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W, = 236.9 £ 2.1 £ 2.7+ 4.7 pb,

where the first uncertainties are statistical, the second are systematic, and the third are
associated with the luminosity calibration. These integrated results are consistent with
theoretical predictions.

This analysis introduces a new method to determine the W-boson mass using the measured
differential cross-sections corrected for detector effects. The measurement is performed on
this statistically limited dataset as a proof of principle and yields

myy = 80369 £ 130 £ 33 MeV,

where the first uncertainty is experimental and the second is theoretical.
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Introduction

Massive electroweak vector-boson production is one of the most precisely studied processes

in proton-(anti)proton collisions. Predictions of the production cross-sections are factorised

into hard-process matrix elements and parton distribution functions (PDFs), which describe
the momentum distributions of the proton’s quarks and gluons. At the LHC, the LHCb
detector [1, 2] fully instruments the forward pseudorapidity region 2 < n < 5. Massive

vector-bosons with decay products reconstructed in the LHCb acceptance are boosted along

the colliding beam axis, corresponding to a large rapidity. Measurements of the corresponding

cross-sections can therefore constrain the PDFs at both high and low parton momentum



fractions, complementing the measurements from other collider experiments. The LHCb
collaboration has measured the Z — putu™ cross-section in proton-proton (pp) collisions at
centre-of-mass energies /s = 5.02, 7, 8 and 13 TeV [3-6], and the W — uv cross-section at
Vs =T and 8TeV [5, 7]. For a given rapidity range, measurements at smaller /s provide
constraints on the PDFs at larger momentum fractions than measurements at larger +/s.
The W — puv measurements are differential in muon pseudorapidity and integrated over
muon transverse momenta pp > 20 GeV.!

The production of W bosons with decays to electron or muon final states is the basis of
the most precise determinations of the W-boson mass myy by the LEP [8] experiments, the
CMS [9], ATLAS [10] and LHCb [11] experiments at the LHC, and the CDF [12] and DO [13]
experiments at the Fermilab Tevatron, with ref. [14] reporting a global combination. The
LHC analyses are based primarily on the charged-lepton pr distribution, while the transverse
mass distribution provided the strongest sensitivity in the Tevatron analyses. All of these
measurements are based on fits to the observed number of W candidates, in which the model
accounts for the detector resolution and efficiency, the background contamination, and the
physics of the signal process. Ideally, the modelling of the physics can be factorised from
that of the experiment. In this case the physics modelling can be reproduced, scrutinised
and updated, independently of the experimental collaboration.

Previous LHCb W-boson cross-section analyses could not be differential in the muon pr
because the shape of the pp distribution was the basis of the hadronic background subtrac-
tion. This paper presents a new measurement of the differential cross-section dow_, ., /dpT,
following similar measurements by CMS [15] and ATLAS [16] experiments. For the first
time, the cross-section is measured differentially and used in a subsequent determination
of myy within a single analysis, providing a complementary perspective to the traditional
direct pp-fit approach. The do/dpr measurement is based on a fit, with simulated signal
and background templates, to the number of observed signal candidates in intervals of muon
pr and muon isolation, which tends to have larger values for hadronic backgrounds than
for the signal. The isolation is defined as the scalar sum of the transverse momenta of all
other charged particles and electromagnetic calorimeter clusters within an angular separation
(An)? + (A¢)? < 0.5%, where ¢ denotes the azimuthal angle. This definition implies that a
well-isolated particle has a small isolation value. The fit simultaneously corrects the data
for backgrounds and the detector resolution and efficiency. No assumption is made on the
shape of the pp distribution of the signal.

This analysis uses a dataset of pp collisions at /s = 5.02 TeV, recorded during a two-week
period in 2017, and corresponding to an integrated luminosity of Ly, = 100 & 2pb~* [17],
acting as a proof-of-principle to measure myy using this novel approach. The differential
cross-section is measured in the fiducial region defined by 2.2 < 1 < 4.4, in twelve intervals of
transverse momentum spaced equally in the range 28 < pt < 52 GeV. In this paper, section 2
describes the LHCb detector, the dataset used for this study, and the selection of signal
candidates. Section 3 details corrections applied to the simulated samples, while section 4
describes the hadronic background modelling. Section 5 describes the differential cross-
section measurement method and results, while section 6 compares the integrated results

'Natural units with & = ¢ = 1 are used throughout.



with predictions. In section 7, the proof-of-principle myy determination is presented, while
section 8 presents a series of cross-checks, before section 9 concludes this paper.

2 Detector description and event selection

The LHCb detector used to collect the data for this analysis is described in detail in refs. [1, 2].
The subdetector systems most relevant for this measurement include a high-precision tracking
system consisting of a silicon-strip vertex detector surrounding the pp interaction region [18], a
large-area silicon-strip detector (the TT) 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 [19]
placed downstream of the magnet. The tracking system provides a measurement of the
momentum p of charged particles with a relative uncertainty of around 1% at p ~ 200 GeV [2].
Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-
pad and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers [20]. The online event selection is performed by a trigger [21], which consists of
a hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage [22], which applies a full event reconstruction.

Simulation is required to model and correct for background contributions and the detector
response in the do/dpr measurement. In the simulation, pp collisions are generated using
PyTHIAS [23] with a specific LHCb configuration [24]. Decays of heavy particles such as W
bosons, Z bosons, and top quarks are modelled with PYTHIAS, which also models final-state
photon radiation. For lighter particles, their decays are described by EVTGEN [25], in which
final-state radiation is generated using PHOTOS [26]. A hadronic background simulation
sample is produced using the hard-QCD processes in PYTHIA8 with a minimum transverse
momentum of 18 GeV. The interaction of the generated particles with the detector and its
response are implemented using the GEANT4 toolkit [27] as described in ref. [29].

This analysis uses events selected by the hardware trigger requiring a muon with pp >
5GeV. No attempt is made to reconstruct the neutrino from an imbalance of transverse
momentum in the detector, while all identified muons with pt > 28 GeV and 2.2 < n < 4.4 are
considered as W — uv signal candidates. The 7 region is slightly restricted compared to the
detector coverage, as in ref. [11], to ensure that the isolation is well measured. The background
from Z — p 't~ decays is suppressed by roughly a factor of two, with a negligible inefficiency
for the signal, by rejecting events in which there is a second muon with pr > 25 GeV and
2.0 < n < 4.5. Candidates must have a reasonable probability of originating from a primary pp
interaction vertex, as reconstructed by the vertex detector, which suppresses the heavy-flavour
hadron background. A requirement on the track-fit x?/ndf suppresses the background from
muonic decays of light long-lived hadrons. To qualify as signal candidates, the isolation value
must be under 8 GeV. This criterion helps mitigate the background from hadrons, whose
isolation values are around O(10 GeV), whereas muons originating from W- and Z-boson
decays generally have O(1 GeV) isolation values.

Candidate Z — p*pu~ decays, reconstructed from oppositely charged muons, are used
in several calibrations. They must have a dimuon mass between 77 and 105 GeV, and the
muons must satisfy pr > 20 GeV and 1.7 < 5 < 4.4, in addition to the same track-fit x?/ndf



requirement imposed on the signal candidates. The minimum allowed 7 value is smaller than
the value of 2.2 used in the selection of W-boson signal candidates. This choice increases the
number of muons from Z-boson decays with n > 2.2 that are used for calibrations. Looser
requirements are also imposed on the isolation and the compatibility of the tracks with a
primary pp interaction vertex.

Muons from W- and Z-boson decays tend to have higher momenta than charged particles
from heavy-flavour hadron decays. Thus, they are more susceptible to charge (¢) dependent
curvature biases, of the form ¢/p — ¢/p + J, caused by residual misalignment effects.
Furthermore, the 5.02 TeV data sample used in this analysis was recorded for only one
polarity of the dipole magnet, which makes this analysis susceptible to residual curvature
biases. The pseudomass method [30, 31] is used to determine the curvature bias corrections
to be applied to the muons in the data. In this method, estimates of the dimuon mass
in Z — ptpu~ decays are made using only the momentum of muons of a given charge,
allowing charge-dependent biases to be probed. The asymmetry in the peak positions of the
distributions for the two charges can be translated into estimates of the ¢ biases. In ref. [31],
the application of this method to the full LHCb Run-2 dataset is described, where biases
of up to ©@(0.1TeV™!) are seen in the data while the simulation only exhibits very small
asymmetries associated to the mixture of vector and axial-vector couplings in the Z — pu*u~
process. Applying this method to the 5.02 TeV sample, figure 1 shows, in intervals of muon 7
and ¢, the biases in data, having also subtracted the small biases observed in the simulation.
Applying these as curvature corrections to the muons in data results in an improvement
of O(10%) in the Z — ptp~ mass resolution and greatly reduces the required size and
complexity of the simulation corrections described in the following section.

Following the curvature bias corrections and the selections described above, 27586
W+ — pty, candidates and 21678 W~ — 77, candidates are retained for the do/dpr
measurement, and 3495 Z — ptu~ candidates are retained for data-driven adjustments to
the simulation that are described in the following section.

3 Corrections to the simulation

The simulation is used to model the muon detection efficiency and backgrounds, and subse-
quently to correct the data for these contributions. Corrections to the simulation are required
to improve the accuracy of this model in describing the data.

3.1 Muon momentum smearing

Although the pseudomass corrections improve the momentum resolution in data, some effects
contributing to the momentum resolution are still underestimated in the simulation. Therefore,
a smearing of the muon momenta in the simulation is required. In the simulation, the muon
momenta are multiplied by a factor

(L+a)(1+ fi(n)Rio1)(1 + pfa(n)Ra02), (3.1)

where R 2 are independent random numbers sampled from a standard normal distribution, «
is a momentum scale offset, and o1 and g9 are momentum and curvature smearing parameters,
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Figure 1. Biases in ¢/p estimated with the pseudomass method in (7, @) intervals.

respectively. The function f1(n) is defined to be 1.0 for n < 3.3 and 1.5 for n > 3.3, while
fo(n) = 1/ coshr.

The values for the o and oo parameters are obtained by minimising the y? between the
Z — ptp~ mass distribution in data and that in the simulation, where the simulation is
smeared according to these parameters. Independent parameters are used for muons in the
regions n < 2.2 and 2.2 < n < 4.4. The Z — pu"p~ candidates are categorised as having
zero, one or two muons in the 2.2 < 1 < 4.4 region, which yields three separate dimuon mass
distributions. The background is approximately three orders of magnitude smaller than the
signal and can be safely neglected in the fit. The value of o1, which has minimal influence in
this analysis, is fixed at 2 x 1073, similar to what was chosen for the previous my analysis
at LHCb [11]. The x? of the fit is 121.3 for 146 degrees of freedom, and the best-fit values
of the other parameters are presented in table 1. Figure 2 shows the mass distribution in
data, compared to the simulation before and after the smearing with the best-fit values
of the smearing parameters. While the momentum smearing only has a modest effect on
the modelling of the Z — p*u~ mass distribution in this small dataset, it is important to
estimate and propagate the statistical uncertainties on the smearing parameters.

3.2 Muon detection efficiency

Following the approach of ref. [11], the muon trigger, tracking, and identification efficiencies are
measured from the Z — "~ samples in both the data and simulation. One muon, denoted
as the “tag”, must satisfy the requirements of all stages of the trigger system. The fraction
of candidates in which the other muon, the “probe”, also satisfies the trigger requirements
provides an estimate of the per-muon trigger efficiency. Similarly, a dedicated sample, without



Parameter 7 range Fit result

n <22 ( 0.240.9)x 1073
“ 22<n<44 (~1.2£0.6) x 1073
n <22 (15.443.1) x 1075 GeV~!
72 22<n<44 (247+28) x 1077 GeV!
Table 1. Results of the momentum smearing fit.
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Figure 2. Mass distribution of the Z — pu*pu~ candidates. The simulation before and after the
application of the momentum smearing is also shown.

a muon-identification requirement applied to the probe, is used to estimate the corresponding
efficiency. The track-reconstruction efficiency is estimated with a sample in which the probe
muon is reconstructed only using hits in the muon system and the TT chambers.?

The muon trigger, tracking and identification efficiencies are estimated in five intervals
of n in both data and simulation. Weights are then evaluated as the ratios of data to
simulation, and used to correct for the differences in the simulated efficiencies. Identification
and tracking efficiency corrections are typically within O(1%) of unity for all 7 intervals.
The trigger efficiency corrections are similarly small at low 7 but in the highest 5 interval,
with 3.85 < 1 < 4.40, the correction factor is around 0.85.

3.3 Muon-isolation calibration

Figure 3 shows the isolation variable distribution for the Z — p* ™~ sample, including muons
of both charges, compared to the simulation. The modelling of this distribution depends
on both the detector response and the physics processes, including the hadronic recoil in

2The standard charged-particle reconstruction does not explicitly require TT clusters.
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Figure 3. Muon-isolation distribution of the Z — p+u~ candidates. The simulation before and after
the application of the isolation calibration is also shown.

the hard process and the underlying event. To account for inaccuracies in the simulation, a
multiplicative calibration factor of 0.93 +0.02 is determined by fitting the simulated isolation
distribution to that observed in Z — u™p~ data, as shown in figure 3. The fit yields a
minimum y?/ndf of 16.3/13. This calibration factor is then applied to the isolation values
of muons in the W — uv signal simulation.

4 Hadronic-background modelling

One of the largest sources of background among the W — puv candidates consists of light
charged hadrons, which are misidentified as muons due to decays in flight or particles in
hadronic showers that are not fully absorbed before the muon system. The majority of the
hadronic background is where the muon candidate is actually a charged pion or kaon, with
a smaller contribution coming from protons.

Figure 4 shows the probabilities for pions, kaons and protons to be misidentified as muons
in the hadronic-background simulation sample. For the pions and kaons, the momentum
dependence is parametrised as the sum of two components. The first accounts for decays to
muons and has the form 1 — exp (—ml/p7) for a particle of mass m and lifetime 7, where
[ = 15m is the approximate length of the detector up to the second muon station. The
second, which increases linearly with momentum, accounts for hadronic shower particles
penetrating through the calorimeters or for decays of nearby hadronic particles to muons.
For protons, only the second term is included. The results of the fits of these functions to the
simulated probabilities are shown in figure 4. The x2?/ndf fit values for pions, kaons, and
protons are 8.6/7, 8.7/7, and 13.0/8, respectively. For pions and kaons, the probabilities vary
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Figure 4. Momentum-dependent probabilities for (lower) pion, (central) kaon and (upper) proton
misidentification as muons in the simulation. The fit results are also shown and are represented by
the red lines. The blue bands show the area covered by the systematic uncertainties. Note that the
misidentification probabilities correspond to the muon-identification requirements used in this analysis,
which are not optimised for low momentum.

between O(1073) and O(10~2), while for protons they are @(10~2). The parametrisations of
the misidentification rates are used to assign weights that replace explicit muon-identification
requirements in the simulation of the hadronic background.

To study high-pr hadron behaviour in the data, a sample enriched in high-pt hadrons is
required. A sample is selected from the data recorded in pp collisions at /s = 13 TeV in 2017.
Since no dedicated hadron trigger was available during the /s = 5.02 TeV run, the 13 TeV
sample is used to calibrate the modelling of the hadronic background at 5.02 TeV. In the
software trigger, the hadron candidates are selected in the same way as the signal candidates,
except that the muon-identification requirement is replaced by a randomised event selection to
reduce the rate. Figure 5 shows the isolation distribution of these candidates, with the same
kinematic and track-quality requirements applied as for the W — uv selection. Similarly to
the muons from electroweak processes, a calibration is applied to the simulation to account for
possible inaccurate modelling. A simultaneous fit is performed on the isolation distributions
of the positively and negatively charged hadrons. The data are described by the sum of a
small electroweak component at lower isolation values and the main hadron component, with
simulation. The electroweak component is predominantly hadronic decays of 7 leptons from
W- and Z-boson decays. In the fit, the hadronic fraction for each charge is allowed to vary
freely. The isolation values for the hadrons of charge ¢ are scaled by a calibration factor
of f+ q¢, with f and ¢ varying freely in the fit. The fit has a minimum y?/ndf of 8.2/10
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Figure 5. Muon-isolation distribution in the hadron-enriched sample, with both charges combined.
The simulation before and after the application of the isolation calibration are also shown.

and the best-fit calibration parameters are f = 0.83 £ 0.01 and ¢ = 0.05 £ 0.01. Figure 5
shows the distribution in data and the fit results.

5 Differential cross-section measurement

5.1 Likelihood function

The differential cross-sections do/dpr are determined from a fit to the two-dimensional
distributions of the W — pv candidates, corresponding to the product of twelve pr intervals
in the range 28 < pp < 52 GeV and eight intervals for the isolation below 8 GeV. Each pp
interval has a width of 2 GeV, which is denoted Apr. In data, the numbers of candidates in the
96 intervals ¢ of pr and isolation are denoted k;. The fit to these data minimises the function

n 1 Czk -1
—InZ =Y [~kiln Bidi + Biki] + 3 Y Bi-1) (A)\k) (Be — 1),
i ik ¢

(5.1)

where \; are the model predictions based on simulation; 3; are nuisance parameters accounting
for the finite sizes of the simulation samples; and the covariance matrix C represents the total
statistical uncertainty in the predictions, stemming from the limited sizes of the simulation
samples. The first term in eq. (5.1) represents the contribution from the Poisson probability
of observing the data given the expected counts. The 8 values are minimised via an analytic
solution [32, 33]. The model predictions are composed as

A=A+ AR LS
b

(5.2)



where the first term corresponds to the signal, the second to the hadronic background, and
the third to all other backgrounds.

5.2 Signal component

The signal component is predicted as

/\ZS-(dO'/de) = Eint Z Rijda'/dejApT, (5.3)
J

where R;; is a response matrix, defined as

n;° W ¥

Ry =0, (5.4)

"

where n;5¢ is the number of simulated decays with a true pp corresponding to the interval j
and being reconstructed in interval 4, while w;; is the corresponding average efficiency weight.
The denominator nf*", which is the number of events generated with the true pr in interval
j, explicitly eliminates the dependence of this analysis on any assumption about do/dpt.?

The response matrix has 14 intervals along the true pr axis, where twelve of these
exactly match the reconstructed pr intervals. The other two, referred to as the “underflow”
and “overflow”, respectively, correspond to 26 < pr < 28 GeV and 52 < pr < 54 GeV. These
are effectively treated as two extra background components in the fit, but with a special
treatment of their normalisations. Both cross-sections are predicted as the sum of the twelve
cross-sections spanning the fiducial region, which vary freely in the fit, multiplied by factors
determined from the simulation, which are fixed in the fit. With this strategy there are no
freely varying parameters associated to the underflow and overflow cross-sections, and no
assumption is required for their absolute values; only two relative cross-sections.

Figure 6 shows the response matrix for the W decay process, having integrated over
the isolation. A very similar response matrix is obtained for the W~ case. Roughly 70%
of the signal candidates have the true and reconstructed pr in the same interval, which is
expected comparing the 2 GeV interval width with the resolution of O(1 GeV). Statistical
uncertainties and correlations from the response matrix are appropriately propagated, taking

into account its multinomial nature.

5.3 Backgrounds

The light hadron background is modelled using a normalised template 15 ;, derived from

simulation after the misidentification probability weights are applied to reconstructed hadrons.
This template represents the expected shape of the background across bins, with 3, #i74 ; = 1
The expected number of background events in bin i is expressed relative to the observed

number of signal candidates n°™ as

A?ad = n°*f, hadthad,i» (5.5)

where fi.q is a freely varying fraction.

3Up to any variation in the detection efficiency within the 2 GeV intervals of pr.

,10,
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Figure 6. Response matrix for the W™ decay, after integration over the isolation intervals.

The remaining backgrounds from Z — utu~, Z — 777, W — 7v and decays of heavy-

flavour hadrons and top quarks are modelled using simulated samples. For each background b,

ngen events are generated, resulting in a simulated distribution n;%’. The associated fit model is

nobs nge,c
)‘f = (UZZEZ> (nggn b, (56)
b

where o is the background process cross-section. The first factor is an estimate of the

integrated luminosity based on the observed number of Z — u*pu~ events n%, the corre-

sponding cross-section oz and the simulated efficiency €7. The cross-sections are evaluated
at O(a?) using the MCFM [34] program with the NNPDF4.0 parton distribution functions.*
The backgrounds from heavy-flavour hadron decays are included with the leading-order
cross-section computed using PYTHIAS.

5.4 Fit results

Figure 7 shows the (pr,isolation) distributions and the fit results, which are independent for
the W and W~ distributions. In each case, there are 12 x 8 intervals, and there are 12 freely
varying do /dpr values and 1 freely varying hadronic background parameter, corresponding
to 83 degrees of freedom. The fit minima correspond to x? values of 131.6 and 85.4 for
the W+ — ptv, and W~ — p v, fits, respectively.® The best-fit do/dp values and the
statistical uncertainties are presented in table 2. Figure 8 shows the correlation matrix

“In this paper a, denotes the strong coupling evaluated at a scale corresponding to the Z-boson mass.
5The x? calculation accounts for the constant terms in the log-likelihood that are commonly omitted since
they do not depend on the fit parameters.
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Interval in pp do/dpt [pb/GeV]

[GeV] Wt — uty, W= = pu~ v,

28-30 11.934+0.44+0.36 14.81 £0.47£0.35
30-32 14.36 £0.46 £0.29 15.70 £0.48 £0.26
32-34 17.66 £0.48 £0.31 15.59+0.48+0.24
34-36 18.87+£0.51+£0.31 16.09£0.48£0.29
36-38 22.73£0.56 £0.36 16.53+0.49 +£0.24
38-40 23.50£0.58£0.31 14.57£0.48 £0.32
40-42 17.16 £0.53 £0.31 10.26 +0.42 +0.24
42-44 10.45+0.43+0.30 6.13£0.35£0.18
44-46 6.01 £0.35£0.17 3.28£0.28 +0.23
46-48 3.46 £030£0.14 241+£0.24+0.14
48-50 2.59+0.26+£0.13 1.65+£0.22+£0.15
50-52 1.75+£0.21+0.14 1.42£0.18£0.11

Table 2. Results of the differential cross-section fits, where the first and second uncertainties are
statistical and systematic, respectively.

corresponding to the statistical uncertainties for the fit to the W+ — p*v, data. Moving
away from the diagonal, a pattern of alternating negative and positive correlations is seen but
this is damped to the O(1%) level after two cells away from the diagonal. The corresponding
matrix for the other W-boson charge is similar.

5.5 Systematic uncertainties

Systematic uncertainties are obtained by rerunning the differential cross-section fit with each
systematic variation applied and comparing the new results to the baseline values. The total
systematic uncertainty on the differential cross-section measurement is represented by a single
24 x 24 covariance matrix. This corresponds to twelve pr intervals for W and W~ bosons
respectively, because some sources of uncertainty are strongly correlated (or anticorrelated)
between the two. A covariance matrix is defined for each source and these are added linearly,
and for some sources the covariances for more than one subsource are combined. The sources
of systematic uncertainty are categorised as follows.

Muon efficiency. The statistical uncertainties associated with the trigger, tracking and
identification efficiency of muons are propagated to the differential cross-section fit by
repeatedly varying each correction factor according to a Gaussian distribution defined
by its central value and associated uncertainty, and refitting the cross-section. The
effect of variations in the 7 binning schemes is found to be negligible compared to the
other uncertainties in this analysis.

Charge-independent momentum biases. The covariance of the momentum smearing

fit result is propagated through the simulation by repeating the cross-section fit with
random sampling.

— 12 —



LHCb, 100 pb~!, Vs =5.02 TeV
L L L I L

500

o B L IR I I I LR I
%2000— + Data -
© Wty ]
g ¥ I Electroweak
§ 1500 | W Hadrons ]
N -
< i
= ]
g i
© 1000 .

Iso. [GeV] 00 8
| l l l l l l l l l l l |

prGeV] 28 30 32 34 36 38 40 42 44 46 48 50 52

LHCb, 100 pb~!, Vs =5.02 TeV

(\/l\ :|||I|||Illllllll|||I|||I|||I|||I|||I|||I|||I|||
g 1500 f +  Data

© t - W ut b,
1250k I Electroweak
@ [ Hadrons

S 1000

kS

g8

O 750

Iso. [GeV] OO 8

pr[GeV] 28 30 32 34 36 38 40 42 44 46 48 50 52

Figure 7. Distributions of pr and isolation for the (upper) W+ and (lower) W~ candidates. Eight
intervals of isolation up to 8 GeV are repeated over the twelve pr intervals. The results of the
differential cross-section fits are also shown, where the electroweak background component includes
the relatively small contribution from heavy-flavour hadron decays.
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Figure 8. Correlation matrix corresponding to the statistical uncertainties on the do/dpr fit results
for the W7 process. The same qualitative patterns are seen for the equivalent figure for the other
W-boson charge.

Charge-dependent momentum biases. The statistical uncertainties on the pseudomass
corrections are uncorrelated between the (7, ¢) intervals. While the corrections are
applied to the data, their statistical uncertainties are propagated by applying charge-
dependent curvature shifts to the muon momenta in the simulation. The shifts are
sampled from normal distributions representing the corrections and their uncertainties.
The differential cross-section fit is repeated several times and the standard deviation in
the fit results is defined as the uncertainty.

Hadronic background. The corresponding uncertainties are fourfold. The first is the co-
variance from the fits of the momentum-dependent misidentification function propagated
by random sampling. The second uncertainty is determined by varying the weights
assigned separately to pions, kaons, and protons by a conservative £20% [35]. The
third uncertainty is the statistical uncertainty associated with the isolation calibration
factor. The fourth uncertainty considers a different model that includes the hadronic
background pr shape, which is described in eq. (5.7). This alternative model (weight
strategy) includes one additional factor,

pT — DT
1+¢u>, 5.7
< N bins ( )
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where w modifies the shape of the pr distribution, pr is the bin centre in muon
transverse momentum, and pr is the median pr value (40 GeV). The default fit model
corresponds to w = 0.

Isolation. This includes the statistical uncertainty of the isolation calibration factors and
the choice of the number of isolation intervals, which is changed from eight to six or
ten. The statistical uncertainty on the isolation calibration factor is also propagated by
repeating the cross-section fit with this factor shifted up and down by one standard
deviation.

Unfolding. This accounts for the uncertainty resulting from increasing or decreasing
the counts of underflow and overflow intervals by 10%. Furthermore, the number of
reconstructed pr bins is varied, increasing from twelve to twenty-four while keeping
twelve true pr bins.

Figure 9 shows the relative uncertainty for each category. Figure 10 shows the correlation
matrix corresponding to the sum of the covariance matrices for each category. The largest
source of uncertainty for the W+ boson is the charge-dependent momentum bias, which
reaches around 7% in the highest pr interval. However, this source is strongly anticorrelated
between the W™ and W™~ bosons, which is the cause of the regions of negative correlation
seen in figure 10. It is crucial that this anticorrelation is correctly accounted for in a fit
for myy. The largest source of uncertainty for the W~ boson is the so-called unfolding
uncertainty, which peaks at around 8% at higher pr intervals. This is driven by varying the
number of reconstructed-level pr bins from twelve to twenty-four. The next largest source
of uncertainty for both charges is the muon efficiency, at a level of around 1%. This source
is strongly correlated across all twenty-four pr intervals.

6 Integrated cross-sections and comparison with predictions

The total fiducial cross-section values are computed by integrating the unfolded differential
cross-sections obtained during the background subtraction fit, and the uncertainties are propa-
gated accordingly using the information from the covariance matrices. This integration yields:

T+ sy, = 300.9 £ 2.4+ 3.8 £ 6.0pb,
W spmp, = 236.9 £ 2.1+ 2.7+ 4.7pb,

where the first uncertainty is statistical, the second is systematic, and the third comes
from the integrated luminosity. The correlation between the total uncertainties in the W
and W~ cross-sections is 0.84. Figure 11 compares these results with predictions at O(a?)
from MCFM with the CT18 [36], NNPDF3.1 [37], NNPDF4.0 [38] and MSHT20 [39] PDF
sets.% The predictions obtained with the MCFM program correspond to the Born level. To
approximate the effect of QED final-state radiation, PYTHIA8 Drell-Yan samples were used
to compute the overall ratio of events in the fiducial region at Born level to those at bare

5These PDFs are evaluated at NNLO.
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Figure 9. Relative systematic uncertainties on the (left) W+ and (right) W~ differential cross-sections
as a function of pr. These are obtained by dividing the systematic uncertainty in each bin by the
corresponding cross-section value, as listed in table 2.
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level. This ratio is then applied to correct the MCFM predictions, so that the final integrated
cross-section predictions correspond to the bare level.

The presented predictions include uncertainties from the PDF sets and variations in the
scales. The renormalisation and factorisation scales are independently multiplied by factors
of 0.5 and 2 around their central values, which correspond to the W-boson mass. Of the
3 x 3 possible combinations, those in which the two scales vary in opposite directions are
excluded. The associated uncertainty is defined as the maximum variation out of the seven
remaining scale combinations [40]. The measurement is consistent with the predictions.

7 Determination of the W-boson mass

7.1 Overview of the fit model

The differential cross-section data can now be used in a fit for myy. The fit minimises the
x? between the data and theoretical templates with my as a free parameter. The model
is derived from that used in the my fit of ref. [11]. The pp — W*(— pFv,)X events are
generated using PYTHIAS with the same version and tune as the samples with full detector
simulation. As in ref. [11], the model can mimic a variation in my with the use of weights
from an analytic function of the true boson mass. Weights are assigned to map these samples
to the average of the predictions of PYTHIAS, PHOTOS and HERWIG [41], in the distribution
of the energy difference between the dilepton system before and after final-state radiation.

Since PYTHIAS only includes the leading pr-logarithms in the perturbative series in the
strong coupling «g, through its parton shower, further corrections are required. Following the
approach of ref. [11], the differential cross-section is factorised into an unpolarised factor and
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a closed-form sum of angular functions with eight angular coefficients. These are differential
in the dilepton rapidity and pr.” The two angular degrees of freedom are defined in the
Collins-Soper frame [42]. The event sample is assigned weights based on the ratio of the
cross-sections of PYTHIA8 compared to a target prediction.

The target predictions are based on the DYTURBO [43] program. Following refs. [11, 44],
the analysis is performed with models based on the NNPDF3.1, MSHT20, and CT18 PDF
sets, and the final result is a simple arithmetic average of those obtained with the three
separate PDF sets. The unpolarised cross-sections are based on the summation of the large
pr-logarithms up to the second order, followed by matching to exact O(a?) calculations. The
angular coefficients are calculated at O(«a) accuracy. For the unpolarised cross-sections, the
predictions are made for a range of a; and g values, where g encodes the nonperturbative
dynamics affecting the pr distribution of the partons.

7.2 Validation fit to Z-boson production cross-section data

Figure 12 shows the Z-boson do/dpr data at 5.02 TeV published by the LHCb collaboration [3].
The data are compared to the model described in the previous section, with the NNPDF3.1
PDF set and with oy = 0.118 and g = 1 GeV2. It can be seen that the DYTURBO prediction,
after normalising to the data, overestimates the cross-section in the first two bins, but is
below the data in a broad region around 10 GeV. A fit in which the normalisation, oy and
g are allowed to vary freely gives a x2/ndf of 10.4/8. Furthermore, it favours an increased
value of g = 1.95 4 0.49 GeV2, which suppresses the first two bins, and a decreased value of
as = 0.11240.006,® which improves the description at higher pr. The preference for a smaller
a5 value observed in this analysis, compared to the PDG value [45], is similar to what has been
reported in other LHCb analyses, including the W mass measurement [11]. This recurring
trend across resummed predictions of the Drell-Yan pr distribution at the LHC highlights an
interesting open question. Further theoretical work will be valuable to understand its origin.

7.3 Determination of the W-boson mass

Figure 13 shows the W-boson do/dpr data compared to the results of a fit, based on the
NNPDEF3.1 PDF set, with the a4 value fixed to that determined from the Z-boson data using
the same PDF set, and the g and myy values varying freely. This gives a x?/ndf of 25.6/21,
and best-fit values of myy = 80366 + 130 MeV and g = 1.1 4+ 0.6 GeV?. This fit includes all
sources of uncertainty on the do/dpr measurement, via the 24 x 24 covariance matrix. The
following additional sources of theoretical uncertainties are assessed for the mass measurement:

Strong coupling value. The statistical uncertainty from the fit to the Z-boson data is
propagated by repeating the myy fit with this value shifted by one standard deviation
in the two directions. The resulting uncertainty is 16 MeV.

Perturbative accuracy in the strong coupling. The error due to missing higher-
order terms in the strong coupling «; is assessed by varying the renormalisation and

"These also have a mass dependence, but this has a negligible effect in the present analysis.
8This should not be considered as a robust determination of ;. A full assessment of the theoretical
uncertainties is beyond the scope of the present analysis.
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Figure 12. Differential cross-section data for Z-boson production from ref. [3] compared to the
physics model to be used in the my, determination, before and after fitting for as and g.

PDF set x2/ndf mw Otheory ~ OPDF

NNPDF3.1 25.6/21 80366 +130MeV 25MeV 28 MeV
MSHT20 27.2/21 80380 £ 129 MeV  25MeV 15 MeV
CT18 23.9/21 80362 £ 130 MeV  25MeV 23 MeV

Table 3. Results of the myy fit with the NNPDF3.1, MSHT20 and CT18 PDF sets. The myy fit result
includes the total covariance of the differential cross-section measurement. The theory uncertainty
Otheory includes all other sources except for the PDFs themselves.

factorisation scales using the same prescription described for the MCFM predictions in
section 6. The resulting uncertainty is 14 MeV.

QED accuracy. As in ref. [11], three additional myy fits are performed. Each uses one
of the three different models already described, rather than their average. The largest
variation of 13 MeV is assigned as the uncertainty.

Parton distribution functions. Each of the three used PDF sets is provided with a
prescription for assessing the uncertainty on an observable. For the NNPDF3.1 set this
is based on taking the RMS of predictions computed with 100 different “replica” PDF
sets. Eigenvectors are used for the uncertainties on the other two PDF sets. Assuming
full correlation between the three PDF sets, the PDF uncertainty on the arithmetic
average of the three is 22 MeV.
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Source Impact [MeV] | Ax?  Amy [MeV]
Charge-independent momentum biases 58 — -8
Charge-dependent momentum biases 41 -19 —150
Hadronic background 7 -2 +13
Muon efficiency 15 -1 +8
Isolation 15 — -3
Unfolding — -1 +7
Quadrature sum 75

Table 4. Impact of each source of experimental systematic uncertainty on the myy uncertainty. The
impact is defined as the square root of the difference in quadrature between the statistical uncertainty
and the uncertainty including a single systematic source. The changes in the fit x? and best-fit my
values are also shown. The shift in the W-boson mass, denoted Amyy, is defined as the value after
the change minus the value before. Impacts or changes in the x? of less than one unit are indicated
with a dash.

Table 3 lists the myy fit results for the three different PDF sets. The variation in the
three central values is smaller than, but comparable in size to, the PDF uncertainties for the
three sets. The final quoted value of myy is the average of the three values obtained by using
the three sets of PDFs. The PDF uncertainty added to the overall theoretical uncertainty is
calculated as an average of individual uncertainties for each set of PDFs. The final result is

myy = 80369 + 130 £ 33 MeV,

where the first uncertainty reflects experimental contributions, primarily from the measurement
of do/dpr, and the second represents theoretical uncertainties. The latter is obtained by
combining, in quadrature, the QCD and QED uncertainties together with the averaged PDF
uncertainty. This result is compatible with earlier experimental measurements (see section 1)
and with the global electroweak fit [46].

All sources of uncertainty on the differential cross-section measurement are already
accounted for in the “experimental” uncertainty of 130 MeV, through the total covariance
of the measurement. However, it is informative to decompose the impact of the different
sources of systematic uncertainty on the differential measurement. Table 4 lists, for each
source of systematic uncertainty, the impact on the precision of the myy fit result, defined as
the quadrature difference in uncertainty when that source is included on its own, compared
with the case where no uncertainty sources are included. The charge-independent momentum
bias uncertainty has the largest impact, of 58 MeV. The next most important source is the
charge-dependent momentum biases. When this uncertainty is removed from the fit, there is
also a large shift in the best-fit my value; however, there is a corresponding large increase in
x?2, so the data have insufficient error coverage when this source is not included. The other
two categories of uncertainty have impacts of 15 MeV or less. The statistical uncertainty
on the measurement can be estimated by subtracting, in quadrature, the total uncertainty
in table 4 from the experimental uncertainty coming from the background subtraction fit,
and amounts to about 106 MeV.
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8 Cross-checks

The first set of cross-checks looks at the sensitivity of the measured myy value to changes
in the differential cross-section measurement.

Sensitivity to the my value in the simulation. The value of my in the signal
simulation used to construct the response matrix is shifted by +100 MeV. This results
in a shift of only —3 MeV in the determination of myy .

The W production model. The baseline result uses the PYTHIA8 description of the
W-boson production. If the response matrix is constructed with the PYTHIAS events
weighted to match the unpolarised cross-section predictions of DY TURBO, the final
value of myy is shifted by —6 MeV. If, instead, the angular distributions are weighted
based on the angular coefficients of DY TURBO, the value of myy is shifted by 17 MeV.

The second set of cross-checks considers variations only in the myy fit.

Fit parameters. By default, the my fit uses the o, value determined from the fit to the
Z-boson data, but allows g to vary freely to a value preferred by the W-boson data. If
the g value is also fixed to the larger value found in the fit to the Z-boson data, my
shifts by —58 MeV. If, instead, « is allowed to vary independently for the myy fit, the
shift in myy is of —1 MeV.

QCD scales. The baseline DYTURBO predictions are made with the renormalisation and
factorisation scales parametrised as the quadrature sum of the dilepton mass and pr.
An alternative scheme, with the scales set to the dilepton mass, results in a shift in
myy of —2MeV.

QCD cut-off treatment: DYTURBO uses an inverse Bessel transform and has a default
cut-off value of 3 GeV that avoids the Landau pole. Changing the cut-off value to 1 GeV,
the myy value shifts by only 3 MeV.

Partial inclusion of higher orders. A DYTURBO prediction at N3LL and N3LO,
with default values of o and g, is used to transform the baseline (N2LL and N2LO)
predictions. This results in a shift in my, of —8 MeV.

PDF set. The three PDF sets used in the my determination are consistent with those used
in previous LHCD analyses [11, 44]. The result with the NNPDF4.0 PDF set, which
was not included, is shifted by —5 MeV compared to the result with the NNPDF3.1
PDF set.

In summary, the variations observed in all cross-checks are minor in relation to exper-
imental and theoretical uncertainties and align with the baseline result. This agreement
provides additional confidence in the robustness and reliability of the measurement.
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9 Conclusion

This paper reports a measurement of the differential cross-section for pp — Wi(—> /ftVH)X
production in muon pt intervals. For the first time, we demonstrate the feasibility of using
such differential data in a subsequent determination of the W-boson mass.

The cross-sections are measured at a pp centre-of-mass energy of /s = 5.02 TeV using a
limited dataset corresponding to an integrated luminosity of 100 pb~—!, recorded during 2017
by the LHCb experiment. Integrated over the muon pseudorapidity range 2.2 < n < 4.4, the
cross-sections are measured differentially in twelve intervals of muon transverse momentum
in the range 28 < pr < 52 GeV. The measured cross-sections integrated over pr are

OWt s, = 300.9 £ 2.4 £ 3.8 £6.0pb,
OW- -, = 236.9 £ 2.1+ 2.7+ 4.7pb,

where the first, second and third uncertainties are statistical, systematic and due to the
luminosity determination, respectively. These results are consistent with theoretical predic-
tions at fixed-order in the strong coupling. As a proof of principle, the differential results
are used to determine the W-boson mass

my = 80369 £ 130 £ 33 MeV,

where the first uncertainty is experimental and the second is theoretical. This result is
in agreement with earlier measurements and indirect determinations based on electroweak
precision data. Based on the differential cross-section data reported here, further study can
now be performed on the modelling of the Drell-Yan process in the forward rapidity region
covered by the LHCb experiment. The analysis approach can be applied to the LHCb Run 2
dataset at /s = 13 TeV, which contains roughly two orders of magnitude more W-boson
decays than the small dataset analysed here, with an expected statistical uncertainty on myy
of around 12 MeV as well as reduced systematic uncertainties. Looking ahead, it is expected
that Run 3 data will provide improved precision, benefitting from increased statistics and
improved detector performance.
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A Total covariance matrix

The total covariance matrix (statistical + systematic) used to fit my, as demonstrated in
section 7, is given in listing 1.

Listing 1. Full 24x24 covariance matrix of the measurement.

1 Row 1: 0.3192, -0.0252, 0.0287, 0.0302, 0.0696, 0.0258, 0.0048,
-0.0028, -0.0022, 0.0057, 0.0089, -0.0050, 0.0644, 0.0592,
0.0113, 0.0273, 0.0114, 0.0369, 0.0145, 0.0241, 0.0085,
0.0113, 0.0022, 0.0114

2 Row 2: -0.0252, 0.2915, 0.0282, 0.0816, 0.0403, 0.0529, 0.0213,
-0.0106, 0.0045, -0.0002, 0.0015, 0.0020, -0.0114, 0.0001,
0.0381, 0.0029, 0.0381, 0.0154, 0.0314, 0.0140, 0.0197,
-0.0010, 0.0031, 0.0040

3 Row 3: 0.0287, 0.0282, 0.3286, 0.0106, 0.0850, 0.0457, 0.0209,
-0.0029, 0.0089, -0.0147, 0.0099, -0.0054, -0.0004, -0.0021,
0.0336, 0.0299, 0.0458, -0.0015, 0.0531, 0.0150, -0.0105,
0.0169, 0.0179, -0.0033

4 Row 4: 0.0302, 0.0816, 0.0106, 0.3515, -0.0303, 0.0844, 0.0056,
-0.0241, -0.0006, 0.0015, -0.0022, -0.0008, 0.0014, 0.0153,
0.0345, -0.0004, 0.0194, 0.0494, 0.0292, 0.0305, 0.0337,
-0.0014, -0.0072, 0.0130

5 Row 5: 0.0696, 0.0403, 0.0850, -0.0303, 0.4428, -0.0743, 0.0321,
-0.0000, 0.0002, -0.0148, 0.0177, -0.0147, 0.0379, 0.0265,
0.0118, 0.0579, 0.0541, -0.0048, 0.0592, 0.0192, -0.0229,
0.0290, 0.0242, -0.0030

6 Row 6: 0.0258, 0.0529, 0.0457, 0.0844, -0.0743, 0.4385, -0.0656,
0.0415, 0.0123, 0.0194, -0.0072, 0.0159, 0.0193, 0.0311,
0.0482, 0.0126, 0.0219, 0.0682, 0.0057, 0.0229, 0.0290,
-0.0085, -0.0087, 0.0094

7 Row 7: 0.0048, 0.0213, 0.0209, 0.0056, 0.0321, -0.0656, 0.3750,
-0.0223, 0.0530, 0.0155, 0.0182, 0.0112, 0.0240, 0.0266,
0.0404, 0.0286, 0.0448, 0.0119, 0.0058, -0.0103, -0.0045,
0.0030, -0.0004, -0.0018

8 Row 8: -0.0028, -0.0106, -0.0029, -0.0241, -0.0000, 0.0415,
-0.0223, 0.2770, -0.0277, 0.0308, 0.0010, 0.0233, 0.0285,
0.0214, 0.0132, 0.0504, 0.0237, -0.0041, -0.0066, -0.0147,
-0.0299, 0.0055, 0.0153, -0.0130

9 Row 9: -0.0022, 0.0045, 0.0089, -0.0006, 0.0002, 0.0123, 0.0530,
-0.0277, 0.1482, -0.0384, 0.0187, 0.0070, 0.0084, 0.0127,
0.0200, 0.0142, 0.0166, 0.0035, -0.0013, -0.0059, -0.0054,
-0.0013, 0.0001, -0.0025
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11

12

13

14

15

16

17

18

19

20

21

22

Row

Row

Row

Row

Row

Row

Row

Row

Row

Row

Row

Row

Row

10: 0.0057, -0.0002, -0.0147, 0.0015, -0.0148, 0.0194,
0.0155, 0.0308, -0.0384, 0.1077, -0.0402, 0.0196, 0.0122,
0.0184, 0.0116, -0.0035, 0.0001, 0.0253, -0.0176, -0.0028,
0.0147, -0.0091, -0.0094, 0.0027
11: 0.0089, 0.0015, 0.0099, -0.0022, 0.0177, -0.0072, 0.0182,
0.0010, 0.0187, -0.0402, 0.0861, -0.0373, 0.0032, 0.0024,
0.0041, 0.0054, 0.0116, -0.0060, 0.0081, -0.0031, -0.0080,
0.0082, 0.0002, 0.0016
12: -0.0050, 0.0020, -0.0054, -0.0008, -0.0147, 0.0159,
0.0112, 0.0233, 0.0070, 0.0196, -0.0373, 0.0622, 0.0022,
0.0076, 0.0074, 0.0086, 0.0020, 0.0048, -0.0091, -0.0012,
-0.0006, -0.0062, 0.0032, -0.0037
13: 0.0644, -0.0114, -0.0004, 0.0014, 0.0379, 0.0193, 0.0240,
0.0285, 0.0084, 0.0122, 0.0032, 0.0022, 0.3450, 0.0221,
0.0260, 0.0366, 0.0104, 0.0121, -0.0080, -0.0013, -0.0097,
0.0020, 0.0013, -0.0078
14: 0.0592, 0.0001, -0.0021, 0.0153, 0.0265, 0.0311, 0.0266,
0.0214, 0.0127, 0.0184, 0.0024, 0.0076, 0.0221, 0.2980,
-0.0223, 0.0307, 0.0159, 0.0461, -0.0091, 0.0065, 0.0146,
-0.0049, -0.0084, 0.0063
15: 0.0113, 0.0381, 0.0336, 0.0345, 0.0118, 0.0482, 0.0404,
0.0132, 0.0200, 0.0116, 0.0041, 0.0074, 0.0260, -0.0223,
0.2866, -0.0498, 0.0421, 0.0300, -0.0034, -0.0039, 0.0182,
-0.0098, -0.0058, 0.0017
16: 0.0273, 0.0029, 0.0299, -0.0004, 0.0579, 0.0126, 0.0286,
0.0504, 0.0142, -0.0035, 0.0054, 0.0086, 0.0366, 0.0307,
-0.0498, 0.3167, -0.0313, -0.0023, 0.0290, -0.0008, -0.0384,
0.0222, 0.0284, -0.0135
17: 0.0114, 0.0381, 0.0458, 0.0194, 0.0541, 0.0219, 0.0448,
0.0237, 0.0166, 0.0001, 0.0116, 0.0020, 0.0104, 0.0159,
0.0421, -0.0313, 0.2996, -0.0709, 0.0469, -0.0004, -0.0087,
0.0107, 0.0142, -0.0042
18: 0.0369, 0.0154, -0.0015, 0.0494, -0.0048, 0.0682, 0.0119,
-0.0041, 0.0035, 0.0253, -0.0060, 0.0048, 0.0121, 0.0461,
0.0300, -0.0023, -0.0709, 0.3263, -0.0814, 0.0406, 0.0487,
-0.0131, -0.0306, 0.0233
19: 0.0145, 0.0314, 0.0531, 0.0292, 0.0592, 0.0057, 0.0058,
-0.0066, -0.0013, -0.0176, 0.0081, -0.0091, -0.0080, -0.0091,
-0.0034, 0.0290, 0.0469, -0.0814, 0.2389, -0.0289, -0.0062,
0.0223, 0.0220, -0.0016
20: 0.0241, 0.0140, 0.0150, 0.0305, 0.0192, 0.0229, -0.0103,
-0.0147, -0.0059, -0.0028, -0.0031, -0.0012, -0.0013, 0.0065,
-0.0039, -0.0008, -0.0004, 0.0406, -0.0289, 0.1525, -0.0253,
0.0181, -0.0035, 0.0109
21: 0.0085, 0.0197, -0.0105, 0.0337, -0.0229, 0.0290,
-0.0045, -0.0299, -0.0054, 0.0147, -0.0080, -0.0006, -0.0097,
0.0146, 0.0182, -0.0384, -0.0087, 0.0487, -0.0062, -0.0253,
0.1302, -0.0491, -0.0178, 0.0162
22: 0.0113, -0.0010, 0.0169, -0.0014, 0.0290, -0.0085,
0.0030, 0.0055, -0.0013, -0.0091, 0.0082, -0.0062, 0.0020,
-0.0049, -0.0098, 0.0222, 0.0107, -0.0131, 0.0223, 0.0181,
-0.0491, 0.0790, -0.0109, 0.0035

,25,



23 Row 23: 0.0022, 0.0031, 0.0179, -0.0072, 0.0242, -0.0087,
-0.0004, 0.0153, 0.0001, -0.0094, 0.0002, 0.0032, 0.0013,
-0.0084, -0.0058, 0.0284, 0.0142, -0.0306, 0.0220, -0.0035,
-0.0178, -0.0109, 0.0702, -0.0306

24 Row 24: 0.0114, 0.0040, -0.0033, 0.0130, -0.0030, 0.0094,
-0.0018, -0.0130, -0.0025, 0.0027, 0.0016, -0.0037, -0.0078,
0.0063, 0.0017, -0.0135, -0.0042, 0.0233, -0.0016, 0.0109,
0.0162, 0.0035, -0.0306, 0.0451
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