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Using pp collision data at
√
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2016 and 2018 and corresponding to an integrated luminosity of 5.4 fb−1, the
forward-backward asymmetry in the pp → Z/γ∗ → µ+µ− process is measured. The
measurement is carried out in ten intervals of the difference between the muon
pseudorapidities, within a fiducial region covering dimuon masses between 66 and
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at next-to-leading order in the strong and electroweak couplings. The measured
effective leptonic weak mixing angle is

sin2 θℓeff = 0.23147± 0.00044± 0.00005± 0.00023,

where the first uncertainty is statistical, the second arises from systematic uncer-
tainties associated with the asymmetry measurement, and the third arises from
uncertainties in the fit model used to extract sin2 θℓeff from the asymmetry mea-
surement. This result is based on an arithmetic average of results using the CT18,
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electroweak fit.
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1 Introduction1

The weak mixing angle θW is one of the fundamental parameters of the Standard Model;2

at lowest order it relates the values of the U(1) and SU(2) gauge couplings. Consequently,3

it controls the couplings of the Z boson: the tree-level vector coupling to an elementary4

fermion of charge Q and third weak-isospin component T3 is T3−2Q sin2 θW . Higher-order5

corrections to the couplings are then included by defining an effective angle, which for6

leptons can be written via7

sin2 θℓeff ≡ κlept sin2 θW , (1)

where the factor κlept contains both universal and flavour-specific terms [1]. The weak8

mixing angle is scale dependent; we define sin2 θℓeff to be evaluated at a renormalisation9

scale equal to the mass of the Z boson. The value of sin2 θℓeff can be predicted by global10

electroweak fits [2, 3], and a comparison of these predictions to direct measurements is11

sensitive to possible corrections involving fields beyond those present in the Standard12

Model. This article reports a measurement of sin2 θℓeff using data collected with the LHCb13

detector at the Large Hadron Collider (LHC).14

The two most precise measurements of sin2 θℓeff are from the forward-backward asym-15

metry in e+e− → Z → bb̄ processes at LEP [1] and the leptonic coupling asymmetry at16

the SLD experiment [4]. These two results are in tension at the level of 3.2 standard17

deviations. Additional measurements have also been combined by the LEP experiments [1].18

Measurements at hadron colliders have also been reported by the ATLAS [5], CMS [6]19

and LHCb [7] experiments at the LHC, and by the CDF and D0 experiments at the20

Tevatron [8].21

At hadron colliders sin2 θℓeff can be determined from Z → ℓ+ℓ− production,1 where ℓ is22

an electron or muon. The differential cross-section follows [9, 10]23

dσ

d cos θ∗
∝ 1 + cos2 θ∗ + α cos θ∗, (2)

where θ∗ is the polar angle in a suitable frame. In the Collins–Soper frame [9], θ∗ can be24

calculated from variables in the laboratory frame via25

cos θ∗ =
2(P+

1 P
−
2 − P−

1 P
+
2 )√

m2
ℓℓ(m

2
ℓℓ + p2T,ℓℓ)

pz,ℓℓ
|pz,ℓℓ|

, (3)

where pT,ℓℓ, pz,ℓℓ and mℓℓ are the transverse momentum, longitudinal momentum and mass26

of the dilepton system, respectively. The P±
i ≡ 1√

2
(Ei ± pz,i) terms are calculated from27

the energies (E) and longitudinal momenta (pz) of the lepton and antilepton, which are28

labelled with i values of 1 and 2, respectively. The final factor in Eq. 3, corresponding to29

the sign of pz,ℓℓ, is required in proton-proton (pp) collisions given the symmetry of the30

initial state.31

The coefficient α in Eq. 2 arises through terms involving products of vector and32

axial-vector couplings and can therefore be directly related to the weak mixing angle.33

In addition, since the relevant term in Eq. 2 is linear in cos θ∗ it also directly causes a34

forward-backward asymmetry in Z → ℓ+ℓ− production; measurements of this asymmetry35

1For brevity we use Z to refer to the physical process including amplitudes with Z and virtual photon
propagators.
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can then be used to determine sin2 θℓeff . The forward-backward asymmetry is typically36

defined as37

AFB ≡ σF − σB
σF + σB

, (4)

where σF,B are the cross-sections integrated over the ranges 0 < cos θ∗ < 1 (forward, F)38

and −1 < cos θ∗ < 0 (backward, B). Since events with the largest values of | cos θ∗| are39

most sensitive to the linear term in Eq. 2, these events also provide the greatest sensitivity40

to the weak mixing angle. Therefore, in some previous analyses [5, 6], the weak mixing41

angle has been extracted from an angular analysis or by measuring AFB using a per-event42

weighting that depends on cos θ∗ [11]. In this paper we follow a related approach, by43

considering AFB in intervals of the absolute difference between the pseudorapidities of44

the two muons produced in the Z boson decay, |∆η|. Since cos θ∗ ∼ tanh(∆η/2) [12] this45

choice enables us to separate the events with the greatest sensitivity to the weak mixing46

angle. In simulation this binning improves sensitivity to the weak mixing angle by 14 %47

when compared to an approach with no binning in |∆η|. For simplicity, following this48

binning choice, we also define ‘forward’ and ‘backward’ labels based on the sign of the49

difference in pseudorapidity of the muons. This is of negligible consequence: the assigned50

‘forward’ or ‘backward’ label is different with this choice to that using the Collins–Soper51

angle for only one candidate Z decay in the analysis reported in this article. In summary,52

this analysis measures53

AFB ≡ N(η− > η+) −N(η− < η+)

N(η− > η+) +N(η− < η+)
, (5)

as a function of |∆η|, where N denotes a yield of events passing the requirements in54

parentheses corrected for detector effects, and η− and η+ are the pseudorapidities of the55

negatively and positively charged leptons, respectively.56

This analysis uses pp collision data at a center-of-mass energy of 13 TeV, recorded57

with the LHCb detector during 2016, 2017 and 2018, and corresponding to an integrated58

luminosity of 5.4 fb−1. The analysis is carried out in two parts. In the first stage AFB59

is measured in ten intervals of |∆η| up to |∆η| = 2.5, using Z → µ+µ− decays. The60

asymmetries are measured in the fiducial region corresponding to dimuon masses in the61

range 66 < M < 116 GeV, and with individual muon pseudorapidities in the range62

2.0 < η < 4.5 and transverse momenta pT > 20 GeV.2 The second stage of the analysis63

compares the measurement with theoretical templates to determine sin2 θℓeff . In order to64

prevent human bias, the analysis has been carried out by introducing an unknown offset65

in the sin2 θℓeff value until the analysis methodology was finalised.66

2 Dataset67

The LHCb detector [13, 14] is a single-arm forward spectrometer, which covers the68

pseudorapidity range 2 < η < 5. The detector includes a high-precision tracking system69

consisting of a silicon-strip vertex detector surrounding the pp interaction region [15], a70

large-area silicon-strip detector (the TT) located upstream of a dipole magnet with a71

bending power of about 4 T m, and three stations of silicon-strip detectors and straw drift72

2Throughout this paper we use natural units, where c = 1. We also define pT, η and the dimuon invariant
mass based on the stable final-state particles (commonly referred to as being measured at bare level).
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tubes [16] placed downstream of the magnet. Roughly half of the data were recorded with73

the magnet in each of the two polarity configurations. The tracking system provides a74

measurement of the momentum, p, of charged particles with a relative uncertainty that75

varies from 0.5% at low momentum to 1.0% at 200 GeV. The minimum distance of a track76

to a primary pp collision vertex (PV) is referred to as the impact parameter (IP), which77

is precisely determined by the vertex detector. Different types of charged hadrons are78

distinguished using information from two ring-imaging Cherenkov detectors [17]. Photons,79

electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad80

and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.81

Muons are identified by a system composed of alternating layers of iron and multiwire82

proportional chambers [18].83

This analysis uses events selected by the hardware trigger based on the presence of84

a muon with a high transverse momentum. The software trigger performs a full event85

reconstruction, and this analysis selects events based on the presence of high-transverse-86

momentum muon candidates [19].87

Simulation is required to model and correct for the effects of the detection efficiency88

and resolution, and backgrounds. In the simulation, pp collisions are generated using89

Pythia [20] with a specific LHCb configuration [21]. Decays of heavy particles such90

as weak bosons, and top quarks, are modelled directly with Pythia, while decays of91

lighter particles are described by EvtGen [22], in which final-state radiation is generated92

using Photos [23]. The interaction of the generated particles with the detector, and its93

response, are implemented using the Geant4 toolkit [24] as described in Ref. [25].94

Candidate Z → µ+µ− decays are formed from combinations of oppositely charged and95

positively identified muons, with pT > 20 GeV and 2 < η < 4.5, and with dimuon invariant96

masses between 66 and 116 GeV. After this initial selection the level of background is97

already very low, but several additional requirements are imposed to further improve the98

sample purity, with minimal reduction in the detection efficiency for the signal. Both99

muons are required to have a small IP with respect to the relevant PV in order to suppress100

background from heavy-flavour-hadron decays, and their corresponding track fits must101

have χ2 values below 2.5 to suppress hadronic backgrounds. The sum of the transverse102

momenta of particles within (∆η)2 + (∆ϕ)2 < 0.42 of each muon must be less than 40 GeV103

(where ϕ denotes the azimuthal angle). This requirement suppresses hadronic backgrounds104

since they typically have increased activity close to the muons. In order to precisely define105

the trigger efficiency, each candidate is required to have at least one muon that satisfies106

the requirements of the hardware and software triggers. After all these requirements107

around 860 000 events are selected.108

The decays J/ψ → µ+µ− and Υ (1S) → µ+µ− are used to calibrate the detection109

efficiency (discussed in detail in Sec. 3) and the muon momentum measurement. Candidates110

for both decays are formed from combinations of oppositely charged tracks identified as111

muons with pT > 3 GeV. The J/ψ → µ+µ− candidates are required to form a vertex that112

is significantly displaced from any PV; this implies that the signal originates from decays113

of b hadrons.114

Two calibrations are applied to the muon momenta in the data. The first is to115

correct for gradual variations of the momentum scale with time, known to be at the116

O(10−4) level [26]. Multiplicative correction factors are determined from the observed117

variation of the Υ (1S) → µ+µ− peak position in intervals of the data-taking period. The118

second correction addresses charge-dependent curvature biases using the pseudomass119
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method [27,28]. The pseudomass is an estimate of the mass of two-particle final states, in120

which the magnitude of one of the momenta is ignored. Considering the decay Z → µ+µ−
121

we define the two pseudomasses:122

M± ≡

√
2p±p±T

p∓

p∓T
(1 − cosϑ), (6)

where p+ and p− denote the magnitudes of the µ+ and µ− momenta (and similarly123

for the transverse momenta p±T), and ϑ is the opening angle between the two muons.124

Effectively, the pseudomass estimates the dimuon invariant mass under the assumption125

that Z bosons are produced with transverse momenta much smaller than their mass. For a126

perfectly aligned detector, we expect to a very good approximation that the M+ and M−
127

distributions should agree. However, unlike the dimuon invariant mass, in which charge-128

dependent curvature biases strongly cancel, the pseudomasses have first-order sensitivity129

to these biases, thereby allowing these effects to be easily determined. In intervals of η, ϕ,130

year and magnet polarity, a simultaneous fit of the positive and negative pseudomass is131

performed to find the pseudomass asymmetry. This is then directly translated to provide132

corrections for biases in measurements of the charge-over-momentum, q/p. The difference133

between the q/p biases found in data and simulation is then applied as a correction to134

data; this approach eliminates a small bias due to the presence of vector and axial-vector135

couplings in the physics process. It is shown comprehensively in Ref. [28] that this effect is136

both small, and has minimal dependence on the value of sin2 θℓeff assumed in the simulation.137

3 Corrections to the simulation and background mod-138

elling139

The simulation is used to model the detection efficiency and backgrounds, and subsequently140

to correct the data for these contributions. Corrections to the simulation are required141

to improve the accuracy of this modelling, with systematic uncertainties then associated142

with these corrections.143

Some of the effects contributing to the momentum resolution are underestimated in144

the simulation; smearing of the momenta in the simulation is therefore required. The145

approach taken here closely follows that in the LHCb measurement of the W boson146

mass [29], using selected J/ψ, Υ(1S) and Z-boson events. The information provided by147

each of these three resonances is complementary, due to the different average momenta of148

the muons produced. The impact of this smearing on the final result is negligible.149

The detection efficiency for the Z → µ+µ− signal is roughly 85%, with the main150

contributors to the inefficiency being the trigger, track reconstruction and muon iden-151

tification. Corrections are applied to the simulation in order to improve the accuracy152

with which the detection efficiency is modelled. The trigger efficiency is measured in153

both data and simulation using a combination of Z → µ+µ− candidates, which provide154

constraints at high pT, and Υ (1S) → µ+µ− candidates, which provide constraints at lower155

pT. Candidates are required to have one muon that satisfies the requirements of the156

trigger; the other muon is therefore not required to trigger the recording of the event. In157

intervals of the direction of the other muon, the efficiency is estimated by the fraction of158

these candidates in which both muons satisfy the trigger requirements. Nine and four159
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intervals are simultaneously used in η and ϕ, respectively, and the efficiency estimates160

are further divided into intervals of pT. In each angular interval, the pT dependence of161

the efficiency in the simulation is modelled with an error function, while the ratio of the162

efficiency in data to that in simulation is modelled with a linear function. These functions163

are used to assign a weight to each simulated event, depending on whether one or both164

muons satisfy the trigger requirement.165

The muon identification efficiency is determined in a similar way, using only Z → µ+µ−
166

candidates. A dedicated sample of Z → µ+µ− candidates is selected with one muon allowed167

to fail the muon identification requirements, while the other must match the standard168

requirement. The fraction of these candidates in which both muons satisfy the requirements169

provides an estimate of the efficiency. By comparing these estimates for the data and170

simulation, weights are assigned to the simulated events based on parametric functions of171

pT, determined in intervals of η and ϕ.172

The track reconstruction efficiency is also determined with a dedicated sample of173

Z → µ+µ− candidates in which one muon is reconstructed using only information from174

the TT and the muon subdetectors. The fraction of events in which the muon is also found175

by the standard track-reconstruction algorithms [30] provides an estimate of the efficiency.176

Corresponding weights are assigned to the simulated events. Unlike the trigger and muon177

identification, the tracking efficiency corrections have no significant pT dependence for the178

high pT muons studied.179

The backgrounds in the Z → µ+µ− samples are modelled using simulation. The total180

background fraction, within the kinematic region in which AFB is measured, is only 2×10−3.181

Most backgrounds have steeply falling mass distributions, and are therefore relatively small182

in the region 66 < M < 116 GeV. The two largest background contributions arise from183

Z → τ+τ− decays and from the decays of heavy-flavour hadrons. Both these contribute184

to the sample with fractions of around 5 × 10−4. Contributions from rarer processes are185

also considered, including weak-boson pair production, top-quark pair production, single-186

top-quark production, the production of W bosons associated with hadrons misidentified187

as muons, and events with two hadrons misidentified as muons.188

Figure 1 compares the dimuon invariant mass and ∆η distributions of the selected189

candidates in data to simulation that includes both signal and background contributions.190

Both distributions are well described by the simulation, and it can be seen that the191

background level is extremely low.192

4 Measurement of the forward-backward asymmetry193

The measurement of the forward-backward asymmetry proceeds by measuring the forward194

and backward yields in ten intervals of |∆η| and finding AFB following Eq. 5. Corrections195

are necessary to account for the presence of background and detector effects such as196

inefficiencies. Figure 2 shows the numerical effect of these two corrections. The background197

is modelled as described above, with the background yields directly subtracted from the198

forward and backward yields. This correction is seen to have a very small effect on the199

measured AFB values. The correction for detector effects is typically at the O(10−4) level.200

Systematic effects of a few ×10−3 are seen in some intervals, though these are subject to201

larger statistical uncertainties due to the finite simulation sample sizes. We discuss the202

correction for detector effects in more detail below.203
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Figure 1: Distributions of (top) dimuon invariant mass and (bottom) ∆η for the selected signal
candidates compared to simulation. The dark blue solid line corresponds to the sum of the
expected signal and background contributions.

4.1 Detector effects204

The measured value of AFB in each |∆η| interval is corrected using a term determined205

in simulation, Atrue
FB − Areco

FB . The value of Atrue
FB is defined using truth information and206

all events in the fiducial acceptance, while Areco
FB is defined using reconstruction-level207

information and only the events which pass the analysis selection requirements. This208

therefore corrects for:209

1. events missed due to detection and selection inefficiencies;210
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Figure 2: Effects of the detection efficiency correction and background subtraction on the
measured AFB in ten intervals of |∆η|, shown in terms of the shift they introduce (∆AFB). All
intervals are defined within the volume |∆η| < 2.5 and 66 < M < 116 GeV. The error bars on
the efficiency correction represent statistical uncertainties only, while the statistical uncertainties
on the background subtraction are negligible.

2. events missed due to (net) migration across boundaries in pT, η and dimuon mass,211

and moving in and out of the acceptance;212

3. events reconstructed in the wrong interval of |∆η|.213

This last effect is negligible since the detector resolution on |∆η| is excellent. An additional214

cross-check is performed incorporating this specific effect as a separate correction, which215

finds a negligible change in the final results. The overall correction could depend on the216

size of the weak mixing angle assumed in simulation. Both the correction and the final217

result are stable with respect to large changes in the assumed value of the weak mixing218

angle.219

4.2 Systematic uncertainties220

Figure 3 shows the sizes of the systematic uncertainties on AFB in the |∆η| intervals.221

These uncertainties are defined as follows.222

Detection efficiency: The statistical uncertainties on the trigger, muon identification223

and tracking efficiency corrections are propagated by randomly varying the estimated224

efficiencies within their uncertainties and then redetermining the parameters of the225

pT-dependent functions. This is then propagated through the measurement of226

AFB. For each efficiency factor, the uncertainty is defined by the root mean square227

of the resulting distribution of AFB values after the random variations. Discrete228

variations in the efficiency correction method are also considered. Tighter and looser229

requirements on the dimuon invariant mass and on the muon selection criteria are230
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considered as an additional source of uncertainty in the determination of the muon231

efficiencies. Since the efficiencies are studied in intervals covering detector regions,232

the number of intervals is varied. The variation that induces the largest change in233

AFB is then used to set an uncertainty. In addition, three alternative functional234

forms for the pT-dependence of the efficiency corrections are also considered in235

the same way. Each contribution is then combined in quadrature to set an overall236

detection efficiency uncertainty.237

Backgrounds: The cross-section assumed for the heavy-flavour-hadron background is238

varied up and down by 50% with the resulting shifts in the measured AFB is defined239

as the associated uncertainty. The contribution from Z → τ+τ− decays occurs at240

a similar rate to the heavy-flavour-hadron background, but is known to far better241

precision, and consequently the uncertainty associated with this process is negligible.242

No uncertainty is assigned for other, smaller backgrounds.243

Physics modelling: Weights are assigned to the signal events such that the kinematic244

distributions match the predictions of the DYTurbo program [31], which has245

a higher formal accuracy than Pythia 8. The cross-section is predicted using246

DYTurbo in intervals of boson pT, mass and rapidity, with logarithms in pT/M247

resummed to next-to-next-to-leading order (NNLO), while the angular coefficients248

are predicted at NLO in the strong coupling. These weights primarily affect the249

AFB measurement via changes in the detection efficiency correction. The shift in250

the AFB measurement sets the uncertainty.251

The statistical uncertainties on the pseudomass calibrations and the momentum smearing252

are propagated through the AFB measurement, but their effect is found to be negligible,253

which is expected since the measurement only has a single wide interval in mass. The254

total uncertainty is found by combining the contributions from these different sources in255

quadrature.256

4.3 Results257

Table 1 and Fig. 4 report the measured AFB values in the ten intervals of |∆η|. There258

are no correlations between the statistical uncertainties. The correlation matrix of the259

systematic uncertainties is presented in Table 2.260

5 Determination of the effective leptonic weak mixing261

angle262

In order to determine the value of sin2 θℓeff that best describes the measured AFB distribu-263

tion, predictions of AFB are produced using the Powheg-Box program [32–34], using264

different configurations.265

The baseline prediction, hereafter referred to as ‘Powheg-ewnlo’, takes NLO accuracy266

for both QCD and electroweak interactions [35,36], using the scheme described in Ref. [37],267

that takes Gµ, mZ and sin2 θℓeff as inputs. The events produced are then processed with268

Photos [38] for modelling of additional QED radiation and with Pythia 8 [20] for269

simulating the rest of the event.270
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Figure 3: Systematic uncertainties on the AFB measurement in |∆η| intervals.

Table 1: Results of the AFB measurement. The first uncertainty is statistical and the second is
systematic.

Interval number Interval AFB

0 0.00 < |∆η| ≤ 0.25 0.0036 ± 0.0025 ± 0.0001
1 0.25 < |∆η| ≤ 0.50 0.0204 ± 0.0027 ± 0.0002
2 0.50 < |∆η| ≤ 0.75 0.0303 ± 0.0028 ± 0.0002
3 0.75 < |∆η| ≤ 1.00 0.0406 ± 0.0031 ± 0.0003
4 1.00 < |∆η| ≤ 1.25 0.0466 ± 0.0034 ± 0.0002
5 1.25 < |∆η| ≤ 1.50 0.0528 ± 0.0039 ± 0.0004
6 1.50 < |∆η| ≤ 1.75 0.0622 ± 0.0047 ± 0.0003
7 1.75 < |∆η| ≤ 2.00 0.0545 ± 0.0060 ± 0.0004
8 2.00 < |∆η| ≤ 2.25 0.0603 ± 0.0088 ± 0.0010
9 2.25 < |∆η| ≤ 2.50 0.0622 ± 0.0190 ± 0.0008

Further predictions are produced to study modelling variations. Events are generated271

using the configuration described above but with the electroweak interactions simulated at272

LO accuracy; this is referred to as ‘Powheg-ewlo’. Predictions are also produced using273

an alternative calculation of the single-boson process in Powheg-Box [39] where QCD274

interactions are simulated at NLO accuracy and electroweak interactions are simulated at275

LO accuracy. For this prediction both additional QED radiation and additional simulation276

of the rest of the event are performed using Pythia 8. This configuration is labelled277

‘Powheg-plain’. These predictions are validated by producing an additional set of278

theoretical predictions using the Gµ input scheme [37] using both Powheg-Box and279

DYTurbo [31]. The two predicted AFB distributions show excellent agreement.280

The baseline description of the proton internal structure in all predictions uses the281

parton distributions from the central NNPDF3.1 PDF set at NLO [40]. Event weights282
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are then used to recast the Powheg-plain predictions to alternative parton distributions283

functions [41]. In this analysis predictions at NLO accuracy using the CT18 [42] and284

MSHT [43] descriptions of the proton internal structure are also considered and treated285

equally to those from NNPDF3.1. These three descriptions all use broadly comparable286

global datasets and do not include the LHCb data studied here in their global fits. Other287

descriptions of the proton are also considered (NNPDF 4.0 [44], CT18Z [42]).288

In addition, events are generated using the Powheg-plain configuration with variations289

in the QCD modelling. Events are generated with the factorisation and renormalisation290

scales varied by a factor of two around their baseline values in line with the seven-point291

variation approach [45], in order to assess the impact of missing higher-order effects292

on the theoretical predictions. Events are also generated with two values of the strong293

coupling αs, 0.118 (the baseline) and 0.125. While this is a large variation with respect to294

the uncertainty on the world average value, this shift was observed to best describe the295

vector-boson pT distribution in the LHCb measurement of the W -boson mass [29], and is296

again considered as a variation that mimics the effects of higher-order contributions in297

the predictions.298

In order to determine the values of the weak mixing angle that best describe the data,299

predictions of AFB are made using events generated with different values of the weak300

mixing angle. Predictions for AFB at intermediate values are then found by interpolating301

between the generated base predictions. As a cross-check, the effect of including additional302

base predictions is also studied.303

The analysis proceeds through a χ2 comparison of the measured AFB distribution to304

the theoretical predictions with different values of sin2 θℓeff , where the minimum of the χ2
305

comparison is used to determine the value of sin2 θℓeff , and the width of the χ2 parabola is306

used to determine the uncertainty. Figure 4 shows the measured AFB values compared to307

the predictions with two different sin2 θℓeff values and the baseline-fit result. The best fit308

point has a χ2 of 8.1 for nine degrees of freedom (ndof), and results in309

sin2 θℓeff = 0.23148 ± 0.00044 ± 0.00005,

where the first uncertainty is statistical and the second results from propagating the310

systematic uncertainties on the AFB measurement.311

Table 2: Correlation coefficients for the experimental systematic uncertainties on the AFB

measurement in ten intervals of |∆η|, with the interval numbers indicated as defined in Table 1.

0 1 2 3 4 5 6 7 8 9
0 +1.00 −0.57 −0.66 −0.62 −0.16 −0.66 −0.83 −0.90 +0.31 +0.76
1 −0.57 +1.00 +0.92 +0.63 −0.09 +0.91 +0.45 +0.33 −0.68 −0.50
2 −0.66 +0.92 +1.00 +0.44 +0.22 +0.77 +0.41 +0.37 −0.82 −0.40
3 −0.62 +0.63 +0.44 +1.00 −0.62 +0.86 +0.60 +0.59 −0.15 −0.89
4 −0.16 −0.09 +0.22 −0.62 +1.00 −0.33 +0.08 +0.12 −0.18 +0.47
5 −0.66 +0.91 +0.77 +0.86 −0.33 +1.00 +0.63 +0.52 −0.47 −0.74
6 −0.83 +0.45 +0.41 +0.60 +0.08 +0.63 +1.00 +0.93 +0.11 −0.67
7 −0.90 +0.33 +0.37 +0.59 +0.12 +0.52 +0.93 +1.00 +0.07 −0.70
8 +0.31 −0.68 −0.82 −0.15 −0.18 −0.47 +0.11 +0.07 +1.00 +0.13
9 +0.76 −0.50 −0.40 −0.89 +0.47 −0.74 −0.67 −0.70 +0.13 +1.00
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Figure 4: Measured AFB in ten intervals of |∆η|, with the results of the sin2 θℓeff fit. The grey
band shows the fit result and the associated statistical uncertainty.

Several variations in the fit model are considered. Some of these variations are used to312

determine shifts to this result, while others set uncertainties or define cross-checks.313

The default analysis uses two base templates for the AFB predictions at different values314

of sin2 θℓeff , with linear interpolation used to find predictions for AFB between these values.315

However, the impact of using a third base template is studied, applying cubic spline316

interpolation. A shift to the extracted result corresponding to the difference between317

these two approaches is applied, so that the final result is based on the cubic approach.3318

This provides a shift of +2.0 × 10−5, consistent with the uncertainty associated with319

the number of generated events used to find the theoretical predictions. The resulting320

measurement of sin2 θℓeff is then found to be stable at the 1 × 10−5 level when the number321

of base templates is further increased to seven, confirming that the use of a small number322

of templates for the baseline result is reasonable.323

An electroweak uncertainty of 7.4 × 10−5 is assigned based on the difference between324

the result found using the Powheg-ewnlo and Powheg-plain predictions. A cross-check325

is made using the Powheg-ewlo predictions, which are found to give results in agreement326

with Powheg-plain, as expected.327

A QCD uncertainty is assigned based on changing the value of αs used in the Powheg-328

plain predictions to the value best describing the data in the LHCb W -boson mass329

measurement [29]. Since the change in the final result is smaller than the uncertainty on330

this shift from the number of generated events, the latter is assigned as the uncertainty on331

sin2 θℓeff , 5.8 × 10−5. The number is consistent with an alternative estimate of the QCD332

uncertainty using predictions generated with the factorisation and renomalisation scales333

varied using the seven-point-variation method [45].334

The CT18, MSHT20 and NNPDF3.1 PDF parameterisations are treated equally. The335

3The application of this shift is equivalent to using three templates to find the central result, but only
using two templates to evaluate uncertainties.
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Table 3: Fit results, using Powheg-plain, for different PDF sets. The best-fit sin2 θℓeff values
are listed, as are the PDF uncertainties and the shifts in the sin2 θℓeff values with respect to the
first row. The final row shows the shift that would be applied to the baseline result in order to
emulate an arithmetic average of the three PDF sets, and the corresponding PDF uncertainty.
The numbers presented in this table do not include the shift associated with changing from two
base templates to three base templates. The PDF sets are labeled using the appropriate strings
that fully define the set. [46]

PDF set Value PDF uncertainty Shift
NNPDF31 nlo as0118 0.23155 0.00023 –
CT18NLO 0.23165 0.00022 +0.00010
MSHT20nlo as118 0.23137 0.00017 −0.00018
Arithmetic average – 0.00021 −0.00003

final result quoted is therefore defined as the arithmetic average of the results from the336

three parameterisations. The impact of changing the PDF parameterisation is studied337

using Powheg-plain events. The PDF uncertainties are determined for each PDF set338

using the prescription provided by each PDF-fitting group, by weighting the baseline events339

generated using the central NNPDF3.1 parameterisation. The CT18 uncertainties are340

divided by a factor 1.645 in order to provide 68% coverage. It is found that changing from341

the baseline NNPDF3.1 result to the arithmetic average results in a shift of −3×10−5. The342

PDF parameterisations are treated as fully correlated since they consider the same global343

data, and therefore the individual PDF uncertainties from the three parameterisations are344

averaged in order to set the overall PDF uncertainty on the measurement. The results345

from the different PDF sets are reported in Table 3.346

The impact of recasting the result to other PDF sets is also studied. The use of the347

NNPDF4.0 PDF parameterisation leads to the extracted value of sin2 θℓeff changing by348

−14 × 10−5 relative to the result found using the NNPDF3.1 parameterisation, while349

the CT18Z PDF parameterisation changes the result by −8 × 10−5, again relative to the350

NNPDF3.1 result.351

Having applied the relevant shifts and uncertainties defined above which account for:352

using a larger number of base templates; averaging the three different PDF parameterisa-353

tions; and the theoretical uncertainties, the final result is354

sin2 θℓeff = 0.23147 ± 0.00044 ± 0.00005 ± 0.00023,

where the first uncertainty is statistical, the second is associated with systematic uncer-355

tainties on the AFB measurement, and the third is associated with theoretical uncertainties356

on the model used to determine the weak mixing angle. Figure 5 compares this result with357

other measurements and with the Standard Model predictions. The LHCb measurement358

is in excellent agreement with previous measurements and with indirect determinations of359

the weak mixing angle from the global electroweak fit. It is also notable that while the360

theoretical uncertainty on the result is dominated by the PDF uncertainty, this uncer-361

tainty is also significantly smaller than the statistical uncertainty on the measurement.362

Consequently this analysis does not need to make use of profiling techniques to control363

and reduce the PDF uncertainty [47,48].364
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Figure 5: Direct measurements and indirect determinations of sin2 θℓeff . For the measurements
from LEP and SLD only the total uncertainty is shown. The indirect determinations shown here
include the LEP and SLD measurements as separate inputs while predicting the measurement
at hadron colliders.

6 Cross-checks365

Various cross-checks are performed to confirm the robustness of the data analysis. In366

these checks the baseline fit is performed. No shifts are applied to account for the change367

from two to three base templates, and no average is taken across the different PDF sets.368

In addition, no systematic uncertainties are considered when performing these checks.369

Table 4 shows sin2 θℓeff fit results with the data divided into statistically independent370

subsets according to the year of data taking, the polarity of the magnet and the orientation371

of the decay with respect to the magnetic field, which is characterised by the angle ϕd.
4

372

All three sets of results are self-consistent within their statistical uncertainties.373

4See, for example, Eq. 5 of Ref. [28].
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Table 4: Fit results with different subsets of the data. For each subset, the first line is treated as
the reference for the calculation of the pull. Each row has the same number of intervals and a
ndof of 9.

Subset sin2 θℓeff Fit χ2 Pull
2016 0.23014 ± 0.00082 2.0 –
2017 0.23155 ± 0.00085 13.4 +1.2 σ
2018 0.23242 ± 0.00077 10.5 +2.0 σ
Down polarity 0.23087 ± 0.00065 8.2 –
Up polarity 0.23211 ± 0.00065 12.1 1.4 σ
0 ≤ ϕd <

π
2

0.23136 ± 0.00065 10.1 –
π
2
≤ ϕd < π 0.23161 ± 0.00065 6.5 +0.3 σ

Table 5: Fit results with different numbers of |∆η| intervals. The first row is the reference for
the shift, and the uncertainties are statistical only.

Number of intervals sin2 θℓeff Shift Fit χ2/ndof
1 0.23151 ± 0.00050 – –
4 0.23167 ± 0.00045 +0.00016 3.1/3
6 0.23145 ± 0.00044 −0.00004 3.2/5
8 0.23146 ± 0.00044 −0.00003 11.7/7
10 0.23148 ± 0.00044 −0.00003 8.1/9

Table 5 presents sin2 θℓeff fit results with different numbers of intervals in |∆η|, varying374

between one and ten. Compared to the result with a single interval, a relative improvement375

in the statistical precision of around 14%, as already discussed, is seen in the result with376

ten intervals. The χ2 values are reasonable in all cases, and the shifts in the central values377

are small, considering the statistical uncertainty on the shift between the result with one378

interval and those with multiple intervals.379

As an alternative approach, the analysis is performed with a single |∆η| interval but380

with seven bins in the dimuon invariant mass. Since the mass is measured with a resolution381

of O(1 GeV), the migration is corrected for using iterative Bayesian unfolding [49]. This382

leads to a measurement of sin2 θℓeff = 0.23130 ± 0.00050, with a χ2/ndof of 14.6/6. The383

statistical precision of this check is poorer, by 14%, compared to our preferred approach384

of measuring AFB in intervals of |∆η|. The results remain stable when the number of385

intervals in the dimuon invariant mass is varied.386

The following additional checks are also performed:387

• In the AFB measurement, weights are assigned to the simulated signal events that388

shift the assumed sin2 θℓeff value. A shift corresponding to three times the uncertainty389

on the current world average causes a change in our measured sin2 θℓeff value below390

2 × 10−5, which is considered negligible.391

• In addition to the results presented in Table 4, measurements of AFB are performed392

with six orthogonal combinations of the year and magnet polarity. The resulting393

sin2 θℓeff results are statistically consistent.394

• Variations in the Υ (1S) and J/ψ masses, within the uncertainties on their world395
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averages, are propagated through the momentum calibrations; the effect on the396

measured AFB is negligibly small.397

• An alternative functional form is used in the momentum smearing which has a398

negligible effect on the results quoted.399

• Shifting the muon energies in the simulation, according to the uncertainties in the400

material budget of the detector, has a negligible effect on the results.401

7 Conclusion402

The effective leptonic weak mixing angle, sin2 θℓeff , is precisely predicted in the global403

electroweak fit. Direct measurements of this predicted quantity are sensitive to physics404

beyond the Standard Model. A measurement of sin2 θℓeff is reported, based on pp collision405

data at
√
s = 13 TeV, recorded between 2016 and 2018 by the LHCb experiment and406

corresponding to an integrated luminosity of 5.4 fb−1. The forward-backward asymmetry407

AFB in the pp→ Z/γ∗ → µ+µ− process is measured in ten intervals of the difference of408

the muon pseudorapidities, within a fiducial region covering dimuon masses between 66409

and 116 GeV, muon pseudorapidities between 2.0 and 4.5 and muon transverse momenta410

above 20 GeV. Comparing these forward-backward asymmetries with predictions at next-411

to-leading-order in the strong and electroweak couplings results in a determination of the412

effective leptonic weak mixing angle413

sin2 θℓeff = 0.23147 ± 0.00044 ± 0.00005 ± 0.00023,

where the first uncertainty is statistical, the second is due to systematic uncertainties on414

the AFB measurement, and the third is due to theoretical uncertainties associated with415

the model used to determine the weak mixing angle. This result is based on an arithmetic416

average of results obtained using the CT18, MSHT20, and NNPDF3.1 parameterisations417

of the proton internal structure. The result is consistent with other direct measurements418

and with predictions from the global electroweak fit, and improves on the precision of the419

previous LHCb determination by more than a factor two.420
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11Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France793
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51NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine836

52Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine837

53School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom838

54H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom839

55Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom840

56Department of Physics, University of Warwick, Coventry, United Kingdom841

57STFC Rutherford Appleton Laboratory, Didcot, United Kingdom842

58School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom843

59School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom844

60Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom845

61Imperial College London, London, United Kingdom846

62Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom847

63Department of Physics, University of Oxford, Oxford, United Kingdom848

64Massachusetts Institute of Technology, Cambridge, MA, United States849

65University of Cincinnati, Cincinnati, OH, United States850

66University of Maryland, College Park, MD, United States851

67Los Alamos National Laboratory (LANL), Los Alamos, NM, United States852

68Syracuse University, Syracuse, NY, United States853
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vUniversità di Urbino, Urbino, Italy891
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