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The first dedicated Z-boson mass measurement at the LHC with Z — p*u~ decays is reported. The
dataset uses proton-proton collisions at a center-of-mass energy of 13 TeV, recorded in 2016 by the LHCb
experiment, and corresponds to an integrated luminosity of 1.7 fb~!. A template fit to the uTpu~ mass
distribution yields the following result for the Z-boson mass: m, = 91, 185.7 + 8.3 + 3.9 MeV, where the
first uncertainty is statistical and the second systematic. This result is consistent with previous
measurements and predictions from global electroweak fits.
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In the standard model (SM) of particle physics the
electroweak interactions are governed by SU(2) x U(1)
local gauge symmetry, which is spontaneously broken
when the Higgs field acquires a vacuum expectation value
v~ 246 GeV. The Z boson is a mixture of the SU(2) and
U(1) gauge fields. At lowest order, its mass is given by
my =Lv(¢? + ¢?), where g and ¢ are the SU(2) and U(1)
gauge couplings, respectively. Including higher-order cor-
rections and defining m in a relativistic Breit—Wigner line
shape with a mass-dependent width, a SM prediction of
myz = 91204.7 £ 8.8 MeV is obtained from a fit to pre-
cision electroweak data [1]. (Natural units, where ¢ = 1,
are used throughout this Letter.)

The most precise m; measurement, combining the data
from the four LEP eTe™ collider experiments, obtained
my; =91187.6 £2.1 MeV [2]. The CDF -collaboration
reported a measurement of m; with a precision of
7 MeV, as a validation of their W-boson mass measurement
[3]. A similar study by the CMS collaboration [4], while
presented as not being fully independent of the previously
known mj value, suggests encouraging prospects for a
dedicated m; measurement.

This Letter reports the first dedicated measurement of m,
at the LHC, using Z — u"u~ decays recorded with the
LHCb detector, in proton-proton collisions at a center-of-
mass energy of 13 TeV. The LHCb detector [5,6] instru-
ments the pseudorapidity range 2 < <5 with a high-
precision tracking system consisting of a silicon-strip
vertex detector surrounding the proton-proton interaction
region [7], a large-area silicon-strip detector (the TT)
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located upstream of a dipole magnet with a bending power
of about 4 T m, and three stations of silicon-strip detectors
and straw drift tubes [8] placed downstream of the magnet.
The tracks are fitted with a Kalman filter that takes into
account multiple scattering and corrects for energy loss due
to ionization. For particles of charge ¢ and momentum p,
the typical ¢/p resolution is O(1072) TeV~!. This trans-
lates to a relative resolution of O(1%) on the momenta,
typically around 500 GeV, of muons from Z-boson decays
in LHCb. Muons are identified by a dedicated system
composed of alternating layers of iron and multiwire
proportional chambers [9]. The energies of photons and
hadrons are measured with a system of calorimeters.

The data were recorded in 2016 and correspond to an
integrated luminosity of 1.7 fb~!, divided between each of
the two magnet-polarity configurations in roughly equal
measure. The online event selection was performed by a
trigger system [10,11], and this analysis uses events
recorded by single-muon triggers. In order to prevent
observer bias, the analysis was carried out by introducing
an unknown offset in the m, value until the analysis
methodology was finalized.

Simulation samples are generated using Pythia [12] with a
specific LHCb configuration [13]. Decays of heavy par-
ticles, such as weak bosons and top quarks, are modeled
directly with Pythia, while decays of lighter particles are
described by EvtGen [14], in which final-state photon
radiation is generated using Photos [15]. The interaction
of the generated particles with the detector is implemented
[16] using the Geant4 toolkit [17].

Candidate Z — putu~ decays are formed from pairs of
oppositely charged muons, with invariant masses between
86 and 96 GeV. The muons must have transverse momenta
pr>20GeV, p<2TeV, 22<n<44, and their
momenta must have relative uncertainties of less than
6%. Both muons must be consistent with originating from
a primary collision vertex (PV) and have an “isolation” of
less than 40 GeV. The isolation sums the transverse
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momenta of all other particles for which the quadrature sum
of the separation, with respect to the muon, in pseudor-
apidity and azimuthal angle is below 0.4. Around
174 x 103 candidates are selected by these requirements,
which suppress the hadronic backgrounds to a negligible
level with minimal signal inefficiency.

A sample of around 193 x 10 candidate Y — p*u~
decays is used for the momentum calibration, while
roughly 48 x 10° candidate J/y — p*pu~ decays are used
for an independent cross-check. These quarkonium candi-
dates are selected from pairs of oppositely charged muons
with pr > 5 GeV and 2.2 <y <4.4. The pt require-
ments, which are tighter than those typically used in
analyses of T and J/y decays in LHCb, select a subset
of muons that are more similar to those from Z -boson
decays. Muon-isolation requirements are not imposed since
quarkonium states tend to be produced in hadronic jets
[18], but all other muon-quality requirements from the
Z-boson selection are applied. The J/w candidates are
required to have a significant displacement from the PV
and, therefore, originate predominantly from decays of
beauty hadrons.

To highlight the importance of the momentum calibra-
tion in this analysis, briefly assume the limit of mass-
less muons in which the dimuon mass m is given by
m? ~2p* p~(1 — cos §) with p* denoting the 4= momenta
and 6 being the angle between the muons, which is
measured with very high precision. The main challenge
is to control systematic biases on the p* measurements. To
a good approximation, these transform the measured
momenta of particles with charge ¢ as

p—= (1+a+p/p—qép)p. (1)

where a is a momentum-scale offset caused by a miscali-
bration of the bending power of the magnet and/or the
tracker length scale; f is due to a possible inaccuracy in the
ionisation-energy-loss corrections; and 6 is a ¢/ p bias due
to a misalignment of the tracking detectors. These param-
eters may vary between different detector regions.

A general-purpose momentum calibration for LHCb [19]
achieves a relative uncertainty of 3 x 10™* for application
to a wide range of decays with different lifetimes and final-
state particle momenta. The present analysis requires a
dedicated calibration with a higher precision specifically
for high-pt muons and with an emphasis on differences
between data and simulation. This calibration is performed
in four stages, the first of which uses the Z — u*pu~ sample,
without an assumption on the m  value, while the remain-
ing three use the Y — u"u~ sample. The first two cali-
brations apply to the data, and the last two subsequently
apply to the simulation.

The first momentum calibration estimates the charge-
dependent curvature biases (§) with Z — p™u~ decays and
the pseudomass method [20,21]. Denoting the u*

momentum and transverse momentum as p* and pgT,
respectively, the two pseudomasses, defined as

:F
M* = \/Zpip%ﬁ—:F(l — cosd), 2)
T

estimate the dimuon mass under the assumption of a
relatively small dimuon transverse momentum. In intervals
of 1, ¢, and the magnet polarity, a simultaneous fit of the
M and M~ distributions determines the charge asym-
metry in the peak positions, which is multiplied by a factor
of —3((1/p*) 4 (1/p™)) to estimate 5, where (1/p*) are
the mean values of the inverse of the muon momenta. A
small bias in the & estimates [20], which is an order of
magnitude smaller than the dominant misalignment effect,
is corrected with simulation as in Ref. [22]. Applying the
corrected 6 values to the muon momenta in data improves
the Z mass resolution by O(20%). Crucially, it is verified
that variations as large as 100 MeV in the m, value of
91,187.6 MeV assumed in the simulation have an effect of
less than 1 MeV on the m, measurement.

The second momentum calibration accounts for a rela-
tive momentum-scale drift of O(107*) during the data
taking. The T-meson sample is divided into 20 data-taking
periods, and the mass distributions are modeled with a fit
function composed of two Crystal Ball functions [23] for
the signal and an exponential for the background. The two
signal functions share a common peak-position parameter,
but differ by a relative-width factor, which varies freely in
the fit together with their relative normalization. The peak
position is parametrized as the known YT mass [24],
multiplied by (1 4+ @). The momenta in data are corrected
according to the 20 values for « from these fits, which are
shown in Fig. 3 in the Appendix.

The third momentum calibration accounts for a possible
underestimation in the simulation of the « variations across
the detector. Corrections are defined according to 16
discrete “directions,” which correspond to the product of
four intervals in the range 2.2 <n < 4.4 and four ¢
intervals. The T-meson sample is divided into 116 sub-
samples according to the 4™ and p~ directions, after folding
across the diagonal and, subsequently, removing 20 sub-
samples with fewer than 100 candidates in data. Mass
measurements are obtained for these 116 subsamples using
the same fit model as in the drift calibration. The 16 values
of a are determined from a y fit in which the measured
mass for the subsample with the u*(u~) being in the
directional interval i(j) is predicted to differ from the
known T mass [24] by a factor /(1 + &;)(1 + a;).

Figure 4 in the Appendix shows that, in the fit to data,
localized a values as large as #1073 are estimated, and the
x? of the fit is roughly 700 units smaller than that where a
single a value is used. The variations in the simulation are
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an order of magnitude smaller, and these are subsequently
corrected to match those seen in data.

The final, and most important stage, of the momentum
calibration simultaneously determines an overall a correc-
tion and the coefficients o, of two momentum smearing
factors for the simulation. The first smearing factor, which
accounts for a small underestimation of the multiple
scattering in simulation, has the form [1 + f(7)R 0],
where R is a random number sampled from a standard
normal distribution, and f(5) is defined as 1.0 (1.5) for
muons with # below (above) 3.3, roughly following an
increase in the number of radiation lengths traversed by
charged particles. The second smearing factor, which
accounts for an overly idealized ¢/p resolution in the
simulation, has the form (1 4+ R, po,/ coshy), where R, is
another normally distributed random number. A fit mini-
mizes the y? between the T mass distribution in data and
simulation, depending on the values of « and o, , used to
smear the momenta in the simulation. In this fit, the T mass
in the simulation is shifted by +0.1 MeV from the default
value of 9460.3 MeV to the current known value [24]. The
background is modeled with an exponential function with a
freely varying slope and normalization. The x> of the
fit is 76 for 95 degrees of freedom. Figure 1 shows the T
mass distribution in data, compared to the simulation
before and after smearing with the best-fit values of
a=(-0.654+0.16) x 107, &, = (1.98 £0.07) x 1073,
and 6, = 0.147 +0.009 TeV~!. Despite the preceding
calibrations, the negative a value can be understood as
follows: a shift of roughly —107 is attributed to the change
in the T mass, while the remaining shift is attributed to a
subtle anticorrelation of around —12% between a and o5,
which is fixed to zero in the earlier stages.
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FIG. 1. Mass distribution of the T — p*u~ candidates, com-

pared to the result of the momentum smearing fit, which includes
a background component. The sum of the background and T
signal simulation is also shown before momentum smearing.

Weights are assigned to the simulated candidates to
correct for small inaccuracies in the modeling of the detec-
tion efficiency. Following the approaches of Refs. [22,25],
these weights are derived from estimates of the track
reconstruction, muon identification, and trigger efficien-
cies. These corrections are determined from samples of
Z — uTp and T — pTu~ decays in 77 and ¢ intervals, with
parametrizations of the pr dependence. The tracking and
identification efficiency corrections are typically within 1%
of unity, but the trigger efficiencies are overestimated by up
to O(10%) at the largest n values considered in this
analysis.

The m, measurement is obtained from a y? fit to the
dimuon mass distribution in 40 intervals between 86 and
96 GeV, shown in Fig. 2. Backgrounds from Z — t*77,
top-quark decays, vector-boson pairs, and hadrons are
included, with their total fraction being O(1073). The
signal and background components are modeled with
templates from the simulation samples with the calibrations
already described. The signal normalization is allowed to
vary freely in the fit.

Auxiliary signal samples without detector simulation are
produced using a version of Powheg-Box [26-28] that
includes next-to-leading-order corrections in the strong
and electroweak couplings [29,30]. The NNPDF3.1 [31]
parton distribution functions are used, and the samples are
processed with Photos [32] for modeling of additional
photon radiation and with Pythia [12] for simulating the
rest of the event. Normalized mass distributions are
produced for m, values of 91.1, 91.2, and 91.3 GeV in
the G, input scheme [33]. These are divided by the
distribution corresponding to the main simulation sample
to make three ratio histograms, each of which is translated
to event weights for the main simulation sample, evaluated
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FIG. 2. Mass distribution of the Z — u*u~ candidates, com-
pared to predictions for two different m, values and to the results
of the fit. The predictions and fit results include the small
background component.
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TABLE 1. Systematic uncertainties on the m; measurement.
Source Uncertainty [MeV]
Momentum calibration 3.6
Theory template statistics 1.0

Signal final-state radiation 1.0

Parton distribution functions 0.7
Detection efficiency 0.1

Total systematic uncertainty 39

as a function of the true mass. The momentum smearing
fit precisely determines a, but the two ¢ parameters are
less precisely determined from the Y-meson samples.
Therefore, o5, which is far more influential than ¢, for
the higher-momentum muons from Z-boson decays, varies
freely by a factor f in the fit. Cubic-spline interpolation is
used to continuously vary my and f in the fit. The fit has a
minimum y?/ndf of 43.4/37, and the best fit values are
mz; =91,185.7+83 MeV and f=12=£0.1, with a
correlation coefficient of 0.015, where the uncertainties
are statistical only. Figure 2 shows the result of this fit
compared to the distribution in data.

Table I summarizes the systematic uncertainties on m, in
which the total is the combination in quadrature of the
individual components. Most sources of systematic uncer-
tainty are predominantly statistical and will decrease in
future analyses of larger datasets. The largest source of
uncertainty is attributed to the momentum calibration,
described in more detail in the next paragraph. The next
source of systematic uncertainty is attributed to the statistical
precision of the true dimuon mass distributions used to
define the weights for the simulated events. An uncertainty
for the electroweak corrections in the signal model is
estimated by repeating the fit with a model in which the
photon radiation, beyond the electroweak corrections mod-
eled directly by Powheg, is handled by Pythia instead of Photos.
The shift in the m, value, which has a statistical uncertainty
of 0.7 MeYV, is assigned as the systematic uncertainty. The
uncertainty due to the parton distribution functions is
assessed from the envelope of fit results also including
those based on the CT18 [34] and MSHT?20 [35] sets. The
detection efficiency uncertainty is obtained by propagating
the statistical uncertainties in the estimated efficiencies.

The dominant momentum calibration uncertainty com-
prised five lower-level sources that are combined in
quadrature. An uncertainty of 2.6 MeV is evaluated for
the detector material description in the simulation.
Variations of £10% in the number of radiation lengths
upstream of the magnet are emulated with values of /3, set to
zero by default, of £2 MeV applied to the simulation.
While the S parameter has vanishing influence on the
muons from Z-boson decays, it influences the determina-
tion of the a parameter in the momentum smearing fit. An
uncertainty of 1.8 MeV results from propagating the
covariance of the three parameters from the momentum

smearing fit. The propagation of the uncertainty on the
known YT-meson mass [24] results in an uncertainty of
1.5 MeV. An uncertainty of 0.7 MeV is estimated by
propagating the statistical uncertainties on the & bias
corrections. Finally, the difference between the Pythia and
Photos descriptions of final-state photon radiation in the Y
simulation results in an uncertainty of 0.6 MeV.

Several cross-checks are performed to validate the
measurement and its uncertainty. The m fit is repeated
with the samples divided into roughly equal-size pairs of
subsamples according to the magnet polarity, the number of
clusters in the scintillator-preshower detector, the number
of tracks in the PV, and the angle between the decay plane
and the y component of the magnetic field. The sample is
also divided according to the opening angle between the
muons, the sign of the difference between the muon
pseudorapidities, the dimuon p, and the dimuon rapidity.
Finally, the sample is split according to eight variables for
each muon: the number of TT clusters, track-fit y>/ndf,
momentum, and pr, the relative uncertainty on the mea-
sured momentum, isolation, the consistency of the muons
with a PV, and pseudorapidity. Figure 5 shows that the m,
values corresponding to the subsamples differ by less than
two standard deviations in all cases, where only the
statistical uncertainties are accounted for. The m, fit is
also repeated in four intervals of the angle ¢ of the x~, and
these are consistent within two standard deviations.

For the momentum-scale calibrations and the momentum
smearing fit, it is verified that repeating the fit, having
applied the calibration, results in momentum-scale param-
eters consistent with zero. Several variations in the numbers
of 17 and ¢ intervals in the third momentum calibration are
tested. The largest variation in m, is 2 MeV, but this
corresponds to an extreme reduction in the number of
intervals, which causes an obvious deficiency in the
simulation to be uncorrected. Therefore, no systematic
uncertainty is assigned to this third calibration. The m fitis
tested with simulated events as pseudodata, validating the
coverage of the uncertainty and ruling out any bias. This
test is repeated with a wide range of mj, values in the
pseudodata, ruling out any significant nonlinear depend-
ence. Reasonable variations in the number of mass intervals
in the m fit have a negligible effect on the results. The m,
fit is tested with smaller (88 to 94 GeV) and larger (84 to
98 GeV) fit ranges than that of the baseline fit, and all
results are consistent within two standard deviations.
Finally, the m, measurement is repeated with two inde-
pendent samples used in the momentum calibration and its
uncertainty assessment. The first is J/y — utu~ decays
with the same muon requirements as the default T sample.
The second is T — utu~ decays where both muons satisfy
pr > 3 GeV but one fails the default requirement of
pt > 5 GeV. Figure 6 shows that the systematic uncer-
tainties are larger with these alternative samples and the
central m, values are consistent with the baseline result
within 2 MeV.
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In summary, the first dedicated measurement of the Z-
boson mass at the LHC is presented. This is based on a
template fit to the mass distribution of Z — p*u~ decays, in
a dataset recorded by the LHCb experiment in 2016,
corresponding to an integrated luminosity of 1.7 fb~!.
The momentum calibration is primarily based on a sample
of T — pTu~ decays. The resulting measurement of the Z-
boson mass is

myz =91,185.7 £ 83 £3.9 MeV,

where the first uncertainty is statistical and the second
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 unique design of the LHCb detector means that the
uncertainties are expected to be mostly uncorrelated with
potential measurements of the Z-boson mass by the other
LHC experiments. Since its uncertainty is predominantly
statistical, this result demonstrates encouraging prospects
for analyses with larger LHCb datasets, with roughly an
order of magnitude more data having already been
recorded, and roughly two orders of magnitude projected
after the high-luminosity LHC phase. Further work will be
required to reduce the detector material uncertainty, but it is
now conceivable that LHCb could challenge the precision
of the LEP Z-boson mass determination in the future.
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End Matter

Appendix—Figure 3 shows the momentum-scale
correction factors in data-taking period intervals.
Figure 4 shows the directional momentum-scale offsets
for data and simulation. Figure 5 shows the pulls for a
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FIG. 3. Momentum-scale offset, corresponding to a in Eq. (1),
in data-taking periods for data.

set of cross-checks where the samples are divided into
two subsamples of roughly equal size. Figure 6 shows
the m, results based on three different calibration
samples.
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