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Abstract

The LHCb experiment at the Large Hadron Collider at CERN is a forward spectrometer with a unique acceptance, designed
primarily for the study of heavy-flavour physics. However, its excellent tracking and particle identification capabilities, together
with its high-precision momentum resolution, also enable precise measurements of electroweak bosons produced in the forward
region. This contribution presents measurements of the effective leptonic weak mixing angle and the Z boson mass at

√
s = 13 TeV,

as well as measurements of the W boson cross-section and mass at
√

s = 5.02 TeV using the LHCb detector.
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1. INTRODUCTION
At the Large Hadron Collider (LHC), electroweak bosons are
produced through a variety of processes, and their proper-
ties provide essential tests of the Standard Model (SM) as well
as probes for potential physics beyond it [1]. Measurement of
these bosons in the forward region is particularly important,
and the LHCb experiment is uniquely equipped for such stud-
ies, with a detector acceptance covering the forward pseudora-
pidity range 2 < η < 5. Its results complement those of ATLAS
and CMS, which mainly focus on the central detector region [2],
and can be combined with them to improve the overall preci-
sion of electroweak measurements.

Although LHCb operates at lower instantaneous luminos-
ity and has limited sensitivity to missing energy compared to
ATLAS and CMS, it offers distinct advantages: low-momentum
trigger thresholds, excellent tracking and particle identifica-
tion, and high-precision momentum measurements. Its for-
ward acceptance provides complementary coverage, partially
overlapping with the lower pseudorapidity region of the cen-
tral detectors. Furthermore, the LHCb detector benefits from
a low pile-up environment, typically between 1 and 2 inter-
actions per bunch crossing, compared to the 50 to 60 interac-
tions observed at ATLAS and CMS during the Run 2 period
(2016 to 2018) [3]. These features make LHCb an exceptional
tool for precision studies of electroweak boson decays, includ-
ing measurements of cross-sections, masses, and the effective
weak mixing angle.

This contribution does not present new measurements,
but instead summarises previously published results from the
LHCb Collaboration and highlights their methodology and in-
terpretation in a unified overview.

2. WEAK MIXING ANGLE MEASUREMENT
AT

√
s = 13 TeV

The kinematic distributions of the final-state leptons in the Z
process offer a means to investigate both the QCD and the elec-
troweak sectors of the SM. Vector and axial-vector couplings,

Corresponding author: ahmed.abdelmotteleb@cern.ch

which depend on the Weinberg angle (θW ), also known as the
weak mixing angle, give rise to a forward-backward asym-
metry in the angular distribution of lepton pairs produced in
Drell–Yan processes. This asymmetry can be used to measure
the weak mixing angle, which is a fundamental parameter of
the SM, with a potential dependence on processes beyond the
SM [4].

The forward-backward asymmetry can be described as
shown in the following Equation 1.

AFB =
NF − NB
NF + NB

=
N(cos θ∗ > 0)− N(cos θ∗ < 0)
N(cos θ∗ > 0) + N(cos θ∗ < 0)

, (1)

where NF and NB are the number of events in the forward and
backward regions of the Collins-Soper frame, respectively, and
θ∗ is the angle between the outgoing lepton and the axis de-
fined by the proton beam directions in this frame. At leading
order, the weak mixing angle can be expressed as shown in
Equation 2 [5].

sin2 θW = (1 −
m2

W
m2

Z
), (2)

The effective weak mixing angle, sin2 θl
eff, includes higher-

order corrections that extend beyond the leading-order approx-
imation.

The LHCb experiment is well suited to measure the weak
mixing angle in the forward region, where the forward-
backward asymmetry reaches its maximum and the PDF un-
certainty is minimised [4]. This analysis uses the full Run 2 data
set collected by LHCb, corresponding to an integrated luminos-
ity of 5.3 fb−1, and is restricted to the fiducial region defined
by 2.0 < ηµ < 4.5, pµ

T > 20 GeV, and 66 < Mµµ < 116 GeV,
where Mµµ is the dimuon invariant mass. To suppress hadronic
and heavy-flavour backgrounds, selection criteria on isolation,
muon track quality, and muon impact parameter are applied,
reducing these backgrounds to the percent level. As a result,
the total background fraction within the fiducial kinematic re-
gion is only 2 × 10−3 [4]. All backgrounds are estimated from
simulation and scaled to data, after which background sub-
traction is performed to extract the signal. Figure 1 presents
the dimuon invariant mass and ∆η distributions for the se-
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FIGURE 1: Distributions of the (top) dimuon invariant mass and
(bottom) ∆η for the selected signal candidates, overlaid with
simulation. The dark blue line represents the sum of the ex-
pected signal and background contributions.

lected candidates in both data and simulation, illustrating the
extremely low background contribution for this process.

AFB is assessed across ten |η| intervals (cos θ∗ ≈
tanh ∆η

2 ) [4]. This fit can be seen in Figure 2.
The value of sin2 θl

eff is obtained by comparing the mea-
sured forward-backward asymmetry with next-to-leading or-
der predictions in both strong and electroweak couplings, as
calculated using POWHEG-BOX [6]. The theoretical uncer-
tainty is evaluated from variations of the perturbative QCD
predictions and parton distribution functions used in the sim-
ulation. The baseline prediction is obtained using POWHEG-
BOX at NLO accuracy with the NNPDF3.1 PDF set [7], and
the PDF uncertainty is estimated by comparing it to alterna-
tive PDF sets (CT18 [8] and MSHT20 [9]). The best-fit value
is determined to be sin2 θl

eff = 0.23147 ± 0.00044 (stat) ±
0.00005 (syst)± 0.00023 (theory), consistent with previous mea-
surements and with indirect determinations from the global
electroweak fit. The uncertainty is dominated by statistics. A
comparison of the result with previous measurements is shown
in Figure 3. Future improvements with Run 3 data and updated
theoretical predictions may yield the most precise determina-
tion of this parameter worldwide.

FIGURE 2: AFB measured in bins of |∆η|, overlaid with the
sin2 θℓeff fit. The grey band represents the fit and its statistical
uncertainty.

FIGURE 3: Direct measurements and indirect determinations of
sin2 θℓeff, including the latest LHCb result at

√
s = 13 TeV. The

result presented in this contribution corresponds to the latest
LHCb measurement shown in the figure and is consistent with
previous determinations.
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3. Z BOSON MASS AT
√

s = 13 TeV
The LEP experiments, operating as an electron–positron col-
lider, measured the Z boson mass with a precision of 22 ppm
(2.2 MeV) [10]. In contrast, the LHC collides protons, which
introduces additional challenges such as parton distribution
uncertainties and increased hadronic activity, including initial-
and final-state QCD radiation and underlying-event effects. At
the LHC, the Z boson mass has primarily been used for cali-
bration purposes in W boson mass measurements. A natural
question arises: can the LHC experiments collectively reach a
precision comparable to LEP despite these challenges?

At LEP, the Z boson mass was measured using precise
beam-energy scans, which required extremely accurate knowl-
edge of the electron and positron beam energies [10]. In con-
trast, at the LHC, the Z boson mass is extracted from the
kinematics of the final-state muons (Z → µ+µ−), making the
measurement reliant on the detector calibration rather than
the beam energy. The analysis involves fitting fully simulated
events to the data, which requires careful control of any differ-
ences between data and simulation. As a result, the Z boson
cannot be used to calibrate the detector in the same way it was
used for beam-energy calibration at LEP.

The LHCb experiment became the first LHC experiment to
publish a result on the measurement of the Z boson mass [11].
The measurement uses 2016 Run 2 data at

√
s = 13 TeV, corre-

sponding to an integrated luminosity of 1.7 fb−1. A future anal-
ysis aims to exploit the full Run 2 data set to improve the preci-
sion of the measurement. Candidate Z → µ+µ− events are se-
lected within the fiducial region 2.2 < ηµ < 4.4, pµ

T > 20 GeV,
and 86 < Mµµ < 96 GeV, with a relative momentum uncer-
tainty requirement of ∆p/p < 6%. This selection yields a sam-
ple of approximately 170,000 Z → µ+µ− events.

For calibration and cross-checks, quarkonia samples are
also selected. The Υ(1S) → µ+µ− decay is used for momen-
tum calibration, while J/ψ → µ+µ− decays provide an in-
dependent cross-check. Both samples are restricted to 2.2 <
ηµ < 4.4 and pµ

T > 5 GeV, resulting in approximately 190,000
Υ(1S) → µ+µ− and 48,000 J/ψ → µ+µ− events. Background
contributions are minimal, as previously demonstrated in the
weak mixing angle analysis in Section 2. The analysis adopts
many of the tools used for the weak mixing analysis.

The measurement of the Z boson mass relies critically on an
accurate calibration of the muon momenta. At LHCb, the mo-
mentum calibration proceeds in four main stages. First, charge-
dependent curvature biases are estimated using Z → µ+µ−

decays and the pseudomass method [12]. A simultaneous fit of
the positive- and negative-muon pseudomass distributions is
performed in intervals of η, ϕ, and magnet polarity, and resid-
ual biases are corrected with simulation. This improves the Z
mass resolution by roughly 20%.

Second, a relative momentum-scale drift occurring during
data taking is corrected using the Υ(1S) → µ+µ− sample,
which is divided into multiple data-taking periods. For each
period, the dimuon mass distribution is modeled with a double
Crystal Ball function for the signal and an exponential for the
background, and a period-dependent scale factor α is extracted
to correct the muon momenta.

Third, localised variations in the momentum scale across
the detector are addressed. The detector is divided into discrete
directional intervals in (η, ϕ), and the Υ(1S) sample is used

FIGURE 4: Mass distribution of the Υ(1S) → µ+µ− can-
didates in data, compared with simulation before and after
the momentum-smearing procedure. The fit, which includes
the very small background component, corresponds to the
smeared simulation. The pull is defined as the difference be-
tween data and simulation, normalised by the statistical uncer-
tainty in data.

to determine small corrections for each interval, ensuring that
simulation accurately reflects localized detector effects.

Finally, an overall momentum-scale factor α and two
smearing factors, σ1 and σ2, are determined for the simulation.
The first smearing factor, σ1, accounts for underestimation of
multiple scattering and depends on η, while the second, σ2,
accounts for an overly idealized q/p resolution (where q/p is
the charge-to-momentum ratio measured via track curvature
in the magnetic field), scaling with p and η. A fit of the Υ(1S)
mass distribution in simulation to data determines the optimal
values of α, σ1, and σ2, ensuring that the simulated dimuon
mass distribution accurately reproduces the detector resolu-
tion. This calibrated simulation is then used for the extraction
of the Z boson mass. Figure 4 compares the dimuon mass dis-
tribution in data with the simulation before and after applying
the momentum-smearing procedure. The smeared simulation
shows good agreement with the observed data.

The dimuon invariant mass distribution is fitted using a
full simulation of the Z boson decays, as illustrated in Figure 5.
Photon radiation from the final-state muons is modelled with
PHOTOS [13], while the remainder of the event is simulated with
PYTHIA [14]. To achieve NLO accuracy, the simulated events are
reweighted accordingly. The central fit result is obtained using
the NNPDF3.1 NLO PDF set [7], and the PDF uncertainty is es-
timated as the envelope of the fit results including alternative
sets MSHT20 NLO [9] and CT18 NLO [8]. The simulation uses the
POWHEG-BOX [6] with the Gµ electroweak scheme, taking as in-
put Gµ, mW , and mZ. This procedure allows a precise extraction
of the Z boson mass while accounting for theoretical and PDF
uncertainties.

The optimal fit for mZ is determined to be (91, 185.7± 8.3±
3.9) MeV, where the first uncertainty is statistical and the sec-
ond systematic. This result is consistent with previous mea-
surements, and it is consistent with, and matches the precision
of, the predictions of the global electroweak fits. The analysis
is currently statistically limited. As mentioned earlier, a future
measurement will use the full Run 2 dataset collected at

√
s =
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FIGURE 5: Mass distribution of the Z → µ+µ− candidates in
data, compared with simulated predictions for two different
assumed values of mZ and with the result of the fit. The pre-
dictions and the fit model include the small background contri-
bution.

13 TeV (2016–2018), which will significantly increase the avail-
able statistics. With larger datasets, it may become feasible for
LHCb to approach, and potentially challenge, the precision of
the LEP determination of the Z-boson mass.

4. W BOSON CROSS-SECTION AND MASS
AT

√
s = 5.02 TeV

The W boson is the charged carrier of the electroweak force, and
its mass is a fundamental parameter of the Standard Model.
Through electroweak radiative corrections, the W boson mass
is sensitive to the masses of the top quark and the Higgs bo-
son, providing a stringent test of the internal consistency of
the Standard Model [2]. The W boson mass has been measured
with a precision of around O(10) MeV by experiments such
as CMS [15] and CDF [16], while the LHCb collaboration per-
formed its first measurement in 2021 using a limited dataset at√

s = 13 TeV [17].
Traditionally, mW measurements at hadron colliders are

performed in a single step, in which a model describing the
detector response, signal and background processes, and theo-
retical assumptions is fitted directly to kinematic distributions
in data. While this approach achieves very high precision, the
strong dependence on the underlying model makes it difficult
to reinterpret the results with updated theoretical predictions.

The analysis presented here follows a different strategy,
aiming to determine the W boson mass through a two-step
procedure using the measured differential cross-section of W
boson production [18]. First, the differential cross-section as a
function of the muon transverse momentum, dσ/dpµ

T , is mea-
sured after correcting the observed signal yields for detector ef-
ficiencies and bin-to-bin migrations through a forward folding
procedure. In a second step, the extracted dσ/dpµ

T distribution
can be fitted with theoretical predictions to determine mW in
a more model-independent way. This approach enhances the
long-term reusability of the measurement and enables future
reinterpretations with improved theoretical calculations.

FIGURE 6: Distributions of pT and isolation for the (top) W+

and (bottom) W− candidates. The analysis uses twelve pT in-
tervals and eight isolation intervals up to 8 GeV.

As a proof of principle, this method is applied to a dataset
collected by LHCb at

√
s = 5.02 TeV during the year 2017,

corresponding to an integrated luminosity of approximately
100 pb−1.

Unlike previous LHCb analyses of W production, we can-
not assume a fixed signal pµ

T shape for background subtraction.
To address this, the analysis includes the dimension of muon
isolation and performs a fit to the two-dimensional distribu-
tion of pµ

T (28 < pµ
T < 52 GeV) and isolation (< 8 GeV) to ex-

tract the number of muon decays originating from W bosons
in each pµ

T bin. Muon isolation is defined as the sum of the
transverse momentum of neutral and charged particles within
a cone of radius ∆R =

√
(∆η)2 + (∆ϕ)2 < 0.4 around the sig-

nal muon. The analysis is restricted to the pseudorapidity range
2.2 < η < 4.4.

The differential cross-section, dσ/dpµ
T , is extracted via a 2D

template fit of pµ
T and isolation, where the fit model is the sum

of the simulated signal and background components which is
then compared to the data distributions. All templates are esti-
mated from simulation and scaled to data. Both W charges are
fit separately, as shown in Figure 6.

One can then calculate the integrated cross-section results
and compare theoretical predictions. Integrated over pT, the
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FIGURE 7: Comparison of the measured integrated cross-
sections with O(α2

s ) predictions.

measured cross-sections are

σW+→µ+νµ
= 300.9 ± 2.4 ± 3.8 ± 6.0 pb,

σW−→µ− ν̄µ
= 236.9 ± 2.1 ± 2.7 ± 4.7 pb,

where the first uncertainties are statistical, the second are sys-
tematic, and the third are associated with the luminosity cali-
bration. These integrated results are consistent with theoretical
predictions as shown in Figure 7.

The second step of the analysis determines the W boson
mass by comparing the measured and corrected (truth-level)
differential cross-section, dσ/dpµ

T , to a template fit based on
the NNPDF3.1 PDF set. The pp → W → µν templates are gen-
erated with Pythia8 [14], using the same version and tune as
the full detector simulation samples. The templates are then
reweighted using DYTurbo [19] to improve accuracy, with the
unpolarised component reweighted at NNLO and the angu-
lar component at NLO following a 5D weighting procedure to
fit the predictions to the truth-level dσ/dpT data. As an initial
step, the Z-boson cross-section at 5.02 TeV [20] is fitted to con-
strain QCD modeling in the mW extraction. The mW value was
blinded throughout the entire analysis. In this mW fit, αs is fixed
to the value obtained from the Z-boson measurement using the
same PDF set, while g and mW are allowed to vary freely, where
g encodes the nonperturbative dynamics affecting the pT distri-
bution of the partons. Uncertainties are propagated to the mW
fit using the covariance matrices of the statistical and system-
atic uncertainties obtained from the differential cross-section
measurement. Both W charges are fit simultaneously, as shown
in Figure 8, to obtain a result of mW = 80369 ± 130 ± 33 MeV,
where the the first uncertainty reflects experimental contribu-
tions, primarily from the measurement of dσ/dpµ

T , and the
second represents theoretical uncertainties (QCD, QED, and
PDF uncertainties). The result is compatible with previous ex-
perimental measurements and with the global electroweak fit,
and it is statistically dominated. This method is expected to
be applied to determine mW using the full Run 2 dataset at√

s = 13 TeV (2016–2018), which will substantially improve the
statistical precision. In combination with ATLAS and CMS, the
measurements are projected to make the LHC determination
the most precise to date.

FIGURE 8: Differential cross-sections dσ/dpT for (top) W+ and
(bottom) W− candidates, overlaid with the predictions ob-
tained from the mW fit.

5. CONCLUSION
The LHCb experiment with its unique coverage is an impor-
tant player when it comes to electroweak physics. We have
presented the latest results on the measurement of the effec-
tive leptonic weak mixing angle and the Z boson mass at

√
s =

13 TeV, as well as the W cross-section and mass at
√

s = 5.02 TeV.
Dominated by statistical uncertainty, the LHCb experiment is
well positioned to achieve more precise measurements in the
future, with the ongoing LHC Run 3 delivering five times the
instantaneous luminosity of Run 2 and an expected number of
collisions exceeding those recorded in the first two runs com-
bined [21]. Furthermore, combining results with the ATLAS
and CMS experiments will enhance the overall precision, en-
abling stringent tests of the Standard Model and searches for
physics beyond it.
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