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Abstract

The long track momentum resolution is a key metric for evaluating the performance
of the tracking system at LHCb. This document presents the methodology to
measure the long track momentum resolution. The preliminary result using a
subsample of the 2024 dataset is presented.
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1 Introduction

The LHCb detector [1-3] 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
has been substantially upgraded prior to the Run 3 data-taking period, which started
in 2022. The upgraded detector was designed to match the performance of the Run
1-2 detector, while allowing it to operate at approximately five times the instantaneous
luminosity. The high-precision tracking system has been fully replaced and consists of a
silicon-pixel vertex detector surrounding the pp interaction region (VELO) [4], a large-area
silicon-strip detector (UT) [5] located upstream of a dipole magnet with a bending power
of about 4 T'm, and three stations of scintillating fibre detectors (SciFi) [5]. Different types
of charged hadrons are distinguished using information from two ring-imaging Cherenkov
(RICH) detectors [6,7]. The entire photon detection system of the Cherenkov detectors
has been renewed for the upgraded detector. Photons, electrons and hadrons are identified
by a calorimeter system consisting of electromagnetic (ECAL) and hadronic (HCAL)
calorimeters. Muons are identified by a system composed of alternating layers of iron
and multiwire proportional chambers [8]. Readout of all detectors into an all-software
trigger [9] is a central feature of the upgraded detector, allowing the reconstruction of
events at the full LHC interaction rate, and their selection in real time. The trigger
system is implemented in two stages: a first inclusive stage, based primarily on charged
particle reconstruction, which reduces the data volume by roughly a factor of 20, and a
second stage, which performs the full offline-quality reconstruction and selection of physics
signatures. A large disk buffer is placed between the two stages to hold the data while
the real-time alignment and calibration is being performed.

The track model in LHCD classifies the reconstructed tracks into five types according
to which sub-detectors recorded charged clusters from the track: VELO track, T track,
Long track, Upstream track and Downstream track [10]. Long tracks are the most critical
set of tracks for physics analyses, as hadrons which contain beauty or charm quarks usually
decay in the VELO volume and the resulting charged final states will form long tracks.
These tracks traverse the entire tracking system, leaving clusters in both the VELO and
the SciFi detectors, and optionally hits in the UT station. The reconstruction of long
tracks starts from searching for VELO tracks which basically form straight lines since the
VELO is sufficiently displaced from the magnetic field. Two algorithms, forward tracking
and track matching, are used to join VELO tracks with SciFi hits and form long tracks [11].
The forward tracking starts with VELO tracks and extends them with SciFi clusters to
form long tracks. The track matching algorithm uses a standalone track reconstruction
algorithm to match and combine VELO tracks with T tracks to make long tracks [12,13].
A track fit which is based on Kalman Filter technique is performed to obtain the best
estimates of the momentum, positions and directions of tracks in the vertex region [14].

The track momentum resolution directly impacts the reconstruction of physics decay
channels, and serves as a key metric for evaluating the performance of the tracking system
at LHCD. In this note, only long tracks are used to study the track momentum resolution,
as they pass through the full magnetic field and provide the most precise momentum
estimates.

The momentum resolution for long tracks is determined using J/ip — p* = decays by
measuring the dimuon mass resolution, which is primarily dictated by the momentum
resolution of the two muons. Neglecting the muon masses and considering decays where
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the two muons have similar momenta, the relative momentum resolution, o,/p, can be
approximated as:

U,% O\ 2 sin oy 2

I _ o (_> Lo Y%

p? m 2 —2cosl
where m is the invariant mass of the J/i) candidate and o, is the signal width obtained
from a fit to the mass distribution. The second term is a correction for the opening angle,
0, between the two muons, where gy is the per-event error on 6 which is obtained from the

track fits of the two muon tracks. The derivation of this equation is detailed in Section
2.1.

2 Formulas derivation and validation

The formula for calculating the track momentum resolution using a data-driven approach
can be found in a previous LHCb paper [3]. However, this formula is not entirely accurate
and not validated. In this chapter, we present a more precise formula for calculating
the track momentum resolution, specifically using the dimuon mass resolution obtained
from the J/ip — p*tp~ decay. The validation of the formula using simulated samples is
discussed in Section 2.2.

2.1 Formulas derivation

From the J/¢ — ptpu~ energy conservation we know:

Eppy=E++E,- = \/jrﬁc2 +mZct + \/p2_02 +m2ct (1)
Neglecting the 1 mass:

Ejpy =pre+p-c (2)
Momentum conservation yields:
Dy = Dy + P (3)
Php = Po +p° + 2pyp_cost (4)
B3y = e + (5)

Using Eq. (2), Eq. (4) and Eq. (5) =

c
2 = (ImY o  (OmN o (9m) 0
m opy ) P+ \op_) “P- o0 ) °
2 2 29 2
2%ps 2%p- o sin” 0oy
4p? m 4p? (2 —2cosh)? (8)
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Let o,, /py+ =0, /p-

o2 Om) 2 sin 0o 2
2o (Im) o 9
p? m 2 —2cosb )
The 6 can be calculated using formulas below:
boy tay + Ly - by + 1
V12 2+

where ¢, and t, refer to the x component and y component of the track slope.
Then oy can be calculated through the partial derivatives with respect to ¢, and ¢, and
the error propagation law:

(10)

0 = arccos [

Oty t COV(tm’ tyl) 0 0 Oty
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The expression 6 can also be calculated using the momentum direction:

Pry Pry | Py Py |
Pz Pz Dz Pz

2 2 2 2
T ) G
le le ng pZQ
However, 6 should not directly depend on the momentum, thus this formula is not used
to calculate the momentum resolution. It is still useful to validate the formula.

6 = arccos

(12)

2.2 Validation of the formulas using MC samples

A large J/1» — ptp~ MC sample was generated using RapidSim [15] to validate Eq. (9).
In the MC sample the true momentum is known, thus the momentum resolution can
be obtained directly. Figure 1 shows that the results using two different methods are
consistent, thus Eq. (9) is proved to be correct.

The calculation of # and oy should also be validated. Another J/¢ — ptu~ MC
sample using full LHCb detector simulation is used, which contains the information of the
track state covariance matrix. Figure 2 shows that the formulas are correct.

In conclusion, the data-driven method to calculate the momentum resolution has been
fully validated.
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Figure 1: Purple line: momentum resolution using true momentum information, i.e. performing
a Gaussian fit on the difference between the reconstructed momentum and the true momentum,
and extracting the width as the momentum resolution. Green line: momentum resolution using
Eq. (9), and Eq. (12) is used for the calculation of angle term, i.e. using the reconstructed
momentum and the true momentum to calculate the reconstructed 6 and true 6, then performing
a Gaussian fit on the difference between the two and extract the width as the value of oy.
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Figure 2: Green line: momentum resolution using Eq. (9), and Eq. (12) is used for the calculation
of angle term, i.e. using the reconstructed momentum and the true momentum to calculate
reconstructed 6 and true 6, then performing a Gaussian fit on the difference between the two
and extract the width as the oy. Orange line: momentum resolution using Eq. (9), and Eq. (10)
is used for the calculation of angle term, i.e. calculating # using ¢, and t,, and applying the
error propagation formula incorporating ¢, error, t, error, and their covariance to compute the
value of oy.
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2.3 Track parameter errors correction

The calculation of gy uses track parameter errors, so we need to check whether the track
parameter errors are correctly assigned.

The distance of closest approach between two muon tracks, doca, which only depends
on track parameters, can be used to check the correctness of the track parameter errors. If
the track parameter errors are correct, then the distribution of the doca pull, do:i, should

g

be a standard normal distribution. However, Figure 3 shows that the width is larger than
1, thus the track parameter errors are underestimated and need to be corrected. Since

Odoca and gy have the same origin, i.e. the VELO track parameter errors, and the vertex
fitting procedure doesn’t introduce additional errors, the scale factor measured from -4

Odoca

can be used to correct gy. Figure 4 shows the measured scale factors in each momentum

bin.
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Figure 3: The distribution of Ofl;& in one momentum bin. The width is larger than 1, thus ogocq
is underestimated. ‘

3 Track momentum resolution using Run3 data

3.1 Triggers and selections

LHCb Run3 data collected in 2024 are used to study the track momentum resolution.
A large amount of J/¢ — utu~ decays were collected from the data of fill number
9982-10056 (Run number 303094-304604).

A standard online and offline di-muon selection is applied to filter signal candidates.
For the online selection, events are required to pass through the Hlt1DiMuonHighMass
line at the HLT1 stage [9]. The H1t1DiMuonHighMass line is triggered by a pair of high-
momentum tracks identified as muons [16], which form a good-quality vertex and has a
combined invariant mass larger than 2.7 GeV. The HLT2 trigger line H1t2JpsiToMuMu is
used to filter J/ib — p*p~ signals, the detailed selections are listed in Table. 1 and the
definition of the variables used can be found in Appendix B.



108

109

110

111

112

113

114

115

116

117

118

119

p E [ T T T T I T T T T I T T T T I I_
Sls E ]
=Slo 145 3
i - _
c - .
5 14f ] ‘ ]
E C [ ]
135 & H [ l 3
13 __;3 .[- i
3 ]
1.25 3
1.25{ 3
E L | L L L L | L L L L | .:

0 100 200 300
p [GeV/c]

Figure 4: The scale factors in each momentum bin.

Table 1: Summary of HLT2 selection.

Event selection of H1t2_JpsiToMuMu trigger line

Requirement Applied to

pr > 0.3 GeV u* candidate
PID_ MU > -5 u* candidate
IMASS — 3096.9] < 150 MeV | J/i candidate
CHI2DOF < 25 p* candidate
MINIPCHI2 > 0 p*t candidate
MINIP > 0 p*t candidate
ISMUON =1 p* candidate
BPVDLS > 0 J/ candidate
DOCACHI2 < 10000 J/ candidate

Further cut-based selections are applied to improve the signal purity, with details
documented in Table. 2.

An additional cut that the relative difference of the momentum of two muons is smaller
than 1% is applied to fulfill the approximation condition. Finally there are about 2.74
million entries left after all cuts.

3.2 Momentum resolution calculation

The dataset is divided into 51 momentum regions. In each region, the distribution of %p
in a momentum region can be obtained using Eq. (9). The value of o, is extracted from
the fit of the dimuon invariant mass, where the sum of a Crystal Ball function and an
exponential function is used as the fit function. Figure 5 shows examples of the fit. The
value of 6 is calculated using Eq. (10), and oy is calculated using Eq. (11), then corrected
by a factor, as discussed in Section 2.3. The mean of %’P is taken as the momentum
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Table 2: Summary of further offline selection.

Variable Value

Vertex fit probability P(x*/ndf) <3

Ghost Probability of Muon <0.3

Muon pr > 700 MeV /c

Muon p 3 GeV/e < p < 500 GeV/c
Muon Identification isMuon, DLL,,r > 0
Mass cut Im(ut =) — M(Jh)| < 150 MeV/c?
Pseudo proper time t.] < 10ps
Uncertainty of ¢, < 0.3ps

J/Y pr <14 GeV/c
rapidity 2 <y<45b
number of PV >0

number of UTHits >0

resolution of this region, and the uncertainty of the mean is taken as the uncertainty of
the momentum resolution.
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Figure 5: Fit of the invariant mass of ytu~ in a low momentum region (left) and a high
momentum region (right). The fit function is composed of a Crystal Ball function (red curve)
and an exponential function (gray shadow).

Finally we get the plot of the track momentum resolution with respect to the mo-
mentum, as shown in Figure 6, where the result from the simulation sample is also
shown.

It can be seen that the resolution obtained from the simulation sample does not match
very well with the one from data. In physics analyses, correcting the differences between
data and simulation is important for obtaining more accurate results. Therefore, it is
essential to smear the values in the simulation sample with the measured momentum
resolution from data.

4 Summary and outlook

The methodology to measure the long track momentum was presented and the formulas
were validated. To calculate the momentum resolution, the mass resolution from the fit of

7
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Figure 6: Gray: relative momentum resolution of long tracks as a function of momentum using
Jbp — ptp~ data sample. Green: relative momentum resolution calculated using simulation
sample.

the putp~ invariant mass and the angle between the two muon tracks in the VELO and
the angular resolution are needed. The track parameter errors used in the calculation of
the angular resolution are underestimated and need to be corrected by a factor, which is
just the width of the distribution of the doca pull. The preliminary result of the long track
momentum resolution was presented, using a subsample of the 2024 dataset filtered by a
two-stage trigger and cut-based selection. The result shows an improvement compared
with the result of Run 1 [3].

We also expect that the momentum resolution could be further improved with a better
magnet field description and finer track alignment. A final optimization could be achieved
by performing a momentum scale calibration [17].
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« Appendices

« A Changes after the track parameter errors correc-
160 tion

167 Figure 7 shows the change of the ratio between the 6 term and the mass term in Eq. (9)
and the change of momentum resolution after the correction was applied.
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Figure 7: Left: the ratio between the 6 term and the mass term becomes larger after the
correction. Right: the momentum resolution becomes a bit smaller after the correction.

» B Definition of variables used in HLT2 selection

Table 3: Definition of variables used in HLT?2 selection.

Variable Description

pT transverse momentum

PID_-MU log-likelihood difference between muon and pion hypotheses
MASS invariant mass of particle

CHI2DOF track x? per degree of freedom

MINIPCHI2 minimum x? of impact parameter

MINIP minimum impact parameter

ISMUON whether it’s a muon

BPVDLS decay length significance w.r.t. the best primary vertex
DOCACHI2 the x? of the distance of the closest approach

10
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