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A precision measurement of the W-boson production cross section is performed using the W — uv
decay channel, based on a sample of proton-proton collision data collected by the LHCb experiment at
/s = 13 TeV and corresponding to an integrated luminosity of 5.1 fb!. The cross section is measured for
muons with transverse momentum between 25 and 55 GeV and pseudorapidity between 2.0 and 4.5. The
total production cross sections of W bosons are measured to be oy+_,,+, = 1754.2 & 1.5 £ 11.8 £35.1 pb
Ow-—yp = 1178.1 £ 1.3 £9.7 £23.6 pb where uncertainties are statistical, systematic, and due to the
luminosity determination, respectively. Differential distributions doy=_, -,/ dp*” are also presented. The

total and differential cross sections are in good agreement with theoretical predictions at next-to-next-to-
leading order in perturbative quantum chromodynamics. This measurement is significantly more precise

than previous results in this kinematic regime.
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I. INTRODUCTION

Proton parton distribution functions (PDFs) are a
fundamental input for cross-section calculations at
hadron colliders, and frequently represent the dominant
source of systematic uncertainty in precision measure-
ments [1,2]. As nonperturbative quantities are not
directly calculable within the Standard Model (SM),
PDFs must be extracted empirically through global
analyses using experimental inputs, including a wide
range of scattering processes [3—7]. Measurements of
the electroweak (W and Z) boson production cross
sections at Large Hadron Collider energies provide
not only a stringent test of the SM, but also a critical
constraint for global fits of proton PDFs [8].

Theoretical predictions for electroweak production cross
sections, calculated up to next-to-next-to-next-to-leading
order (N’LO) in perturbative quantum chromodynamics
(QCD) [9-18], critically depend on the parametrization of
Bjorken-x distributions within the proton. Here, x repre-
sents the longitudinal momentum fraction carried by
constituent partons [19], serving as a fundamental param-
eter that governs the nonperturbative QCD dynamics across
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different energy scales. The LHCb experiment’s forward
acceptance (2 < 5 < 5) uniquely probes kinematic regimes
that complement measurements from ATLAS [20-29],
CMS [30-38] and ALICE [39-45], particularly in both
the large and small-x regions that remain theoretically
challenging. For typical W-boson production kinematics
within the LHCb acceptance, the corresponding parton
momentum fractions span approximately 10~ and 10~! at
0% ~ 10* GeV. This complements the coverage of other
experiments, with ATLAS and CMS probing roughly 1073
to 1072,

The LHCb collaboration has previously published com-
prehensive measurements of inclusive W- and Z-boson
production in proton-proton (pp) collisions at center-of-
mass energies of /s =7, 8, and 13 TeV [46-55] with
integrated luminosities of approximately 1, 2, and 1.6 fb~!
respectively. The present analysis utilizes the Run 2 dataset
collected during 2016-2018, corresponding to an inte-
grated luminosity of 5.1 fb~!. Precise measurements of
inclusive W and W~ -boson production cross sections are
presented for muons in the fiducial region with transverse
momentum pi between 25 and 55 GeV' and pseudor-
apidity #, between 2.0 and 4.5, complemented by differ-
ential cross-section measurements binned in muon
pseudorapidity. In addition, a measurement of the muon
charge asymmetry, using the same sample of W-boson
decays, is presented in a companion Letter [56].

'Natural units with # = ¢ = 1 are used throughout.

© 2026 CERN, for the LHCb Collaboration


https://crossmark.crossref.org/dialog/?doi=10.1103/5wwg-frcg&domain=pdf&date_stamp=2026-09-10
https://doi.org/10.1103/5wwg-frcg
https://doi.org/10.1103/5wwg-frcg
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

R. AAIJ et al.

PHYS. REV. D 114, 052003 (2026)

The differential W-boson production cross section is
measured in 18 7, intervals, according to

+
d”wi—»ﬂiu _ N}j/:ield : IVSVSR (1)
dp At L Ews

where An#" is the size of the interval, £ the integrated
luminosity, N4 the W* candidate yield determined from

a template fit to the muon pr spectrum, ey+ the total
reconstruction and selection efficiency. Final state radiation
corrections are applied using a ratio of ResBos 2 [57,58]

predictions with Photos [59] to those without Photos, fl‘ﬁg;,
which maps bare-level muon kinematics to Born-level
definitions. This allows direct comparison with theoretical
predictions at Born level.

II. DETECTOR AND SIMULATION

The LHCb detector [60,61] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 5,
designed for the study of particles containing b or ¢ quarks.
The detector used to collect the data analyzed in this paper
includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction
region [62], a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of
about 4 T'm, and three stations of silicon-strip detectors and
straw drift tubes [63] placed downstream of the magnet.
The tracking system provides a measurement of the
momentum, p, of charged particles with a relative uncer-
tainty that varies from 0.5% at low momentum to 1.0% at
200 GeV. The minimum distance of a track to a primary pp
collision vertex (PV), the impact parameter (IP), is mea-
sured with a resolution of (15 + 29/py) pm, where py is
the component of the momentum transverse to the beam,
in GeV. The magnetic field deflects oppositely charged
particles in opposite directions and this can lead to
detection asymmetries. Periodically reversing the magnetic
field polarity throughout the data taking almost cancels the
effect. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov
detectors [64]. Photons, electrons and hadrons are identi-
fied by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional
chambers [65].

The online event selection is performed by a trigger [66],
which consists of a hardware stage based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.
Triggered data further undergo a centralized, oftline
processing step to deliver physics-analysis-ready data
across the entire LHCb physics program [67].

Simulation is required to model the effects of the
detector acceptance and the imposed selection require-
ments, and to describe the signal and background compo-
nents when fitting data to extract yields. In the simulation,
pp collisions are generated using Pythia [68] with a
specific LHCb configuration [69], in which FSR is
generated using Photos. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the Gean4 toolkit [70,71] as described in
Ref. [72]. To evaluate higher-order effects in the pertur-
bative expansion, this analysis employs multiple event
generators. DYTurbo [73] provides high-precision QCD pr
resummation for Drell-Yan cross sections, achieving
approximate next-to-next-to-next-to-next-to-leading loga-
rithmic (N*LL) accuracy and serving as the weighting
tool described in Sec. IV B. For the background cross-
section predictions described in Sec. V, MCFM [74], a
parton-level event generator that gives predictions for a
wide range of processes at hadron colliders, is used.
ResBos 2 and Powheg [75] are utilized to obtain theoretical
predictions for experimental results. ResBos 2 integrates a
next-to-next-to-leading order (NNLO) fixed-order calcu-
lation for high-pr bosons with the Collins-Soper-Sterman
resummation formalism [76-78] at low pt, implementing
an all-orders resummation of large logarithmic terms
from gluon emissions. The Powheg generator simulates
the hard interaction at NLO in perturbative QCD. For the
W — uv process, all predictions refer to the fiducial
region mentioned above.

III. EVENT SELECTION

The signal selection employs a multistage optimiza-
tion strategy that balances signal purity against
reconstruction efficiency. Muon candidates must satisfy
stringent quality criteria including good track-fit quality,
a precise momentum measurement (o(p)/p < 0.06),
physical momentum limits (p <2 TeV) and satisfy
the fiducial criteria.

Additional selection requirements are imposed to
reject specific backgrounds. Nonprompt muons from
heavy-flavor decays are rejected by requiring less than
5.0 GeV energy deposition in the hadronic calorimeter cells
surrounding the muon trajectory, combined with muon
identification (ID) criteria. Track isolation requirements
(> piack < 3.0 GeV in a cone around the muon within

\/ (¢ — d,)> + (n—1,)* < 0.5, where ¢ is the azimuthal

angle) effectively suppress hadronic backgrounds. A
Z-boson veto is also added to reject events containing a
second muon with opposite charge, which could form
Z - ptyp~ candidates (p} > 25 GeV, 2.0 <y <4.5,
where pt and 7' are properties of the second muon).
Tight impact parameter significance requirements ensure
that tracks originate from the primary vertex, further
suppressing contributions from W — zv and heavy-flavor
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decays. After applying these selection criteria, around
6.3 x 10° (4.4 x 10°% W* (W-) candidates are retained
with an approximate purity of 85% (80%).

IV. CORRECTIONS

To account for detector misalignment effects, imperfec-
tions in the simulation of the detector response and
resolution, and missing higher-order effects in theoretical
predictions, dedicated calibration and correction proce-
dures are implemented for both data and simulation.

A. Data calibrations

The charged particle momentum measurements are
affected by variations in detector conditions throughout
the course of the data-taking period. These effects are
suppressed using Y (1S5) — p"p~ decays in data, where the
reconstructed Y(15) mass is corrected to the known value
[79] for each year of data-taking. The mass distribution of
the T(1S) peak is described by the sum of two Crystal Ball
functions [80] with a common peak position, while the
background is described by an exponential function. The
Crystal Ball peak positions Mg are then compared to the
known Y(1S) mass Mppg [79] to determine the momentum
scale correction S, = Mppg/Mcg.

For remaining misalignment effects affecting high-pr
muons, the pseudomass method is employed [81,82]. This
technique estimates two-particle final-state masses in the
absence of full information on the final-state momenta. For
Z — utu~ decays, pseudomasses are defined as

:F
Miz\/Zpip%i—jF(l—COSH), (2)

T

where p* (p7) are the u* (transverse) momenta, and 6 is
the opening angle between the two muons. Unlike the
invariant mass, where biases cancel between ut and p~
tracks, the pseudomasses maintain first-order sensitivity to
curvature biases

P Sap

1,9 45 (3)

where ¢ is the muon charge and ¢ is the curvature bias.
Simultaneous fits of M* and M~ are performed in intervals
of n,, ¢,, data-taking year, and magnet polarity to deter-
mine the pseudomass asymmetry A= (M- M")/
(M* + M7). In turn, the curvature bias is determined from

the asymmetry via 6 = 4 (%) + (=), where (p%) are the

mean values of the inverse of the muon momenta. The
average values of 1 — S, and § are on the order of 10~ and
1073, respectively.

The momentum of each final-state particle is then
transformed according to Eq. (3), using the measured
values of S, and 6. These corrections are validated using

the Z — utp~ mass peak in data, demonstrating that they
lead to improved momentum resolution. Given the excel-
lent angular resolution of the LHCb detector, negligible
migrations are observed between pseudorapidity intervals
in the analysis and no unfolding correction is applied.

B. Corrections to the simulation

To improve the modeling of momentum resolution for
simulated events processed via the full LHCb detector
simulation and reconstruction chain, a multiparameter
smearing correction is applied to the particles’ momenta as

p = p(1+a)(1 +RNoy)(1 +Rypoy/coshy), (4)

where R and R, are random variables from a standard
normal distribution, " is a scaling factor accounting for the
amount of material traversed by muon tracks up to the
LHCb magnet and is set to 1.5 for muons with # > 3.3 and
unity otherwise (it accounts for the increased material
traversed by the higher-n tracks up to the LHCb magnet),
a denotes the momentum scale calibration factor, while o
and o, describe the contributions to resolution from
multiple scattering and curvature, respectively [1].

A simultaneous maximum-likelihood fit is performed
on the dimuon invariant-mass spectra of J/y, T(1S) and
Z-boson candidates, incorporating both magnet-polarity
configurations to extract the optimal parameters of a, oy,
and o,. The Z -boson invariant-mass distributions with
corresponding fit results are shown in Fig. 1, while
numerical results including statistical uncertainties for
the fitted parameters are compiled in Table 1.

The default LHCb simulation employs the Pythia gen-
erator, which lacks sufficient precision for modeling
higher-order QCD effects. To account for these effects,
simulation samples (Z — pu*u~, W — pv and W — tv) are
corrected to match NNLO predictions from the DYTurbo
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FIG. 1. Invariant-mass distributions of Z — u"u~ candidates
used in the momentum smearing fit, with the fit results also
shown. The red and blue curves are simulated data.
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TABLE 1. Parameters of the simulation smearing model ob-
tained from the fit procedure described in the text.

Name Value
momentum scale (a x 10%) 0.128 +0.003
momentum smear (¢, x 10%) 2.19 £ 0.01
curvature smear (6, x 10°) 153405

generator. Two multiplicative correction factors are calcu-
lated and applied at generator level: an angular weight
(Wang) and a full phase-space cross-section weight (Wygec)-
The angular coefficients for each process are determined
using the projection method from Ref. [83], which com-
putes a normalized weighted average over the dilepton
angular coordinates (6, ¢). The angular weight is then
calculated as

1 + cos?0 + 1 APYTu (1 — 3cos?6) + ...
Wane = .
1 4 cos?0 + LA™ (1 = 3c05%6) + ...

. )

where A are coefficients in the angular expansion, and the
missing additional terms are defined in Ref. [83].

For full phase-space cross-section corrections, interpo-
lated o) histograms are used to reweight simulated events.
The histograms are generated with axes corresponding to
W rapidity, My, and log;,(pY) for a grid of fixed values of
a, (the strong coupling constant) and kt (the intrinsic
transverse momentum of the initial state partons). Two
interpolation methods are employed: trilinear interpolation
between histogram bins, and bicubic spline interpolation
across parameter spaces of ay and k. This involves arrays
of histograms corresponding to different parameter values.
The default full phase-space cross-section weight is derived
from the ratio of DYTurbo to Pythia predictions.

This comprehensive weighting strategy ensures proper
modeling of both angular distributions and absolute cross
sections in the simulated samples.

V. SIGNAL YIELD

The signal yield determination employs a binned maxi-
mum-likelihood fit to the muon py spectra across 36 7,
bins (18 intervals x 2 charges). The background contri-
butions considered in this analysis include heavy-flavor
processes (c¢, bb and ff), electroweak processes
Z—->utu, W1, Z- ", etc.) and QCD multijet
background.

The QCD background primarily arises from hadrons
produced in pp collisions misidentified as muons via two
mechanisms: decay-in-flight (kaons/pions decaying into
muons during detector traversal) and punch-through (ener-
getic hadrons penetrating calorimeters to reach muon
detectors). These misidentification rates are parametrized
as functions of momenta using simulated samples with
dedicated fits for pions, kaons, and protons, as

pion and kaon rate = a, e’? + a, (1 - e_%j)

+ (a2 + azp), (6)
proton rate = ag e’? + (a, + asp). (7)

Here a,(1 - e_%) describes the decay-in-flight probabil-
ity, where p is the momentum, 7 the lifetime, d the flight
distance, and m the mass of the light hadron. The term
(ay + azp) models the punch-through probability as a
linear function of momentum. The a,e”? functions are
used to model hadrons near the edge of the LHCb detector
acceptance (around 7 = 2.1), where isolation require-
ments fail to sufficiently suppress the QCD background,
and f takes a negative value. The a3 coefficients are
different for protons, pions, kaons. The misidentification
rates are parametrized as event weights, @;siq, 1N Simu-
lation. The misidentification fits for the three primary
species (pion, kaon, proton) are performed on simulated
events tagged with true particle types (pion, kaon, proton,

TABLE II. Fiducial regions and cross sections that are assumed in the signal yield fit. Here, M refers to the
invariant mass of the dilepton system.

Process 6 [pb] Fiducial region

W — 3558 pr>20GeV, 2.0 <n, <45

Z - pu 193.5 P> 20 GeV, 2.0 <5, <4.5,60 <M < 120 GeV
Z -1t 4.999 pT >20GeV, 2.0 <py, <4.5,60 <M < 120 GeV
W — 379.3 Py >20GeV, 20 <y, <45

v = 339.7 Pr>1GeV, 20 <, <45,20 <M <40 GeV
qq — tt 9.259 p > 17 GeV, 2.0 <5, <45

gg — tt 36.00 pr > 17GeV, 2.0 <y, <45

tW 6.723 Py >17GeV, 2.0 <5, <45

ww 1.023 P >15GeV, 2.0 <y, <45

cc 2347 Py >14GeV, 2.0 <, <45

bb 1.091 x 10* pr > 14 GeV, 2.0 <5, <45
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FIG. 2. Distribution of the muon pr for selected (left) W+ and (right) W~ bosons for the example interval 2.125 < 1, < 2.250, with
the fit results also shown. The distributions in the data are compared with those from simulation. The normalizations of the contributions
labeled W and QCD are determined by the fit described in the text. Error bars combine the contributions from statistical and systematic

uncertainties.

or others), with hadron charges combined to improve
statistical precision. This systematic methodology ensures
robust background modeling in the subsequent analysis.
Additional exponential weight factors @y, sim are applied
to correct for residual discrepancies in charge asymmetry
and pr distributions between data and simulation. These
weights, wg.q = Onisid * Ddata/sim» cOTTECt the misidentifi-
cation results from full simulation for each individual
event.

In the fit model, the normalization parameters for W
boson and QCD backgrounds are left free to vary,
while all other background processes are normalized
relative to the observed number of Z — u*u~ candidates
selected with the same fiducial cuts as listed in Table II
across 7, bins via

i JSfid
Z Wl' Ufld N%en 1

ed _ NG
expecte i
i N%}/as Z wy Ugd ngen,ﬁd ’
ted . . .
where f7P°“““ denotes the estimated fraction for a given

process i, N9 (N9) the observed event yields of
selected W (Z) boson candidates, and w; corresponds to
the simulation weights incorporating the efficiency. The
last two factors essentially comprise a luminosity ratio
relative to the Z — p*p~ simulation production, with

o4 denoting fiducial cross sections and N2™™ the
generator-level event yields passing fiducial criteria.
The considered fiducial cross sections are shown in
Table 1. The Z - ytu~, Z - tv, W - yv and W - w
cross sections are predicted by MCFM. Cross sections
of other processes are estimated by Pythia with the
Gauss [69] configuration. Example fit results for the
second pseudorapidity bin are presented in Fig. 2, where
only statistical uncertainties are included on the data
points.

VI. EFFICIENCIES
The total reconstruction and selection efficiency for a

given 7, interval is defined as

o Ereco W Drec * Dsel * Dgen (9)

Ewy: = s
Ztrue ngen

where the numerator aggregates weights from events in the
W-boson simulated samples passing all selection criteria:
W, the reconstruction efficiency, combines tracking/ID/
trigger efficiencies; w,, corresponds to selection efficien-
cies; and g, denotes generator-level weights. The denom-
inator sums generator-level weights for generated W
bosons passing fiducial requirements.
The muon reconstruction efficiency is quantified using
a data-driven tag-and-probe method [84] applied to
Z — uTu~ decays. The efficiencies are defined as the
fraction of events passing sequential selection criteria, with
each stage’s denominator determined by the prior stage’s
numerator to enable backward propagation of correc-
tions to the fiducial selection. The total reconstruction
efficiency is factorized as
€ = Euk X €D|uk X EwigID- (10)
The tracking efficiency (e ) quantifies the fraction of
fiducial-acceptance events with reconstructed charged
tracks meeting quality requirements; the muon identifica-
tion efficiency (eppju) represents the fraction of charged
tracks passing muon identification criteria; and the trigger
efficiency (eyigip) denotes the fraction of identified muon
tracks satisfying the trigger selection. The efficiency and
efficiency ratio, €gu./€4m,» are evaluated separately in
each 77, and py* interval. Instead of bin-by-bin corrections,
the efficiency and efficiency ratio are parametrized via
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FIG. 3. Data-to-simulation efficiency ratios for muon selection
requirements, shown as functions of the recoil projection variable
u and pseudorapidity 7,.

functional fits, producing continuous weight templates.
Simulated events are further weighted using the efficiency
ratio between data and simulation to correct for residual
mismodeling.

The isolation requirement has a dominant influence on
all selection criteria since its efficiency is much lower than
that of other requirements. At generator level, the isolation
distribution arises from two physically distinct mecha-
nisms: underlying event activity and hard-process recoil
effects. To address this complexity, a recoil projection
variable is introduced for each muon, defined as

—)V' =474
w="12Pr (11)
Pt

where p4 and pY respectively denote the transverse
momentum vectors of the muon and its parent boson in
the laboratory frame. This kinematic variable unifies
selection studies across W and Z-boson processes, with
measurable corrections extracted from Z events as func-
tions of reconstructed u. The variable effectively disen-
tangles physical regimes: hard-process recoil -effects
dominate at small/negative u, while underlying event
activity becomes dominant at large u. LHCb operates in
the forward region. Here, alignment corresponds to the
particles being boosted to high rapidity, with typically low
pt- The selection efficiency exhibits greater universality
when parametrized versus u# compared to traditional var-
iables like p’. Data-to-simulation efficiency ratios binned
in u and 7, are presented in Fig. 3. The trends in this figure
are caused by the simulation’s limited ability to describe
data in the region of negative u (increasing recoil con-
tribution) and at the detector edge.

All efficiency corrections are incorporated as event
weights in the final fit to determine signal yields, ensuring
accurate consideration of reconstruction effects in the

cross-section measurements. The binning schemes are
designed to capture critical kinematic dependencies while
preserving statistical precision in each bin.

VII. SYSTEMATIC UNCERTAINTIES
AND STABILITY CHECKS

Various sources of systematic uncertainty are investi-
gated, with the total obtained as the quadrature sum of all
components. Uncertainties in the total cross section are
compiled in Table III; those for the differential cross
sections in Tables IV and V. The notable difference in
generator-weight uncertainties between W+ and W~ orig-
inates from the contribution within the pseudorapidity

TABLEIII.  Relative uncertainties affecting the W= boson total
cross-section measurements.

Source Aoy, |%)  Acw-_,-5 %]
Statistical 0.08 0.11
Reconstruction efficiency 0.33 0.33
Generator weight 0.26 0.51
QCD background 0.06 0.09
Selection efficiency 0.51 0.52
Smearing 0.02 0.03
FSR 0.10 0.15
Total Systematic (excl. lumi.) 0.68 0.83
Luminosity 2.00 2.00
Total 2.11 2.17

TABLE IV. Summary of relative systematic uncertainties
on the W+ n,~differential cross-section measurement from the
reconstruction efficiency (e..), generator correction, smearing,
selection efficiency (gy;), QCD background and FSR correction,
presented in percent.

up &ec Generator Smearing &, QCDBkg FSR
2.000-2.125 0.61  0.51 0.10 0.74 044 0.04
2.125-2.250 0.58  0.46 005 082 022 005
2.250-2.375 0.64  0.43 006 072 012 023
2.375-2.500 0.49  0.45 0.05 070 0.09 0.03
2.500-2.625 0.44  0.44 006 073 005 0.18
2.625-2.750 042  0.31 0.04 057 005 0.09
2.750-2.875 0.52  0.20 0.06 057 007 0.19
2.875-3.000 0.46  0.17 0.04 049 0.09 0.17
3.000-3.125 0.51  0.11 006 046 0.12 0.11
3.125-3.250 041  0.22 005 047 0.12 0.10
3.250-3.375 049  0.63 008 053 017 0.14
3.375-3.500 0.57 1.14 005 052 013 0.13
3.500-3.625 0.49 1.58 0.06 043 0.10 0.14
3.625-3.750 0.53 1.66 0.07 042 0.14 0.06
3.750-3.875 0.58 1.58 0.09 042 0.17 0.16
3.875-4.000 0.67 1.40 006 044 020 0.28
4.000-4.250 0.63 1.22 0.07 040 036 0.16
4.250-4.500 096  2.21 022 052 069 0.10
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TABLE V. Summary of relative systematic uncertainties
on the W~ z,-differential cross-section measurement from the
reconstruction efficiency (e..), generator correction, smearing,
selection efficiency (g4;), QCD background and FSR correction,
presented in percent.

up €o. Generator Smearing & QCDBkg FSR
2.000-2.125 0.59 0.26 0.07 0.78 0.51 0.10
2.125-2.250 0.53 0.21 0.04 0.86 0.25 0.15
2.250-2.375 0.61 0.17 0.06 0.76 0.14 0.18
2.375-2.500 0.48 0.17 0.02 0.73 0.08 0.18
2.500-2.625 0.45 0.22 0.03 0.76 0.06 0.05
2.625-2.750 0.39 0.29 0.04 0.60 0.07 0.03
2.750-2.875 0.51 0.31 0.05 0.60 0.08 0.16
2.875-3.000 0.54 0.33 0.05 0.51 0.09 0.09
3.000-3.125 0.54 0.30 0.05 0.48 0.11 0.14
3.125-3.250 0.61 0.28 0.05 0.49 0.13 0.03
3.250-3.375 0.53 0.19 0.08 0.55 0.16 0.26
3.375-3.500 0.52 0.12 0.06 0.55 0.19 0.19
3.500-3.625 0.59 0.25 0.07 0.45 0.17 0.03
3.625-3.750 0.58 0.43 0.11 0.44 0.19 0.07
3.750-3.875 0.59 0.91 0.14 0.43 0.20 0.27
3.875-4.000 0.58 1.29 0.08 0.44 0.23 0.30
4.000-4.250 0.67 2.53 0.10 0.57 0.29 0.24
4.250-4.500 0.94 4.75 0.31 0.75 0.52 0.39

interval 4.0 < 5 < 4.5, as detailed in the aforementioned
tables.

Three sources contribute to the systematic uncertainty
from the reconstruction efficiency: the statistical uncer-
tainty from finite tag-and-probe sample sizes, assessed via
Gaussian fluctuations of &g, and €4,/ €qm Within uncer-
tainties before efficiency fitting; alternative parametriza-
tions for tracking/ID/trigger efficiencies; and variations in
denominator selection criteria.

Generator-level systematic uncertainties comprise three
components: scale variations quantified via the envelope of
7-point scale variations ([renormalization scale, factoriza-
tion scale]: [0.5, 0.5], [0.5, 1], [1, 0.5], [1, 1], [1, 2], [2, 1],
[2, 2]) for angular coefficients and full phase-space cross
sections; the basic configuration uncertainty determined by
comparing DYTurbo VS Powheg + Pythia (NLO) predictions
with/without full phase-space cross sections weights. The
associated uncertainty for W~ is much larger than for W+,
which is driven by the contribution from the highest 7,
interval (see Tables IV and V).

Systematic uncertainties in QCD background estimation
comprise two components: the statistical uncertainty in
data/simulation and misidentification fit parameters,
assessed via multivariate Gaussian resampling; and the
assumed pion, kaon, and proton abundances, quantified by
repeating the measurement with these varied independently
and conservatively by +20%.

The selection efficiency systematic uncertainty has
three components: the RMS of cross-section variations
derived from repeating efficiency corrections with

Gaussian-smeared data/simulation efficiency ratios per
bin; the envelope of the cross-section variations from
alternative binning schemes for Fig. 3; and the cross-
section variation due to the tightening of the Z-boson mass
window of the denominator from 60 < M < 120 GeV
to 70 < M < 110 GeV.

The systematic uncertainty from track smearing com-
prises two components: the statistical uncertainty in smear-
ing model parameters, assessed via multivariate Gaussian
resampling of parameter correlations from the covariance
matrix of the fit; and the statistical uncertainty on the
curvature bias 9.

To estimate the systematic uncertainty from the treat-
ment of FSR, the Powheg generator is used, where the FSR is
modeled using Pythia. The differences of FSR corrections
between ResBos + Photos and Powheg + Pythia are assigned as
the systematic uncertainty.

In addition to the experimental systematic uncertain-
ties, an overall cross-section uncertainty of 2.0% is
assigned to account for the limited precision on the
integrated luminosity of the sample [85]. This uncertainty
is 100% correlated between bins in the differential
measurements.

To validate the result robustness, the full analysis has
been repeated in subsamples obtained partitioning by year
and magnet polarity, with all results being consistent.
Alternative fits include those with: an alternative pt
binning scheme; the W — zv cross section varied by
+1%; the c¢/bb cross sections varied by +50%; the
efficiency correction split into two independent ¢ regions;
and an alternative QCD background simulation with the pr
threshold reduced from 18 to 14 GeV. The resulting
variations are consistent with statistical fluctuations.

VIII. RESULTS

The measured cross-section results are computed from
Eq. (1) and presented in Table VI, Figs. 4 and 5. Theoretical
predictions employ NNLO ResBos 2 coupled to CT18 [86],
NNPDF40 [87], and MSHT20 [88] PDF sets; additional
comparisons use NLO Powheg + Pythia with CTI18
configurations.

The total production cross sections of W-boson and the
ratios of W to Z -boson total cross sections [54] are
determined to be

Oty = 175424+ 1.5+ 11.8 £ 35.1 pb
Ow-—yp = 1178.1 + 1.3+ 9.7 + 23.6 pb

Ry-y = 2210 893 +0.012 £ 0.081,
O-Z_)ﬂ+ﬂ_
Ry = 222 — 5,999 + 0,009 + 0.060,
Uz_)lfrﬂf
Ryy = W=l _ 14930 + 0.026 + 0.134,
UZ—W*”‘
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TABLE VI. Measured differential W — uv cross sections, as a function of muon pseudorapidity. The first
uncertainty is statistical, the second systematic, and the third due to the luminosity (which is 100% correlated

between bins).

My d(TWJr /d}/]u [Pb] d(;W’/drlu [Pb]
2.000-2.125 1067.6 £32+12.6 =214 691.0£2.7+79 4138
2.125-2.250 10693 £3.0+12.0 £ 214 679.1 £2.6 7.3 +13.6
2.250-2.375 10603 £3.1 £11.5+21.2 646.2 2.5+ 6.6+ 129
2.375-2.500 1034.0 £3.2 £ 10.0 £20.7 633.8 £2.5+58+12.7
2.500-2.625 10143 £3.2£9.9£20.3 602.5+2.4+55+12.1
2.625-2.750 1004.0 £3.1 £7.8 £20.1 5885+24+46+£11.8
2.750-2.875 965.1 £3.0£7.94+19.3 568.84+23£49+11.4
2.875-3.000 926.7+£3.0£6.7+18.5 551.7+24+£46+£11.0
3.000-3.125 883.2+3.1+64+17.7 527.0+£24£42+105
3.125-3.250 8324 +£29+57+16.6 508.0+2.1+43+10.2
3.250-3.375 7553 +£24+£74+£15.1 481.7+22+41+£9.6
3.375-3.500 691.2+£25+9.6+13.8 4575+2.1£3.7+0.1
3.500-3.625 610.8 £2.4+£105+£12.2 4279 +£22+£35+8.6
3.625-3.750 5328 £23+£9.6 £10.7 3957£21+£35+79
3.750-3.875 446.0£20£7.8£89 373.0+£22+46+75
3.875-4.000 361.0+£1.7+6.0+£7.2 3344 4+£2.0+51+6.7
4.000—4.250 2513+12+£37+5.0 2813+14+76+5.6
4.250-4.500 1383 +1.24+3.6+£2.8 1979+ 1.5+9.8+4.0

where the uncertainties are statistical, systematic, and
where relevant, due to the luminosity determination,

respectively.

In determining these ratios, all uncertainties are assumed
to be uncorrelated, with the exception of the systematic

uncertainty relating to the reconstruction efficiency, where
a 50% positive correlation is assumed. The results are
compared to theoretical predictions in Fig. 6, while the W
and Z-boson total cross section [54] correlations are shown
in Fig. 7. There is a tension of approximately 2.5 (2.0) ¢
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m=== PDF Unc.

Stat. Unc.
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FIG. 4. Differential W — pv cross sections, as a function of 77,,.
The bands represent the data, with the inner (outer) region
corresponding to the statistical (total) uncertainty. For theoretical
predictions, the error bars incorporate both PDF and scale

uncertainties.
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FIG.5. Total (top) W* — p*v, and (bottom) W~ — u~D, cross
sections compared with theoretical predictions. The bands denote
the measurements, with the inner (outer) region corresponding to
the statistical (total) uncertainty. For the theoretical predictions,
the error bars incorporate both PDF and scale uncertainties.
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FIG. 6. Results for the (top) ow+_,+,/07-,+,~ and (bottom)
Ow- -5/ Oz~ Cross-section ratios compared with theoretical
predictions. The p% range used for the W (Z) cross-section
measurement is 25 < pf < 55 GeV (p. > 20 GeV). The bands
denote the measurements, with the inner region corresponding to
the statistical uncertainty and the outer region corresponding to
the statistical and systematic uncertainty. The theoretical points
correspond to the different predictions, with error bars including
both PDF and scale uncertainties.

between the Ry+; (Ry-7) measurement and the NNLO
theory predictions.

IX. CONCLUSION

Precision measurements of W*-boson production in
proton-proton collisions at /s = 13 TeV are presented
using muon decay channels. The analysis utilizes 5.1 fb~!
of data collected by the LHCb detector during Run 2
(2016-2018). Inclusive W — uv production cross sections
are measured within the fiducial region defined by muon
transverse momentum 25 < p4 < 55 GeV and pseudora-
pidity 2.0 <7, <4.5.
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FIG.7. total cross-sections measurements of (top) W+ and W~,

(middle) W* and Z, and (bottom) W~ and Z, compared with
theoretical predictions. The pt* range used for the W (Z) cross-
sections measurement is 25 < pf <55 GeV (p4f > 20 GeV).
The inner ellipse of the measurement includes statistical and
systematic uncertainties, but excludes the luminosity uncertainty.
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The measured differential cross sections exhibit excel-
lent consistency with NNLO perturbative QCD predictions
calculated via ResBos 2 using CT18 PDFs. These high-
precision measurements impose stringent constraints on
parton distribution functions, particularly in sparsely con-
strained small-x and large-x regions, with experimental
uncertainties matching current theoretical precision. The
findings underscore the unique capability of forward muon
measurements at the LHCb experiment to probe PDFs in
kinematic regimes inaccessible to other general-purpose
detectors.
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