.07 0.74 0.71
211 ATLAS 8 TeV W 22 4.96 2.98 2.46 2.72 2.49
214 ATLAS 8 TeV Z 3D 188 1.95 1.18 1.16 1.13 1.14
212 CMS 13 TeV Z 12 9.24 2.93 2.75 1.89 2.02
216 LHCb 8 TeV W (16)14 (3.48)1.52 (3.24)1.45 (2.81)1.33 (1.89)1.45 (3.00)1.52

LHCb 13 TeV Z 18 0.89 0.88 0.99 0.92 0.90
213 LHCb 13 TeV Z → μþμ− (18)16 (2.39)1.27 (2.33)1.17 (2.55)1.12 (2.49)1.12 (2.28)0.87

aThe χ2=Npt values for the prefit and ePump are based on the CT18 PDFs.
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to study their impact on the CTEQ-TEQ PDFs. Within the
CT18, CT18A, and CT18As framework, we present the
corresponding fitted χ2=Npt for each of the post-CT18 LHC
Drell-Yan dataset and the combined datasets in Table III.
We included the ATL7WZ data set as well in this
comparison. As discovered already in the individual fits,
the χ2 for each set follows the same trend as Table II. That is
to say, except for the ATLAS and the LHCb 8 TeV W
datasets, the χ2 decreases from CT18 to CT18A, and to

CT18As, reflecting the general consistency among these
datasets. The χ2=Npt values of ATL8W and LHCb8W
increase from updating CT18 to CT18A, as a result of the
tension with the ATL7WZ data. The updated CT18As can
reduce the χ2 for these two sets, due to the additional degree
of freedom in the s and s̄ PDFs.
We compare the fitted PDFs for sea quarks ū; d̄ and s at

Q ¼ 100 GeV, before and after including the post-CT18
LHC Drell-Yan datasets in Fig. 8, and the comparisons for

FIG. 7. The impact of post-CT18 LHC Drell-Yan datasets on updating the CT18 d̄ and s PDFs at Q ¼ 100 GeV, by including the
individual dataset one by one with the ePump (left) and global fitting (right). The two error bands correspond to the CT18 and
CT18þ ATL7WZ ¼ CT18A PDFs, respectively.
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other light flavors g, u, and d are shown in Fig. 9. We
display the flavor singlet Σ ¼ P

iðqi þ q̄iÞ in Fig. 16 of
Appendix. Recall that the ATL7WZ data in the CT18A fit
enhances the sðs̄Þ PDFs but reduces the dðd̄Þ, which is
shown again in Fig. 8. In comparison, the post-CT18 Drell-
Yan datasets in the “CT18þ nDY” fit pull the strangeness
in the same direction but with a milder distance. The
“CT18Aþ nDY” accumulates both the impacts from
ATL7WZ and post-CT18 LHC Drell-Yan datasets.
However, when examining the dðd̄Þ flavor more carefully,
we see that the post-CT18 LHC Drell-Yan data pull CT18
PDFs in the opposite direction with respect to the CT18A
PDFs. This behavior shows up already in the individual
fits as shown in Fig. 7. It is driven by the tension between
the ATL8W data and ATL7WZ data. The inclusion of
ATL7WZ and post-CT18 LHC Drell-Yan datasets in the
CT18Aþ nDY fit yields dðd̄Þ PDFs lying in between
CT18þ nDY and CT18A, as a consequence of the tension
between ATL7WZ and “nDY” datasets.
In comparison with the CT18A, the additional freedom

of the sðs̄Þ PDFs in CT18As allows the sðs̄Þ to be pulled
further [66]. As a result, the ATL8Z3D χ2=Npt can
increase slightly, as shown in Table III, indicating that
the relaxed tension mentioned above is not completely
resolved. Under such an assumption, the impacts of the
post-CT18 LHC Drell-Yan datasets on the sðs̄Þ PDFs, as
well as other flavors, becomes minor in most scenarios,
with only a mild enhancement of the dðd̄Þ PDFs around
x ∼ 10−3, as shown in Figs. 8 and 9. The impacts of all
these Drell-Yan datasets on the gluon PDF is limited,
which contributes through higher-order corrections to
the Drell-Yan process. Details of the comparison can be
found in Fig. 9.
We also include the comparison of the d̄ and s PDF error

bands in Fig. 8. Starting with strangeness, we see the
ATL7WZ dataset shrinks the PDF error band in the

x ∈ ½10−4; 10−1� range. A similar impact can be obtained
with the post-CT18 LHC Drell-Yan datasets, shown as
the error band of “CT18þ nDY”, which imposes a
slightly stronger constraint around x ∼ 10−2 as a result
of including more data. The impacts from both ATL7WZ
and post-CT18 LHC Drell-Yan datasets are combined in
the “CT18Aþ nDY”. With the additional freedom of
strangeness asymmetry in CT18As, the sðs̄Þ PDF error
band becomes larger in comparison with the CT18A.
Under such a scenario, the change of the strangeness
error band due to the post-CT18 LHC Drell-Yan datasets
is quite limited.
When examining the dðd̄Þ flavor, the CT18A shrinks

the error bands in the range of x ∈ ½10−4; 10−2�. The post-
CT18 LHC Drell-Yan datasets play the same role as
ATL7WZ data in CT18A, which yields a similar error
band to “CT18þ nDY” as the CT18A. Under such a
condition, the accumulation of post-CT18 LHC Drell-Yan
datasets only contributes a minor reduction of the error
band in the range x ∈ ½10−3; 10−1� in the negative direction
of Hessian asymmetric errors. Similar to the strangeness
PDF, the additional freedom in CT18As enlarges the dðd̄Þ
error bands. On top of CT18As, the inclusion of the
post-CT18 LHC Drell-Yan datasets can reduce the PDF
error bands.

B. Flavor ratios and strangeness asymmetry

Besides the individual flavors, we also examine the
impact of the post-CT18 LHC Drell-Yan datasets on the
flavor ratios d=u, d̄=ū, as well as Rs ¼ ðsþ s̄Þ=ðd̄þ ūÞ
in Fig. 10. The flavor difference xðd̄ − ūÞ and ratio
ðd̄ − ūÞ=ðd̄þ ūÞ are left in Fig. 17 of Appendix. Instead
of a high scale such as Q ¼ 100 GeV, here we show them
at the starting scale Q0 ¼ 1.3 GeV, which shows a more
pronounced effect from the post-CT18 LHC Drell-Yan

TABLE III. Similarly to Table II, but with global fits by including the post-CT18 LHC Drell-Yan datasets simultaneously. We include
the MSHT20 [15], NNPDF4.0 [17] and ATLASpdf21 [18] results for comparison.

χ2=Npt

ID Experiment Npt CT18 CT18A CT18As ATLASpdf21 MSHT20 NNPDF4.0

215 ATLAS 5.02 TeV W, Z 27 0.81 0.71 0.71 � � � � � � � � �
211 ATLAS 8 TeV W 22 2.45 2.63 2.51 1.41 2.61 [3.50]
214 ATLAS 8 TeV Z 3Da 188 1.12 1.14 1.18 1.13(184) 1.45(59) 1.22(60)
212 CMS 13 TeV Z 12 2.38 2.03 2.71 � � � � � � � � �
216 LHCb 8 TeV W 14 1.34 1.36 1.43 � � � � � � � � �
213 LHCb 13 TeV Z 16 1.10 0.98 0.83 � � � � � � � � �
248 ATLAS 7 TeV W, Z 34 2.52 2.50 2.30 1.24(55) 1.91(61) 1.67(61)

Total 3994=3953=3959 points 1.20 1.20 1.19 � � � � � � � � �
aDifferent from ATLASpdf21 [18] and our treatment of the ATLAS 8 TeV Z data, i.e., directly fitting the triple differential

distributions of ðmll; yll; cos θ�Þ, MSHT20 and NNPDF4.0 have summed over the cos θ� bins and resulted in double-differential
distributions of ðmll; yllÞ with the number of data points indicated in parentheses, respectively.
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datasets. The main features can be deduced from the
individual flavors already shown in Figs. 8 and 9. For
example, the post-CT18 LHC Drell-Yan data enhance the
Rs ¼ ðsþ s̄Þ=ðd̄þ ūÞ, with the extent slightly smaller than
the impact of the ATL7WZ in CT18A. Both impacts are
accumulated in the CT18Aþ nDY sets. With a more
flexible parametrization of strangeness PDFs in CT18As,
the impact of post-CT18 LHC Drell-Yan data is quite
minimal. The inclusion of the post-CT18 LHC Drell-Yan
data gives an enhancement to the d=u and d̄=ū ratios at
x ∼ 10−3 as shown in Fig. 10 and similarly to xðd̄ − ūÞ and
ðd̄ − ūÞ=ðd̄þ ūÞ in Fig. 17, which mainly originates from
the ATL8W’s modification to the dðd̄Þ PDF. This feature is
different from the CT18A, of which the d=u and d̄=ū ratios

at x ∼ 10−3 are more or less the same as CT18, after the
inclusion of ATL7WZ data. The impact on the ratio
uncertainties can be understood similarly.
Finally, we compare the Rs as well as the strangeness

asymmetry s−ðxÞ ¼ sðxÞ − s̄ðxÞ among the CT18As(+Lat4

[66]/nDY), MSHT20, and NNPDF4.0 in Fig. 11. We
remind that the CT18Asþ Lat fit [66] includes additional
lattice data [111], which constrain the strangeness asym-
metry in the large x region. Similar to the s PDF in Fig. 8 or
Rs ratio in Fig. 10, the post-CT18 LHC Drell-Yan datasets

FIG. 8. Comparison of ū, d̄, and s PDFs at Q ¼ 100 GeV for various fits.

4Throughout this work, we use the notation CT18Asþ Lat to
represent the CT18As_Lat fit presented in Ref. [66], for con-
venience.
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give a very minor impact on the strangeness asymmetry,
both with and without the lattice data. Both MSHT20 and
NNPDF4.0 give softer Rs ratios than CT18(+nDY), with an
overall agreement within the corresponding error band. As
emphasized in Ref. [66], the inclusion of the lattice s− data
in the CT18Asþ Lat fit gets modifications on both the
central fit and the error bands of Rs and s−ðxÞ, as shown in
Fig. 11. The Rs of CT18Asþ Lat gets closer to that of
MSHT20 and NNPDF4.0, while the strangeness asymme-
try s− of CT18As is closer to zero at large x than that of
MSHT20 and NNPDF4.0, due to the constraint from the
lattice data. Furthermore, this conclusion remains when the
post-CT18 LHC Drell-Yan (nDY) data is included in
various CT18AsðþLatÞ global fits.

C. Data descriptions

In Fig. 12, we compare the theoretical predictions for the
ATLAS 5.02, 7, and 8 TeVW, Z productions from the CT18,
CT18A, and CT18As fits before and after including the post-
CT18 LHC Drell-Yan data. We provide similar comparisons
for the ATL8Z3D, CMS13Z, and LHCb data in Figs. 18–20
of Appendix, respectively. Here, we show the raw data,
instead of the shifted ones, as the systematical shifts vary in
terms of the corresponding fitted PDFs. As we expected, the
general agreement of the fits with experimental data becomes
better after the inclusion of these post-CT18 LHC Drell-Yan
datasets. Meanwhile, the degree of impact of each dataset
usually depends on both the degree of agreement before the fit
aswell as the size of uncorrelated uncertainty (quadrature sum

FIG. 9. Similar to Fig. 8, but for g, d, and u PDFs at Q ¼ 100 GeV.
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of the statistical and uncorrelated systematical uncertainties)
of the data. For example, we obtain a significantly larger pull
on the dðd̄Þ PDFs from the ATL8W data, with respect to the
ATL5WZ, mainly driven by the smaller uncorrelated uncer-
tainties, as shown in Fig. 12. Of course, the number of data
points makes a difference as well, such as in the ATL8Z3D
case as shown in Fig. 18.
Also, we observe that the theoretical predictions of these

Drell-Yan data are generally smaller than the experimental
data, It suggests an overall consistency among these data-
sets, which results in the same directional pulls, e.g.,
enhancing s-PDF at x around 10−3, as shown in Fig. 7.
As we know in terms of the correlation cosine, the pull of
W production is mainly reflected on the dðd̄Þ and uðūÞ
PDFs. As a consequence, the ATL8W data will lift the d

and d̄ PDFs upwardly, as shown in Figs. 7 and 15,
respectively. However, this does not show up in the
ATL7WZ data, due to the different pull of the Z data.
In comparisonwith theATL7WZpull in theCT18APDFs,

we obtain a similar pull on the s PDF from the CMS13Z data,
hinted by the similar trend of comparison between the
theoretical prediction and experimental data, as shown in
Fig. 19. In comparison, the impact of theLHCb13TeVZ data
is quite minimal. We compare the corresponding theory
predictions and data in Fig. 20 for completeness.

D. Phenomenological implications

We present the comparison of the PDF parton luminos-
ities before and after including the post-CT18 LHC

FIG. 10. Similar to Fig. 8, but for the flavor ratios d=u; d̄=ū and Rs ¼ ðsþ s̄Þ=ðd̄þ ūÞ at Q ¼ 1.3 GeV.
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FIG. 11. Lower: Comparison of the ratio Rs ¼ ðsþ s̄Þ=ðd̄þ ūÞ (left) and the strangeness asymmetry s− ¼ s − s̄ (right) of
CT18AsðþLat=nDYÞ, MSHT20 and NNPDF4.0 PDFs at Q ¼ 100 GeV.

FIG. 12. Comparisons of various theoretical predictions of CT18, CT18A, CT18As PDFs (left) and CT18þ nDY, CT18Aþ nDY,
CT18Asþ nDY PDFs (right), and the ATLAS 5.02, 7, and 8 TeVW, Z data. The total error of each experimental data point is presented
as the shaded yellow band, which is much larger than the sum of statistical and uncorrelated systematic errors in quadrature.
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Drell-Yan data in the CT18, CT18A, and CT18As, as well
as CT18Z and CT18Asþ Latþ nDY (accumulating
lattice [66] and nDY data) fits in Fig. 13. The parton
luminosity is defined as [112]

Lijðs;m2
XÞ

¼ 1

s
1

1þ δij

Z
1

τ

dx
x
½fiðx;Q2Þfjðτ=x;Q2Þ þ ði ↔ jÞ�;

ð4Þ
where τ ¼ m2

X=s, with
ffiffiffi
s

p
being the center-of-mass energy

of the collider, and factorization scale Q2 ¼ m2
X. Let us

recall the parton luminosities of CT18A [14] at low
invariant-mass region: (i) the gluon-gluon luminosity
ðLggÞ is reduced; (ii) both the quark-antiquark luminosity
ðLqq̄ ¼

P
i Lqiq̄iÞ and the singlet-singlet luminosity ðLΣΣÞ

are enhanced; (iii) the gluon-singlet luminosity ðLgΣÞ is
almost unchanged. The parton luminosity uncertainties of
CT18A are slightly smaller than the CT18.
In comparison with the gg luminosity of CT18 PDFs, the

post-CT18 LHC Drell-Yan datasets pull the CT18þ nDY
gg luminosity in the same direction as CT18A gg luminosity
at low- and high-invariant mass mX region. However, the
amount of change in qq̄ luminosity is opposite, i.e., larger
(smaller) change at low(high)-invariant mass mX region. In
comparison, the change in the gΣ luminosity and ΣΣ
luminosity become larger than the CT18A’s difference from
CT18. In many cases, the parton luminosities of CT18Aþ
nDY resemble CT18þ nDY, except in the TeV region.
Furthermore, the parton luminosities of CT18Asþ nDY are
quite similar to CT18Aþ nDY. The parton luminosity
uncertainties of CT18Asþ nDY PDFs are slightly larger
than CT18Aþ nDY as a result of additional degrees of
freedom in the strangeness PDFs. We also note that the
changes from both CT18 PDFs to CT18Asþ nDY PDFs
(e.g., s, g, d̄) and the corresponding parton luminosities are
quite similar to the changes from CT18 to CT18Z PDFs [14].
As examples of phenomenological implications, we

present the correlation ellipses of the LHC 14 TeV fiducial
W�; Z and inclusive Higgs boson (H), top-quark pair ðtt̄Þ,
and associated tt̄H productions in Fig. 14, as well as the
corresponding correlation cosine to various PDF flavors at
Q ¼ 100 GeV in Figs. 21 and 22 of Appendix. The fiducial
W�; Z cross sections correspond to the same kinematic cuts
adopted in the ATLAS 13 TeV measurement [97],

W�∶pl;ν
T >25GeV; jηlj<2.5; mT >50GeV;

Z∶pl
T >25GeV; jηlj<2.5; 66<mll<116GeV: ð5Þ

The calculation is performed with the NLO APPLgrid [74]
with the NNLO K-factors from the MCFM [35].
The Higgs, tt̄, and tt̄H productions refer to the full phase
space, without decays. The tt̄ cross section is calculated
with Top++ [113] at NNLO with soft gluons resummed up

to the NNLL level and factorization and renormalization
scales are set to the top-quark mass mt. The Higgs boson
production is calculated with ggHiggs [114] at N3LO with
the threshold resummation up to N3LL, and scale as the
Higgs mass mH. The tt̄H associated production is calcu-
lated with MadGraph_aMC@NLO [115] interfacing with
PineAPPL fast interpolation grid [116] at the NLO, and the
scale as the partonic collision energy

ffiffiffî
s

p
.

Taking the CT18 as a reference, we see that both the
ATLAS 7 TeVW, Z data and the post-CT18 LHC Drell-Yan
datasets pull the W� and Z boson cross sections to a larger
value. The correlations in ðWþ;W−Þ and ðW�; ZÞ are
unchanged, with the reduction of corresponding uncertain-
ties, reflecting the change in the quark-antiquark luminosity.
In comparison, Higgs, top-quark pair, and associated tt̄H
cross sections are pulled to the smaller values, as a result of the
reduction of gg luminosity. We also observe the reduction of
the error bandwith respect to theCT18, due to the inclusionof
the post-CT18 LHC Drell-Yan datasets in the fits.
Generally speaking, the theory prediction of CT18þ nDY

deviates from CT18 in a similar way as how CT18Z deviates
from CT18, as shown in Fig. 14. In most cases, the predicted
cross sections of CT18Asþ nDY lie between those of
CT18 and CT18Z, except that σHðCT18Þ > σHðCT18ZÞ >
σHðCT18Asþ nDYÞ. This can be understood by noting the
very similar pattern of difference in various flavor PDFs
between CT18Asþ nDY and CT18Z, when comparing to
CT18, e.g., s and g PDFs, as shown in Fig. 23 of Appendix.
Excluding CT18Z, the CT18Asþ nDY PDFs generate the
largest deviations from the CT18 predictions. As first pointed
out in the CTEQ6.6 analysis [117], themutual dispositions of
the ðW�; ZÞ error ellipse, i.e., the top right panel of Fig. 14,
can be associated to the differences among the strangeness
and gluon PDFs. The direction parallel to the semiminor
axis, associated with the relative cross section ratio
RZ=W� ¼ σZ=σW� , is most closely identified with the strange
PDF, as shown in terms of the correlation cosine in Fig. 22
(left). Meanwhile, the semimajor axis, i.e., the “σZ þ σW�”
direction, is most related to the gluon PDF, as shown with
respect to the correlation cosine in Fig. 22 (right).
When looking closely at the correlation cosines between

various cross sections and flavor PDFs in Fig. 21, we
realize that the large anticorrelation between the W�; Z
cross sections and gluon-PDF happens at x ∼ 10−1, where a
large positive correlation is observed for the tt̄ and tt̄H
cross sections. In comparison, the biggest correlation
between the Higgs cross section and gluon-PDF occurs
at a smaller x value, around x ∼ 10−2. We also present the
ðZ;H=tt̄Þ correlation ellipses in Fig. 14, which shows a
large anticorrelation between the Z and tt̄ cross sections. In
comparison, the ðZ;HÞ anticorrelation is relatively weaker.
Again, after excluding CT18Z, the largest deviation from
the CT18 predictions occurs when using the CT18Asþ
nDY PDFs. The inclusion of additional lattice constraint on
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FIG. 13. Comparison of the parton luminosities (left) and and their uncertainties (right) at the 14 TeV LHC, computed with the CT18,
CT18A and CT18As PDFs and the PDFs after including the post-CT18 LHC Drell-Yan (nDY) datasets.
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strangeness asymmetry in CT18Asþ Latþ nDY yields a
reduced difference, to a relatively minor extent.

V. DISCUSSION AND CONCLUSION

Since the release of the CT18 family of PDFs [14], a
large number of LHC precision data become available. In
this work, we perform a detailed study on the impact of the
post-CT18 LHC Drell-Yan precision data on the PDFs in
the framework of CT18 global analysis.

From the ATLAS measurements, we have considered the
5.02 TeV W, Z production (ATL5WZ) [78], the 8 TeV W
production (ATL8W) [80], and the 8 TeV triple differential
distribution neutral-current Drell-Yan Z production data
d3σ=ðdmlldylld cos θ�Þ (ATL8Z3D) [81]. Similarly, we
have included the CMS 13 TeV Z boson production
(CMS13Z) [85], and the LHCb 8 TeV W boson produc-
tion (LHCb8W) [88] as well as the 13 TeV Z boson pro-
duction (LHCb13Z) [89,90]. In this work, we mainly focus
on the (pseudo)rapidity distributions around the peak region.

FIG. 14. The 68% C.L. correlation ellipses among the fiducialW�; Z and the inclusiveH, tt̄, and tt̄H productions at the 14 TeV LHC.
See the text for its details.
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Agood description of the high-massDrell-Yan invariantmass
distributions requires the inclusion of the photon PDF to
account for the EW corrections as well as the photon initiated
process γγ → lþl− [22]. Similarly, the Drell-Yan transverse
momentum ðpTÞ measurements, especially in the low-pT
region, involves the nonperturbative transverse-momentum-
dependent (TMD) parton density to account for the effect
of multiple soft gluon emissions [48,118–120]. For these
reasons, we leave these two types of the measurements for
future separate studies.
We have compared the MCFM NNLO fixed order

predictions and the ResBos2 matched qT N3LL resumma-
tion calculations for the distributions we considered in this
work. The difference is generally at a percent level, as a
reflection of the impact of fiducial cuts on different high-
order treatments. With a limited computational resource,
we generally obtain larger Monte Carlo uncertainties for
MCFM NNLO calculation than the ResBos2 resummation
calculation, which will propagate to the global fitting and
lead to a worse description (larger χ2) of data. For this
reason, the final presentations of this work are mainly based
on the ResBos2 resummation calculation.
We have identified the correlation between the exper-

imental data points and the PDF flavors in a large momen-
tum faction range x ∈ ½10−5; 1�, with the scale choice
Q ¼ 100 GeV, as an example. We find that the Wþ boson
data can provide significant constraint on the dðd̄Þ PDFs
around x ∼ 10−3, while the W− on the uðūÞ PDFs. In
comparison, the Z boson production can potentially con-
strain the sðs̄Þ PDFs at x ∼ 10−2. With respect to the single
differential distribution, the triple one in the ATLAS 8 TeV Z
production can provide additional information. In addition,
the LHCb measurements in the forward region can extend
the sensitivity to the lower-x region.
With the ePump’s PDF updating and the CT global fitting,

we have examined the impact of the post-CT18 LHC Drell-
Yan datasets, one at a time, on the CT18, CT18A, and
CT18As PDFs. We remind the reader that the CT18A
analysis includes the ATLAS 7 TeV W, Z precision data
(ATL7WZ) [93] as an alternative fit due to its apparent
tension with other preexisting data in the CT18, and the
CT18As fit includes additional degrees of freedom in the
strangeness PDF parametrization, which relaxes this tension.
Overall, the impact of the post-CT18 LHCDrell-Yan data on
the CT18 strangeness PDF is consistent with ATL7WZ in the
CT18A fit. However, when examining more closely the d̄ðdÞ
PDFs,we obtain an opposite pull, driven by theATL8Wdata,
suggesting the tension with the ATL7WZ data. A similar
tension from the LHCb8W data is observed at large x around
x ∼ 0.3, but with a minor impact due to the large PDF
uncertainty in the large x region. With the additional shape
parameter in the sðs̄Þ PDFs of the CT18As fit, the tension
between the ATL8W and ATL7WZ is relaxed.
We have also performed global fits to simultaneously

include all these post-CT18 LHC Drell-Yan datasets, based

on the CT18, CT18A and CT18As setups. The general
feature agrees with the individual fits, i.e., the post-CT18
LHC Drell-Yan datasets pull the sðs̄Þ PDFs in the same
direction as CT18A fit, but with a weaker strength. In
contrast, the post-CT18 LHC Drell-Yan datasets pull the
d̄ðdÞ PDFs to the opposite direction of the ATL7WZ data.
The simultaneous inclusion of the ATL7WZ and post-CT18
LHC Drell-Yan datasets in the CT18Aþ nDY fit accumu-
lates the pull on sðs̄Þ PDFs, but balances the impact on d̄ðdÞ
PDFs.With the additional degrees of freedom in the CT18As
fit, the impact of the post-CT18 LHC Drell-Yan data on the
sðs̄Þ PDFs is quite minimal, while the impact on d̄ðdÞ PDFs
remains. Regarding the PDF uncertainties, the post-CT18
LHC Drell-Yan data can significantly reduce the sðs̄Þ PDF
error bands, similar to the ATL7WZ data. The more flexible
parametrization of the sðs̄Þ PDFs in CT18As can enlarge the
d̄ðdÞ and sðs̄Þ PDF error bands. Under such a condition, the
post-CT18 LHC Drell-Yan data can help shrink the dðd̄Þ
PDF uncertainties but leave the sðs̄Þ almost unchanged. With
the inclusion of the lattice s− data [111] in CT18Asþ Lat,
the result of global fit CT18Asþ Latþ nDY is similar to
CT18Asþ nDY, except the strangeness asymmetry s− in
the large-x region.
Finally, we have examined the impact of post-CT18

LHC Drell-Yan data on the parton luminosities as well as
the corresponding phenomenological implications, by con-
sidering the correlation among Wþ, W−, Z, H, tt̄, and tt̄H
at the 14 TeV LHC, as examples. We find that the post-
CT18 LHC Drell-Yan data normally enhance (reduce) the
quark-related parton luminosities (such as LgΣ;qq̄;ΣΣ) at low
(high)-invariant mass region. In comparison, the gg lumi-
nosity Lgg is reduced. Normally, the luminosity uncertain-
ties shrink due to the constraining power of the post-CT18
LHC Drell-Yan datasets. The specific size of reduction can
depend on the nonpertubative parametrization forms of
PDFs. As a consequence of the quark-antiquark luminosity,
the predicted cross sections for W� and Z productions at
the 14 TeV LHC are enhanced, while their corresponding
error bands are reduced. On the other hand, the total cross
sections of Higgs, top-quark pair, and associated tt̄H
processes are pulled to the smaller values, as a result of
the reduction of gg luminosity.
As emphasized in the CT18 global analysis [14] as well

as some follow-up studies [121], the inclusion of more
high-precision data from the LHC does not necessarily
yield the more precise PDFs, due to the pulls in different
direction originated from tensions among the datasets. For
this reason, we have released another fit such as CT18A
PDFs to incorporate the additional ATLAS 7 TeV W, Z-
precision data (ATL7WZ), which is found in tension with
some existing datasets, such as the HERA Iþ II combined
DIS data and the neutrino DIS dimuon production. In this
study, we found that some of the post-CT18 LHCDrell-Yan
data are consistent with the ATL7WZ data, such as
ATL8Z3D and CMS13Z. But some tension with the
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ATL7WZ data is still found among other datasets, such as
the ATL8W data and, to a lesser extent, LHCb8W. With a
more flexible nonperturbative parametrization of PDFs, this
tension can be relaxed to some extent but not completely
resolved. A full understanding of this tension is beyond the
scope of this work, which is left for future work, especially
the next round of CTEQ-TEA global analysis, to which this
study will provide essential inputs.
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APPENDIX: SUPPLEMENTARY FIGURES

The supplementary figures in this appendix have corre-
sponding detailed explanations which are found in the
main text.

FIG. 15. Similar to Fig. 7, but for ū; g; d; u PDFs at Q ¼ 100 GeV.
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FIG. 16. Similar to Fig. 8, but for the flavor singlet Σ.

FIG. 17. Similar to Fig. 10, but for the xðd̄ − ūÞ and ðd̄ − ūÞ=ðd̄þ ūÞ at Q ¼ 1.3 GeV.

FIG. 18. Similar to Fig. 12, but for the ATLAS 8 TeV triple differential distributions.
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FIG. 19. Similar to Fig. 12, but for CMS 13 TeV Z production.

FIG. 20. Similar to Fig. 12, but for the LHCb 8 TeV W and 13 TeV Z datasets.
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FIG. 21. The correlation cosine between the fiducial W�; Z and inclusive tt̄; H; tt̄H cross sections with the CT18 PDF flavors
at Q ¼ 100 GeV.

FIG. 22. The correlation cosine of the cross section ratio RZ=W� and sum σZ þ σW� with the CT18 PDF flavors at Q ¼ 100 GeV.
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