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1. Introduction

At the Large Hadron Collider (LHC), electroweak bosons emerge from numerous processes.
The characteristics of these bosons are used to validate the Standard Model (SM) of particle physics
and to investigate new physics phenomena beyond the SM [1]. Measurement of the properties
of these bosons in the forward region (large |𝑦|, where 𝑦 represents rapidity, a quantity related
to the longitudinal momentum and energy of the particle) is crucial, and the LHCb experiment
is exceptionally well suited for this task. This provides additional information compared to the
ATLAS and CMS measurements, which concentrate on the central detector region (small |𝑦|) [2].
These measurements can be combined with those from other experiments to improve the overall
precision of the results.

Although the LHCb detector has limitations in accounting for missing energy and operates
with lower luminosity than the ATLAS and CMS detectors, it boasts low momentum trigger
thresholds, superior tracking and particle identification, and high-precision momentum resolution.
Furthermore, the unique acceptance range of the LHCb detector offers complementary coverage to
ATLAS and CMS (with some overlap at lower pseudorapidity). The LHCb also notably features
a low pile-up environment (during Run 1 and Run 2), typically around 1-2 interactions per bunch
crossing, in stark contrast to the 50-60 interactions per bunch crossing observed at ATLAS and
CMS during the Run 2 period of the LHC (2016 – 2018) [3]. This characteristic positions the
LHCb detector as an exceptional tool for studying decays of electroweak bosons and for measuring
properties of these bosons with remarkable precision, including cross-sections, PDF functions, and
angular coefficients.

2. 𝑍 cross-section at
√
𝑠 = 5.02 TeV

The Z → µ+µ− process is notably significant for investigating the quantum chromodynamics
(QCD) and electroweak components of the SM. Additionally, measuring electroweak cross-sections
at various centre-of-mass energies is crucial for validating the SM. The 𝑍 boson cross-section can
be employed to constrain the parton distribution functions (PDFs) of the proton, which are essential
for predicting other processes at the LHC.

The LHCb detector has determined the 𝑍 cross-section at
√
𝑠 = 5.02 TeV at the Born level in

QED [4]. For this analysis, the 5.02 TeV dataset from Run 2 of the LHCb experiment in 2017 is
used, with an integrated luminosity of 100 pb−1. The measurement utilises the Z → µ+µ− process,
which is a well-understood and clean process. The selected sample has very high purity, with
𝑁bkg/𝑁sig ≈ 2%.

It is important to note that the 𝑍 boson definition includes contributions from virtual photons
and their interference, as they cannot be experimentally distinguished.

The cross-section for final-state muons is determined within the pseudorapidity range 2.0 <

𝜂 < 4.5, with transverse momentum 𝑝𝑇 > 20 GeV, and the dimuon invariant mass between
60 < 𝑚𝜇𝜇 < 120 GeV. The differential cross-section was analyzed as a function of 𝑦𝑍 , 𝑝𝑍

𝑇
, and

𝜙∗𝜂 , where 𝑦𝑍 represents the rapidity of the 𝑍 boson, 𝑝𝑍
𝑇

denotes the transverse momentum of the
𝑍 boson, and 𝜙∗𝜂 is defined in Equation 1.
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Figure 1: Total cross-section of the 𝑍 boson at
√
𝑠 = 5.02 TeV.

𝜙∗𝜂 = tan[(𝜋 − Δ𝜙𝑙𝑙)/2] sin(𝜃∗𝜂), (1)

where Δ𝜙𝑙𝑙 is the azimuthal angle between the two muons in the laboratory frame. The polar angle
of the 𝑍 boson is represented by 𝜃∗𝜂 , which is defined by cos(𝜃∗𝜂) = tanh((𝜂− − 𝜂+)/2), where 𝜂−

and 𝜂+ denote the pseudorapidities of the negative and positive charged muons, respectively, in the
laboratory frame.

The total (integrated) cross-section within the fiducial region has been measured as 𝜎Z→µ+µ− =

39.6±0.7 (stat)±0.6 (syst)±0.8 (lumi) pb, aligning well with the generated SM predictions from the
generators MCFM [5], POWHEG [6], and RESBOS [7] illustrated in Figure 1, with percent level
differences resulting from the varied methodologies: ResBos employs NNLO + NNLL, POWHEG
uses NLO + LL, and MCFM operates at NNLO without large log resummation.

3. 𝑍 angular coefficients at
√
𝑠 = 13 TeV

As mentioned previously, the kinematic distributions of the final-state leptons in the 𝑍 process
offer a means to investigate both the QCD and the electroweak sectors of the SM. Specifically,
we can determine the 𝑍 boson’s angular coefficients, which provide insight into the proton PDFs.
These angular coefficients correspond to the coefficients of Legendre polynomials in the angular
distribution of the final-state leptons, as shown for example in Equation 2, which is valid at the Born
level.

𝑑2𝜎

𝑑 cos 𝜃𝑑𝜙
∝(1 + cos2 𝜃) + 𝐴0

2
(1 − 3 cos2 𝜃) + 𝐴1 sin(2𝜃) cos 𝜙 + 𝐴2

2
sin2 𝜃 cos(2𝜙)

+ 𝐴3 sin 𝜃 cos 𝜙 + 𝐴4 cos 𝜃 + 𝐴5 sin2 𝜃 sin(2𝜙) + 𝐴6 sin(2𝜃) sin 𝜙 + 𝐴7 sin 𝜃 sin 𝜙,
(2)

where 𝜃 and 𝜙 are the polar and azimuthal angles of the µ+ lepton in the Collins-Soper frame,
respectively. These eight frame-dependent angular coefficients (𝐴0 − 𝐴7) can be used to describe
the QCD mechanisms of the Drell-Yan process, pp → 𝛾∗/𝑍 + 𝑋 → ℓ+ℓ− + 𝑋 , where the 𝑍 boson
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decays into a pair of leptons, and 𝑋 denotes the remainder of the final state (any additional particles).
At leading order (tree-level), only the 𝐴4 coefficient is non-zero and is proportional to the weak
mixing angle (𝜃𝑊 ), which will be addressed in Section 4. These angular coefficients become
significantly relevant starting at next-to-leading order (NLO) in QCD and are sensitive to the proton
PDFs.

The LHCb detector has examined the angular coefficients of the 𝑍 boson at
√
𝑠 = 13 TeV for the

Drell-Yan process in the forward region [10], where 𝑦𝑍 > 2.0 and 75 < 𝑀𝜇𝜇 < 105 GeV/𝑐2. This
analysis uses the Run 2 dataset from the LHCb experiment from 2016–2018, which is equivalent to
an integrated luminosity of 5.1 fb−1. The angular coefficients are calculated across six 𝑝𝑍

𝑇
intervals

and five 𝑦𝑍 intervals by fitting the angles 𝜃 and 𝜙 of the selected 𝑍 candidates. An unbinned
maximum-likelihood method is used for each interval, using a signal-only model function derived
from Equation 2.

The determined angular coefficients 𝐴0 through 𝐴3, including Δ𝐴4 and the difference 𝐴0 −
𝐴2, are depicted as functions of 𝑝𝑍

𝑇
. These observations are compared with the predictions of

Resbos [7], DYTurbo [9], and POWHEG-BOX [8]. Although the results are largely influenced by
statistical uncertainty, they show reasonable concordance with the predicted values.

4. Weak mixing angle measurement at
√
𝑠 = 13 TeV

As stated in Section 3, the 𝐴4 angular coefficient is directly related to the weak mixing angle
at leading order [11]. Vector and axial-vector couplings, which vary with the Weinberg angle
(𝜃𝑊 ), commonly referred to as the weak mixing angle, generate a forward-backward asymmetry
in the angular distribution of lepton pairs produced in Drell-Yan events. This forward-backward
asymmetry can be used to measure the weak mixing angle, which is a fundamental parameter of
the SM, with a potential dependence on BSM processes [11]. The forward-backward asymmetry
can be described as shown in Equation 3.

𝐴𝐹𝐵 =
3
8
𝐴4 =

𝑁𝐹 − 𝑁𝐵

𝑁𝐹 + 𝑁𝐵

=
𝑁 (cos∗ > 0) − 𝑁 (cos∗ < 0)
𝑁 (cos∗ > 0) + 𝑁 (cos∗ < 0) , (3)

where 𝑁𝐹 and 𝑁𝐵 are the number of events in the forward and backward regions of the Collins-
Soper frame, respectively. At leading order, the weak mixing angle can be expressed as shown in
Equation 4.

sin2 𝜃𝑊 = (1 −
𝑚2

𝑊

𝑚2
𝑍

) (4)

The effective weak mixing angle, sin2 𝜃𝑙eff, incorporates higher-order corrections that go beyond the
leading-order.

The LHCb experiment is primed to measure the weak mixing angle in the forward region, where
the forward-backward asymmetry is maximised, and the PDF uncertainty is minimised. In this study,
the entire Run 2 data set from the LHCb experiment is utilised, which corresponds to an integrated
luminosity of 5.3 fb−1 and is confined to the fiducial region of 2.0 < 𝜂𝜇 < 4.5, 𝑝𝜇

𝑇
> 20 GeV/𝑐

and 66 < 𝑀𝜇𝜇 < 116 GeV/𝑐2. To reduce hadronic and heavy-flavour backgrounds, isolation, muon
track fit, and muon impact parameter requirements are employed, achieving suppression to the
percent level. Consequently, the total background fraction within the fiducial kinematic region for
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Figure 2: Direct measurements and indirect determinations of sin2 𝜃𝑙eff, which includes the latest measure-
ment from the LHCb experiment at

√
𝑠 = 13 TeV.

the measurement is only 2 × 10−3 [11]. All backgrounds are estimated using simulations that are
subsequently scaled by a factor to match the data, where background subtraction is then carried out
to isolate and extract the signal.

The forward-backward asymmetry is assessed across ten |𝜂| intervals (cos 𝜃∗ ≈ tanh Δ𝜂

2 ). The
value of sin2 𝜃𝑙eff is extracted by comparing the NLO predictions in both strong and EW couplings,
using POWHEG-BOX [8], with the measured forward-backward asymmetry. The optimal fit for
sin2 𝜃𝑙eff is determined to be 0.23152 ± 0.00044 (stat) ± 0.00005 (syst) ± 0.00022(theory), which
aligns well with past measurements and indirect figures from the global electroweak fit. These
results are again predominantly influenced by statistical uncertainty. The results are also illustrated
in Figure 2.

5. Conclusion and future prospects

The LHCb experiment with its unique coverage is an important player when it comes to
electroweak physics. We have presented the latest results on the measurement of the 𝑍 cross-
section at

√
𝑠 = 5.02 TeV, the 𝑍 angular coefficients at

√
𝑠 = 13 TeV and the measurement of the

weak mixing angle at
√
𝑠 = 13 TeV. With most results dominated by statistical uncertainty, the

LHCb experiment is set to make more precise measurements in the future with the ongoing LHC
Run 3, which has 5 times the instantaneous luminosity of Run 2 and is expected to record more
collisions than the previous two runs combined [12]. The upgrades to the tracking detectors, the
improved triggers, and advanced data analysis techniques will further enhance precision by reducing
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both statistical and systematic uncertainties. Additionally, with combinations with the ATLAS and
CMS experiments, the overall precision of the measurements can be improved, and the results can
be used to test the SM and search for new physics beyond the SM.
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