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Abstract Particle identification (PID) is a fundamental aspect of the ALICE detector system, central to its heavy-ion and pro-
ton–proton physics programs. Among the different PID strategies, ALICE uses the time-of-flight (TOF) detector to identify particles
at intermediate momenta (0.5 < pT < 4 GeV/c). The ALICE TOF detector performed successfully during the first 10 years of LHC
operations. During the Long Shutdown 2, many ALICE sub-detectors, including TOF, were upgraded to fully leverage the targeted
50 kHz interaction rate of Pb–Pb collisions, which required the implementation of a continuous readout scheme. The TOF detector
electronics were upgraded and refurbished, while processing algorithms for data quality control, reconstruction, calibration, and
analysis were rewritten. This paper presents the upgraded TOF detector operation and calibration procedures and its performance in
terms of timing resolution, a key factor for particle separation in ALICE analyses. Using 2022 pp collision data at

√
s � 13.6 TeV

from Run 3, the time resolution of the detector was estimated with two independent methods, both yielding consistent results,
better than 80 ps. Despite the excellent performance already achieved, further improvements are expected after additional detector
commissioning and refined calibration procedures, thus enhancing the ALICE PID capabilities for Run 3 and beyond.

1 Introduction

The core physics program of the ALICE experiment at the LHC is the study of the properties of the strongly interacting, dense,
and hot matter created in high-energy heavy-ion collisions. Most of the physics analyses rely on the capability to perform a precise
particle identification (PID). The PID strategy applied by the ALICE collaboration is based on the adoption of complementary
techniques to ensure a wide coverage in momentum, from ∼ 100 MeV/c to ∼ 20 GeV/c [1]. The time-of-flight measurement
with the ALICE TOF detector system provides the separation of charged particles in the intermediate transverse momentum range
(from 0.5 to 4 GeV/c). This is achieved by ensuring a precise determination of the event collision time, the track length, and the
particle’s momentum, together with a precise measurement of the arrival time of the particles at the TOF detector. At the end of
LHC Run 2 (2018), the TOF detector successfully reached more than 10 years of operation. During the Long Shutdown 2 (LS2,
2019–2021), the ALICE Collaboration upgraded its detector to cope with the higher interaction rate expected to be delivered by
the LHC by adopting a continuous readout scheme. An upgrade of the TOF electronics was performed to make the data acquisition
(DAQ) system compliant with the new paradigm of ALICE data taking. A full refurbishment of several of its components was also
carried out, together with an upgrade of the offline data processing algorithms (data quality control, reconstruction, calibration, and
analysis). This article reports on the performance of the upgraded ALICE TOF detector obtained with Run 3 data, focusing on the
achieved timing resolution.

1.1 The ALICE detector in Run 3

Based on the experience developed in Run 1 and Run 2, the ALICE detector underwent a series of upgrades during the LS2 to
enable future advancements focused on precision measurements of statistics-limited rare probes in both large (Pb–Pb) and small
collision systems (pp) [2]. In Fig. 1, the upgraded ALICE detector used in Run 3 is depicted: the apparatus couples an improved
tracking performance together with capabilities to sustain data taking in high interaction rate conditions up to 1 MHz in pp collisions
and 50 kHz in Pb–Pb collisions. In the reference coordinate system of ALICE, the z-axis, defining the direction along which the
pseudorapidity η is measured, is given by the beam direction, and the azimuthal angle ϕ is defined in the orthogonal plane. In the
following, a brief description of the detectors relevant for the measurement reported in this article will be given. The inner tracking
system (ITS) [3] is composed of seven cylindrical layers of silicon pixel detectors located at radial distances between 2.3 and
39.3 cm from the beam axis. The innermost ITS layer is mounted on a beryllium beam pipe with an outer radius of 19 mm (28 mm
in Run 2), contributing to the improved track pointing resolution. The ITS is surrounded by the time projection chamber (TPC) [4,
5], a large-volume cylindrical chamber with high-granularity readout, now equipped with gas electron multiplier (GEM) detectors
replacing the previously used multi-wire proportional chambers (MWPC). The TPC covers the region ∼ 85 < r <∼ 247 cm and
-250 < z < 250 cm in the radial and longitudinal directions, respectively. Both ITS and TPC have track reconstruction capabilities
within the TOF acceptance, with the ITS covering |η|< 1.2, and the TPC providing full azimuthal coverage up to |η|< 0.9. The TPC
also provides PID information through the measured specific energy loss (dE/dx). The fast interaction trigger (FIT) [6] serves as a

The successful deployment and performance of the ALICE time-of-flight detector stand as a testament to the foundational contributions of our late
colleague, Prof. Andrea Alici. This publication is dedicated to his memory.
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Fig. 1 Schematic of the ALICE detector in Run 3

collision trigger, online and offline luminometer, and it provides an initial evaluation of the vertex position together with an estimation
of the particle multiplicity at forward rapidity. FIT consists of three subsystems composed in five standalone detector elements. They
are asymmetrically located in forward regions on both sides from the interaction point. The FIT subsystems provide redundancy for
the measurements specified above, while each subsystem is optimized differently. The FIT vertex-zero (FV0) subsystem provides an
estimate of collision centrality, the forward diffractive detector (FDD) subsystem enables the measurement of collision cross sections,
and the FIT time-zero (FT0) subsystem provides a precise measurement of the collision time. In particular, the FT0 subsystem is
composed of two arrays of fast Cherenkov modules (FT0A and FT0C) on each side of the interaction point. The radial distance
along the beam axis between the interaction point and the FT0A module is 3.3 m, corresponding to a 3.5 < η < 4.9 coverage, while
for the FT0C module, the distance is 843 mm, covering −2.1 < η < 3.3 [7].

The TOF system covers the pseudorapidity interval −0.9 < η < 0.9 with full azimuthal acceptance. The detector has a cylindrical
symmetry and is located at an average distance of 3.8 m from the beam pipe, spanning an active area of 141 m2. The detector is
made of 1593 multigap resistive plate chambers (MRPC) with a sensitive area of 7.4 × 120 cm2. Each MRPC is segmented into 96
readout pads with an area of 2.5 × 3.5 cm2. The TOF system measures the time of arrival of particles at the detector (tTOF). Its time
resolution drives the separation power between particle species [6]. In addition, particle separation in the momentum interval of
interest relies on a precise determination of the event collision time (tev), the track length (l), and the particle’s momentum (p). The

distinction between different particle species is obtained via their mass hypothesis m � |p|
c ·

√
c2( tTOF−tev

l )2 − 1. The track length
and the momentum measurement are obtained with the ITS and TPC detectors. The tev is provided by the FT0 detector and by the
TOF system itself [8]. The extensive upgrade of the TOF detector, which was realized during LS2, is described in Sect. 1.2.

1.2 Upgraded TOF and readout

To address the challenges of the new data-taking conditions, it was required to upgrade the readout electronics of the TOF detector. The
goal was to accomplish a continuous readout, matching the readout scheme of the tracking detectors to allow particle identification
in the intermediate momentum range for the full collected data sample. The continuous readout was obtained with relatively limited
interventions thanks to the small intrinsic dead time (∼ 10 ns) of the MRPC detector and its front-end electronics, and making use
of the buffering capabilities for digitized data available in the High Performance TDC (HPTDC) boards [9]. The HPTDC allows
the readout trigger latency to be programmable over a large time range and supports overlapping trigger windows. During Runs 1
and 2, due to the limited high-rate capability of the ALICE barrel detectors, the trigger rate was limited to a few kHz. The internal
HPTDC buffers for the TOF detector were configured with a latency window of 7700ns, corresponding to the latency of the triggers
reaching the TOF processing electronics. The matching window was set to 600ns to comfortably collect all hits, registered in the
TOF detector, associated with the triggered collision. However, with a programmable latency and matching windows, continuous
readout may be achieved by applying a periodic trigger with a frequency fT and a matching window mw � 1/ fT.

Figure 2 (left) illustrates the underlying idea of the readout scheme, comparing the Run 3 approach to what was implemented
during Run 1 and Run 2. Before Run 3, the two trigger levels L1 and L2a received from the triggering hardware [10] were used to
read out the hits and match them to the triggered event, while in Run 3, all hits are read out by using an asynchronous trigger with
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Fig. 2 (left) HPTDC programming schema adopted during Run 1 and 2 (top left) and during Run 3 (bottom left). As described in detail in [7], in Run 3, all
triggers used previously are replaced by a periodic trigger (asynchronous with respect to actual collisions) at fixed bunch crossing number ( f � 33.4 kHz),
mimicking a continuous readout and covering a complete LHC orbit within three triggers. All hits (short vertical blue lines) are read out and can be associated
with physical events at a later stage. (right) Possible selection of parameters (asynchronous trigger frequency fT and matching window width mw) to realize a
continuous readout. The blue curve shows the region of allowed values. The red boundaries illustrate system limitations from the HPTDC matching algorithm
and HPTDC readout time constraints. The green circle marks the chosen point of operation, with an asynchronous trigger rate of ∼ 33 kHz and a matching
window of 28.8 μs

a constant frequency. Figure 2 (right) shows the curve of allowed values (blue part of the curve), together with the limitations of
the system: on the one hand, the latency window cannot be set at a value larger than half of an LHC orbit; on the other hand, as
discussed in the ALICE Readout Upgrade TDR [6], the trigger frequency cannot be too high, due to the HPTDC readout time inside
the TDC readout module (TRM). More generally, the readout time on average must be lower than 1/ fT. After some optimization
and a commissioning phase, an optimal operation point was found to be fT � 3/tLHC−orbit ∼ 33 kHz.

In order to keep up with the planned increase of the interaction rate (up to 1 MHz in pp collisions and 50 kHz in Pb–Pb collisions,
after LS2), a new digital readout module 2 (DRM2) was designed [11].

The readout architecture of the upgraded ALICE system is based on the common readout units (CRUs) [12], a standardized
peripheral component interconnect express (PCIe) field-programmable gate array (FPGA)-based optical I/O processor module used
by all upgraded detectors for data readout and configuration. The detectors are configured via the detector control system (DCS),
which is connected to the detector front-end electronics via the CRU. The data produced by the TOF detector are handled by the
Online and Offline processing farm (O2), consisting of first-level processors (FLPs) and event processing nodes (EPNs). Depending
on the detector implementation, the readout data are reformatted or compressed either in the front-ends, the CRUs, or in the FLPs [12].

1.3 TOF calibrations in the continuous readout scheme

Detector calibrations are performed at different stages of data taking and reconstruction to reach the best performance in terms of
efficiency, noise rejection, and resolution, or, in simulations, to reproduce the conditions of the data taking. The time granularity of
the calibration objects is usually set at the level of a single run, or when conditions are expected to change rapidly (such as the LHC
clock phase), in 5-min sub-run time intervals.

Along the full chain of the data taking/reconstruction, there are three subsequent calibration stages:

1. DCS calibration performed during the start of the run from the TOF slow control system;
2. Synchronous calibration done during the data taking on the EPN farm;
3. Asynchronous calibration required in the offline reconstruction.

The DCS calibration entails the production and storage of the TOF active channel map at the beginning of the run. An updated map
is sent as soon as some channels are switched off during the run, together with the timestamp when the change occurred. This object
is then stored in the condition and calibration data base (CCDB).

The synchronous calibration is based on the synchronous reconstruction on EPNs and provides a first version of time calibration
objects. In addition, the frequency of decoding errors occurring during data taking is also monitored since it is needed for anchoring
Monte Carlo simulations to real data conditions. It is important to note that during synchronous processing, the precision of time
calibration is limited due to reduced tracking performance – since the tracking detectors are also calibrated at this stage – and
limited statistics. For this reason, refined calibrations are finally calculated asynchronously offline with a dedicated calibration pass
performed on 10% of the full statistics. After the calibration reconstruction pass, TOF is declared ready for the reconstruction with
the full statistics.
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Time calibrations are divided into two main categories:

1. TOF/ALICE clock shift relative to the LHC clock (done every 5 min),
2. Channel-by-channel calibrations (global offsets done run-by-run, charge dependence determined over several runs).

In Fig. 3, the trend of the TOF clock shift is reported as a function of time for one selected run; the analysis was performed by
using 5-min time intervals. Such a time interval is an acceptable compromise for following all relevant variations while keeping the
number of calibration objects at a manageable level.

To reach the target timing resolution, channel-by-channel calibrations have to be measured independently for different values of
the deposited charge in the active volume of the detector since the time needed before the signal rises above the threshold depends
on it. Since the charge released in the MRPC cannot be measured directly, the time-over-threshold (ToT) is used as a proxy for it.
These calibrations are referred to as time-slewing corrections. Due to statistical limitations, only the global channel offsets can be
calculated at the level of a single run while the time-slewing corrections are extracted by combining consecutive runs.

Independently of the granularity, all TOF time calibrations are calculated using the information from reconstructed tracks matched
with a TOF cluster. The values are obtained by fitting the Gaussian peak of the tTOF − texp(π) distribution, defined as the difference
between the time measured by TOF (tTOF) and the expected time for a charged pion (texp(π)), calculated from the particle’s track
length and momentum. This procedure guarantees that the resulting tTOF − texp(π) distribution is centered around 0, once the residual
offsets are subtracted. The typical statistics required to constrain a single calibration parameter are of the order of 100 entries. Since
TOF has approximately 150k channels, about 5 · 106 pp collisions are needed to calibrate the full detector. In a typical Run 3 run
(e.g., pp at 500 kHz) such statistics are reached after 15 min of data taking (assuming 1% of the data to be reconstructed in the
synchronous reconstruction). Based on past experience, the time evolution of these corrections is expected to be very slow and
independent of the reconstruction settings.

In Fig. 4, time-slewing corrections are shown for all TOF channels, with a single channel highlighted to illustrate the typical ToT
granularity achieved with the 2022 data-taking statistics. These are needed to compensate for the delay in the leading time due to the
finite rise-time going above the threshold in the discriminator; otherwise, the rise-time dependence on the charge would introduce
an extra smearing in the final TOF resolution.

The present TOF acquisition and calibration chain allows one to follow the event activity at the level of a single bunch crossing.
Figure 5 shows the number of hits in the TOF as a function of the bunch counter ID, which uniquely identifies each potential bunch
crossing. This quantity is essential to verify that the noise levels of the detector are under control, as the majority of the hits have
to occur around a bunch crossing with filled buckets (i.e., time slots in the accelerator where particle bunches can be placed). The
filling scheme of the LHC, corresponding to each bunch crossing, is reported for each of the beams in the top part of the plot. The
gaps show where particular bunch crossings do not have filled beam buckets and these are used to verify that the TOF detector noise
levels are acceptable (≈ 0.1 Hz/cm2). This noise is a typical quantity that is monitored during data acquisition in the TOF Quality
Control.

2 Data analysis

This analysis was carried out on data collected in 2022 with pp collisions at
√
s � 13.6 TeV. Tracks reconstructed with the ITS and

TPC are propagated to the TOF detector for the matching algorithm to assign a value for the particle time of flight. Only tracks with
a TOF match are considered. The expected time of flight of a track (texp) is computed during track propagation from the primary
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Fig. 4 Distribution of time-slewing corrections: An example for one single channel is provided as a reference superimposed on a color-scale distribution
corresponding to the density of all channel-calibration curves. A reference at zero was taken for all channels at ToT � 12.5 ns. The reported time-slewing
calibration was obtained from the data taken with pp collisions at

√
s � 13.6 TeV. Sufficient statistics are required to ensure that the statistical uncertainty

on the extracted correction remains below 10 ps. The shape of the correction is driven by the rise-time dependence of the discriminator threshold

Fig. 5 Hit multiplicity as a function of the bunch counter ID, blue colors represent lower counts. The structure of the LHC filling scheme for the data collected
is reported for both beams (A and C) in the top section of the plot, the filling scheme is visible in the TOF hit multiplicity

vertex to the TOF-matched hit for each mass hypothesis. About 109 events collected at an average interaction rate of about 500 kHz
were used. In the continuous readout scenario, where events are not hardware-triggered, the definition of an event coincides with
the collision vertex of reconstructed tracks. To ensure that the reconstructed collision comes from a genuine pp event, the timing
information from the two FT0 arrays must match the timing of the LHC bunch crossing. High-quality tracks are selected by applying
the following criteria separately on each track. Reconstruction requires the use of both the ITS and the TPC information. A minimum
of four ITS hits is needed, with at least two located in the first three layers. Tracks with fewer than 70 out of 152 crossed rows in
the TPC are discarded. To further ensure quality, the reduced chi-squared of the track fit quality, defined as χ2/NDF, where NDF
is the number of degrees of freedom, is required to be lower than 2.

In addition, primary tracks, i.e., tracks that point to the primary vertex of the collision, are selected to avoid the contribution
of delayed signals from particles originating from displaced secondary vertices. These are discarded by requiring the distance of
closest approach of the track to the primary vertex to be smaller than seven times its expected resolution. A dedicated study using a
Monte Carlo simulation was carried out to optimize these selection criteria as described in [13].

The separation achieved for the different particle species with the TOF detector is shown as a function of momentum (p) in Fig. 6.
The separation is computed under the mass hypothesis of the charged pions. The kaon and proton bands are clearly visible and
separated from the pion band at low momenta. The merging of the bands at high momentum is driven by the timing resolution. The
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Fig. 6 Time difference measured with TOF with respect to the expected value for the charged-pion mass hypothesis as a function of momentum, blue colors
represent lower counts. The two vertical shaded regions indicate momentum ranges used to obtain the final time resolution for the two methods presented
in the text

better the resolution, the higher the momentum limit for the particle identification becomes; thus, considerable effort is required to
improve the resolution as much as possible.

The detector resolution is measured using two methods. First, we provide a self-consistent measurement by using the variable
11tTOF, defined as the difference between the time measured for two tracks matched with TOF in the same event. This strategy has
the advantage of being independent of the definition of the collision time. Secondly, the time resolution was measured by calculating
the quantity tTOF − texp − tFT0

ev , where tFT0
ev is the event time obtained with the FT0 detector. It has to be noted that the TOF signal

shape is not entirely Gaussian, but features a non-Gaussian tail. This effect was marginally observed also when the detector operated
under ideal conditions (i.e., during beam tests), and its underlying cause is not fully understood. However, it remained relatively
stable throughout the data-taking campaigns of Run 1 and Run 2. To account for such non-Gaussian effects, and in agreement
with previous works [1, 10], an exponentially modified Gaussian distribution (EMG, Eq. 1), i.e., a Gaussian distribution with an
exponential tail on the right side of its peak, is used to extract the detector timing resolution.

f (x) ∝

⎧
⎪⎨
⎪⎩

1
σ
√

2π
e
− 1

2

(
x−μ
σ

)2

if x ≤ μ + τ

1
σ
√

2π
e
− 1

2

(
μ+τ−μ

σ

)2−τ · x−μ−τ

σ2 if x > μ + τ

(1)

With the detector properly calibrated, the tail becomes visible above approximately 1 σ and is well-described by the EMG parame-
terization. By comparison with a pure Gaussian distribution, it can be therefore observed that while for the Gaussian the probability
above 2 σ and 3 σ is at the level of 2.3% and 0.13%, respectively, in a realistic case, as shown later, the fraction of signal above 2 σ

and 3 σ slightly increases to 7% and 2.3%, reflecting, as expected, the larger contribution due to the tail. The reduction in efficiency
when applying a 3 σ cut is 3%, and this effect is well reproduced by the Monte Carlo simulation.

Considering that the non-Gaussian effects are present on the right side of the tTOF − texp − tFT0
ev distribution, when applying the

11tTOF technique, one has to account for a reflected exponential contribution on the left side of the Gaussian peak. This is achieved
by considering the fitting process, which utilizes a double exponentially modified Gaussian distribution (Double EMG, Eq. 2).
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2.1 Resolution measurement via the two-track difference

The first method to obtain the time resolution of the TOF considers a self-consistent measurement based on a two-track difference.
A double-delta variable between two tracks of the same event, using a given particle mass hypothesis, here for the pion, is defined
as:

11tTOF � [(tTOF − texp(π))2 − tev] − [(tTOF − texp(π))1 − tev] � (tTOF − texp(π))2 − (tTOF − texp(π))1 (3)

The advantage of using 11tTOF is that it does not require any knowledge of the event collision time, which varies event-by-event
depending on the longitudinal spread of the colliding bunches.

The approach is to consider one track (1) as a “reference” in a well defined kinematic region (600 < p < 700 MeV/c, see the
left vertical band in Fig. 6) and the second one (2) as a probe at any given momentum (p).

The resolution of 11tTOF is defined by two contributions, the resolution of the reference and that of the probe, as:

σ11tTOF � σ (p) ⊕ σReference (4)

Since the contributions of the two tracks are independent and all sources of uncertainty are well approximated by Gaussian distri-
butions, they all result in a sum in quadrature, indicated by ⊕. As with Eq. 3, each term contains a contribution to the resolution
which comes from the time-of-flight measurement (σTOF) and one from the momentum-dependent expected time from tracking
(σt−exp(p)):

σ (p) � σTOF ⊕ σt−exp(p) (5)

It is worth noting that σt−exp(p) strongly depends on momentum and on the mass of the particle since texp inherits all the uncertainties,
during track propagation, about the particle velocity. Due to the energy loss along the track trajectory, such uncertainties are larger
for lower beta (lower momenta) and at a given momentum for heavier particles.

By choosing the particles under study in the same kinematic region as the reference particles (σ (p) � σReference) it is possible to
measure σReference:

σReference
11tTOF

� σReference ⊕ σReference � √
2 · σReference (6)

σReference � σReference
11tTOF

/
√

2 (7)

Once σreference is known, the analysis can be repeated by varying the momentum of the particles under study to extract, using Eq. 4,
the single particle resolution

σ (p) � σTOF ⊕ σt−exp(p) �
√

σ 2
��(p) − σ 2

Reference (8)

As it will be shown in Sect. 3, when the particle momentum is high enough (e.g., for pions p > 1 GeV/c), the contribution
from σt−exp from tracking becomes negligible, and only the TOF component contributes to the resolution. In addition, in order to
work under the assumption of a negligible tracking contribution, tracks at |η|< 0.5 are selected; this requirement matches common
selection criteria employed in analysis (e.g., in [1]).

In this analysis, the “reference resolution” σReference is extracted when both track1 and track2 have 600 < p < 700 MeV/c.
The 11tTOF distribution of the selected tracks, together with the mean μ and sigma σ of the fitted Gaussian distribution and the
resulting resolution σReference, is reported in Fig. 7.

For the data considered, the obtained reference resolution is σReference � 80.6 ± 0.4 ps. As mentioned, the procedure is repeated
for various values of the momentum, according to Eq. 8, and using σReference to calculate σ (p) as a function of momentum.

2.2 Resolution extracted using the event collision time

The second method used to evaluate the TOF resolution employs a more “classical” approach, similar to what was done previously
in [14]. The measurement of the separation between particle species tTOF − texp − tev uses event collision times obtained from the
FT0 detector. The event collision time is provided by combining the timing information from the FT0A and FT0C modules.

tFT0
ev � (

tFT0A
ev + tFT0C

ev

)
/2 (9)

The delay due to the distance from the primary vertex cancels out in Eq. 9, providing an estimate of the event collision time, which
is independent of the TOF measurements. The contribution of the tFT0

ev to the tTOF − texp − tFT0
ev can then be then written as:

σtTOF−texp−tFT0
ev

� σTOF ⊕ σt−exp(p) ⊕ σtFT0
ev

(10)

Assuming that at high momenta the uncertainty related to the tracking σt−exp(p) becomes negligible

σtTOF−texp−tFT0
ev

� σTOF ⊕ σtFT0
ev

(11)
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Fig. 7 11tTOF distribution for the reference tracks, selecting both track1 and track2 with a momentum in the range 600 < p < 700 MeV/c, represented
by the black-shaded band in Fig. 6. The fit is done over the full range of the histogram
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Fig. 8 Event time resolution measured with the FT0 detector in pp collisions at
√
s � 13.6 GeV/c, to account for non-Gaussian tails, a Double EMG

function is used for the fit done over the full range of the histogram. The distribution is normalized to its integral

The separation between different particle species obtained by using the FT0 information is shown in Fig. 6. The resolution is extracted
at high momenta (1.4 < p < 1.5 GeV/c, indicated from the black-shaded band in Fig. 6), where the contribution due to tracking is
expected to be negligible. The momentum interval is chosen so that the peaks for pions and kaons are well separated. The resolution
on the event time is obtained by considering the FT0A and FT0C, corrected for the primary vertex position, individually and it is
reported in Fig. 8. In deriving the final result, the contribution of the FT0, which provides an event time resolution of approximately
16 ps can be considered negligible once added in quadrature.
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time resolution. The fit is done in the range (−200, 200) ps, and the results obtained from different ranges are taken into account in the error

3 Results

The overall results obtained for the TOF timing resolution with the two methods introduced in Sect. 2 are presented here. For both
methods, the best case is defined for the particle under study having a momentum range 1.4 < p < 1.5 GeV/c. As it can be seen in
Fig. 6, in this momentum range (denoted by the black region), the two peaks for pions and kaons are well separated. This kinematic
region is chosen because the contribution of tracking is almost negligible and it is not possible to go to higher momenta where the
two peaks are no longer resolved, without avoiding contamination from kaons. The resulting 11tTOF distribution is shown in Fig. 9.
After the contribution of the resolution on the reference (extracted from Fig. 7) is subtracted, using Eq. 8, the TOF resolution is
found to be 74.7 ± 2.3 ps. The resolution extracted for 1.4 < p < 1.5 GeV/c using the FT0 detector is reported in Fig. 10. This
technique results in a TOF resolution of 72.8 ± 0.5 ps in the |η|< 0.5 range, and 77.9 ± 0.8 ps when averaged over the full η range.
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method. As the tracking momentum resolution improves, with increasing momentum, so does the timing resolution

0 1 2 3 4 5 6

 (rad)�

25�

20�

15�

10�

5�

0

5

10

15

20

25

 (p
s)

TO
F

t
�

��

 intervals	
-0.8,-0.6 0.6,0.8
-0.6,-0.4 0.4,0.6
-0.4,-0.2 0.2,0.4
-0.2,0.0 0.0,0.2

c < 1.5 GeV/p1.4 < 

0 1 2 3 4 5 6

 (rad)�

50

60

70

80

90

100

110

120

130

140

150
 (p

s)
TO

F
t

�
��

 intervals	
-0.8,-0.6 0.6,0.8
-0.6,-0.4 0.4,0.6
-0.4,-0.2 0.2,0.4
-0.2,0.0 0.0,0.2

c < 1.5 GeV/p1.4 < 

 0.4 ps� = 80.6 Ref�

Fig. 12 Distributions of the mean value (left) and sigma (right) using the 11tTOF method in the momentum range 1.4 < p < 1.5 GeV/c as a function of ϕ

for different η intervals

The contribution of tracking to the TOF resolution (σ (p)) can be inferred using the 11tTOF method and by considering tTOF −
texp(π) − tFT0

ev , as shown in Fig. 11. The resolution improves significantly—from approximately 100 ps at a momentum of around
p ∼ 500 MeV/c—to better than 80 ps for the 11tTOF method and 72.8 ps when using tTOF − texp(π) − tFT0

ev at higher momenta,
where the tracking contribution becomes nearly negligible.

In conclusion, both methods yield consistent results, with an overall resolution of the TOF detector of better than 80 ps.
In order to verify the stability of the procedure, the analysis with 11tTOF was also repeated in different η-ϕ slices within the same

momentum interval (1.4 < p < 1.5 GeV/c). The results for the mean position of the peak and resolution are reported in Fig. 12.
The values of the mean are independent of both variables η and ϕ, as expected, following the calibration procedure. Similarly, the
values of the resolution are independent of ϕ, while it appears to be slightly worse at larger η, on both the positive and negative sides.
This effect can be ascribed to residual imperfections in track quality for those regions. It is worth noting that the reconstruction
software undergoes a few changes between the calibration pass and the physics pass; these can lead to small deviations from 0 of the
mean values. In any case, all variations proved to be below 5 ps. Indeed, the quality of the TOF calibrations is strongly coupled to
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the tracking performance, which is expected to improve over time during ALICE operations. The differential analysis we performed
indicates that there are still margins for improvement once the entire ALICE Run 3 procedure is better understood, after which a
similar timing performance to that of 56 ps reached in Pb–Pb collisions at the end of Run 2 is expected [15].

4 Conclusions

The PID capabilities of the ALICE experiment are essential for realizing its physics program. The ALICE time-of-flight detector is
crucial to provide particle separation in the intermediate momentum region (0.5 < p < 4 GeV/c). The recent upgrade of the TOF
detector was mainly centered around its readout electronics to fit into the new data acquisition system. A refurbishment of other
TOF components was also carried out based on the experience gained in Run 1 and Run 2 to improve their operations. As a result,
the new offline handling of the data, calibration, and quality control, which were also developed, are presented in this paper. The
TOF PID performance is evaluated by measuring the detector resolution of the time-of-flight measurement using two methods: one
purely relying on the TOF and tracking information presented here for the first time, and one that depends on the global event time
determination. The two methods yield consistent results, with an overall resolution better than 80 ps, reaching the target set out in
the technical design report for the TOF system [16]. The achievements presented in this paper confirm the capability of ALICE to
maintain a reliable PID in the continuous readout mode of Run 3.
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