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ABSTRACT: For accurate determination of particle masses accurate knowledge of the momentum
scale of the detectors is crucial. The procedure used to calibrate the momentum scale of the LHCb
spectrometer is described and illustrated using the performance obtained with an integrated luminosity
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1 Introduction

An accurate estimate of the charged-particle momentum scale is a critical ingredient to achieve optimal
performance in spectrometers such as the LHCb detector [1]. If the momentum scale is not well
calibrated, the measured four-vectors of charged particles will be biased and the measured masses
of resonances and other quantities such as decay-time will be shifted from their true values. If the
bias is large and depends on the particle kinematics the mass resolution is also degraded, particularly
for high mass resonances such as the 7'(nS).

In this paper the procedure used to calibrate the measurement of the charged-particle momentum
scale of the LHCDb spectrometer from 2011 to 2018 is described and results are presented using data
collected during 2016 as an example. Similar results are obtained for other running periods. The
paper is arranged as follows. First, the LHCb spectrometer and the formalism used are described.
The procedure is then illustrated using a data sample corresponding to an integrated luminosity of
1.6fb~!, collected in proton-proton (pp) collisions at a centre-of-mass energy of 13 TeV during 2016
data taking. Finally, comparison is drawn with data collected by LHCb during 2012 running and
comments are made on addressing biases related to the correlation between the mass and decay time.

2 Detector

The LHCb detector [1, 2] is a single-arm forward spectrometer covering the pseudorapidity range
2 < n < 5, designed for the study of particles containing b or ¢ quarks. The detector includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding



the pp interaction region [3], a large-area silicon-strip detector (TT) 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 [4] placed downstream of the magnet (T-stations). The length scale of the VELO along
the beam axis (the z-direction) is known to a relative precision of 2 x 1074, The polarity of the
dipole magnet is reversed periodically throughout data-taking. The configuration with the magnetic
field vertically upwards, MagUp (downwards, MagDown), deflects positively (negatively) charged
particles in the horizontal plane towards the centre of the LHC. The tracking system provides a
measurement of the momentum, p, of charged particles with a relative uncertainty that varies from
0.5% at low momentum to 1.0% at 200 GeV/c.

Different types of charged hadrons are distinguished using information from two ring-imaging
Cherenkov detectors [5]. Photons, electrons, and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers [6]. The online event selection is performed by a trigger [7], which consists of a
hardware stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction including a track fit based on a Kalman filter [8, 9].

In the simulation, pp collisions are generated using PytHia 6.4 [10] with a specific LHCb
configuration [11]. Decays of hadronic particles are described by EvTGen [12] in which final state
radiation is generated using PHoTos [13]. The interaction of generated particles with the detector and
its response are implemented using the GEANT4 toolkit [14] as described in ref. [15].

The accuracy of the momentum scale prior to the procedure described here is determined by
the knowledge of the magnetic field map, the alignment, and the detector material. The field of
the dipole magnet was mapped to a relative accuracy of 4 x 10~* with Hall probes prior to first
data taking in 2009 [1]. Further measurements were taken during LHC shutdown periods. These
measurements were combined with the results of a TOSCA finite-element simulation to provide
the field map used in the reconstruction.

The geometry of the LHCb tracking system is relatively complicated and care is needed to
achieve the optimal alignment. Detailed metrology and optical surveys were made for all detector
components prior to installation. The stability of the C-frames on which the T-stations are mounted
are monitored using a CCD-based Rasnik system [4]. During 2014 an additional optical monitoring
system (‘BCAM’) was installed to monitor the position of the inner part of this detector [16]. From
the information provided by the hardware system and software alignment studies it is known that
the position of most detector elements is stable during data taking. An exception is the silicon-strip
detector located in the inner part of the first T-station. A shift of ~ 1 cm in the position of this detector
along the beam line is seen when the magnet is powered on.

The framework to determine the global alignment of the tracking system is discussed in
refs. [17, 18]. It is based on the closed form Kalman filter-based method described in ref. [19]. An
important aspect of the software alignment procedure is that it utilizes mass constraints provided by
selected D° — K*7~ and J/y — u*u~ candidates to reduce weak modes such as the curvature bias
described in section 3 and ref. [20]. During Run 1 (2010-2012) updates to the alignment constants
were made offline when significant changes to the running conditions occurred (e.g. changes in magnet
polarity). From 2015 onwards (Run 2) the alignment runs in real-time each fill at the software
trigger stage, using the D mass constraint, and the constants are automatically updated if significant



changes are detected [21]. Midway through the 2018 run period a high-granularity alignment of the
spectrometer was made using a sample of high-momentum muons produced in Z° — u*u~ decays.
The resulting alignment was then used as an input to the online procedure.

A correction for energy loss in the detector material is applied during the Kalman filter step. This
correction uses the Bethe formula including the density correction [22]. As particle identification
information is not available when the track fit is performed, all particles are considered to be pions. This
is a valid assumption as particles that traverse the full spectrometer are highly relativistic (p > 3 GeV/c)
such that the energy loss correction is independent of the particle type. The size of the applied
correction is momentum dependent and comparable to the intrinsic momentum resolution of the
detector. The amount of material in the detector is known from surveys and assays during installation
to a precision of 5 — 10 % [2]. In detailed studies of particles’ masses, an additional uncertainty to the
momentum scale determination that accounts for the material knowledge is assigned [23].

From the above discussion it is clear that to achieve an accurate calibration of the momentum
scale using the decays of precisely measured resonances are needed. The methodology for this
will be detailed in the next section.

3 Formalism

Consider a two-body decay P — d;d,. The invariant mass of the system, in natural units, is

My = \/m§+mg+z(E1E2—ﬁl - P2). (3.1)

where m 2, P12, E1 2 are respectively the mass, momentum vector and energy of the decay products.
The derivative of this expression with respect to the magnitude of the momentum vector p; = |p]|
can be written as

2 2 2 2
dm, mi, —mj —m2—2m1E2/E1

= (3.2)
dp 2mi2 p1
Consequently, if the momentum scale of child d; is biased by a scale factor

p1—= (I+a) pr. (3.3)

The observed change in the two-body invariant mass, to first order in a1, is given by

2 2 2 2
mi, —m7 —ms5—2m7E[E

mip — mi2 +aq 12 ! 2 L 2/ 1. (3.4)

2m12

Therefore, the value of a; can be obtained from the difference 6m between the observed average
invariant mass mp, and the known mass of the parent particle mp.

In general a momentum-scale bias will affect both child particles. To first order in the momentum-
scale bias the total mass bias can be obtained by summing the two contributions. Assuming the
momentum-scale bias is the same for both children (that is @1 = a3), the observed bias in the
mass is given by

2 2 2 2 2
myp —my —m; —mlEz/El —szl/Ez

mp

om=a 3.5



In the case of two identical child particles with mass m, the average bias is

m%, — m?R
om=q@ ———, (3.6)
mp
with £ £
R=2+—14+ 22 (3.7)
E, E;

Equation 3.6 is appropriate for decays such as Kg — 7t~ where the mass of the child particles is
comparable to the mass of the parent. For the decays Jiy — u*u~ and Y'(nS) — u*u~, measured

in the LHCb detector, m?R < m?, and hence

Am=~a-mp. (3.8)

The Bt — JyK* decay mode,! with the subsequent Jiy — u*u~ decay, is crucial for the
calibration of the LHCb spectrometer. For this decay, after applying a kinematic fit [24] that constrains
the measured dimuon mass to the known J/iy mass, the mass resolution is dominated by the knowledge
of the momentum of the kaon. Consequently, it is reasonable to assume that the reconstructed B*
mass is directly related to the momentum scale of the charged kaon. Labelling the kaon momentum
by p: the momentum-scale bias is obtained using the average value of the mass bias corrected by
the kinematic factor in eq. 3.4,

2myp
- m% - 2m%E2/E1 ’

a = (mpp—mp) — 5 (3.9

My —my
This method gives the momentum-scale in bins of the kaon kinematics. The momentum p; of the
mass-constrained J/i is considered to be unaffected by the momentum-scale bias. Studies with the
B* — J/yK* simulation indicate that this assumption is valid to a precision of 10~ in the parameter a.
A momentum-scale bias as discussed above is generated by a wrong estimation of the magnetic
field integral or a poor tuning of the energy loss correction in the detector. Another possible effect
is the curvature bias due to detector misalignment discussed in ref. [20]. For the LHCb geometry,
a typical misalignment that leads to a curvature bias is a small displacement, in the bending plane,
of the T-stations relative to the VELO. Defining the curvature of particle i as w; = ¢;/pi, where
q; is the particle charge, the effect of a curvature bias w; — w; + dw on the two-body invariant
mass follows from eq. 3.4 as
P1 m%z - m% - m% - Zm%Ez/El

omip = —dw —
q1 2mip

(3.10)

Contrary to a global momentum-scale bias, the mass bias due to a curvature bias has opposite
sign for the particles in a two-body decay. If the two particles have equal momentum, the two
contributions exactly cancel. Labelling the momentum of the negatively charged child as pj, in
the limit of massless children eq. 3.10 becomes

1
Smyp = §5w miz (p1 — p2). (3.11)

!Charge conjugation is implied throughout.



Hence, a curvature bias can be identified by considering the average invariant mass as a function
of the momentum difference between the children.

A curvature bias leads to a relative momentum bias that is quadratic in the momentum. As
a result momentum-scale bias effects typically dominate at small momenta, while curvature bias
effects dominate at large momenta. For the LHCb detector, the curvature bias from residual
misalignment needs to be accounted for in electroweak physics measurements, such as the W-boson
mass measurement detailed in ref. [25, 26]. Applying an additional correction for curvature bias
effects has little impact on the results presented here.

4 Radiative corrections and momentum scale calibration

A complication that arises in the extraction of the momentum scale from resonance decays is due to
QED final state radiation. This has two effects. First, it introduces a long radiative tail that must be
accounted for to obtain a good quality fit. A common approach is to fit a Crystal Ball function [27]
which has a Gaussian core and a power-law tail. The Crystal Ball function has four parameters: mean
(), resolution (o), transition point for the radiative tail (a) and the exponent of the power law (). The
latter three parameters are highly correlated and care is needed to obtain a reliable fit. The procedure
adopted is to fix n to one and parameterize a from fits to the shape obtained from the generator-level
simulation convolved with a Gaussian resolution function with known o-. As an example, the resulting
quadratic function for the Jiy — p*u~ decay mode is shown in figure 1(left).
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Figure 1. (left) Parameterization of a and (right) bias on the measured mass versus o for the Jiy — u*u~
decay mode. The (red) dashed lines highlight the values for the typical J/ mass resolution of 14 MeV/c?.

The second effect of final state radiation is to shift the position of the mass peak to lower values.
This bias remains even if a fit to a Crystal Ball function is made since it has a symmetric Gaussian
core. It is corrected for by parameterizing the observed bias in the simulation as a function of the
resolution. Figure 1(right) shows the resulting correction for the Jiy — u*u~ decay mode. The
typical correction size is 0.7 MeV/c2, which corresponds to a ~ 2 x 107%. The reliability of the
PHotos simulation is probed by varying its settings leading to a relative uncertainty of 5 x 107>
on the momentum scale determination.



5 Method

The procedure used to correct the momentum scale exploits the large samples of detached Jj — u*u~
and B* — J/WK* decays collected by LHCb. The calibration is performed separately for each year
of data taking and is illustrated here using data collected during 2016. Corrections are performed
that account for the variation of the momentum scale with time, A,, particle kinematics, A, and
to fix the global momentum scale, A,. In the first step the data sample is divided into run periods
chosen according to known changes in conditions (e.g. reversals of the magnet polarity) or known
drifts in the measured J/¢y mass. For each run period a fit is made to the dimuon invariant mass
distribution of selected J/y candidates. In this fit the signal is modelled by a Crystal Ball function
with the tail parameterisation described in section 4 and the background by an exponential function.
The fitted mean mass value is corrected for the effect of radiative corrections and converted into A,
using eq. 3.8. In figure 2 (left) it can be seen that the size of A, varies from 1 — 4 x 10™* over the
2016 running period. Two trends are visible. At the start of the 2016 run period a global upwards
drift of A, is observed. This is correlated with movements of the hardware monitoring systems of the
downstream tracking stations over time [4]. In addition, A, for data taken with MagUp is generally
larger than MagDown by ~ 107*. A similar effect is observed in all LHCb running during Run 1
and 2. It may be due to the shifts in the T-station positions when the field is reversed as discussed
in section 2 or to movements of the magnet coils.
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Figure 2. (left) Variation of A,, during the 2016 run period determined using the Jiy — u*u~ decay
mode. The magnetic field polarity is indicated below the plot with the symbols T, | for field up and down
respectively. (right) Example fit to the J /K™ invariant mass distribution for candidates with g - f,, > 0 and
0.025 < tx < 0.05 rad and 0 < ry < 0.05 rad for the 2016 dataset.

The next step is to determine Ag. Fits are made to the invariant mass distribution of B* — JiyK*
candidates in bins of the kaon kinematics and the field scale determined by converting the fitted
value of the B* mass into an estimate of the momentum scale using eq. 3.9. Ideally, the phase space
would be binned according to the kaon track slopes (tx = tan~!(p,/p,) and ty = tan~!( Py/p2)) and
curvature (¢/p). With the available dataset size this is not possible. Various binning schemes and
reduced sets of variables were explored. The best performance, judged by the improvement in the
mass resolution for the 7' (nS) resonances, was obtained by dividing the data according to the sign of



the product of the track charge and magnetic field polarity,? g - f},, and binning according to zx and
ty. The binning scheme for each year was adjusted such that statistical uncertainty on each bin was
O(107*). An example mass fit to the B* — J/iyK* mode is shown in figure 2 (right). The resulting
correction maps are shown in figure 3. Particularly at the edge of the detector the values of Ay are
large (Ax ~ 1073). Local corrections to the momentum scale at the level of 1073 are needed.
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Figure 3. Local momentum scale correction Ay as a function of #x and ty for the 2016 dataset (left) g - f, > 0
and (right) g - f,, < 0.

The final step is to fix, Ag, the global momentum scale. This is done by fitting the J/y — pu*u~
dataset with a signal described by the sum of two Crystal Ball functions and an exponential background
component. The J/¥ mass distribution after this calibration is shown in figure 4.
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Figure 4. Fit to the dimuon invariant mass distribution for the J /iy sample after the procedure discussed in the
text. The signal (dashed blue line), combinatorial background (dotted black line) and total fit mode (red line)
are superimposed.

The total momentum scale correction applied to each particle is thus

l—a=1-Ag—Ar - A,

2 fp = —1 for MagDown and 1 for MagUp.



6 Validation

Cross-checks are made of the validity of the calibration procedure using the Jiy — u*u~ and
B* — JjyK* samples together with a sample of 1’(nS) decays shown in figure 5 (left). The large
samples available allow the variation of the momentum scale to be studied as a function of kinematic
variables such as p, transverse momentum and the orientation of the decay plane with respect to the
magnetic field. As an example, figure 5 (right) shows the remaining bias on the momentum scale
as a function of p; which is the momentum of the kaon for the B* — J/iyK* sample and half the
momentum of the parent in the case of the JAy and T°(1S) resonances. It can be seen that the variation
of @ as a function of momentum is less than 3 x 1074,
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Figure 5. (left) Fit to the sample of selected dimuon candidates in the region of the 7" resonances. Each T
resonance is described by a Crystal Ball function (blue dashed line) and the combinatorial background by an
exponential (black dotted line). The total fit model is also superimposed. (right) Bias on the momentum scale,
a versus pg as defined in the text for the Jiy — u*u~, Bt — JWWK™* and the 7 (1S5) — pu*u~ samples.

The size of A, is similar in magnitude to the momentum resolution. As can be seen in table 1
applying the calibration improves the relative mass resolution for the 7°(nS) resonances by around 5%.

Table 1. Invariant mass resolution for the 7" resonances before and after the momentum scale calibration.

Mass resolution [ MeV/c?]
Before After

T (1S) 444 +0.1 424+0.1

1(2S) 459+0.3 439+0.2

1 (39) 473+0.5 452+0.5

Resonance

Various checks are made using the B* — J/iy K* sample. For example, dividing the data according
to whether the kaon has hits in the TT detector, whether it traversed the inner or outer parts of the
downstream tracker and the location of its first measurements in the vertex detector. In these tests no
evidence of a bias significantly larger than the 3 x 10~* level was found in any kinematic region.

Figure 6 summarizes the residual bias observed for a variety of different decay modes that
probe a range of particle kinematics. It can be seen that the variation in @ between the different
modes again does not exceed 3 x 1074,



Based upon the observed variation of « seen for different decay-modes and as function of particle
kinematics the uncertainty on « is taken to be 3 x 107, A similar conclusion is drawn by considering
the variation in the observed D° mass in four-body decay modes [23].
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Figure 6. Average momentum-scale bias & determined from the reconstructed mass of various decay modes
after the momentum calibration procedure for the 2016 dataset. The Kg decays considered are those that occur
in the vertex detector and have a flight distance of less than 5 cm. The black error bars represent the statistical
uncertainty whilst the (yellow) filled areas also include contributions to the systematic uncertainty from the
fitting procedure, the effect of QED radiative corrections, and the uncertainty on the mass of the decaying
meson [22]. The (red) dashed lines show the assigned uncertainty of +3 x 103 on the momentum scale.

7 Comparison with Run 1

The procedure described here was used to calibrate Run 1 data (see for example ref. [23, 28]). The
main difference between the two datasets is the size of the overall correction. For the Run 1 data
taking an earlier and less accurate version of the magnetic field map was used. With this field map
values of A, around 1 x 1073 were found. After the momentum scale calibration a similar performance
to the 2016 data is achieved. This can be seen in figure 7 where the residual bias for a variety of
decay modes is summarized for the study of the 2012 data.

8 Selection biases

An additional invariant mass bias is present for open charm decays selected with cuts on quantities
related to the flight distance. This can be seen by considering a two-body decay such as D° — K~ x*.
If multiple scattering, that occurs within the RF-foil that separates the VELO from the primary LHC
vacuum, increases the opening angle between the decay products, both the reconstructed invariant
mass and the decay length will be higher than the true value. Thus if cuts are applied on the minimum
flight distance candidates with higher values of invariant mass are selected. The size of this bias
depends on the selection and the lifetime of the decaying hadron. If no lifetime biasing cuts are
applied or the particles are prompt (such as the 7' (nS)) or long-lived (like b-hadrons), the size of
this effect is negligible. The lifetime of open charm hadrons is such that with typical selections a
large bias is seen. With the selection applied in the trigger [21] the size of this bias is estimated



Q L A B L
2 T(38) - Hp iwe | LHCb 2012
= Y(2S) - utu- : .
? Y(IS) — utu- I
R\ B o veS) wu Kk o
BY > J/y[ utu]K*rtr - el
B* > J/y[ pu K" -
w(2S) — HHT Pow
w(2S) >Ny W] Tt e
Ny - - 3
K, —» n*n~ . H
1 L L L L | L L L L L L 1
-2 -1 0 1.
a[x107]

Figure 7. Average momentum-scale bias @ determined from the reconstructed mass of various decay modes
after the momentum calibration procedure for data collected in 2012. The K g decays considered are those that
occur in the vertex detector and have a flight distance of less than 5 cm. The black error bars represent the
statistical uncertainty whilst the (yellow) filled areas also include contributions to the systematic uncertainty
from the fitting procedure, the effect of QED radiative corrections, and the uncertainty on the mass of the
decaying meson. The (red) dashed lines show the assigned uncertainty of +3 X 10~ on the momentum scale.

using the simulation to be 0.7 MeV/c? and 0.2 MeV/c? for the D and D* mesons respectively. The
difference in the size of the bias reflects the difference in the lifetime of the two mesons. Several
approaches to correct this are adopted. For the studies of open charm meson masses presented in
ref. [23] a lifetime unbiased selection is used. In other analyses, such as the discovery of the E%

baryon [29], tight requirements on lifetime related variables are needed. In such cases the bias is
studied and corrected using the simulation.

9 Summary

In this paper the calibration of the momentum scale of the LHCb detector has been described and
illustrated using data collected during 2016. The procedure used is generic and makes use of the large
Ji — utu~ and B — JiyK* samples that have been collected. The uncertainty on the procedure
is judged to be 3 x 1073 by studying the decays of well known resonances. Similar performance is
achieved for the other years in Run 2. The method has allowed the LHCb collaboration to make many
precise determinations of particle masses and widths over the last decade. Further improvements are
possible with a better understanding of the field map and detector material.
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