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Abstract

Momentum measurements for very high momentum charged particles, such as
muons from electroweak vector boson decays, are particularly susceptible to charge-
dependent curvature biases that arise from misalignments of tracking detectors. Low
momentum charged particles used in alignment procedures have limited sensitivity to
coherent displacements of such detectors, and therefore are unable to fully constrain
these misalignments to the precision necessary for studies of electroweak physics.
Additional approaches are therefore required to understand and correct for these
effects. In this paper the curvature biases present at the LHCb detector are studied
using the pseudomass method in proton-proton collision data recorded at centre of
mass energy

√
s = 13 TeV during 2016, 2017 and 2018. The biases are determined

using Z → µ+µ− decays in intervals defined by the data-taking period, magnet
polarity and muon direction. Correcting for these biases, which are typically at
the 10−4 GeV−1 level, improves the Z → µ+µ− mass resolution by roughly 18%
and eliminates several pathological trends in the kinematic-dependence of the mean
dimuon invariant mass.
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1 Introduction

The LHCb experiment [1] is a single-arm dipole spectrometer that is optimised for the
study of hadrons containing b or c quarks. Its unique forward-rapidity coverage has
also enabled a rich programme studying electroweak and strong processes. A particular
challenge in the study of W and Z boson1 decays to muonic final states is charge-dependent
curvature biases in momentum measurements. This paper reports an application of the
pseudomass method first described in Ref. [2] to study these biases and to improve the
momentum resolution achieved at the LHCb detector for high momentum tracks. This
method is complementary to studies of the momentum scale [3]. The pseudomass method
has already been applied in the first measurement of the W boson mass by LHCb [4],
which was based on the data recorded during 2016.2 This study extends upon that analysis
by including data recorded in 2017 and 2018, describing the method in greater detail,
and showing the performance of the derived corrections with Z → µ+µ− decays. The
improvements in mass resolution for J/ψ → µ+µ− and Υ(1S) → µ+µ− decays are also
evaluated.

Since the start of Run 2 (2015–2018), the LHCb detector has been aligned and
calibrated in real time [5,6]. The tracker alignment is primarily based on charged particles
measured in minimum-bias events. A systematic shift of the tracking stations upstream
and/or downstream of the magnet is only weakly constrained by this procedure [7].
Therefore, additional constraints are provided by decays of, for example, D0 mesons.
However, small residual misalignments can still lead to degraded resolution for the very
high momentum3 (up to O(1 TeV)) particles produced in the decays of electroweak bosons
in the forward region, and can lead to large systematic uncertainties in, for example, the
measurement of the W boson mass [4] or the weak mixing angle [8].

Crucial for the measurement of charged particle momenta is the magnetic field of the
LHCb detector. The magnetic field deflects charged particles, with the curvature of the
particles in the field allowing a measurement of q/p, where q is the charge of a particle and
p its momentum. The LHCb experiment is run in two different configurations: one with
the magnetic field pointing upwards, and one with the magnetic field pointing downwards.
The first configuration bends positively charged particles in the horizontal plane towards
the centre of the LHC ring, while the second bends negatively charged particles in this
direction. The magnetic field used at LHCb is discussed further in Ref. [1].

The leading biases in the measurement of the momentum follow

q

p
→ q

p′
=

q

αp
+ δ, (1)

where p′ is the ‘biased’ momentum, and p is unbiased. Here δ is a curvature bias that
provides a charge-dependent momentum bias, and α is a factor that sets the overall
momentum scale. If these parameters can be accurately determined, then measurements
can be corrected for these effects, returning unbiased estimates of particle momenta. This
paper considers the corrections necessary to remove the biases associated with δ. The

1Throughout this paper the term ‘Z boson’ includes the effects of the virtual photon, and the interference
between the virtual photon and the Z boson.

2Other electroweak measurements at LHCb have also applied empirical corrections to reduce the impact
of these biases.

3In this publication natural units where c = 1 are used.

1



momentum scale factor arises from inaccuracies in the magnetic field calibration and/or
knowledge of the length of the detector along the beam (z) axis while curvature biases
arise from misalignments of the tracking detectors along the bending (x) direction.4 In
general, both parameters can vary across the detector, and with time. The δ parameter
for a given point within the detector is expected to change sign whenever the polarity
of the dipole magnetic field at LHCb is reversed, though this reversal can also lead to
mechanical displacements of the detector elements.

The α parameter can be determined from measurements of the masses of known
resonances. For example, in decays to a µ+µ− pair, assuming massless muons, the
measured mass scales as the square root of the product of the two α values corresponding
to the muon trajectories. On the other hand, in dilepton studies the effects of finite
δ values cancel to a large degree when integrating over the full detector. Despite this
calculation, it remains important to determine the δ values since such biases are important
in processes that involve a single lepton (e.g. measurements of the W boson mass). In
addition, if uncorrected, the presence of the δ term also degrades the momentum resolution
of the detector. In Ref. [2] it was proposed to measure the δ values by defining a so-called
pseudomass for resonance decays to µ+µ− pairs. This variable is defined as

M± ≡

√
p±T
p∓T
M =

√
2p+p−

p±T
p∓T

(1 − cos θ) =

√
2p±p±T

p∓

p∓T
(1 − cos θ), (2)

where θ is the opening angle between the two muons, M is the invariant mass of the
dimuon system, and pT is the momentum of a particle transverse to the beam axis.
Crucially, since the ratio p∓

p∓T
is completely defined by the measured direction of one muon,

M± solely depends on the momentum measurement of the other muon, and therefore
only on the value of δ associated with the regions of the detector that the corresponding
muon traverses. This allows the effect of local detector misalignments to be considered.
Figure 1 shows example M± distributions in the LHCb Run 2 dataset, with the relevant
positively or negatively charged muon in the pseudorapidity5 interval 3.78 < η < 3.96.

The Z → µ+µ− cross-section is largest where the transverse momentum of the dimuon
system is much smaller than the mass. In this low transverse momentum limit, where
p+T ∼ p−T , M+ and M− approximate M such that the distributions shown in Fig. 1 peak
at the Z boson mass. By calculating the pseudomass in the presence of curvature biases
of the form given in Eq. 1, it can be seen that the presence of such biases can be directly
related to an asymmetry A between the peak positions in the M+ and M− distributions
through

δ ≈ −A
2
×
(〈 1

p+

〉
+
〈 1

p−

〉)
, (3)

where
〈

1
p±

〉
are the mean values of the inverse of the muon momenta. The asymmetry in

peak positions is evaluated as A = (u+ − u−)/(u+ + u−), where u± is the mean parameter
associated with a peaking component in a fit to the M± distributions. Section 3 discusses
the functional form used to describe the M± distributions in more detail. The evaluation
of this asymmetry therefore allows the value of δ to be found using Eq. 3, which in turn

4The x-axis is oriented horizontally towards the outside of the LHC ring.
5The pseudorapidity of a particle is defined as η ≡ − ln(tan(ϑ2 )), where ϑ is the polar angle of the particle
with respect to the colliding beam direction.
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Figure 1: Pseudomass distributions in the 2016 magnet-up dataset with muons in the pseudo-
rapidity interval 3.78 < η < 3.96. The selection of the data is discussed in Sec. 2, while the
function fit to the distributions is defined in Sec. 3.

allows curvature bias corrections to be derived and applied by inverting Eq. 1. The
key feature of this method is that these corrections can be independently determined in
arbitrarily small regions of the detector, since M± only depends on the momentum of
one of the two muons. The approximation that p+T ∼ p−T can be improved, for example by
rejecting candidates with large values of the angular variable ϕ∗ [9], defined as:

ϕ∗ ≡ tan

(
π − ∆ϕ

2

)
sin θ∗η, (4)

where ∆ϕ is the azimuthal opening angle between the two leptons in the transverse
plane. The quantity θ∗η is defined by cos θ∗η ≡ tanh η−−η+

2
, where η− and η+ are the

pseudorapidities of the negatively and positively charged leptons, respectively.

2 Dataset, simulation samples and signal selection

This paper considers pp collision data recorded during 2016–2018 at
√
s = 13 TeV,

corresponding to an integrated luminosity of 5.3 fb−1. The detector includes a high-
precision tracking system consisting of a silicon-strip vertex detector surrounding the pp
interaction region [10], a large-area silicon-strip detector located upstream of a dipole
magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes [11] placed downstream of the magnet. Muons are identified by a
system composed of alternating layers of iron and multi-wire proportional chambers [12].
The online event selection is performed by a trigger [13], which consists of a hardware
stage based on information from the calorimeter and muon systems, followed by two
software stages which use a full event reconstruction [5].

In the simulation, pp collisions are generated using Pythia [14, 15] with a specific
LHCb configuration [16]. The interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [17] as described in Ref. [18].

The selection of candidate Z → µ+µ− decays follows that described in detail in Ref. [4].
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Tracks are reconstructed in the LHCb detector following Ref. [19]. Candidate decays are
formed from oppositely charged pairs of muons, each with pT > 20 GeV, and in the range
1.9 < η < 4.9, and where each pair forms a common decay vertex. Loose requirements
on the track fit χ2, impact parameter and track isolation suppress background from
misidentified hadrons and heavy-flavour hadron decays. The dimuon candidate is required
to have an invariant mass above 40 GeV, though additional requirements are detailed
further in Sec. 3 when applying the pseudomass method. At least one of the two muons
must be matched to a positive decision of a single muon selection in all three stages of
the trigger. When deriving the pseudomass corrections, candidate events are required
to have ϕ∗ < 0.1. The purity of the Z → µ+µ− sample is studied following Ref. [4], and
background contributions are found to be at the per-mille level.

Candidate J/ψ → µ+µ− and Υ(1S) → µ+µ− decays are also used to evaluate the
impact of the curvature-bias corrections on mass resolutions. The selection of these
candidates again follows Ref. [4]. These candidates are formed from oppositely charged
pairs of muons, satisfying basic quality requirements that form a common decay vertex.
The muons from J/ψ and Υ(1S) decays are required to have pT values larger than 0.5 GeV
and 3 GeV, respectively. The J/ψ decay vertices are required to be significantly displaced
from their associated primary interaction vertex, such that the signal is almost entirely
produced from decays of b hadrons. The J/ψ and Υ(1S) candidates must be matched to
positive decisions of muon selections in all three stages of the trigger.

3 Application of the pseudomass method

The data are analysed independently for each of the three years studied in LHC Run 2
(2016–2018) and for each of the two magnet polarity configurations in each year. The 2018
dataset is further divided into two periods, since the real-time alignment procedures were
re-optimised in the later part of that year. The data are further divided into 256 directional
intervals, corresponding to the product of 16 intervals in the range 1.9 < η < 4.9 and
16 intervals in the range −π < ϕ < π. In total, there are 2048 intervals in which the
curvature biases are independently evaluated.

Histograms of the pseudomass distributions, covering the range 55 <M± < 147 GeV,
are produced for each of the above intervals. For each of these intervals, the mass
asymmetry parameters A are determined with a simultaneous maximum-likelihood fit
to the two distributions. The data are sufficiently pure such that they can be modelled
considering signal alone without modelling any background contribution. The model for
each pseudomass distribution includes a non-resonant virtual photon component described
by an exponential function, and a resonant component described by the sum of two Crystal
Ball functions, with shared means, but with differing widths. Both the fraction of the
non-resonant and one of the Crystal Ball components vary freely in the fit. Figure 1 shows
the pseudomass distributions for the 3.78 < η < 3.96 interval, combining all ϕ intervals,
with the fit results overlaid. The means of the Crystal Ball functions describing the M±

distributions are parameterised as a charge-averaged mass, which varies freely in the fits,
multiplied by 1 ±A, where A also varies freely.

The resulting asymmetry values are translated to curvature biases according to Eq. 3.
These biases are presented in Fig. 2, for both data and simulation. The periodic repeating
pattern is caused by the measured biases being similar in different data taking periods.
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Since the furthest forward region typically contains higher momentum tracks, small biases
are better controlled by the standard LHCb alignment techniques. Consequently, the
residual bias determined in data using the pseudomass approach typically decreases as
the pseudorapidity increases.
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Figure 2: Curvature biases for LHCb (upper) data and (lower) simulation. The 2048 intervals
are numbered as iϕ+(iη × 16)+ (ipolarity× 16× 16)+ (iperiod× 16× 16× 2), where iϕ, iη, ipolarity
and iperiod individually index the azimuthal angle ϕ, pseudorapidity, polarity of the magnetic
field, and the data-taking period. The uncertainties shown are statistical.

4 Biases from fundamental physics

In the Z → µ+µ− process the two muons are not completely equivalent; the p+T ∼ p−T
approximation is not perfect. There is a ‘forward-backward’ asymmetry introduced by
the interference of the Z boson and the virtual photon, as well as from the vector and
axial-vector couplings of the Z boson. While the primary impact of this physical effect
is to change the yields in each muon pseudorapidity interval, it does also lead to small
natural asymmetries in the peak positions of the M+ and M− distributions that should
not be corrected for. In the simulation, in which no misalignment is present, the extracted
curvature bias stems from this physical effect. This is confirmed by explicitly examining
the q/p residuals with respect to the generated values, with and without curvature bias
corrections applied. Therefore, it can be concluded from Fig. 2 that the effect of the
physics bias (O(10−5−10−6 GeV−1) is much smaller than the measured curvature biases in
the data. In order to remove the effects of the physics bias, the bias observed in simulation
is subtracted from the one measured in data.
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The extracted physics bias is influenced by the value of the weak mixing angle used in
the simulation. This was already studied in Ref. [2], where effects were shown to be small.
A more detailed investigation is considered here. The pseudomass method is applied
directly to Z → µ+µ− events simulated using Powheg-Box [20–23] interfaced with
Pythia8 [14, 15,24]. The simulated events have no detector simulation applied but the
muon momenta are smeared according to previously measured resolutions [25]. Curvature
biases are determined for two different values of the weak mixing angle sin2(θeff) = 0.228
and 0.235; the difference between these values is approximately 40 times larger than
the uncertainty in the world average [26], or about ±9 times the precision of the most
precise hadron collider measurements of this parameter to date. The use of a wide spacing
between the two samples allows more statistical power in testing for the dependence of
the physics bias on the input values of the weak mixing angle. Figure 3 shows that the
curvature biases are broadly consistent with those found using the full LHCb simulation,
much smaller than the corrections derived in the data, and are consistent between the
two values of the weak mixing angle considered. The modelling of this physics effect is
therefore found to have a negligible impact on the understanding of the detector alignment.
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Figure 3: Upper: pseudomass corrections derived from simulation for two different values of
sin2(θeff). Since no misalignment is present in these studies this shows a fundamental physics
bias associated with the method. Lower: the difference between the biases found in the two
samples. The uncertainties shown are statistical.

5 Results

The curvature biases are shown as a function of η and ϕ, separately for the two magnet
polarities and four data-taking periods, in Fig. 4, after subtracting the physics biases
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determined in simulation, as discussed in Sec. 4.
Figure 5 shows the mass distributions of the Υ(1S) → µ+µ− and Z → µ+µ− candidates,

with and without the application of the curvature bias corrections, while Fig. 6 shows
estimates of the relative mass resolutions for the three resonances before and after
the corrections are applied. All years and both magnet polarities are combined. The
Z → µ+µ− mass resolution is estimated with a parametric fit of the sum of an exponential
function and a relativistic Breit-Wigner function with the Z boson resonance parameters,
convolved with a Gaussian resolution function. The resolution of the Z → µ+µ− mass
peak is improved by 18% using the method presented here. The Υ(1S) resonance is
sufficiently narrow such that the observed width can be assumed to be the detector
resolution. The Υ(1S) → µ+µ− mass resolution is improved using the method presented
here by 2.3%. There is no significant effect on the resolution of the J/ψ → µ+µ− mass,
since the correspondingly low momentum muons are less susceptible to curvature biases.
The improvements in resolution are found to be robust when the data are split randomly,
with independent datasets used to find the corrections and then to test their impact.

Systematic misalignments of the detector also lead to non-physical trends in the mean
dimuon mass of Z boson events as a function of angular variables perpendicular to the
beamline. In Fig. 7 it can be seen that this mass varies strongly with the azimuthal angle
of the negatively charged muon. This trend roughly changes in sign with the magnet
polarity. The mean dimuon invariant mass varies within ±2 GeV in the 2016 and 2017
datasets, while the variations are reduced by roughly a factor of two in the 2018 data. The
reduction in variation in the 2018 dataset is explained by the Z boson data being used in
the real-time alignment in the latter part of this period. However, even with the use of
this data in real-time the pseudomass method still provides significant improvements in
the observed trends. These trends are consistent with a relative shift along the x axis
of the upper and lower sections of the tracking detectors. A similar trend is visible in
other related variables such as the ϕ of the positively charged muon. The curvature-bias
corrections presented here eliminate these trends, and no such trend is visible after the
corrections are applied.

A particularly interesting variable in the study of curvature biases is the angle

ϕd = cos−1

(
D⃗ · ˆ⃗

B

|D⃗|

)
, (5)

where D⃗ is a decay plane vector defined from the three-momenta of the µ+ and µ− as

D⃗ = p⃗+ × p⃗−, (6)

and
ˆ⃗
B is a magnetic field three-vector defined as (0, 1, 0) and (0,−1, 0) for the up- and

down-polarity configurations, respectively. This variable measures the angle between the
normal to the dimuon decay plane and the magnetic field. Configurations in which the
two muons bend towards and away from each other in the detector also take different
values. Figure 8 shows a variation in the mean dimuon mass in Z → µ+µ− candidates of
around 1 GeV before the corrections discussed here are applied. This is characteristic of a
relative displacement along the beam axis of the tracking detectors before and after the
magnet. The method presented here recovers a profile of the mean dimuon mass that is
independent of ϕd.
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Figure 4: Curvature biases as a function of η and ϕ. The biases are shown as a ‘heat map’,
with the colour-scale showing the size of the biases. The left and right columns correspond to
the up- and down-polarity configurations, respectively, while the rows correspond to the 2016,
2017, 2018 (two periods) datasets. Empty regions at larger η values are due to the rectangular
acceptance of the detector.
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Figure 5: Mass distributions for the (left) Υ(1S) and (right) Z resonances. The data are shown
with and without the corrections applied.
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Figure 6: Relative mass resolution as a function of the dimuon invariant mass, showing the
resolution of the J/ψ, Υ(1S) and Z resonances with and without the corrections applied.
Statistical uncertainties on these resolution values are too small to be visible in the plot.

Simplified fits are performed to investigate the extent to which the pseudomass
corrections can be attributed to coherent rotations and shifts of the tracking detectors.
This uses the same simplified model of the LHCb detector as Ref. [2]. The fits favour shifts
along the x axis of O(10µm), rotations around the z axis of O(100 µrad) and shifts along
the z axis of O(0.5 mm). These are found to be compatible with the changes applied in
the alignment for the latter part of the 2018 dataset. When this simple model is fit to
the values of δ measured and reported in Fig. 4, allowing for these three transformations
simultaneously typically improves the χ2 that describes the fit by about 1000 units (for
238 degrees of freedom), depending on the year and polarity. However, despite this
improvement, the χ2 probabilities for the simplified model remain poor, implying that
the curvature biases present correspond to a mixture of coherent and local effects. This
reaffirms the importance of a model-independent method to determine local curvature
biases, such as the pseudomass method presented here.
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Figure 7: Mean dimuon mass as a function of the azimuthal angle of the negatively charged
muon for Z → µ+µ− candidates. The left and right hand columns correspond to the up and
down polarities of the magnetic field while the rows correspond to the 2016, 2017 and 2018
datasets.

6 Conclusions

The measurement of charged particle momenta by the LHCb experiment is subject to
both charge-independent and charge-dependent biases, which must be calibrated. The
latter is the focus of this work, and arises due to systematic misalignments of the tracking
detectors that are not fully resolved by the real-time alignment procedures. Studies of
muonic decays of W and Z bosons are particularly susceptible to this effect, since the
muons have momenta up to O(TeV). The pseudomass of a two-body decay of a neutral
resonance only depends on the momentum of one final state particle, and therefore has
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Figure 8: Mean dimuon mass as a function of ϕd for Z → µ+µ− candidates. The left and
right-hand columns correspond to the up- and down-polarities of the magnetic field while the
rows correspond to the 2016, 2017 and 2018 datasets.

first-order sensitivity to the curvature biases. These biases are determined in simultaneous
fits of the distributions of the pseudomasses computed from the µ+ and µ− momenta.
The curvature biases from the experimental data recorded during the 2016, 2017 and 2018
pp collisions are extracted in kinematic intervals for each period. The resulting curvature
biases are typically at the level of O(10−4) GeV−1. After applying these corrections to the
data, an improvement of the Z → µ+µ− mass resolution of around 18% is achieved, and
the Υ(1S) → µ+µ− mass resolution is improved by about two percent. In conclusion, the
curvature bias corrections described here are essential in measurements of the W boson
mass and the weak mixing angle with the Run 2 data collected at LHCb, but can also
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easily be included in analyses of lower mass states.
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I.A. Monroy72 , S. Monteil11 , A. Morcillo Gomez44 , G. Morello25 , M.J. Morello32,r ,
M.P. Morgenthaler19 , A.B. Morris46 , A.G. Morris12 , R. Mountain66 , H. Mu4 , Z. M.
Mu6 , E. Muhammad54 , F. Muheim56 , M. Mulder75 , K. Müller48 ,
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mUniversità di Genova, Genova, Italy
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