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1 Introduction

A Large Ion Collider Experiment (ALICE) is a multipurpose experiment at the Large Hadron
Collider (LHC) at the European Organization for Nuclear Research (CERN) consisting of multiple
detector systems [1]. Its primary goal is to investigate the properties of hot quark-gluon matter
created in ultrarelativistic heavy-ion collisions. This is accomplished by exploiting the unique
features of the ALICE detector systems, namely to be able to measure and identify both soft particles
and hard probes, i.e. jets, heavy-flavor hadrons and quarkonia, as well as direct photons. The
ALICE experiment incorporates detectors based on a variety of different particle reconstruction and
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identification techniques. The central tracking system covering a pseudorapidity of 0 9 consists
of the Inner tracking system (ITS), Time Projection Chamber (TPC), Transition Radiation Detector
(TRD) and Time Of Flight (TOF) and is able to detect and identify relatively soft charged particles
with transverse momenta T 50–100 MeV/ in complex, high-multiplicity events (see [2] for
details on the achieved performance). All central barrel detectors are placed inside a large solenoid
magnet with a maximum field of 0.5 T parallel to the beam direction. In the central region, ALICE
includes two electromagnetic calorimeter systems: the PHOton Spectrometer (PHOS) and the
Electro Magnetic Calorimeter (EMCal). The PHOS calorimeter was designed to measure spectra and
correlations of thermal and direct photons, and of neutral mesons via their decay into photon pairs.
This requires high granularity as well as excellent energy and position resolution [3]. The EMCal [4]
was designed for the measurements of electrons from heavy-flavor hadron decays, the electromagnetic
component of jets, and spectra of direct photons and neutral mesons. Both calorimeters are trigger
detectors, they select collisions when there is a high energy deposition, typically a few GeV, from
photons or electrons. The EMCal also provides a dedicated trigger for jets. Such triggers are
needed to sample most of the LHC delivered luminosity, since not all the collisions that pass the
minimum-bias (MB) trigger condition [5] can be recorded due to TPC readout time limitations.

This document discusses the capabilities, data processing, calibration methods, and performance
of the EMCal with a focus on the experience and performance from the LHC Run 2 from 2015–2018.
It constitutes the first complete description of the achieved performance since the report on the
expected physics performance in 2009 [6] before collision data were taken with the EMCal, and
since the general summary of the ALICE performance from Run 1 with collision data in 2014 [2].

The EMCal is a layered lead (Pb)-scintillator (Scint) sampling calorimeter with wavelength
shifting fibers that run longitudinally through the Pb/Scint stack providing light collection (Shash-
lik) [4]. It is located 4.5 m in radial distance from the beam pipe and covers two separate ranges in
azimuth, as illustrated in figure 1. The EMCal is structured in so-called Super Modules (SMs), as
described in section 2.2. It was installed into ALICE in several campaigns: in 2009, the first four
SM (SM0–3, see figure 5) were installed; in 2011 the supermodules 4–11 were added. The rest of
EMCal supermodules (SM12–19) were installed in 2014. Since these last supermodules are located
about 180 opposite in azimuthal angle from the other SMs, this second part of the EMCal is often
referred to as Di-Jet Calorimeter (DCal), highlighting its purpose to be able to measure dĳets [7].
We usually will refer to the complete detector as EMCal (SM0–19) and only treat the DCal as an
independent detector when we intend to point out or illustrate a difference. An additional change of
setup of the EMCal was introduced by the successive installation of the TRD detector modules [8],
which are in front of the EMCal. The TRD modules provide additional material decreasing the yield
of photons in some regions of the EMCal due to the additional photon conversions occurring in the
TRD modules.

The ALICE coordinate system, used throughout the article, is a right-handed orthogonal
Cartesian system with its origin at the LHC Interaction Point (IP)2. The axis is parallel to the
mean beam direction at IP2 and points along the LHC beam 2 (i.e. LHC anticlockwise). The axis
is horizontal and points approximately towards the center of the LHC. The axis, consequently, is
approximately vertical and points upwards. Other ALICE or LHC specific nomenclature that will be
used throughout the document including beam-related properties such as bunch spacing and crossing
and orbit are detailed in refs. [1, 9].

– 2 –
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Figure 1. Schematic view of the EMCal (left) illustrating the module position on two approximately opposite
locations in azimuth. The PHOS calorimeter inside the DCal is indicated in brown. The right figure shows a
cross section of the ALICE barrel detectors.

In the following, the data collected so far with the EMCal are summarized. The data taking at
the LHC is organized in various units of time. There are LHC run periods, which last several years
and are followed by long shutdown periods. To date, ALICE recorded data during two LHC runs,
Run 1 in 2009–2013 and Run 2 in 2015–2018. A single data-taking year is subdivided into different
periods1, which typically last several weeks to months for standard physics data-taking periods, or
just days or hours, if special tests are done. Within these periods, ALICE takes data during single
“runs”, which usually last a few hours and are tagged by a unique number (run number). Tables 1–3
summarize the recorded datasets with the EMCal. The EMCal recorded events are reported in
terms of integrated luminosity int evtRF MB where evt is the number of triggered collisions,
Rejection Factor (RF) is the average number of rejected events per triggered event and MB is the
minimum-bias cross section [10–13].

The remaining part of the article is structured as follows. Details about the design and readout
of the detector are given in section 2. Details on data taking, reconstruction and validation are
given in section 3. In order to characterize the EMCal in a controlled environment, a prototype was
tested with beams of known energy in 2010. The details of the setup and analysis of the beam test
are documented in section 4. To use the data of the EMCal, several iterations of calibration and
selections have to be applied. The technicalities of the related procedures are given in section 5.
The EMCal performance is typically illustrated using data and simulations from pp collisions at a
center-of-mass energy of 13 TeV, and from Pb-Pb collisions at a center-of-mass energy per
nucleon-nucleon of NN 5 02 TeV. To reconstruct objects like photons, light mesons, electrons,

1Usually, a period advances from one LHC technical stop to the next, but it can switch in between, if something
changed in the detector configuration (eg. magnetic field) or the beam conditions (eg. collision system or energy). Periods
are denoted as LHCyyl, where yy denotes the year and l corresponds to a letter to separate different periods, for example
“LHC12c”. Some of the figures in this article contain such period tags.
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Table 1. Data collected in pp collisions for different center-of-mass energies ( ) with minimum-bias and
EMCal triggers.

Year MB events (x106) int MB int EMCal

0.9 TeV 2010 5.8 0.12 nb 1 -

2.76 TeV 2011 26.4 0.55 nb 1 1.2 nb 1

2013 15.6 0.33 nb 1 47.1 nb 1

5.02 TeV 2015 100 1.95 nb 1 0.075 pb 1

2017 1129 22.05 nb 1 0.435 pb 1

7 TeV 2010 358 5.74 nb 1 -
2011 1.8 0.03 nb 1 0.47 pb 1

8 TeV 2012 108 1.93 nb 1 0.62 pb 1

13 TeV 2016 382 6.61 nb 1 2.44 pb 1

2017 519 8.97 nb 1 3.74 pb 1

2018 615 10.64 nb 1 3.23 pb 1

Table 2. Data collected in p-Pb collisions for different nucleon-nucleon center-of-mass energies ( NN ) with
minimum bias and EMCal triggers. The numbers in parentheses denote the corresponding data set with only
the triggering and vertexing detectors in the readout.

NN year MB events ( 106) int MB int EMCal

5.02 TeV 2013 94 0.045 nb 1 7.38 nb 1

2016 490 0.235 nb 1 -

8.16 TeV 2016 38(83) 0.018 (0.041) nb 1 1.42 (5.67) nb 1

Table 3. Data collected in heavy-ion collisions at different nucleon-nucleon collision center-of-mass energies
( NN) using minimum bias, centrality [14] or EMCal triggers. Centrality triggers are defined as minimum
bias (0–100%), central (0–10%), and mid-central (0–50% for 2011 and 30–50% for 2018). The corresponding
cross sections are given in b 1 in the brackets.

centrality triggered events (x106) int EMCal
System Year minimum bias central mid-central

Xe, 5.44 TeV 2017 1.7 (0.3) - - -

Pb, 2.76 TeV 2010 14.8 (2.0) - - -
2011 1.6 (0.2) 11.5 (15.3) 10.6 (4.7) 25.3 b 1

Pb, 5.02 TeV 2015 74 (9.7) - - 51.2 b 1

2018 159 (20.9) 133 (174.5) 73 (48.1) 116.9 b 1

and jets, specific algorithms are applied to the calibrated data. The performance of the EMCal
regarding these reconstructed objects are discussed in section 6.
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2 Detector description

The main characteristics of the detector and the Front End Electronics (FEE) are briefly described
below. They are relevant for understanding the physics performance discussed in the subsequent
sections. For a complete description see [4, 7].

2.1 Module design

The basic building block of the EMCal is a Module, which consists of 2 2 optically isolated towers
as illustrated in figure 2.

Each tower is read out individually and spans a region of 0 0143 0 0143. The
tower lines are referred to as columns in the direction and as rows in the direction. Each module
has a fixed width in the direction and a tapered width in the direction with an angle of 1 5 .
The resulting assembly of stacked strips made of 12 identical modules (along ) is approximately
projective in (see figure 3) with an average angle of incidence at the front face of a module of less
than 2 in and less than 5 in .

The physical characteristics of the EMCal modules are summarized in table 4. White, acid-free,
bond paper serves as a diffuse reflector on the scintillator surfaces and provides friction between 76
layers of lead and 77 layers of scintillator. The scintillator edges are treated with TiO2 loaded reflector

Figure 2. Photo and drawing of EMCal module showing all components.
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Figure 3. Schematic view of the EMCal full-size super modules (SMs) illustrating the strip structure made of
24 strips.

Table 4. EMCal module physical parameters.

Parameter Value

Tower Size (on front face) 6 0 6 0 24 6 cm3

Tower Size (at 0 ) 0 0143 0 0143
Sampling Ratio 1.44 mm Pb / 1.76 mm Scint.
Layers 77
Scintillator Polystyrene (BASF143E

1.5%pTP 0.04%POPOP)
Absorber natural lead
Effective radiation length 0 12.3 mm
Effective Molière radius M 3.20 cm
Effective Density 5.68 g/cm3

Sampling Fraction 1/10.5
No. of radiation lengths 20.1

to improve the transverse optical uniformity within a single tower and to provide tower-to-tower
optical isolation better than 99%.

Scintillation photons produced in each tower are captured by an array of 36 Kuraray Y-11 (200
M), double clad, Wavelength Shifting (WLS) fibers. Each fiber within a given tower terminates in an
aluminized mirror at the front face of the module and is integrated into a polished, circular group
of 36 fibers at the photosensor end at the back of the module. Avalanche Photo Diodes (APDs)
of 5 5 mm2 size (Hamamatsu S8664-55 or Perkin Elmer C30739ECERH-l) are used as active
photosensors for operation in the high 0.5 T field inside the ALICE magnet. The APDs are operated
at moderate gain for low noise and high gain stability in order to maximize energy and timing
resolution. The number of primary electrons generated in the APD from an electromagnetic shower

– 6 –
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is 4 4 photoelectrons/MeV. The reverse bias voltage of the APDs are individually controlled to
provide an electron multiplication factor of 30, resulting in a charge output of 132 electrons/MeV
from the APDs. The main characteristics of the EMCal FEE are summarized in table 5

Table 5. EMCal FEE main characteristics.
Parameter Value

High gain range 15.3 MeV to 15.6 GeV
Low gain range 248 MeV to 250 GeV
Time integration window 1.5 s
Digitization sampling rate 10 MHz
Light yield at APD 4 4 photoelectrons/MeV
APD gain 30
Shaping time 235 ns

The APD is connected directly to a Charge Sensitive Preamplifier (CSP) with a short rise time
of 10 ns and a long decay time of 130 s, i.e., approximately a step pulse. The amplitude of
the step pulse is proportional to the number of integrated electrons from the APD and therefore
proportional to the energy of the incident particle.

The CSPs of 2 8 adjacent towers are connected to an adaptor called as T-Card, and the analog
signals arrive via a ribbon cable to the FEE cards located at the end of the SM. Figure 4 illustrates
the acceptances covered by a tower, module, strip module, T- and FEE- cards.

FEE-Card
8x4 towers

T-Card
8x2 towers

EMCal Supermodule
24x48 towers (12x24 modules)

Module
2x2 towers

Tower (Cell)
ΔηxΔφ=0.0143x0.0143 

Strip Module
24x2 towers

Figure 4. (Color online) EMCal full-size (SM) in the plane including visualizations of sub-components
and their tower coverage.

2.2 Supermodule design

The overall design of the calorimeter is heavily influenced by its integration within the ALICE [1]
setup and SMs of 3 different sizes are used: full-, 2/3- and 1/3- size. Each full-size SM is assembled
from 12 24 288 modules arranged in 24 strip modules of 12 1 modules each. Each 2/3-size

– 7 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

SM is assembled from 12 16 192 modules, and each one-third size SM is assembled from
4 24 96 modules. The EMCal is made of 10 full-size SMs and 2 1/3-size SMs covering 0 7
in pseudorapidity and 80 187 in azimuth. DCal is made of 6 2/3-size SMs and 2 1/3-size
SMs with acceptance: 0 22 0 7 260 320 and 0 7 320 327 . A
schematic view of the acceptance and the SM numbering scheme used in the offline software is
illustrated in figure 5. The EMCal has 12288 towers and DCal has 5376 towers. The SMs are
installed in the experimental cavern such that the radial distance of the SM front face from the IP is

4 3 m, see figure 1.

Figure 5. Geometric overview of the EMCal and DCal detectors in the - plane. The drawing outlines the
full LHC Run 2 setup with all 20 SMs as well as the PHOS detector in the DCal gap.

2.3 Readout

A single FEE card [15] provides readout of 32 towers (2 adjacent T-Cards) and splits the individual
preamplifier signal into energy and trigger shaper channel. The energy signals are shaped with

200 ns shaping time in dual shaper channels differing by a factor of 16 in gain, sampled at 10 MHz
with the 10-bit ALICE TPC Readout (ALTRO) chip [16]. The shapers are designed such that for an
APD gain factor of 30, the range fills the full input range of 1 V of the ALTRO chip, for each of the
high ( 16) and low gain channels. The signal is characterised by the formula in eq. (2.1):

2 2
0 2

exp 2 0 (2.1)

where is the charge on APD, the preamplifier gain, the capacitance in the preamplifier, 0

the peak time, and the shaping time.
The dynamic range of the calorimeter is defined by the requirement of 250 GeV maximum single

channel energy. Given the 16:1 gain ratio of the high and low gain channels, the two overlapping
10-bit Analog-to-Digital Converter (ADC) ranges correspond to an effective 14-bit dynamic range
over the interval from 16 MeV to 250 GeV, resulting in a Least Significant Bit on the low gain
range of 250 MeV and on the high gain range of 16 MeV.

Since the digitization by the ALTRO chip of the two parallel streams corresponding to low and
high gain channels is performed with 10 MHz (100 ns) sampling frequency, information about the
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signal time phase is required, as there are 4 possible phases of sampling in respect to trigger signal
of 40 MHz granularity. During LHC Run 1 (years 2009 to 2011), the phases were found online by
the readout firmware, while during LHC Run 2 (years 2015 to 2018) they were found with an offline
analysis of data as described in section 5.4.

The ALTRO chip copies a defined amount of samples from a rotating buffer to a Multi-Event
Buffer (MEB) on reception of the Level-0 (L0) trigger from the Central Trigger Processor (CTP) [17].
Reception of the Level-1 (L1) signal validates the data in the multi-event buffer, so that this can
not be rewritten by the following L0 trigger. Readout of the multi-event buffer can be performed
after each L1 (no MEB operation) or after up to 4 triggers. The ALTRO chips are configured to
record fifteen 10-bit time (pre-)samples per readout channel per event, corresponding to 1.5 s
time integration window. They are compressed by discarding samples close to the reference level
(pedestal) that contain no useful information (“zero suppressed”), reducing substantially the data
volume provided to readout. The pedestals are obtained from special runs with no pre-programmed
pedestal or signal present.

2.4 Trigger

Both EMCal and DCal provide inputs to the L0 and L1 trigger decisions in ALICE. The trigger
subsystem resides in specific hardware boards. The analog signals of 2 2 groups of adjacent towers
are summed in the FEE boards and transmitted to a local Trigger Region Unit (TRU) board where
the 2 2 tower sums from 12 FEE cards (96, 2 2 sums) are digitized at the LHC clock frequency
of 40 MHz [18]. The digitized 2 2 tower sums are summed over time samples with pre-sample
pedestal subtraction to provide an integral energy measurement, referred to as “timesums”. Finally,
overlapping 4 4 tower digital sums, called trigger patches, are formed within each TRU and a peak-
finding algorithm is used to find a signal peak. Each 4 4 sum signal peak amplitude is then compared
against a threshold to provide a L0 trigger output that indicates the presence of a high energy shower
in the TRU region (1 TRU covers 1/3 of the area for a full-size SM). The L0 trigger decision from
each TRU is passed to a Summary Trigger Unit (STU) that performs the logical OR of the L0 outputs
from all TRUs to provide a single L0 input to the ALICE CTP within 800 ns after the interaction.

Upon receipt of an accepted L0 trigger from the CTP, the digitized time-summed 2 2 tower
sums from each TRU are passed to the STU. In the STU the 4 4 overlapping tower sums are formed
again, but across TRU boundaries over the full acceptance to provide an improved L1 high-energy
shower trigger referred to as L1- trigger [19]. At the same time, tower sums over a large 8 8
trigger-channel window (16 16 towers) and a 16 16 trigger-channel window (32 32 towers) are
also formed to provide a L1 jet trigger. Both L1 triggers allow the definion of two thresholds for the
event selection, referred to as high and low threshold.

In order to reduce the bias due to multiplicity fluctuations in heavy-ion collisions, there is a direct
communication between EMCal and DCal STUs for considering the underlying event background in
the online L1 trigger decision. For EMCal, the background is estimated based on the median of
the energies deposited in 8 8 trigger channel (16 16 towers) windows in DCal, and vice versa
for DCal. The background is subtracted from the signal amplitude and then compared against a
threshold to provide L1 triggers. During Run 1, when only the EMCal was installed, the background
for EMCal was estimated based on the multiplicity measured by the V0 detector. The settings and
thresholds used for different data-taking periods are given in section 3.5.
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2.5 APD pre-calibration and gain monitoring

Prior to installation, each APD was tested to verify its basic functionality and properties [20]. In
particular, the voltage needed for the APD to obtain gain 30 was required to be lower than
400 V due to the limitation in the EMCal FEE. The gain is defined as the ratio between the
amplitude at the voltage and the amplitude in the plateau at fixed temperature, and is parameterised
with an exponential function plus a constant [21]:

0 1 2 (2.2)

The individual gain curves for most of the APDs were determined and used to set the initial
biases for each readout channel and equalize the gain for all towers. This allowed the equalisation of
the initial tower calibrations to better than 20% in laboratory conditions.

Then, each SM was calibrated prior to installation, by the use of the peak of the energy deposit
spectrum of atmospheric muons traversing the calorimeter (see section 5.2.1). The final relative
tower-by-tower energy calibrations are obtained from measurements of the 0 mass peak in the
two-photon invariant mass spectrum as discussed in section 5.2.2. The absolute energy calibration is
obtained by comparing the 0 mass peak positions from data and Monte Carlo (MC) as described in
section 5.6.

The APD gain also strongly depends on the temperature: since the avalanche multiplication
depends on the mean free path of electrons between ionizing collisions, which is temperature
dependent, the APD gain decreases with temperature. The temperature across the SMs is monitored
by temperature sensors: eight sensors in the full-size and 2/3-size SMs and four in the 1/3-size
modules. In parallel to periodically recording the measurements by temperature sensors during
data taking, the temperature/time dependence of the APD gain is monitored using a custom built
Light-emitting diode (LED) system triggered by an avalanche pulser system to provide an intense
light pulse of several ns duration [4, 15].

While physics data-taking is ongoing, the events triggered by calibration triggers are taken
during the long gap of about 2.97 s at the time when the orbit reset from the LHC machine is
sent, to avoid overlaps of “physics” pulses due to bunch-bunch crossings with the one generated
by the LED system. A calibration pre-pulse is provided to trigger the LED pulser system by the
CTP followed by an L0 calibration event trigger with about 1.9 s latency. At the reception of the
calibration pre-pulse, up to 109 photons of 470 nm wavelength are generated by a single ultra-bright
blue LED (part no. E7113UVC by eLED) and are transmitted to each strip module via an optical
fiber. At the strip module, the optical fiber is split into twelve fibers that bring the light to a hole
between the four towers at the back of each module. A diffuser reflects the LED light back into the
WLS of each tower. The LEDs are monitored by photodiodes that are read out with an extra FEE
card installed in the FEE crate close to the LED system. The variation of the EMCal response to the
LED signal with time and temperature is presented in section 5.5.

3 Data processing

In this section the basic steps of the EMCal data reconstruction are discussed: raw data fitting,
clusterization, cluster characterization, and data quality control. Further, it summarizes all information
regarding the EMCal trigger performance for several collision systems and reconstructed objects.
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Fi g u r e 6 . E x a m pl e of a fit t o a di giti z e d p uls e fr o m el e ctr o n t est b e a m d at a usi n g t h e f u n cti o n d e fi n e d i n

e q. ( 2. 1 ) wit h a fi x e d s h a pi n g ti m e p ar a m et er 𝜏 = 2 3 5 ns.

3. 1 R a w d at a p r o c essi n g

As d es cri b e d i n s e cti o n 2. 3 , t h e el e ctr o ni cs si g n al is di giti z e d wit h a 1 0 M H z A D C wit hi n t h e 1. 5 μ s

ti m e i nt e gr ati o n wi n d o w. F or e a c h t o w er t h e p e d est al s u btr a cti o n a n d z er o s u p pr essi o n ar e alr e a d y

a p pli e d i n t h e el e ctr o ni cs. T h e a m plit u d e of t h e di giti z e d si g n al is l o w er t h a n t h e a m plit u d e of t h e

i n p ut a n al o g si g n al b e c a us e a si m pl e c o m p ar at or is us e d i n t h e A D C a n d t h e di ff er e n c e d e p e n ds o n

t h e s a m pli n g p h as e. I n or d er t o c orr e ct f or t his e ff e ct a n d m e as ur e t h e si g n al p e a k ti m e a c c ur at el y,

t h e di giti z e d-si g n al distri b uti o n is fitt e d wit h t h e f u n cti o n d e fi n e d i n e q. (2. 1 ) d uri n g t h e o ffli n e

r e c o nstr u cti o n. Fi g ur e 6 s h o ws a n e x a m pl e of t h e si g n al distri b uti o n f or el e ctr o n t est b e a m d at a t o

ill ustr at e t h e q u alit y of t h e fit. T h e fit w as d o n e wit h a fi x e d s h a pi n g ti m e p ar a m et er 𝜏 = 2 3 5 ns.

Fr o m t h e fit, t h e si g n al a m plit u d e ( p uls e m a xi m u m a m plit u d e) a n d arri v al ti m e (ti m e bi n of

t h e p uls e m a xi m u m) ar e e xtr a ct e d p er c ell a n d st or e d i n t h e r e c o nstr u ct e d d at a. T h e a m plit u d e is

pr o vi d e d i n A D C c o u nts, w h er e a n A D C c o u nt c orr es p o n ds t o a p pr o xi m at el y 1 6 M e V i n t h e hi g h

g ai n r e gi o n a n d 2 5 0 M e V i n t h e l o w g ai n r e gi o n. T h e e x a ct c orr es p o n d e n c e v ari es fr o m c h a n n el

t o c h a n n el a n d is d et er mi n e d i n t h e e n er g y c ali br ati o n pr o c e d ur e (s e e s e cti o n 5. 2 ). T h e p e a k ti m e

is ar o u n d 6 0 0 ns d u e t o c a bl e l e n gt hs a n d d el a ys, w hi c h ar e c orr e ct e d f or b y t h e ti m e c ali br ati o n

pr o c e d ur e d es cri b e d i n s e cti o n 5. 5

3. 2 D et e ct o r r es p o ns e i n si m ul ati o ns

T h e E M C al si m ul ati o n r eli es o n t w o m ai n st e ps: p arti cl e tr a ns p ort ( p arti cl e i nt er a cti o ns i n t h e

d et e ct or m at eri al), a n d di giti z ati o n (tr a nsf or m ati o n of t h e d e p osit e d p arti cl e e n er g y i nt o t h e e q ui v al e nt

q u a ntiti es o bt ai n e d fr o m r a w d at a aft er t h e r a w si g n al fitti n g). T h e tr a ns p ort of p arti cl es t hr o u g h

t h e d et e ct or is h a n dl e d wit h t h e G E o m etr y A N d Tr a c ki n g ( G E A N T) v 3 [2 2 ] p a c k a g e f or m ost

of t h e si m ul ati o ns c orr es p o n di n g t o R u n 1 a n d 2 d at a. T h e G E A N T v 4 [ 2 3 ] p a c k a g e w as us e d

i n a f e w i nst a n c es f or p erf or m a n c e c o m p aris o ns wit h t h e v 3 v ersi o n. G E A N T v 3 w as pr ef err e d

b y A LI C E si n c e it d es cri b e d t h e f ull d et e ct or s yst e m b ett er a n d is f ast er i n h e a v y-i o n si m ul ati o ns

wit h t h e s oft w ar e p a c k a g e us e d i n R u n 1 a n d 2. I n b ot h tr a ns p ort m o d els, p arti cl es ar e r e q uir e d

t o h a v e a mi ni m u m ki n eti c e n er g y of 1 M e V i n or d er t o b e tr a ns p ort e d t hr o u g h t h e E M C al. T h e
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different processes that were typically activated are listed in appendix A for the two transport models.
GEANT4 relies on predefined “physics lists” that configure different processes. The one used in
ALICE is “FTFP_BERT_EMV+optical+biasing”, which enforces fast simulation of electromagnetic
processes via the Urban Special Model [24] but does not describe the electromagnetic shower
development in the calorimeter. For the EMCal, we ensure a detailed electromagnetic process
modelling based on the GEANT4 option “EmStandard_opt0” [25]. For each particle entering the
“sensitive” EMCal material (scintillator, polystyrene), the deposited energy of the particle ( deposited)
and its shower daughters are recorded. This energy is corrected for the diminished light output due
to the ionization produced by the preceding particles (saturation). This is done by rescaling the
energy deposited per particle using Birk’s law [26], eq. (3.1), as in GEANT3’s G3BRIRK routine:

Light yield deposited

1 1 2 2 with (3.1)

1 MeV cm2

g

1
0 013 g

MeV cm2 1

0 00743 g
MeV cm2 1

and

2 9 6 10 6 g2

MeV2 cm4

The polystyrene density is set to 1 032 g/cm3. An additional sampling calibration factor
depending on the transport model is needed to match the deposited energy and the particle energy.
The sampling calibration factor is 10.87 for GEANT3 and 8.85 for GEANT4. Those factors were
found by checking the mean reconstructed energy of photons generated at fixed energies. At the
digitization step, all the deposited energy in a cell, cell, is summed. In order to include fluctuations
in the APD gains, cell is smeared using Poisson fluctuations. The fluctuations were parameterized
according to a Poisson distribution with the variance:

cell APD (3.2)

where the average number of photoelectrons 4 4 photoelectrons/MeV (see section 2.3)
and the APD gain fluctuations 15 were tuned using the electron test beam measurements.
Finally, electronic noise is assigned to each cell, via a Gaussian distribution centred at 0 with a width
of 12 MeV. The total cell energy is then transformed into ADC counts to emulate the output of the
raw data fitting, using the calibration factors from data reconstruction which can vary from cell
to cell. If the total cell energy exceeds or is equal to 3 ADC counts, corresponding to 50 MeV,
the cell energy is accepted. The current EMCal simulation includes neither pileup events, whose
contribution is considered negligible for Run 1 and Run 2 (see section 3.4), nor the direct interaction
of particles (in particular neutrons) with the APD. The latter is the most likely cause of the “exotic
clusters” (see section 3.4.3).

3.3 Clusterization

A particle interacting with the cell material produces a shower spreading its energy over neighbouring
cells. The electromagnetic (or hadronic) shower can spread more than its Molière radius, which
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Fi g u r e 7 . ( C ol or o nli n e) Distri b uti o n of t h e o p e ni n g a n gl e 𝜏 1 2 of t w o d e c a y p h ot o ns fr o m 𝜏 0 (l eft) a n d 𝜂

(ri g ht) m es o ns d e c a ys as a f u n cti o n of t h e m es o n e n er g y o bt ai n e d at g e n er at or l e v el fr o m a M C si m ul ati o n.

T h e h ori z o nt al li n es i n di c at e t h e o p e ni n g a n gl e c orr es p o n di n g t o a wi dt h of a p pr o xi m at el y 1, 3 a n d 5 c ells

s e p ar ati n g t h e t w o p h ot o ns. T w o p h ot o ns c o m pl et el y m er g e i nt o o n e cl ust er if t h e y f all b el o w t h e o n e c ell

dist a n c e, w hil e t h e y st art m er gi n g at a wi dt h of a p pr o xi m at el y 3 c ells, d e p e n di n g o n t h e cl ust eri z er. T h e

c ol or e d v erti c al li n es c orr es p o n d t o t h e e n er g y li mits w h er e t w o p h ot o ns c o ul d still b e f ull y r es ol v e d usi n g t h e

V 1 ( bl u e) a n d V 2 (r e d) cl ust eri z ers.

c orr es p o n ds t o a b o ut h alf a n E M C al c ell si z e (s e e t a bl e 4 ). A c al ori m et er cl ust er, a n a g gr e g at e

of a dj a c e nt c al ori m et er c ells wit h e n er g y a b o v e t h e n ois e t hr es h ol d, is t h e m ai n o bj e ct d eli v er e d

b y t h e r e c o nstr u cti o n s oft w ar e. I d e all y, s u c h a cl ust er of c ells is pr o d u c e d b y a si n gl e p arti cl e

hitti n g t h e d et e ct or, alt h o u g h d e p e n di n g o n t h e p arti cl e e n er g y, d et e ct or gr a n ul arit y, p arti cl e d e nsit y,

cl ust eri z ati o n al g orit h m, a n d e v e nt t y p e, a cl ust er c a n h a v e c o ntri b uti o ns fr o m di ff er e nt p arti cl es. F or

p arti cl es d e p ositi n g t h eir f ull e n er g y i n t h e c al ori m et er, li k e p h ot o ns a n d el e ctr o ns, t h e r e c o nstr u ct e d

cl ust er e n er g y is a p pr o xi m at el y t h e p arti cl e e n er g y. F or m es o ns t h at pr e d o mi n a ntl y d e c a y i nt o t w o

p h ot o ns, li k e 𝜋 0 a n d 𝜂 m es o ns, t h e e n er g y is d et e ct e d i n t h e c al ori m et er as t w o s e p ar at e cl ust ers

or a m er g e d o n e, d e p e n di n g o n t h eir tr a ns v ers e m o m e nt u m as w ell as o n t h e gr a n ul arit y of t h e

c al ori m et er. T h es e p arti cl es ar e c o m m o nl y r e c o nstr u ct e d as a n e x c ess i n t h e di- p h ot o n i n v ari a nt

m ass ( 𝑀 𝛾 1 𝛾 2 ) distri b uti o ns:

𝑀 𝛾 1 𝛾 2 =
√︁

2 𝐸 1 𝐸 2 (1 − c os 𝜃 1 2 ), ( 3. 3)

w h er e 𝜃 1 2 is t h e r el ati v e o p e ni n g a n gl e b et w e e n t h e p h ot o ns i n t h e l a b or at or y fr a m e, wit h

c os 𝜃 1 2 =
𝛾 2 𝛽 2

𝜋 0 ( 𝜂 )
− 𝛾 2 𝛼 2

𝜋 0 ( 𝜂 )
− 1

𝛾 2 (1 − 𝛼 2
𝜋 0 ( 𝜂 )

)
( 3. 4)

w h er e

𝛼 𝜋 0 =
|𝐸 1 − 𝐸 2 |

𝐸 1 + 𝐸 2
( 3. 5)

is t h e d e c a y as y m m etr y f or t h e r es p e cti v e m es o n, 𝛽 𝜋 0 ( 𝜂 ) = 𝑝 / 𝐸 a n d 𝛾 = 1 /
√︃

1 − 𝛽 2
𝜋 0 ( 𝜂 )

. T h e

o p e ni n g a n gl e 𝜃 1 2 b e c o m es s m all er wit h i n cr e asi n g m es o n e n er g y a n d is mi ni m al at 𝛼 𝜋 0 ( 𝜂 ) = 0 .

As y m m etri c p airs ( 𝛼 𝜋 0 ( 𝜂 ) ≈ 1 ) h a v e a l ar g er 𝜃 1 2 , t h us f or hi g h- e n er g y m es o ns o nl y as y m m etri c

d e c a ys c a n b e s e p ar at e d.

– 1 3 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

In figure 7, the decay kinematics for 0 and mesons are compared to EMCal cell sizes. For
opening angles close to or smaller than 0.0143 rad, the two decay photons are too close to be resolved.
For 0 and mesons with energies larger than 5 GeV and 22 GeV, respectively, the opening-angle
distribution is such that the outer cells of the photon clusters can overlap, and above 16 GeV for

0mesons and 60 GeV for mesons the minimum opening angle is close to or smaller than the cell size.
Several clusterization methods have been developed for the EMCal which can separate these

decay products up to different incident particle energies. The selection of the clusterization method
depends on the goal of the analysis. Figure 8 schematically explains the differences between the
clusterization methods. All clusterizing methods build clusters starting from the highest energetic
cell in a region, referred to as seed cell, and associate cells in the vicinity that share a common
side with cells already in the cluster. Cells are aggregated into the cluster in case their energy is
above the aggregation threshold agg (typically 100 MeV). The seed threshold depends on the probe,
ranging from 300 MeV for jet measurements, where a high efficiency on the energy reconstruction
is desired, to 500 MeV for particle identification, which is more sensitive to noise. The simplest
clusterization algorithm, called “V1” clusterizer, aggregates cells as long as the conditions specified
above are fulfilled. For the “V2” clusterizer, only cells with an energy smaller than neighboring
cells that are already part of the cluster are aggregated to the cluster. This additional requirement
makes the clusterization algorithm more robust against shower overlaps, in particular in high particle
density environments.

Besides these most frequently-utilized methods, other algorithms were implemented, like the
“ ” clusterizer or the “V1+unfolding” clusterizer. The clusterizer restricts the size
of the cluster to cells in and direction around the seed cell, starting with the cell with
highest energy in the event. The V1+unfolding clusterizer splits V1 clusters into several sub-clusters
by fitting the cell energy profile, allowing a cell to be present in two clusters, with a different
fraction of energy in the cell assigned to each cluster. This clusterizer is expected to provide a better
performance for separating overlapping showers and cluster energies than the other clusterizers but
is significantly slower.

The performance of each clusterizer was evaluated for different physics objects at the beginning
of LHC Run 1. In general, it was found that while the V1 clusterizer is suitable for analyses that
heavily rely on separating the signal and background through Particle Identification (PID) selections
(i.e. shower shape, see section 3.4.2), it is not optimal for high-particle-density environments. In
particular, within a strongly collimated jet or in heavy-ion collisions, the other three clusterization
techniques (V2, NxM and V1-unfolding) perform better, resulting in clusters which are more closely
related to the incident particles in terms of energy and position. While the V1-unfolding algorithm
has promising features, its improved performance is devalued by its higher computational time.
Thus, the simpler V2 algorithm is typically used.

Figure 9 demonstrates the performance of the different clusterization methods on the neutral
mesons invariant mass analysis of pp collisions at 13 TeV. While all of these algorithms
perform similarly well below 10 GeV, significant differences can be seen above 12 GeV.
Starting from 6 GeV the V1 clusterizer will start to absorb the second photon into the higher energetic
cluster due to their small opening angle depleting the lower invariant masses in the cluster-pair
distribution until no 0 peak is visible any longer around 15 GeV. Using the V1-unfolding
algorithm, the 0 can be reconstructed up to 20 GeV through two-dimensional template fits to
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Figure 8. (Color online) Schematic comparison of different clusterization algorithms. Only one dimension is
shown for simplicity. Yellow boxes represent the energy in each cell. agg is the clusterization threshold as
defined in the text. The different clusters are indicated by blue and red hatched areas. Each panel represents a
clusterization algorithm: a) V1, b) 3 3, c) V2, d) V1+unfolding.

the cell-energy distribution within the V1 cluster and subsequent splitting of the cluster. Nonetheless,
the V2 and 3 3 clusterizers have proven to be better suited to reconstruct 0 and mesons with
small opening angles as they are able to split even very asymmetric decays. Consequently, they are
more performant at high T in an invariant-mass analysis. However, their cluster centers and energy
sharing will be slightly biased towards the higher energetic photon leading to a shift of the neutral
pion peak position towards higher invariant masses for very small opening angles. Moreover, the
signal-to-background ratio will be slightly worse due to the on average larger number of clusters
found per event in comparison to the V1-unfolding algorithm.

Figure 10 shows the fraction of 0 and mesons for which the two photons were reconstructed
in one cluster for different clusterizers. The choice of the optimal clusterizer for a given measurement
highly depends on the transverse momentum range under study. Each clusterizer has to be evaluated
based on purity, momentum resolution, and efficiency considerations. For example, it can be seen in
figure 10 (left), that the merging of the clusters arises at lower 0 meson energy for the V1 clusterizer
(around 6 GeV), while the V2 clusterizer can split the cluster also at higher momenta based on the
two maxima in the found object. For 0 meson energies above 20 GeV, neither the V1 nor the V2
clusterizers are able to resolve the majority of their decay photons. In this range, the so-called merged
pion analysis exploits the features of merged clusters to reconstruct neutral pions as explained in
section 6.2.2. Since the V1 and V2 clusterizers were found to be the most suitable for most of the
analyses, only the performance of these two algorithms will be discussed in the remainder of this
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Fi g u r e 9 . ( C ol or o nli n e) I n v ari a nt m ass distri b uti o n of cl ust er p airs i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V f or

di ff er e nt i nt er v als of p air e n er g y. T h e di ff er e ntl y c ol or e d li n es c orr es p o n d t o di ff er e nt cl ust eri z er t y p es, usi n g

t h e s a m e a g gr e g ati o n 𝜏 a g g = 1 0 0 M e V a n d s e e d 𝜂 s e e d = 5 0 0 M e V t hr es h ol ds. T h e l o w est bi n i n e n er g y us es

t h e d at a s a m pl e wit h mi ni m u m bi as tri g g er, w hil e t h e ot h ers ar e o bt ai n e d fr o m t h e E M C al L 1 tri g g er e d d at a

wit h t hr es h ol ds at a b o ut 𝜋 ≈ 4 a n d 9 G e V, r es p e cti v el y.
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V 1 V 2
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m
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g
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d
f

V 1 V 2
γγ→ ηA LI C E si m ul ati o n, 

Fi g u r e 1 0 . ( C ol or o nli n e) Fr a cti o n of n e utr al pi o ns (l eft) a n d et a m es o ns (ri g ht) f or w hi c h t h e s h o w ers fr o m

t h eir d e c a y p h ot o ns ar e m er g e d i nt o a si n gl e cl ust er a n d c a n n ot b e r e c o nstr u ct e d usi n g a n i n v ari a nt- m ass

a n al ysis.

d o c u m e nt. T h eir a d v a nt a g es a n d dis a d v a nt a g es f or di ff er e nt a n al ysis t y p es a n d p h ysi cs o bj e cts ar e

a d dr ess e d i n m or e d et ail i n s e cti o n 6 . O n c e t h e cl ust er is f or m e d, t h e cl ust er e n er g y 𝜏 is c al c ul at e d

as t h e s u m of t h e e n er gi es of t h e cl ust er c ells ( 𝜏 c ell , 𝜂),

𝜋 =
𝜂

𝑀

𝛾 c ell , 𝛾, ( 3. 6)

w h er e 𝑀 i n di c at es a c ell t h at b el o n gs t o t h e cl ust er. T h e cl ust er p ositi o n ( c e ntr oi d) i n t h e A LI C E

gl o b al c o or di n at e s yst e m is o bt ai n e d b y a w ei g ht e d a v er a g e of t h e c ells p ositi o n ( 𝛾 𝛾, √︁𝐸, 𝐸𝜃)

⟨𝜃 ⟩ =
𝜃

𝛾

𝛽 𝜋𝜂 𝛾

𝛼 t ot
, ⟨ 𝜋 ⟩ =

𝜂

𝛾

𝛼 𝜋 𝜂 𝛼

𝜋 t ot
, ⟨𝐸 ⟩ =

𝐸

𝐸

𝐸 𝛽 𝜋 𝜂

𝑝 t ot
, ( 3. 7)

w h er e t h e w ei g hts 𝐸 𝛾 d e p e n d l o g arit h mi c all y o n t h e c ell e n er gi es,

√︃ 𝛽 = M a xi m u m (0 , 𝜋m a x + l n( 𝜂 c ell , 𝜃/ 𝛼 )) ( 3. 8)

a n d

𝜋 t ot =
𝜂

𝛼

𝜋 𝜂, ( 3. 9)

wit h 𝜃 m a x s et t o 4. 5 [ 2 7 ] t o e x cl u d e c ells wit h e n er g y s m all er t h a n 1. 1 % of t h e cl ust er e n er g y.

3. 4 Cl ust e r s el e cti o n

O nl y c ells w hi c h ar e c ali br at e d a n d f ul fill t h e q u alit y ass ur a n c e crit eri a d es cri b e d i n s e cti o n 5 ar e

cl ust eri z e d. F or si n gl e- p arti cl e a n al ysis, w hi c h oft e n r el y o n a g o o d u n d erst a n di n g of t h e p urit y ( 𝑃 ),

t h e el e ctr o ni c n ois e i n d at a h as t o b e r e d u c e d t o a mi ni m u m a n d t h er ef or e a c ut o n t h e n u m b er of c ells

of 𝑛 c ells > 1 is stri ctl y r e q uir e d. F or i n v ari a nt- m ass (𝑀 𝛾 𝛾 ) b as e d a n al ys es t his c ut c a n b e r el e as e d i n

or d er t o m a xi mi z e t h e e ffi ci e n c y of t h e si n gl e- p h ot o n r e c o nstr u cti o n, as r a n d o m el e ctr o ni c n ois e

m er el y i n cr e as es t h e c o m bi n at ori al- b a c k gr o u n d c o ntri b uti o n t o t h e i n v ari a nt- m ass distri b uti o n b y
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Table 6. Basic cluster cuts, depending on the particle multiplicity of the collision, and the section or equation
where more information can be found. The quoted time cut is the tightest one applied. It can be relaxed, if
collision pileup is small and/or the bunch spacing is large. For more specific analysis selections, see table 15.

Parameter Multiplicity Section/ Equation
low high

cells 3.4, 5.7
based analysis 1

based analysis 1
(ns) 25 3.4

2
long 0 1 3.4.2, 3.4.3, eq. (3.12)

0 97 0 95 3.4.3, eq. (3.14)

a few percent. In order to suppress distortions to the clusters from masked cells or edge effects,
some analyses require in addition a minimum distance of up to two cells from the highest energy
cell in the cluster to the masked cells ( masked) or the borders of the SMs ( edge), except for the SMs
borders at 0 where there is no separation between SMs located at the same azimuthal angle, see
figure 5. In addition, cells at the edge of the SMs tend to be calibrated with less precision due to a
lack of statistics and, thus, might perform worse than the other cells. The requirement of a minimum
distance to dead detector areas can increase the quality of the cluster sample, however, by reducing
the acceptance. Thus, these requirements are only imposed for analyses needing a very high purity
of the cluster sample and a high quality of its cluster properties, like those involving isolated photons
or electrons from semi-leptonic heavy-flavour hadron decays.

Due to the rather wide time integration window of 1 5 s of the EMCal, multiple collisions
besides the triggering one are recorded for each event, also referred to as pileup. To select the main
triggering collision, a cut on the arrival time of the leading cell for each cluster, referred to as cluster
time, after time calibration is performed. The selection criteria depend on the bunch spacing within
the LHC and are chosen such that only the primary bunch crossing is selected, while still being as
open as possible in order not to introduce effects from the limited time resolution at lower transverse
momenta (see section 5.4). The efficiency loss for signal clusters was found to be negligible for
timing cuts 25 ns. For tighter selections, a small efficiency loss of up to 5% at low energies
is expected. Thus, the cluster timing selection window ranges from 25 ns to 250 ns, depending
on the bunch spacing of the data-taking period. In order to reject background and to discriminate
between different particle species hitting the EMCal, the clusters can be further distinguished by
association of clusters with tracks propagated to the EMCal, shower shape discrimination, and cluster
exoticity, which will be described in detail in the next sections.

Table 6, summarizes the basic cuts and recommended values at the cluster level to select good
quality clusters from what is discussed in the previous and next paragraphs.

3.4.1 Association of clusters and tracks

The EMCal is designed to measure the energy of particles that interact electromagnetically with the
material of the EMCal, i.e. photons and electrons. However, hadrons can also deposit energy in the
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EMCal, charged hadrons most commonly via ionization, but also via nuclear interactions generating
hadronic showers. In the measurements where the distinction between showers originating from
charged and neutral particles is required, clusters are associated to charged-particle tracks.

In most cases, cluster-track association is used to veto clusters with a significant contribution
from charged particles in order to avoid double counting of the energy in case of jet reconstruction
or contamination from hadrons and electrons in the photon sample. However, it can also be used to
select clusters originating mainly from electrons.

Within ALICE, charged particles are most commonly reconstructed using combined ITS and
TPC tracking. In order to determine whether a charged particle points to a reconstructed EMCal
cluster, tracks are further extrapolated to the EMCal, taking into account the energy loss of the
particle when it traverses the detector materials. The matching algorithm works as follows, for each
track: as a first step, the trajectories are extrapolated to a fixed depth of 450 cm radial distance from
the beam axis. This distance correspond to the average depth of the cluster energy deposition . By
default, they are propagated with a step size of 20 cm in order to account for the average energy loss
in the material. Afterwards, for every track and cluster pair with an angular distance smaller than
0 2 rad, the track is extrapolated to the exact radial distance of the cluster with a step size of 5 cm.
For these pairs the residuals in an are calculated.

In case several tracks fulfill the matching criterion for a given cluster, only the closest track is
considered as the associated track. Clusters or tracks can be used as a target for association. For
photon reconstruction, it is preferable to associate tracks to clusters, while for electron identification,
clusters need to be associated with tracks. The distributions of the residuals of clusters to the closest
track are displayed in figure 11 in (left) and (middle) as a function of track T. The
distributions are significantly wider, mainly due to the orientation of the magnetic field, and thus
different values should be chosen for selecting the matches in and . In addition, the
residuals are asymmetric when selecting only tracks with positive or negative charge. The direction
of the tail depends on the charge of the incident particle and the polarity of the magnetic field. As
the width of the distribution depends on the transverse momentum of the particle, a T-dependent
window in the - plane is used to select cluster-track pairs. After simultaneous optimization of
the photon purity and efficiency, the following conditions were used to tag a cluster as “neutral” in
most of the photon and neutral meson analyses:

residual 0 010 track
T 4 07 2 5 and residual 0 015 track

T 3 65 2 rad (3.10)

where residual track cluster, residual track cluster and the track transverse momentum
( track

T ) is in GeV units as detailed in ref. [28]. The selection window is approximately one EMCal
cell size at high track

T and few cell sizes below 1 GeV/ . The T integrated - distribution is
illustrated in figure 11 (right) for track-matched clusters.

As most of the charged hadrons will not deposit their full energy in the calorimeter, the ratio
of the cluster energy to the track momentum ( ) can be used to discriminate between charged
hadrons and electrons, as described in section 6.3. To reduce the number of fake vetos (clusters
accidentally matched to tracks by the matching procedure) for cluster energies above 10 GeV the
ratio of the cluster energy to the track momentum ( ) can be required to be small to match the
cluster and the track. A value of max 1 7 was determined to provide the best purity and
reconstruction efficiency for photon analyses. The requirement additionally reduces the probability
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Fi g u r e 1 1 . ( C ol or o nli n e) Dist a n c e b et w e e n a cl ust er a n d t h e cl os est pr oj e ct e d tr a c k i n 𝜏 (l eft) or 𝜏

a n gl e ( mi d dl e) v ers us t h e tr a c k m o m e nt u m a n d f or m at c h e d tr a c k- cl ust er p airs (ri g ht) i n p p c ollisi o ns at
√

𝜂 = 1 3 Te V c oll e ct e d wit h t h e mi ni m u m bi as tri g g er. Cl ust ers ar e r e c o nstr u ct e d usi n g t h e V 2 cl ust eri z er.

T h e bl a c k li n es i n t h e l eft a n d mi d dl e p a n els i n di c at e t h e s u g g est e d s el e cti o n crit eri a e x pr ess e d i n e q. ( 3. 1 0 ).

1−1 0×6 1 2 3 4 5 6 7 8 1 0 2 0 3 0 4 0 21 0 21 0×2
 ( G e V)E

0. 0
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0. 4
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et

o
iε  1 8 0 c m≤ cl , pr o d. vt x R γc o n v i

 cl , pr o d. vt x R > 1 8 0 c mγc o n v i
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 5 c m≤ot h er c h ar g e d cl., pr o d. vt x R i
ot h er c h ar g e d cl., pr o d. vt x R > 5 c m i

A LI C E si m ul ati o n
 = 1 3 T e Vsp p, 
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A LI C E si m ul ati o n
 = 1 3 T e Vsp p, 

Fi g u r e 1 2 . ( C ol or o nli n e) L eft: cl ust er- v et o e ffi ci e n c y f or pri m ar y p arti cl es ( d ar k bl u e o p e n cir cl es) a n d

el e ctr o ns ( gr e e n s q u ar es) as w ell as c o n v ersi o n el e ctr o ns wit h a pr o d u cti o n v ert e x b el o w 1 8 0 c m ( gr e e n cl os e d

di a m o n ds) a n d a b o v e 1 8 0 c m ( gr e e n o p e n di a m o n ds) a n d ot h er s e c o n d ar y p arti cl es ( c y a n o p e n cir cl es) as

o bt ai n e d fr o m si m ul ati o ns of p p c ollisi o ns at
√

𝜋 = 1 3 Te V. Ri g ht: fr a cti o n of f a k e tr a c k-t o- cl ust er m at c h es

f or cl ust ers ori gi n ati n g fr o m p h ot o ns ( y ell o w o p e n s q u ar es) a n d ot h er n e utr al p arti cl es (r e d o p e n cir cl es).

A d diti o n all y, t h e s a m e c at e g ori es ar e s h o w n f or cl ust ers t h at h a v e a d diti o n al c h ar g e d p arti cl e c o ntri b uti o ns f or

p h ot o n cl ust ers ( or a n g e s q u ar es) a n d ot h er n e utr al p arti cl es (li g ht r e d cir cl es).

f or a cl ust er t o b e wr o n gl y m at c h e d t o a tr a c k d u e t o a c h ar g e d p arti cl e d e p ositi n g o nl y mi ni m u m

i o ni z ati o n e n er g y i n t h e cl ust er.

T h e cl ust er- v et o e ffi ci e n c y as a f u n cti o n of t h e cl ust er e n er g y f or p p c ollisi o ns at
√

𝜂 = 1 3 Te V

is s h o w n i n fi g ur e 1 2 (l eft) f or di ff er e nt c h ar g e d p arti cl es t y p es. T h e m at c hi n g crit eri a w er e

o pti mi z e d s u c h t h at f a k e m at c h es ar e k e pt at a mi ni m u m, as c a n b e s e e n i n fi g ur e 1 2 (ri g ht),

w hil e still m ai nt ai ni n g a hi g h tr a c k- v et o e ffi ci e n c y i n p arti c ul ar at hi g h cl ust er e n er gi es. Cl ust ers

c o nt ai ni n g a c o ntri b uti o n fr o m a p arti cl e c orr es p o n di n g t o a r e c o nstr u ct e d tr a c k c a n b e v et o e d wit h

a n e ffi ci e n c y of 1 0 0 % f or l e a di n g pri m ar y c h ar g e d p arti cl es ( d ar k bl u e o p e n cir cl es) or l e a di n g

pri m ar y el e ctr o ns ( gr e e n s q u ar es). At hi g h er cl ust er e n er gi es t h e 𝑀 / 𝛾 crit eri o n b e c o m es r el e v a nt,

l e a di n g t o a d e cr e as e i n t h e m at c hi n g e ffi ci e n c y.
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Fi g u r e 1 3 . ( C ol or o nli n e) S c h e m ati c r e pr es e nt ati o n of t h e s h o w er s h a p e a n d t h e elli ps e a x es.  T h e di ff er e nt

c ol ors i n di c at e t h e a m o u nt of e n er g y d e p osit e d i n e a c h c ell, t h e d ar k er t h e  m or e e n er g y.

M ost of t h e el e ctr o n- p ositr o n p airs fr o m p h ot o n c o n v ersi o ns c a n n ot b e r ej e ct e d usi n g tr a c k

m at c hi n g as t h e y o c c ur i n t h e  m at eri al b et w e e n t h e  T P C a n d t h e  E M C al, h o w e v er, t h os e  w hi c h o c c ur at

a r a di us b et w e e n 5 a n d 1 8 0 c m fr o m t h e I P c a n b e r ej e ct e d  wit h a si mil ar e ffi ci e n c y as s e c o n d ar y tr a c ks.

W hil e f or t h e p h ot o n a n d j et a n al ys es it is k e y t o k e e p t h e f a k e  m at c h es t o a  mi ni m u m, f or t h e

pri m ar y el e ctr o n a n al ys es t h e  m at c hi n g e ffi ci e n c y as a f u n cti o n of t h e tr a c k T s h o ul d b e  m a xi mi z e d,

h e n c e t h e - m at c hi n g v et o is n ot a p pli e d. F or el e ctr o ns, a di ff er e nt s el e cti o n o n t h e r ati o of t h e

cl ust er e n er g y t o t h e tr a c k  m o m e nt u m ( ) is us e d t o dis cri mi n at e b et w e e n c h ar g e d h a dr o ns a n d

el e ctr o ns, as d es cri b e d i n s e cti o n 6. 3 , a n d i n cr e as e t h e p urit y.

3. 4. 2  Dist ri b uti o n of e n e r g y  wit hi n a cl ust e r: s h o w e r s h a p e

T h e distri b uti o n of e n er g y  wit hi n a cl ust er, r ef err e d t o as “s h o w er s h a p e ”, is d es cri b e d usi n g a

p ar a m etri z ati o n of t h e s h o w er s urf a c e elli ps e a x es [ 6 , 2 9 ].  T h e s h o w er s urf a c e is d e fi n e d b y t h e

i nt ers e cti o n of t h e c o n e c o nt ai ni n g t h e s h o w er  wit h t h e fr o nt pl a n e of t h e c al ori m et er, as dis pl a y e d

s c h e m ati c all y i n fi g ur e 1 3 .  T h e e n er g y distri b uti o n al o n g t h e a n d dir e cti o ns is r e pr es e nt e d b y a

c o v ari a n c e  m atri x  wit h t er ms 2 , 2 a n d 2 ,  w hi c h ar e c al c ul at e d usi n g l o g arit h mi c e n er g y

w ei g hts (s e e e q. 3. 8 a n d 3. 9 ),

2

t ot t ot t ot
( 3. 1 1)

w h er e a n d ar e t h e c ell i n di c es i n t h e or dir e cti o n.

T h e s h o w er s h a p e p ar a m et ers 2
l o n g (l o n g a xis) a n d 2

s h ort ( s h ort a xis) ar e d e fi n e d as t h e

ei g e n v al u es of t h e c o v ari a n c e  m atri x, a n d ar e c al c ul at e d as

2
l o n g 0 5 2 2 0 2 5 2 2 2 2 ( 3. 1 2)

2
s h ort 0 5 2 2 0 2 5 2 2 2 2 ( 3. 1 3)

T h e p arti cl e s h o w er s pr e a d  m e as ur e d  wit h t h es e p ar a m et ers c a n b e us e d t o disti n g uis h s y m m etri c

el e ctr o m a g n eti c s h o w ers (s m all s pr e a d) ori gi n ati n g fr o m p h ot o ns or el e ctr o ns fr o m n o n-s y m m etri c

s h o w ers c a us e d b y h a dr o ni c i nt er a cti o ns of, f or i nst a n c e, n e utr o ns, pr ot o ns or c h ar g e d pi o ns. I n

p arti c ul ar at l o w T ( T 0 5 G e V), t h e s h o w er s h a p e of c h ar g e d p arti cl es c a n als o b e el o n g at e d
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Fi g u r e 1 4 . ( C ol or o nli n e) 𝜏 2
l o n g (l eft) a n d 𝜏 2

s h ort (ri g ht) distri b uti o ns i n t hr e e e n er g y i nt er v als f or p h ot o ns,

el e ctr o ns, h a dr o ns, 𝜂 0 a n d 𝜋 m es o ns. T h e distri b uti o ns ar e o bt ai n e d usi n g t h e V 1 cl ust eri z er fr o m a si m ul ati o n

of p p c ollisi o ns at
√

𝜂 = 1 3 Te V p erf or m e d wit h t h e P Y T HI A e v e nt g e n er at or, i n w hi c h e v e nts ar e r e q uir e d t o
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A m o d el si m ul ati n g t h e e ff e ct of t h e cr oss t al k w as a p pli e d as dis c uss e d i n s e cti o n 5. 8 .
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Fi g u r e 1 5 . ( C ol or o nli n e) Distri b uti o ns of 𝑀 2
l o n g v ers us cl ust er e n er g y i n p p c ollisi o ns at

√
𝛾 = 1 3 Te V tri g g er e d

b y t h e E M C al L 1 at a p pr o xi m at el y 9 G e V f or t h e V 2 (l eft) a n d V 1 cl ust eri z er (ri g ht). E a c h e n er g y bi n is

n or m ali z e d t o its i nt e gr al a n d e x oti c cl ust ers w er e r ej e ct e d (s e cti o n 3. 4. 3 ).

b y t h e a n gl e of i n ci d e n c e. F urt h er m or e, t h e m er gi n g of s h o w ers fr o m el e ctr o m a g n eti c pr o c ess es,

i. e. e + e − p airs fr o m c o n v ersi o ns wit hi n a cl os e dist a n c e t o t h e E M C al or p h ot o ns fr o m n e utr al

m es o n d e c a ys wit h hi g h tr a ns v ers e m o m e nt a, als o l e a d t o as y m m etri c s h o w er s h a p es, as d es cri b e d i n
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section 3.3. Additionally, several particles from a collimated jet can contribute to the same cluster, or
random overlaps can occur. The latter is particularly important in high particle-density environments
like heavy-ion collisions, but can also be relevant in pp events due to pileup of multiple pp collisions.

Figure 14 shows the normalized 2
long and 2

short distributions for different particle types in three
different energy intervals using the V1 clusterizer, obtained from PYTHIA simulations of pp collisions
at 13 TeV. While the distributions of photons and electrons clearly peak around 2

long 0 25
within a narrow range 0 1 2

long 0 3 independently of the energy, hadrons exhibit a much wider
distribution with large tails towards higher shower shape values. At low cluster energies, up to few GeV,
the distributions show other less prominent peaks than that at 0.25. These are due to cases in which
a low number of cells in specific configurations (two or three cells aligned or L-shaped) contributes
to the shower shape calculation, giving rise to a non-monotonous distribution. For electrons, the tail
of the 2

long distribution extends to larger values than for photons in particular at low cluster energy
due to the magnetic field and rescattering in the detector material. The 2

long distribution for the
0 and mesons changes significantly with the meson energy and its mean value decreases rapidly

towards higher energies, coming closer to the photon distribution with increasing meson energy.
As there is no clear discriminating power in the 2

short distributions for neutral particles, the
most sensitive parameter to study the particle composition for neutral particles appears to be 2

long.
Figure 15 shows the 2

long for the V2 (left) and V1 (right) clusterizer as a function of the cluster energy
for L1 triggered events in pp collisions at 13 TeV. The dominant regions for photons and merged

0 mesons are indicated by the corresponding labels. For intermediate energies (6 20 GeV),
a better separation between the two components can be obtained by using the V1 clusterizer. Above
20 GeV, however, the distributions appear to be similar as expected.

3.4.3 Rejection of anomalous clusters with high energy deposit in a single cell

In electromagnetic calorimeters, in addition to the electromagnetic response, hadrons can be detected.
Most of these hadrons, except slow neutrons, on average only deposit the Minimum ionizing particle
(MIP) energy in the calorimeter. Typical energy depositions from slow neutrons arise from hits that
occur in the APD of the cells. These hits produce large signals, which are reconstructed as highly
energetic clusters localized in single channels as opposed to a spread across multiple channels as
expected from purely electromagnetic showers.

Such characteristic clusters are called exotic clusters, and are observed in both calorimeters,
EMCal and PHOS. While they are known to be present in the data, the corresponding response is not
implemented in the simulation, mainly due to the missing description of the APD behavior. Exotic
clusters can be easily identified as they typically have a low number of cells in the cluster despite
a large energy, as illustrated in figure 16 (left). This effect is not observed in simulated events as
shown in figure 16 (right) where cluster size distributions in data and simulation for different cluster
energies are compared. Similar distributions are observed for minimum bias and triggered data in
pp, p-Pb and Pb-Pb collisions at all center-of-mass energies.

Most of these exotic clusters can be rejected by requiring a minimum number of cells, i.e.
cells 2, within the cluster. However, some of them still enter the reconstructed cluster sample.

Exotic clusters typically exhibit a characteristic high energy tower neighbored by very low energy
depositions. Those low energy cells are likely due to cross-talk between readout channels, as
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Fi g u r e 1 7 . ( C ol or o nli n e) L eft: “ e x oti cit y ” (𝜂 + ) as f u n cti o n of t h e cl ust er e n er g y f o u n d wit h t h e V 2 cl ust eri z er

i n p p c ollisi o ns at
√

𝑀 = 1 3 Te V usi n g t h e E M C al hi g h t hr es h ol d L 1 𝛾 tri g g er. T h e r e gi o n a b o v e t h e li n e is

p o p ul at e d b y e x oti c cl ust ers. T h e distri b uti o ns ar e n or m ali z e d t o h a v e a n i nt e gr al of u nit y f or e a c h e n er g y bi n.

Ri g ht: c o m p aris o n of 𝛾 + pr o b a bilit y distri b uti o ns f or m e as ur e d d at a ( bl a c k), pr oj e cti o n of t h e l eft p a n el, a n d

si m ul at e d ( bl u e) c ollisi o ns f or t w o di ff er e nt cl ust er- e n er g y i nt er v als. E a c h distri b uti o n is n or m ali z e d b y t h e

i nt e gr al of t h e distri b uti o n f or 𝑀 + < 0 .8 5 .

dis c uss e d i n s e cti o n 5. 8 , or r a n d o m o v erl a ps wit h t h e u n d erl yi n g e v e nt. T h er ef or e, a t o p ol o gi c al c ut

o n 𝛾 + , c all e d t h e e x oti cit y, c a n b e us e d t o r e m o v e s u c h cl ust ers, si mil ar t o t h e m et h o d d e v el o p e d b y

t h e C o m p a ct M u o n S ol e n oi d ( C M S) c oll a b or ati o n [3 0 ].

T h e e x oti cit y p ar a m et er is d e fi n e d as:

𝛾 + = 1 − √︁ + / 𝐸 m a x
c ell ( 3. 1 4)

w h er e 𝐸 m a x
c ell

is t h e e n er g y of t h e c ell wit h hi g h est e n er g y a n d 𝜃 + is t h e s u m of t h e e n er g y of t h e

f o ur c ells s h ari n g a n e d g e t o t h e m a xi m u m e n er g y c ell. T h e e x oti cit y d es cri b es t h e d e gr e e of t h e
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Fi g u r e 1 9 . ( C ol or o nli n e) 𝜂 2
l o n g as a f u n cti o n of t h e e x oti cit y p ar a m et er 𝑀 + o bt ai n e d fr o m V 2 cl ust ers wit h
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Fi g ur e 1 7 (l eft) s h o ws t h e d e p e n d e n c e of √︁ + o n t h e cl ust er e n er g y. A b o v e 1 0 G e V, t h e v al u e of

𝐸 + e x hi bits a s pi k e at u nit y n ot o bs er v e d i n si m ul ati o n i n fi g ur e 1 7 (ri g ht). A mi ni m u m is o bs er v e d
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wit h 𝛽 + > 0 .9 7 a n d a s hift of t h e mi ni m u m t o w ar ds 𝜋 + = 0 .9 5 wit h i n cr e asi n g e v e nt c e ntr alit y.
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Table 7. Area covered by EMCal towers, FastORs and trigger patches of various sizes. For trigger patches the
closest resolution parameter for jets fully contained within the trigger patch is listed for comparison.

Object Area Approx. Usage

Tower 0 0143 0 0143
FastOR 0 0286 0 0286

2 2 patch 0 0572 0 0572 0.025 L0, L1
8 8 patch 0 2288 0 2288 0.1 L1jet Pb-Pb, DCal L1jet
16 16 patch 0 4576 0 4576 0.2 EMCal L1jet pp and p-Pb

Differences in the cluster time distribution for exotic clusters with respect to non-exotic clusters
indicate that exotic clusters have no physical origin and are thus safe to remove. Figure 18 (left)
shows a broad and almost flat timing distribution for exotic cluster candidates (blue) with almost
no peak at 0 ns. A similar timing distribution was observed for clusters with only one cell
(not shown), while those with 0 97 and more than one cell (black) show the typical expected
cluster time distribution. The presence of long tails in the timing distribution hints at a random time
association for those clusters within the readout time window. This is supported by the time difference
between the leading and subleading cell times max sec shown in figure 18 (right). For non-exotic
clusters (black), we observe a peaked and rather symmetric distribution around 0 ns difference. For
exotic clusters, two regimes can be observed: a) timing within the expected one but without a clear
peak at 0 ns and the average shifted to negative timing, most likely random cell associations with
the underlying event or noise; b) timing shifted beyond 50 ns, likely cross-talk induced cells.

The exoticity variable defined here is strongly correlated with the shower shape variable 2
long

defined in the previous section. Figure 19 shows the correlation of the width of the shower along
the long axis 2

long and . Clusters with 2
long 0 2 also satisfy the cut at about 0.95. Since the

region of 0 1 2
long 0 2 contains a substantial fraction of clusters attributed to physical origin, a

combination of cuts on 2
long 0 1 and 0 97 is recommended to safely remove exotic clusters.

3.5 Trigger performance

To utilize the EMCal trigger functionality, it is imperative to characterize the trigger settings and
performance. Different patch sizes were used for the various triggers, covering areas in the -
space as listed in table 7. The trigger parameters varied with time according to evolving expected
data-taking conditions, and are described in further detail below. To ensure effective operation,
each LHC run began with a trigger commissioning period. Table 8 lists the trigger configuration
for datasets collected in pp, p-Pb, and Pb-Pb collisions during LHC Run 1 (2009–2013) and
Run 2 (2015–2018) at a variety of .

Figure 20 shows the fraction of masked channels as a function of the run number for the pp
data taking at 13 TeV. Masked channels consist of channels that are dead or suffering from a
substantial noise contribution and are therefore excluded from the trigger electronics, resulting in a
reduction of the acceptance at trigger level. The fraction of masked channels decreases with time
due to the maintenance and repair of problematic hardware. In addition, during the first part of the
data taking in 2016 the DCal suffered from hardware damage created by a power cut resulting in a
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Figure 20. Fraction of masked FastORs as a function of the run number.

temporary loss of two 1/3-size supermodules in the DCal, corresponding to two TRUs. The affected
supermodules were re-included after the hardware repair starting from the last runs in 2016.

In order to assess the quality of the energy calibration applied in the trigger electronics, we
compared the energy from 2 2 towers belonging to the same module from the front-end readout
and the FastOR L1 timesums serving as L1 ADC values. Figure 21 shows this comparison for all
modules. Energy from towers that are masked at FEE level are not included in the sum of the 2 2
tower energies. A main correlation band with an approximate slope of 1 is visible. The spread
around the mean leads to a smearing of the rise (also called “turn-on”) of the trigger efficiency
or rejection in the vicinity of the nominal trigger threshold. Additional bands are associated with
modules where a fraction of the channels is masked.
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Figure 21. (Color online) Correlation between energy from the FEE and FastOR readout based on the L1
ADCs for towers corresponding to the same FastOR module. The black line indicates the mean energy in the
FastOR for a given energy interval at FEE level.

– 27 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

Table 8. Setup of the EMCal triggers in various collision systems in LHC Run 1 (2009-2013) and Run 2
(2015-2018). Thresholds for Pb-Pb collisions at NN 2 76 TeV (2011) depend on the online multiplicity
measured by the V0 detector. During Run 2, equivalent DCal triggers were enabled using the same thresholds.
The L0 and L1- triggers are based on 2 2 FastORs. The patch size of the L1-jet triggers for EMCal is
16 16 FastORs, while DCal uses 8 8 FastORs in pp and p-Pb collisions. In Pb-Pb collisions the L1-jet
trigger patch size is 8 8 FastORs for both parts of the calorimeter.

System Energy Year Energy threshold (GeV)
L0 High Low Jet high Jet Low

pp 2 76 TeV 2011 3.4 - - - -
2013 2 6 4 10 7

5 02 TeV 2015 2.5 - - - -
2017 2.5 - 4 - 16

7 TeV 2011 5.5 - - - -
8 TeV 2012 2 10 - 16 -
13 TeV 2015-2018 2.5 9 4 20 16

p-Pb NN 5 02 TeV 2013 3 11 7 20 10
NN 8 16 TeV 2016 3 8 5.5 23 18

Pb-Pb NN 2 76 TeV 2011 1 5 - 10 -
NN 5 02 TeV 2015 - 10 - 20 -

2018 2.5 10 5 20 -

The trigger performance was studied using the ratios of the event-normalized energy spectra
of EMCal clusters measured in triggered events to the spectra measured in minimum-bias events.
An example of such a comparison is shown in figure 22. For cluster energies beyond the trigger
threshold, an approximately constant plateau region can be observed, corresponding to maximum
efficiency of the trigger. The value of the plateau region is referred to as trigger Rejection Factor
(RF), which is used to estimate the integrated luminosity inspected by the trigger. The trigger RF
can also be calculated by using cluster energy spectra measured with different trigger thresholds.
The ratio is approximately constant for cluster energies larger than the largest trigger threshold. This
method is more robust for the L1 triggers, as the statistical uncertainties on the spectra are negligible
for both trigger thresholds.

The resulting RFs are listed in table 9, where the quoted relative uncertainties are obtained
from variations of the cluster energy range used in the plateau region fit. As visible in figure 22
(left), only the RF of the L0 trigger differs between EMCal and DCal, mainly due to their different
acceptances, while the rejection at L1 is the same for both subdetectors. However, the L0 trigger was
used for this data set only as a pre-trigger for the L1 triggers and a control sample was taken, which
was synchronously scaled down together with the minimum bias data. The right side of figure 22
shows the RF obtained from events triggered by the L1 EMCal or DCal triggers for the full data
sample collected in pp collisions at 13 TeV. The trigger rejection obtained in this way does not
necessarily coincide with the rejection factors obtained for each detector independently, due to a
small but non-negligible overlap of events for which both triggers fire.
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p ≤3. 4 a 0. 1 4±5. 5 0 a  0. 1 4±5. 1 2 a

 l o wγ hi g h/ L 1 γL 1  < 1 0 0
T

p ≤8. 0 a 0. 1 0±1 2. 7 6 a  0. 0 9±1 1. 9 6 a

2 0 4 0 6 0 8 0 1 0 0
 ( G e V)E

1

1 0

21 0

31 0R
F

 = 1 3 T e VsA LI C E, p p 

 l o w/ M BγL 1 a a a < 6 0. 0 E ≤3. 4  1 1. 2 2±4 1 9. 3 4 
 l o wγ hi g h/ L 1 γL 1 a  < 1 0 0. 0E ≤8. 0  0. 1 0±1 2. 5 9 

Fit r a n g e ( G e V) R F

Fi g u r e 2 2 . ( C ol or o nli n e) Tri g g er r ej e cti o n f a ct or ( R F) f or t h e si n gl e-s h o w er tri g g er i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V f or t h e si n gl e s a m pl es f or 2 0 1 8 (l eft) a n d t h e c o m bi n e d E M C al a n d D C al tri g g ers (ri g ht).

T a bl e 9 . Tri g g er r ej e cti o n f a ct or ( R F) of di ff er e nt si n gl e-s h o w er tri g g ers i n p p a n d p- P b c ollisi o ns at v ari o us

c e nt er- of- m ass e n er gi es. I n a d diti o n t o t h e R F v al u es t h e r el ati v e st atisti c al u n c ert ai nti es ar e gi v e n.

S yst e m C ollisi o n Ye ar R F

e n er g y L 0  L 1 𝜏 (l o w)  L 1 𝜂 ( hi g h)

p p
√

𝜋 = 2 .7 6 Te V [ 3 1 ] 2 0 1 1 1 2 1 7 ± 5 .5 % - -

2 0 1 3 1 2 6 ± 3 .4 % 1 9 5 9 ± 6 .7 % 7 7 4 3 ± 8 .8 %
√

𝜂 = 5 .0 2 Te V 2 0 1 5 1 9 7 6 ± 3 .6 % - -

2 0 1 7 8 4 8 ± 1 .7 %
√

𝑀 = 7 Te V [ 3 2 ] 2 0 1 1 2 9 4 1 ± 5 .9 % - -
√

𝛾 = 8 Te V [ 3 3 ] 2 0 1 2 6 5 ± 1 .6 % - 1 4 7 1 2 ± 3 .8 %
√

𝛾 = 1 3 Te V 2 0 1 6 – 2 0 1 8 4 1 9 .3 4 ± 2 .7 % 5 2 7 9 ± 2 .8 %

p- P b
√

𝑀 N N = 5 .0 2 Te V 2 0 1 3 9 0 ± 3 .5 % 1 7 5 9 ± 7 .6 % 7 2 1 1 ± 7 .6 %
√

𝛾 N N = 8 .1 6 Te V [ 3 4 ] 2 0 1 6 2 8 8 ± 2 .8 % 9 9 1 ± 3 .0 %

T h e tri g g er e ffi ci e n c y w as o bt ai n e d b y c o m p ari n g t h e cl ust er e n er g y s p e ctr a aft er n or m ali zi n g

b y t h e l u mi n osit y i ns p e ct e d b y t h e tri g g er. T h e l u mi n osit y is d et er mi n e d usi n g t h e n u m b er of

mi ni m u m bi as tri g g ers b ef or e pr es c ali n g. T h e tri g g er e ffi ci e n c y f or t h e si n gl e s h o w er tri g g ers w as

o bt ai n e d fr o m t h e v al u e of t h e r ati o of t h e cl ust er e n er g y s p e ctr u m f or a gi v e n E M C al tri g g er, i. e.

fr o m t h e L 0 tri g g er, a n d t h e c orr es p o n di n g s p e ctr u m i n mi ni m u m bi as c ollisi o ns i n t h e pl at e a u

r e gi o n. Fi g ur e 2 3 s h o ws t h e tri g g er e ffi ci e n c y f or E M C al a n d D C al si n gl e s h o w er tri g g ers o bt ai n e d

i n p p c ollisi o ns at
√

𝛾 = 1 3 Te V. T h e tri g g er e ffi ci e n c y is 9 9 % f or E M C al a n d 9 7 % f or D C al tri g g ers

a n d is w ell r e pr o d u c e d b y t h e si m ul ati o ns. T h e r e d u cti o n of t h e tri g g er e ffi ci e n c y is d u e t o F ast O R

c h a n n els w hi c h ar e m as k e d at tri g g er l e v el w h er e as t h e c orr es p o n di n g t o w ers ar e n ot m as k e d i n t h e

Fr o nt- E n d r e a d o ut. F ast O Rs i n t h e tri g g er el e ctr o ni cs ar e m as k e d i n t h e T R U at L 0, t h er ef or e t h e

tri g g er a c c e pt a n c e is t h e s a m e at L 0 a n d L 1.

T h e tri g g er p urit y of t h e si n gl e-s h o w er tri g g er is d et er mi n e d b y c o u nti n g t h e fr a cti o n of tri g g er e d

e v e nts wit h a cl ust er p assi n g t h e st a n d ar d cl ust er s el e cti o n, d e fi n e d i n s e cti o n 3. 4 , wit h a n e n er g y
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D C al cl u st er s

L 0               
 (l o w)γL 1               
 ( hi g h)γL 1               

E M C al D C al P yt hi a 8. 2

Fi g u r e 2 3 . ( C ol or o nli n e) Tri g g er e ffi ci e n c y f or E M C al (l eft) a n d D C al (ri g ht) i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V.

T a bl e 1 0 . P urit y of t h e si n gl e-s h o w er tri g g ers i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V.

D et e ct or  L 0 tri g g er l o w t hr es h ol d hi g h t hr es h ol d

E M C al 7 6. 2 % 7 8. 0 % 6 5. 4 %

D C al 6 8. 8 % 6 6. 5 % 5 2. 1 %

a b o v e t h e n o mi n al t hr es h ol d of t h e tri g g er i n t h e c orr es p o n di n g s u b d et e ct or firi n g t h e tri g g er. F or

si n gl e s h o w er tri g g ers, cl ust ers wit h a n e n er g y a b o v e t h e tri g g er t hr es h ol d ar e c o nsi d er e d as p h ysi cs

si g n al c orr el at e d wit h t h e tri g g er si g n al as c a n b e d eri v e d fr o m fi g ur e 2 3 . C o ns e q u e ntl y e v e nts

l a c ki n g cl ust ers wit h a s u ffi ci e nt e n er g y c a n b e c o nsi d er e d as r a n d o m c orr el ati o ns of n ois e s o ur c es

wit h t h e i nt er a cti o n tri g g er l e a di n g t o a tri g g er s el e cti o n i n t h e d et e ct ors t h at n e e ds t o b e c o nsi d er e d

as i m p urit y of t h e tri g g er. T h e p urit y v al u es f or t h e v ari o us si n gl e s h o w er tri g g ers ar e list e d i n

t a bl e 1 0 . T h e p urit y r e a c h es ≈ 8 0 % f or t h e L 0- a n d l o w-t hr es h ol d tri g g er i n t h e E M C al. T h e

i m p urit y is dri v e n b y e x oti c cl ust ers, b y r e gi o ns i n t h e d et e ct or t h at w er e m as k e d i n t h e cl ust er

r e c o nstr u cti o n b ut w er e a cti v e i n t h e tri g g er s yst e m, a n d b y r esi d u al e n er g y d e c ali br ati o n f or t h e

tri g g er e n er g y esti m at es. T h e di ff er e n c e i n p urit y b et w e e n E M C al a n d D C al c a n b e attri b ut e d t o a

l ar g er n ois e c o ntri b uti o n i n t h e D C al.

T h e tri g g er p erf or m a n c e of t h e j et tri g g er is st u di e d usi n g j ets r e c o nstr u ct e d fr o m c al ori m et er

cl ust ers. D u e t o t h e pr es e n c e of t h e P H O S o n t h e D C al si d e (s e e fi g ur es 1 a n d 5 ), t h e p erf or m a n c e

is o nl y c h ar a ct eri z e d i n t h e E M C al a c c e pt a n c e. As t h e si z e of t h e 1 6 × 1 6 F ast O R j et p at c h us e d

i n p p a n d p- P b c ollisi o ns c orr es p o n ds r o u g hl y t o t h e si z e of 𝜂 = 0 .2 j ets, t h os e j ets ar e us e d f or

t h e p erf or m a n c e e v al u ati o n. Fi g ur e 2 4 (l eft) s h o ws t h e tri g g er r ej e cti o n f or t h e j et tri g g ers i n p p

c ollisi o ns at
√

𝜋 = 1 3 Te V. T h e 𝜂 = 0 .2 j ets w er e r e c o nstr u ct e d wit h t h e a nti-𝑀 t al g orit h m fr o m

F astJ et [ 3 5 , 3 6 ], usi n g o nl y c al ori m et er cl ust ers i n t h e E M C al a c c e pt a n c e as j et c o nstit u e nts. J ets ar e

r e q uir e d t o b e f ull y c o nt ai n e d wit hi n t h e E M C al fi d u ci al a c c e pt a n c e. Si mil ar t o cl ust ers i n t h e c as e

of t h e si n gl e-s h o w er tri g g ers, t h e j et tri g g er r ej e cti o n b e c o m es a p pr o xi m at el y c o nst a nt f or 𝛾 T a b o v e

t h e t hr es h ol d. T h e r ati o b et w e e n t h e l o w- a n d t h e hi g h-t hr es h ol d tri g g er c a n b e us e d t o d et er mi n e

t h e tri g g er r ej e cti o n f a ct or of t h e hi g h-t hr es h ol d tri g g er wit h a b ett er pr e cisi o n. T h e r es ulti n g tri g g er

R Fs ar e list e d i n t a bl e 1 1 .
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 = 1 3 T e VsA LI C E, p p n e utr al j et s, E M C al a c c e pt a n c e
 > 0. 3 G e VclE = 0. 2, R, Tka nti-

L 1 j et (l o w)/ M B c < 1 0 0 G e V/
T

p1 8 <  2 3±2 7 9 9 
L 1 j et ( hi g h)/ L 1 j et (l o w) c < 1 5 0 G e V/

T
p2 5 <  0. 0 1±2. 9 3 

Fit r a n g e R F

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0
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1. 0
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ε

 = 1 3 T e VsA LI C E, p p 

n e utr al j et s, E M C al a c c e pt a n c e
 > 0. 3 G e VclE = 0. 2, R, Tka nti-

L 1 j et (l o w)           
L 1 j et ( hi g h)           

D at a F a st F ull

Fi g u r e 2 4 . ( C ol or o nli n e) L eft: tri g g er r ej e cti o n of t h e j et tri g g ers o bt ai n e d fr o m c al ori m et er- b as e d j ets wit h

𝜏 = 0 .2 i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V c oll e ct e d i n 2 0 1 7 a n d 2 0 1 8. R ati os ar e wit h r es p e ct t o mi ni m u m- bi as

e v e nts (r e d) or t o e v e nts tri g g er e d b y t h e l o w-t hr es h ol d j et tri g g er ( y ell o w). Ri g ht: c orr es p o n di n g tri g g er

e ffi ci e n c y of t h e j et tri g g ers i n p p c ollisi o ns at
√

𝜂 = 1 3 Te V o bt ai n e d wit h f ast si m ul ati o ns o n c ell l e v el a n d

wit h f ull si m ul ati o ns i n cl u di n g t h e tri g g er r es p o ns e.

T a bl e 1 1 . Tri g g er R F of di ff er e nt j et tri g g ers i n p p a n d p- P b c ollisi o ns at v ari o us c e nt er- of- m ass e n er gi es.

S yst e m  C ollisi o n Ye ar R F

e n er g y L 1 j et (l o w)  L 1 j et ( hi g h)

p p
√

𝜋 = 8 Te V 2 0 1 2 - 5 1 4 4 ± 5 %
√

𝜂 = 1 3 Te V 2 0 1 7 – 2 0 1 8 2 7 9 9 ± 0 .8 % 8 2 0 1 ± 0 .9 %

p- P b
√

𝑀 N N = 5 .0 2 Te V 2 0 1 3 2 6 9 ± 1 .9 % 6 3 5 8 ± 2 %
√

𝛾 N N = 8 .1 6 Te V 2 0 1 6 1 6 2 1 ± 2 .7 % 3 5 6 8 ± 2 .7 %

I n or d er t o d et er mi n e t h e tri g g er e ffi ci e n c y, t h e j et s p e ctr a a n d t h e n u m b er of tri g g ers ar e

c orr e ct e d b y t h e pr e-s c ali n g of t h e tri g g er i n t h e s a m e w a y as f or t h e si n gl e s h o w er tri g g ers. Fi g ur e 2 4

(ri g ht) s h o ws t h e tri g g er e ffi ci e n c y f or c al ori m et er- b as e d j ets wit h a j et r es ol uti o n p ar a m et er 𝛾 = 0 .2

f or 0 < 𝑀 T < 1 2 0 G e V / 𝛾 . D u e t o t h e l ar g e si z e of t h e j et p at c h, a c c e pt a n c e l oss es d u e t o d e a d

c h a n n els pl a y a mi n or r ol e at s u ffi ci e ntl y hi g h 𝛾 T a n d m ostl y l e a d t o a br o a d e ni n g i n t h e t ur n- o n

r e gi o n, l e a di n g t o a tri g g er e ffi ci e n c y c o n v er gi n g at 1 at hi g h √︁ T . G o o d a gr e e m e nt wit h si m ul ati o n is

o bs er v e d i n a wi d e r a n g e of 𝐸 T .

I n t h e t ur n- o n r e gi o n a s e nsiti vit y of t h e tri g g er e ffi ci e n c y o n t h e j et r es ol uti o n p ar a m et er is

e x p e ct e d fr o m t h e e n er g y distri b uti o n wit hi n a j et. D u e t o t h e fi x e d p at c h si z e t h e j et tri g g er o nl y

m e as ur es a fr a cti o n of t h e j et e n er g y f or j ets wit h 𝐸 > 0 .2 . C orr es p o n di n gl y, t h e j et 𝜃 T at w hi c h j ets

ar e f ull y e ffi ci e ntl y s el e ct e d b y t h e tri g g er i n cr e as es wit h i n cr e asi n g 𝜃 . Fi g ur e 2 5 s h o ws t h e tri g g er

e ffi ci e n c y f or c al ori m et er- b as e d j ets wit h di ff er e nt r es ol uti o n p ar a m et ers r a n gi n g fr o m 𝜃 = 0 .2

t o 𝛾 = 0 .6 f or t h e l o w (l eft p a n el) a n d hi g h (ri g ht p a n el) t hr es h ol ds. T h e tri g g er e ffi ci e n c y is

a p pr o xi m at el y 1 b e y o n d 1 0 G e V f or t h e l o w t hr es h ol d a n d 1 5 G e V f or t h e hi g h t hr es h ol d f or 𝛽 = 0 .2 .

T h os e ar e si g ni fi c a ntl y l o w er t h a n t h e t hr es h ol ds a p pli e d i n h ar d w ar e at 2 0 ( 1 6) G e V f or t h e hi g h

(l o w) t hr es h ol d. D u e t o t h e l ar g e p at c h si z e, t h e j et tri g g er is m or e s e nsiti v e t o n ois e i n t h e tri g g er
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Fi g u r e 2 5 . ( C ol or o nli n e) Tri g g er e ffi ci e n c y f or di ff er e nt j et r es ol uti o n p ar a m et ers f or t h e l o w-t hr es h ol d (l eft

p a n el) a n d hi g h-t hr es h ol d (ri g ht p a n el) tri g g er f or c al ori m et er b as e d j ets as a f u n cti o n of t h eir tr a ns v ers e

m o m e nt u m.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0
 ( G e V)E

1−1 0

1

1 0

21 0

31 0

R
F

   L 1 (l o w)/ M B        6. 1 < E < 4 0. 0 G e V  4±       2 7 9 

   L 1 ( hi g h)/ L 1 (l o w)     1 0. 2 < E < 5 0. 0 G e V  0. 0 5±       3. 4 1 

 = 8. 1 6 T e VN NsA LI C E, p- P b 

Fit r a n g e R F

Fi g u r e 2 6 . ( C ol or o nli n e) Tri g g er r ej e cti o n f or si n gl e-s h o w er tri g g ers i n p- P b c ollisi o ns at
√

𝜏 N N = 8 .1 6 Te V,

o bt ai n e d fr o m cl ust er e n er g y s p e ctr a.

s yst e m. T h er ef or e, a s m all n ois e c o ntri b uti o n c a n l e a d t o a si z a bl e s hift of t h e t ur n- o n. T h e tri g g er

e ffi ci e n c y is d es cri b e d b y si m ul ati o n i n w hi c h w e ass u m e a r a n d o m n ois e c o m p o n e nt f or e a c h F ast O R

wit h a wi dt h of 5 0 M e V, c orr es p o n di n g t o 1 A D C c o u nt.

Fi g ur e 2 6 s h o ws t h e tri g g er R F f or si n gl e s h o w er tri g g ers o bt ai n e d fr o m t h e cl ust er e n er g y

s p e ctr a i n p- P b c ollisi o ns at
√

𝜏 N N = 8 .1 6 Te V. D u e t o t h e l ar g er e v e nt a cti vit y, i n p- P b c ollisi o ns t h e

r ej e cti o n is al m ost a f a ct or of 2 s m all er t h a n i n p p c ollisi o ns f or si mil ar t hr es h ol ds.

Ta bl e 8 als o lists t h e tri g g er s et u p us e d d uri n g t h e P b- P b d at a t a ki n g. I n t h e 2 0 1 8 P b- P b r u n, t h e

l o w t hr es h ol d 𝜂 tri g g er w as a d diti o n all y a p pli e d t o p eri p h er al e v e nts as s el e ct e d b y t h e V 0 c e ntr alit y

tri g g er. I n h e a v y-i o n c ollisi o ns, a b a c k gr o u n d s u btr a cti o n al g orit h m b as e d o n t h e a v er a g e e n er g y

d e nsit y i n c al ori m et er o n t h e o p p osit e si d e of t h e tri g g eri n g s u b d et e ct or w as i m pl e m e nt e d i n R u n 2
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Fi g u r e 2 7 . C orr el ati o n of t h e a v er a g e e n er g y d e nsit y 𝜏 i n E M C al a n d D C al s c al e d wit h t h e ar e a of t h e L 1-j et

p at c h, d et er mi n e d wit h t h e L 1 tri g g er el e ctr o ni cs.

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0
C e ntr alit y ( %)

4−1 0

3−1 0

2−1 0

1−1 0

n
or

m.
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o
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s

 = 5. 0 2 T e VN NsA LI C E, P b- P b 

M B
 = 1 0 G e VclEM B wit h 

 tri g.γE M C- L 1 
 = 1 0 G e V

cl
E tri g. wit h γE M C- L 1 

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0
 ( G e V)E

1

1 0

21 0

31 0

R
F

0- 1 0 %  < 4 0 G e VE1 2 <  0. 6 %±3 5. 2 
1 0- 3 0 %  < 4 0 G e VE1 2 <  0. 5 %±5 9. 9 
3 0- 5 0 %  < 4 0 G e VE1 2 <  0. 8 %±1 3 2. 6 
5 0- 9 0 %  < 4 0 G e VE1 2 <  1. 3 %±5 1 1. 1 

 = 5. 0 2 T e VN NsA LI C E, P b- P b 2 0 1 5
 hi g h tri g g er e dγL 1 

Fit r a n g e R F

Fi g u r e 2 8 . ( C ol or o nli n e) L eft: c e ntr alit y p er c e ntil e distri b uti o n of E M C al L 1 𝜏 tri g g er e d e v e nts (r e d) i n

c o m p aris o n t o t h e p ur e mi ni m u m bi as distri b uti o n a n d mi ni m u m bi as tri g g er e d e v e nts wit h a 1 0 G e V cl ust er

i n t h e e v e nt. Ri g ht: tri g g er R Fs f or t h e E M C al or D C al L 1 𝜂 tri g g ers i n di ff er e nt c e ntr alit y cl ass es f or P b- P b

c ollisi o ns at
√

𝜋 N N = 5 .0 2 Te V. O nl y st atisti c al u n c ert ai nti es of t h e tri g g er R F ar e gi v e n i n t h e l e g e n d.

i n or d er t o r e d u c e t h e s e nsiti vit y of t h e tri g g er o n t h e e n er g y fr o m t h e u n d erl yi n g e v e nt. Fi g ur e 2 7

s h o ws t h e c orr el ati o n of t h e a v er a g e e n er g y d e nsit y 𝜂 m e as ur e d wit h t h e t w o s u b d et e ct ors, E M C al

a n d D C al, s c al e d b y t h e ar e a of t h e L 1-j et p at c h, w hi c h is us e d f or t h e b a c k gr o u n d s u btr a cti o n.

T h e 𝑀 a n d j et tri g g ers ar e e x p e ct e d t o bi as t h e c e ntr alit y distri b uti o n of t h e tri g g er e d e v e nts

b y s el e cti n g pr ef er e nti all y m or e c e ntr al e v e nts b e c a us e t h e h ar d pr o c ess es pr o d u ci n g hi g h- e n er g y

tri g g ers s c al e wit h t h e n u m b er of bi n ar y c ollisi o ns. T h e e ff e ct c a n b e d e m o nstr at e d b y c o m p ari n g

t h e c e ntr alit y distri b uti o n fr o m e v e nts tri g g er e d b y t h e L 1 𝛾 tri g g er t o t h e c e ntr alit y distri b uti o n
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, cl u st er sγL 1 c< 6 0 G e V/
T

p1 4 <  0. 5 %±4 7. 4 

 = 5. 0 2 T e VN Ns0- 1 0 % P b- P b 
A LI C E

Fit r a n g e R F

 = 0. 1R, Tkj et s, a nti-
E M C al a c c e pt a n c e

| < 0. 7tr, clη, |R| < 0. 7-j etη|
c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0
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T
p

1

1 0

21 0

31 0

41 0

51 0

R
F

L 1 j et, j et s c< 1 8 0 G e V/
T

p7 0 <  1 0. 7 %±2 8 2 6. 8 
, j et sγL 1 c< 1 8 0 G e V/

T
p6 5 <  9. 2 %±9 1 2. 5 

, cl u st er sγL 1 c< 5 0 G e V/
T

p1 2 <  1. 6 %±8 8 3. 5 

 = 5. 0 2 T e VN Ns5 0- 9 0 % P b- P b 
A LI C E

Fit r a n g e R F

 = 0. 1R, Tkj et s, a nti-
E M C al a c c e pt a n c e

| < 0. 7tr, clη, |R| < 0. 7-j etη|
c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE

Fi g u r e 2 9 . ( C ol or o nli n e) C o m p aris o n of t h e tri g g er R Fs b as e d o n cl ust ers a n d f ull j ets f or t h e E M C al L 1 𝜏

a n d j et tri g g er i n 0 – 1 0 % (l eft) a n d 5 0 – 9 0 % (ri g ht) c e ntr al P b- P b c ollisi o ns at
√

𝜏 N N = 5 .0 2 Te V. O nl y st atisti c al

u n c ert ai nti es of t h e tri g g er R F ar e gi v e n i n t h e l e g e n d.

i n e v e nts tri g g er e d b y t h e mi ni m u m- bi as tri g g er, w hi c h ar e r e q uir e d t o h a v e at l e ast o n e cl ust er

wit h a n e n er g y a b o v e t h e tri g g er t hr es h ol d. T his c o m p aris o n is s h o w n fi g ur e 2 8 (l eft). Wit h o ut t h e

cl ust er r e q uir e m e nt, t h e c e ntr alit y p er c e ntil e distri b uti o n is a p pr o xi m at el y c o nst a nt i n mi ni m u m- bi as

e v e nts. W h e n r e q uiri n g at l e ast o n e cl ust er o v er t h e tri g g er t hr es h ol d, t h e c e ntr alit y distri b uti o n is i n

q u alit ati v e a gr e e m e nt wit h t h at o bt ai n e d fr o m E M C al L 1 𝜂 -tri g g er e d e v e nts. R e m ai ni n g di ff er e n c es

i n t h e c e ntr alit y distri b uti o ns fr o m p ur e L 1-tri g g er e d e v e nts a n d mi ni m u m- bi as e v e nts i n cl u di n g t h e

cl ust er r e q uir e m e nt ar e f o u n d f or t h e m ost p eri p h er al e v e nts, d o mi n a ntl y i n t h e 6 0- 9 0 % c e ntr alit y

cl ass. I m p uriti es i n t h e tri g g er r es ulti n g fr o m n ois e or e x oti c cl ust ers as dis c uss e d a b o v e h a v e a

l ar g er e ff e ct i n m or e p eri p h er al c ollisi o ns wit h l o w er m ulti pli citi es. T h er ef or e, a l ar g er e v e nt c o u nt

is s e e n i n tri g g er e d e v e nts f or p eri p h er al c ollisi o ns t h a n w h at is e x p e ct e d fr o m mi ni m u m- bi as e v e nts

wit h t h e cl ust er r e q uir e m e nt. Aft er r ej e cti n g i m p uriti es b y a p pl yi n g t h e s a m e cl ust er c o n diti o n als o

i n tri g g er e d e v e nts (r e d d as h e d li n e) t h e e x p e ct e d c e ntr alit y distri b uti o n is o bt ai n e d.

Fi g ur e 2 8 (ri g ht) s h o ws t h e R F of t h e c o m bi n e d L 1 𝜋 tri g g er i n di ff er e nt bi ns of c e ntr alit y.

T h e r ej e cti o n f a ct or is t h e s m all est f or t h e 1 0 % m ost c e ntr al c ollisi o ns a n d i n cr e as es t o w ar ds m or e

p eri p h er al e v e nts. I n a d diti o n t o t h e L 1 𝜂 tri g g er t h e L 1 j et tri g g er w as us e d i n P b- P b c ollisi o ns at
√

𝑀 N N = 5 .0 2 Te V as w ell. A c o m p aris o n of t h e r es ulti n g R Fs f or r e c o nstr u ct e d j ets b et w e e n t h e L 1 𝛾

a n d L 1 j et tri g g er c a n b e s e e n i n fi g ur e 2 9 f or c e ntr al a n d p eri p h er al c ollisi o ns. T h e cl ust ers a n d

j ets w er e r e c o nstr u ct e d i n t h e E M C al a c c e pt a n c e wit h a j et r a di us of 𝛾 = 0 .1 , w hi c h is cl os e t o t h e

ar e a of t h e p at c h si z e of 8 × 8 F ast O Rs us e d i n P b- P b c ollisi o ns, i n or d er t o h a v e t h e l e ast bi as fr o m

fl u ct u ati o ns of t h e u n d erl yi n g e v e nt. B ot h tri g g ers a p p e ar t o b e f ull y e ffi ci e nt a b o v e j et m o m e nt a

of a b o ut 7 0 – 8 0 G e V/ 𝑀 wit h t h e L 1 𝛾 r e a c hi n g its m a xi m u m e ffi ci e n c y sli g htl y e arli er. T h e L 1 j et

tri g g er is, h o w e v er, m or e e ff e cti v e a n d t h us h as a hi g h er R F. F or n e arl y all L 1 j et-tri g g er e d e v e nts, a

c oi n ci d e n c e wit h t h e L 1 𝛾 tri g g er o n t h e s a m e si d e w as o bs er v e d, i n di c ati n g t h at t h e L 1 j et tri g g er

is m or e s el e cti v e i n h e a v y-i o n c ollisi o ns. F or t h e L 1 √︁ tri g g er t h e R Fs o bt ai n e d fr o m t h e cl ust er

a n d j et s p e ctr a a gr e e wit hi n t h eir st atisti c al u n c ert ai nti es, as e x p e ct e d, w h e n r estri cti n g t h e cl ust er

a c c e pt a n c e t o t h e E M C al as w ell. T his m e a ns t h at m ost of t h e j ets b e y o n d 𝐸 T = 8 0 G e V/ 𝐸 c o nt ai n at

l e ast o n e cl ust er a b o v e t h e tri g g er t hr es h ol d of a b o ut 1 0 G e V.
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Fi g u r e 3 0 . ( C ol or o nli n e) R a w distri b uti o n of t h e i n v ari a nt m ass of cl ust er p airs i n E M C al (l eft) a n d D C al

(ri g ht) f or o n e r u n of 2 0 1 8 d at a t a ki n g o bt ai n e d d uri n g t h e Q A pr o c ess. T h e r e d li n e c orr es p o n ds t o a fit t o t h e

i n v ari a nt m ass distri b uti o n wit h a G a ussi a n f u n cti o n f or t h e 𝜏 0 si g n al a n d a s e c o n d- or d er p ol y n o mi al f or t h e

b a c k gr o u n d. T h e fit p ar a m et ers ar e us e d t o m o nit or t h e p erf or m a n c e of t h e r e c o nstr u cti o n a n d of t h e d et e ct ors.

I n t h e dis pl a y e d r u n, 8 1 9 5 3 5 e v e nts w er e c oll e ct e d.

3. 6 D at a q u alit y ass u r a n c e

T h e E M C al o ffli n e Q u alit y Ass ur a n c e ( Q A) t o ols ar e i nt e gr at e d i nt o t h e g e n er al A LI C E o ffli n e

Q A fr a m e w or k. T h e g o al of t h e Q A pr o c ess is t o pr o vi d e i m m e di at e f e e d b a c k o n t h e d at a q u alit y,

e n a bli n g t h e d et er mi n ati o n of g o o d r u n lists f or a n al y z ers, a n d d et e cti n g a n d cl assif yi n g a n o m ali es.

If a n o m ali es ar e d et e ct e d, a d e di c at e d c ali br ati o n m a y b e n e c ess ar y.

A f ast r e c o nstr u cti o n of t h e E M C al d at a is d o n e i m m e di at el y aft er d at a t a ki n g ( wit hi n a f e w h o urs).

T h es e first d at a q u alit y c h e c ks ar e p arti c ul arl y i m p ort a nt, as iss u es dis c o v er e d at t his st a g e c a n b e fi x e d

d uri n g d at a t a ki n g. T h e Q A is b as e d o n a ut o m ati c p ost- pr o c essi n g of d et e ct or s p e ci fi c d at a pr o d u c e d

b y al g orit h ms r u n ni n g at t h e e n d of t h e r e c o nstr u cti o n. T h e p ost pr o c essi n g pr o d u c es r u n- b y-r u n

e n er g y distri b uti o ns of e a c h c ell, cl ust ers, tri g g er i nf or m ati o n, a n d c orr el ati o ns t o ot h er d et e ct ors.

T h e i n v ari a nt m ass distri b uti o n of cl ust er p airs is s h o w n i n fi g ur e 3 0 as a c o n cr et e e x a m pl e of

t his t y p e of Q A, wit h t h e E M C al o n t h e l eft a n d t h e D C al o n t h e ri g ht. T h e 𝜏 0 m es o n m ass p e a k is

fit f or b ot h distri b uti o ns, all o wi n g f or str ai g htf or w ar d ass ess m e nt of t h e d at a q u alit y b y o bs er vi n g t h e

st a bilit y of t h e p e a k p ositi o n a n d wi dt h v al u es. M ost of t h es e q u a ntiti es ar e c oll e ct e d p er S M t o e n a bl e

a m or e d et ail e d c h ar a ct eri z ati o n. All t h e r es ults ar e a ut o m ati c all y p ost e d t o a w e b- b as e d r e p osit or y.

T h e st a bilit y of t h e E M C al a n d D C al p erf or m a n c e is m o nit or e d o v er l o n g er p eri o ds c o v eri n g

s e v er al r u ns, fr o m a f e w t e ns t o a f e w h u n dr e d, wit h t h e s a m e d et e ct or c o n diti o ns t o c h e c k f or o v er all

d e vi ati o ns fr o m n or m al o p er ati o n. T h es e c h e c ks ar e d o n e o n a v er a g e q u a ntiti es e xtr a ct e d fr o m t h e

r u n- b y-r u n Q A: t h e m e a n v al u es a n d dis p ersi o n of t h e n u m b er of c ells wit h si g n al p er e v e nt, t h e

n u m b er of cl ust ers p er e v e nt, t h e m e a n n u m b er of c ells p er cl ust er, t h e p ositi o n of t h e 𝜂 0 i n v ari a nt

m ass p e a k. T h e n u m b er of c h ar g e d tr a c ks r e c o nstr u ct e d i n t h e I T S a n d T P C w hi c h ar e ass o ci at e d

t o a cl ust er is als o m o nit or e d f or st a bilit y. All tr e n di n g pl ots ar e s yst e m ati c all y i ns p e ct e d f or b ot h

mi ni m u m- bi as a n d E M C al-tri g g er e d d at a at e a c h r e c o nstr u cti o n st e p a n d f or e a c h d at a-t a ki n g p eri o d

t o i d e ntif y o utli ers. T h es e c h e c ks ar e p arti c ul arl y i m p ort a nt t o i d e ntif y r u n r a n g es f or w hi c h di ff er e nt

c ali br ati o ns or b a d c h a n n el d et er mi n ati o ns ar e n e e d e d.
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Fi g u r e 3 1 . M e a n n u m b er of cl ust ers p er e v e nt as a f u n cti o n of t h e r u n i n d e x f or p p c ollisi o ns at
√

𝜏 = 1 3 Te V.

E x a m pl e r u ns wit h si mil ar d at a t a ki n g c o n diti o ns ar e dis pl a y e d. O nl y cl ust ers wit h e n er g y a b o v e 0. 5 G e V w er e

us e d f or t h e m e a n esti m ati o n. T h e gr a y v erti c al li n es c orr es p o n d t o t h e st art of di ff er e nt d at a-t a ki n g y e ars.
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Fi g u r e 3 2 . ( C ol or o nli n e) M e a n n u m b er of c ells p er cl ust er (l eft) a n d m e a n cl ust er e n er g y (ri g ht) f or a

s el e cti o n of S Ms as a f u n cti o n of t h e r u n i n d e x i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V. E x a m pl e r u ns wit h si mil ar d at a

t a ki n g c o n diti o ns ar e dis pl a y e d. O nl y cl ust ers wit h e n er g y a b o v e 0. 5 G e V w er e us e d f or t h e m e a n esti m ati o n.

T h e v erti c al r e d li n e i n di c at es t h e r u n at w hi c h t h e 2 l ast D C al S Ms w er e i ns ert e d i nt o t h e r e a d o ut. T h e

v erti c al gr a y li n es c orr es p o n d t o t h e st art of di ff er e nt d at a-t a ki n g y e ars.

T o ill ustr at e t h e Q A pr o c ess, t h e E M C al a n d D C al p erf or m a n c es f or p p c ollisi o ns at
√

𝜂 = 1 3 Te V

c oll e ct e d i n 2 0 1 6, 2 0 1 7, a n d 2 0 1 8 ar e pr es e nt e d i n t h e f oll o wi n g. T h e a v er a g e n u m b er of cl ust ers

p er e v e nt as a f u n cti o n of r u n i n d e x is s h o w n i n fi g ur e 3 1 . T h e m e a n w as c al c ul at e d usi n g cl ust ers

wit h e n er g y l ar g er t h a n 0. 5 G e V t o s el e ct si g n al-li k e cl ust ers. F or e a c h d at a-t a ki n g y e ar, t his m etri c

w as g e n er all y st a bl e wit hi n l ess t h a n 1 %.

T h e m e a n n u m b er of c ells p er cl ust er a n d t h e m e a n cl ust er e n er g y i n mi ni m u m- bi as e v e nts

ar e pr es e nt e d o n t h e l eft a n d ri g ht of fi g ur e 3 2 , r es p e cti v el y. T h es e q u a ntiti es ar e pr es e nt e d f or a

s el e cti o n of S Ms. Alt h o u g h t h er e is s o m e v ari ati o n i n t h e m e a n n u m b er of c ells p er cl ust er a m o n g

S Ms, t h e r u n- b y-r u n p erf or m a n c e f or a si n gl e S M is c o nst a nt o v er ti m e. T h e m e a n cl ust er e n er g y is

c o nsist e nt b et w e e n S Ms a n d r u n- b y-r u n. At t h e b e gi n ni n g of t h e 2 0 1 6 d at a t a ki n g (r u ns b ef or e t h e

r e d v erti c al li n e), t w o S Ms fr o m D C al w er e n ot i n cl u d e d i n t h e r e a d o ut a n d t h e c orr es p o n di n g v al u es

( c ells/ cl ust er a n d m e a n e n er g y/ cl ust er) f or S Ms 1 8 a n d 1 9 ar e z er o.
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Collectively, these trending plots illustrate the stability of cluster performance over the 3 years
of data taking for Run 2. For pp collisions at 13 TeV, less than 10 % of the data collected with
the EMCal was affected by anomalies spotted during the quality assurance process. Most of the
anomalies, corresponding to about 8% of the collected data sample, are due to issues in the cell-time
distributions. These anomalies can be recovered via a specific time calibration, as described in
section 5.4. The remaining issues, corresponding to less than 2% of the collected sample, are mostly
due to pedestal subtraction malfunction, or to cases in which large parts of the detector were disabled
during data taking.

3.7 Online data-quality monitoring on the high-level trigger

In an effort to further monitor the EMCal performance in real time a monitoring system based on the
capabilities of the High Level Trigger (HLT) [17], a large computing system performing immediate
reconstruction during the data-taking process, was developed and deployed during Run 2.

In order to be able to operate on the HLT it was necessary to develop an of interconnected
synchronous and asynchronous processing components to handle EMCal data reconstruction and
processing [37]. These components consisted of a new reconstruction chain, separate from that
used for standard offline reconstruction, to convert raw data into digits, clusters, and triggers. In
order to meet the strict performance requirements, these components were purposely built for the
HLT. In particular, data were handled as flat structures minimizing the overhead in copy processes.
Within the context of monitoring, the trigger reconstruction and clusterization components were
especially important to enable monitoring of higher level and more complex information than would
be otherwise possible. Dedicated quality assurance components ran asynchronously, extracting
derived information from all the steps of the reconstruction to characterize the detector performance.
Examples of monitored quantities are cluster spectra, trigger rates, and the comparison of the median
energy of the trigger patch measured in the EMCal versus DCal.

The HLT distributes events to be reconstructed to the components in a round-robin manner.
The components process the data and then return the results to an HLT merger component that then
makes the data available for further processing and display, as described below. This design provides
a time resolution on the order of minutes, with the time resolution scaling with the computation
time, which itself is proportional to the event size. For Pb-Pb data-taking conditions, the EMCal
components could process up to 6000 events/s [37], resulting in the full bandwidth being inspected.

On top of the output from the HLT merger, the Overwatch project was developed and utilized to
further process and display the QA information [38]. It provided the capabilities to store and further
contextualize the QA data, extracting and trending values, projecting and plotting histograms, and
adding additional information for graphical representation, such as locations of the SMs. The data
flow from collection by ALICE through display in Overwatch is represented in figure 33. Information
provided via the HLT is stored long term, processed according to the specifications provided by the
EMCal specific module, and then displayed via the web application. Of particular interest for quality
assurance is the ability for the user to select a particular time range for reprocessing via the web
application, allowing time-dependent investigation of observed phenomena.

The flow of data from the EMCal components on the HLT through the merger to Overwatch
forms the same structure as a device within the O2 [39] framework. The experience gained in
developing this project aided in both the ongoing development of the EMCal O2 framework, as well
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Figure 33. (Color online) Data flow and architecture from the raw-data collection by ALICE to the eventual
graphical representation in the Overwatch web application [38].
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Figure 34. (Color online) Comparison of EMCal and DCal median energies of the trigger patch from the online
QA on the HLT. The linear correlation indicates that both subdetectors are measuring similar event activity.

as in the broader development of quality control efforts for Run 3. One example of the QA provided
through Overwatch is the comparison of the EMCal-DCal median energy in the trigger patch shown
in figure 34. The histogram, collected during the 2018 Pb-Pb data-taking period, shows a strong
correlation between the median tower energy in both regions, indicating that both are measuring
similar event activity, reflecting the event centrality.
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4 Test beam

4.1 Test beam setup

An EMCal mini-module of 8 8 towers built according to the final design of the production modules
was tested in the summer of 2010 at the CERN Proton Synchroton (PS) and Super Proton Synchroton
(SPS) facilities using the same detector configuration as installed in ALICE. Production versions of
the EMCal FEE boards and the final LED monitoring system (section 2) were used during these
tests. Beam tests were performed also with earlier (not final) versions of the FEE at FNAL in 2005
and at CERN in 2007, and the results are summarised in ref. [40].

All towers were scanned with beams of electrons, muons and hadrons in order to investigate the
response of the EMCal to these particles. As discussed in section 2.1, the modules in ALICE have a
1 5o taper in the direction to provide an approximately projective geometry. During the scan, the
EMCal mini-module was placed on a movable table, allowing to select the position of incidence of
the beam on the mini-module. The scan of each tower was performed such that the beam hit the
tower surface perpendicularly.

The PS accelerator at CERN accelerates protons up to 25 GeV. The protons impinge on a
production target to produce electrons and hadrons with an approximately exponential energy
distribution. The momentum of the produced particle is selected by a system of magnets and
collimators. In this study, the final momentum selection collimator was typically set to achieve
a 0 5% selection on the momentum. The test beam was not sharply focused spatially in order to
investigate a large area of the EMCal for each position setting of the EMCal mini-module. For each
configuration, typically about 8–10 adjacent towers gave signals. Electrons and hadrons within
an energy range from 0.5 to 6 GeV were studied during the PS beam period. The setup used at
the T10 beam line of PS is shown in figure 35. A threshold Cherenkov detector was used in the
PS experimental setup in order to discriminate between electrons and hadrons (mostly pions) in
the mixed beams of the PS. The T10 beam line at the PS was recommended for operation with a
minimum beam momentum of 1 GeV . In order to operate at lower beam momenta of 0.75 GeV ,
the magnet settings were extrapolated. Thus, for the lower energy, a 1% uncertainty was assigned
because of this extrapolation.

In addition, data were taken with the same mini-module setup in the H4 beam line at the SPS.
The SPS operates at a maximum beam energy of 450 GeV, allowing higher energy particles to be
used. The electron and hadron energies studied with the mini-module at the SPS were in the range
of 6–225 GeV. In the H4 beam-line, clean electron beams were provided as a tertiary beam after
photons (the secondary beam) from neutral pion decays, produced in the production target, were
converted to electrons in a lead converter. The setup used during the SPS data-taking is shown
in figure 36. For both test beam periods, scintillator counters provided the beam trigger. Three
Multi-Wire Proportional Chambers (MWPC) (indicated as CH1, CH2, CH3 in the figures) ensured
that only a single track per event was registered and provided the position of incidence of the beam
particle during the offline analysis.

4.2 Calibration and corrections

The relative calibrations of the towers were determined with initial runs in which the movable
platform was moved to scan all towers with the test beam. For the PS period, the calibration runs were
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Figure 35. (Color online) Schematic view of the ALICE EMCal mini-module at the PS T10 beam line. The
beam enters from the right. The Cherenkov detector was used for identification of the beam particle. The
mini-module could be moved in the directions indicated by the red arrows in order to scan different towers.
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Figure 36. (Color online) Schematic view of the ALICE EMCal mini-module at the SPS H4 beam line. The
beam enters from the right. The mini-module could be moved in the directions indicated by the red arrows in
order to scan different towers.

taken with 6 GeV electrons, while for the SPS period the calibration runs were taken with 10 GeV
electrons. For each tower, enough calibration data was taken to provide a statistical uncertainty
of less than 1% on the reconstructed energy peak. Corrections for the temperature dependence of
the APD gains for each tower were applied on a run-by-run basis in the offline analysis. Because
the electromagnetic showers spread over several towers, and the sharing of the energy between
towers depends on the position of incidence on the tower, the reconstructed energy ( rec) must be
determined as a sum over several towers with signals. As a result, the calibration factor for each
tower must be determined by comparing the sum of energy deposits in several towers with the
incident energy ( beam). To this purpose, the events were grouped according to the position of the
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tower with the highest energy deposit (leading cell) and for each group a 2 function was defined as

2 1
event event

beam

towers

1
ADC agg

2

(4.1)

where event is the number of events in the given group, is the energy calibration coefficient for
the -th tower, and is the measured pulse amplitude. The last term, introduced as a linear
function of the minimum aggregation energy threshold per tower ( agg), was included for fixing the
absolute energy scale. Both the and the coefficients were found by minimising the (global)

2 defined as a sum of 2 for different leading cell positions and for several values of minimum
aggregation energy threshold:

2

LeadingTower agg

2 (4.2)

In order to avoid the edge effects and to ensure that the electromagnetic shower is fully captured
by the mini-module, it was required that the maximum energy deposit is in one of the four central
towers (conditionally labeled by symbols A, B, C and D). The events with a maximum tower energy
of less than seed 500 MeV were discarded from the analysis in order to be compatible with the
cluster selection used for analyses of ALICE physics data, where the clusterizer is only applied for
the so-called seed towers with an energy above this threshold (section 3.3). Since this threshold
is higher than the energy deposited by a MIP, it results in better energy and position resolutions
but affects the low energy clusters. Additional towers were used during the clusterization only
if they had energies above agg 50 MeV. This energy corresponds to approximately 3 ADC
counts. In addition, clusters made of single towers were excluded from the study in order to be
consistent with the analysis of ALICE data, where such clusters are rejected to suppress the noise
and “exotic” clusters (see section 3.4.3). During the calibration procedure, agg 50, 100 and
150 MeV values were used in eq. (4.1), and the coefficients determined from PS 6 GeV runs and
from SPS 10 GeV runs were found to be compatible with 3 4. Thus, in the case of requiring
the minimum aggregation energy per tower to be at least 100 MeV, a deficit of about 3.4% of the
“measured energy” is expected for electrons with incident energy of 1 GeV.

Since the beam energies used for energy calibrations are well below 16 GeV, in the operational
region of high-gain regime, the coefficients were only determined for the high-gain channels. The
calibration of low-gain channels was accomplished on a channel-by-channel basis by comparing the
pulses in high- and low-gain channels from higher energy electron beam data. The high- and low-gain
amplitudes were found to be well correlated with an average gain ratio of 16.3 and an RMS of 0.15.

During the analysis of high energy beam data, a significant energy nonlinearity was observed
for beam energies 100 GeV. Specifically, an energy deficit increasing with the beam energy was
found, which is not described by MC simulations, likely a possible consequence of electromagnetic
shower leakage. With laboratory measurements it was confirmed that the nonlinearity arises from
the FEE response, namely due to the buffer of the shaper used in the FEE card. The FEE (shaper)
nonlinearity was studied in detail and parameterized by correlating the measured pulse amplitude to
an input pulse amplitude, injected from an external pulse generator TG5011 and from a dedicated
light generator described in ref. [41]. The correlation for 20 channels is displayed in figure 37 (left).
The mean of the measured pulse amplitude as a function of leading tower energy for various towers
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Figure 37. (Color online) Left: measured pulse amplitude ( out) as a function of input pulse amplitude
obtained from laboratory measurements. The dashed gray line indicates the case of a linear shaper. Right:
comparison of laboratory measurements with the TB data on missing energy ( miss) as a function of the
measured energy.

is well described by a 6th-order polynomial function. Based on the parametrization from laboratory
measurements, the missing energy as a function of measured energy was calculated and compared
with test-beam data in figure 37 (right). In the latter figure, the dependence of the difference between
the beam and reconstructed energies ( miss) is shown as a function of leading tower energy for
various beam energies and for various positions of the leading tower. This comparison must be
considered as a qualitative comparison, because the missing energy cannot be accurately measured
from data. The dispersion of the data points per tower is mostly due to the variation of the FEE
(shaper) nonlinearity per channel (the gray band in the left panel), the variation of energy calibration
coefficients used to convert from ADC to GeV units, and the cross-talk (see section 5.8).

For both the test beam and LHC ALICE data reconstructions, the FEE (shaper) nonlinearity
correction is absorbed in the tower-level energy calibration.

4.3 Data analysis and results

Even though the clusters with leading cell energy less than 500 MeV were excluded from the
energy-calibration procedure, special attention was paid to lower-energy single-cell clusters from the
data taken with muon- and hadron- beams to determine the MIP energy. Muon- and hadron- beams
showed identical results. The measured energy distribution with a 6 GeV energy muon beam is shown
in figure 38 (left). A fit with a Landau–Gaussian convolution achieves a good description of the
data and yields approximately 236 MeV for the MIP energy. The MC prediction with the GEANT4
transport code is in good agreement with data, whereas the one with GEANT3 overestimates the
MIP energy by about 50 MeV.

In figure 38 (right), the reconstructed energy distribution measured from data with a 6 GeV
electron beam is presented and compared with the predictions from MC simulations with GEANT3
and GEANT4 transport codes. Both predictions are in good agreement with the data.
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c as es t h e d at a ar e s h o w n wit h bl a c k m ar k ers a n d c o m p ar e d wit h t h e pr e di cti o ns fr o m M C si m ul ati o ns wit h

G E A N T 3 a n d G E A N T 4 tr a ns p ort c o d es.

4. 3. 1 R es p o ns e at l o w e n e r gi es

T h e gr a n ul arit y of E M C al t o w ers is s u c h t h at t h e t o w er si z e is a b o ut t wi c e t h e M oli èr e r a di us (s e e

t a bl e 4 ). T his is si mil ar t o t h e c al ori m et ers of t h e Pi o n e eri n g Hi g h E n er g y N u cl e ar I nt er a cti o n

e X p eri m e nt ( P H E NI X) [ 4 2 ] a n d O m ni- P ur p os e A p p ar at us at L E P ( O P A L) [4 3 ] e x p eri m e nt, w h er e as

f or m a n y ot h er c al ori m et ers t h e t o w er si z e is c o m p ar a bl e t o t h e M oli èr e r a di us. S u c h s e g m e nt ati o n of

E M C al r es ults i n a u nif or m r es p o ns e a cr oss t o w ers. F or i n ci d e nt el e ctr o ns wit h e n er g y 𝜏 ≲ 4 G e V, t h e

tr a ns v ers e si z e of t h e E M C al s h o w er is c o m p ati bl e or s m all er t h a n t h e si z e of o n e t o w er. T h us, w h e n

t h e i n ci d e nt p arti cl e hits t h e c e nt er of a t o w er, t h e el e ctr o m a g n eti c s h o w er is f ull y c o nt ai n e d i n a si n gl e

t o w er. H o w e v er, w h e n t h e p arti cl e hits t h e t o w er n e ar its e d g e, t h e s h o w er is s plit a m o n g t w o or m or e

t o w ers. T h er ef or e, t h e pr o b a bilit y of fi n di n g cl ust ers wit h at l e ast t w o c ells is s m all er w h e n t h e l o w e n-

er g y p arti cl es hit n e ar t h e c e nt er of t o w ers. I n a d diti o n, d u e t o t h e n o n-li n e ar e n er g y r es p o ns e vs s h o w er

e n er g y, i n c as e t h e s h o w er is s plit i n s e v er al t o w ers d u e t o hitti n g b y a p arti cl e n e ar t h e t o w er e d g e, t h e

r e c o nstr u ct e d e n er g y is s m all er t h a n it w o ul d b e i n c as e t h e p arti cl e w o ul d hit t h e c e nt er of a t o w er

a n d t h e w h ol e s h o w er w o ul d c o nt ai n i n a si n gl e t o w er. T h us, at l o w e n er gi es t h e d et e ct or r es p o ns e,

a n d as a c o ns e q u e n c e t h e e n er g y n o nli n e arit y, d e p e n d b ot h o n t h e e n er g y a n d o n t h e hit p ositi o n d u e

t o t h e w a y t h e s h o w er s plits a m o n g t o w ers a n d o n t h e li g ht a c c u m ul ati o n a n d pr o p a g ati o n pr o p erti es.

T h e cl ust er-r e c o nstr u cti o n a n d cl ust er- fi n di n g e ffi ci e n c y ( 𝜏 r e c) as w ell as t h e e n er g y r es p o ns e as

a f u n cti o n of hit p ositi o n o bt ai n e d fr o m M C si m ul ati o ns ar e s h o w n i n fi g ur e 3 9 . T h e l att er q u a ntit y

is q u a nti fi e d as t h e r ati o b et w e e n t h e r e c o nstr u ct e d e n er g y a n d t h e i n ci d e nt e n er g y a n d als o r ef err e d

t o as e n er g y n o nli n e arit y. T h e s c a n w as p erf or m e d b y v ar yi n g t h e 𝜂 - c o or di n at e of t h e hit p ositi o n at

fi x e d 𝜋 = 0 ( at t h e c e nt er of t o w er i n t h e p er p e n di c ul ar dir e cti o n). T h e c as es w h e n t h e cl ust er is m a d e

of a si n gl e t o w er a n d at l e ast t w o t o w ers ar e s h o w n s e p ar at el y i n fi g ur e 3 9 . I n t h e a n al ysis of t h e

L H C c ollisi o n d at a, at l e ast t w o t o w ers i n t h e cl ust er ar e r e q uir e d t o s u p pr ess t h e n ois e (s e cti o n 3. 3 ),

r es ulti n g i n t h e cl ust er fi n di n g a n d r e c o nstr u cti o n u nif or mit y a cr oss t o w ers.

Fi g ur e 4 0 (l eft) s h o ws t h e cl ust er 𝜂 r e c f or cl ust ers wit h at l e ast t w o t o w ers as a f u n cti o n of t h e

i n ci d e nt hit p ositi o n m e as ur e d fr o m T B d at a. D u e t o t h e l a c k of st atisti cs it w as n ot p ossi bl e t o m a k e
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Figure 41. (Color online) Energy nonlinearity correction ( rec beam) as a function of beam energy for
electrons obtained from TB data (black points), and from MC simulations with GEANT3 (red points) and
GEANT4 (cyan points) transport codes.

4.3.2 Energy nonlinearity and resolution

Figure 41 shows the ratio of reconstructed energy over true beam energy ( rec beam) as a function
of rec measured in the test-beam data and obtained from MC simulations. This dependence
presents the energy nonlinearity of the detector response. For the data the channel-by-channel shaper
nonlinearity correction (see figure 37 left) is already applied as described above.

A reasonable agreement between data and MC predictions was achieved. The energy nonlinearity
can be parameterized as

rec
0 1 ln rec

1 2 exp rec 3
(4.3)

with parameters: 0 4 3 0 6, 1 0 06 0 02, 2 3 5 0 6, 3 4172 2276 (energy in
units of GeV).

The energy dependence of the energy resolution of an electromagnetic calorimeter is parameter-
ized as

(4.4)

where is the incident energy (in units of GeV). The intrinsic resolution is characterized by the
parameter that arises from stochastic fluctuations due to intrinsic detector effects such as energy
deposition, energy sampling and light-collection efficiency. The constant term, , originates from
systematic effects, such as shower leakage, detector nonuniformity or channel-by-channel calibration
errors. The third term, , is due to electronic noise summed over the towers of the cluster used to
reconstruct the electromagnetic shower. The three resolution contributions are added in quadrature.
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Fi g u r e 4 2 . ( C ol or o nli n e) L eft: r el ati v e e n er g y r es ol uti o n as a f u n cti o n of b e a m e n er g y. Ri g ht: cl ust er- p ositi o n

r es ol uti o n as a f u n cti o n of b e a m e n er g y.

T h e e n er g y r es ol uti o ns o bt ai n e d fr o m t est b e a m d at a a n d M C si m ul ati o ns ar e s h o w n i n fi g ur e 4 2 .

T h e f oll o wi n g n u m eri c al v al u es w er e f o u n d fr o m a fit t o d at a f or t h e e n er g y r es ol uti o n p ar a m et ers:

𝜏 = 1 .4 ± 0 .1 , 𝜏 = 9 .5 ± 0 .2 G e V 1 / 2 , 𝜂 = 2 .9 ± 0 .9 G e V.

T h e e n er g y r es p o ns e w as als o st u di e d f or di ff er e nt p ositi o ns c orr es p o n di n g t o t h e m o d ul es as

i nst all e d i n A LI C E. M ost of t h e t est b e a m d at a w er e t a k e n wit h a c o n fi g ur ati o n w h er e t h e b e a m hits

t h e E M C al m o d ul es p er p e n di c ul arl y. D at a w er e als o t a k e n wit h c o n fi g ur ati o ns w h er e t h e m o d ul es

w er e tilt e d i n 𝜋 b y 6 ◦ or 9 ◦ at di ff er e nt s urf a c e p ositi o ns. T h e r es p o ns e at s u c h tilt e d c o n fi g ur ati o ns is

c o nsist e nt wit h t h e e n er g y n o nli n e arit y a n d t h e a v er a g e r es ol uti o n as a f u n cti o n of e n er g y pr es e nt e d

i n fi g ur e 4 1 a n d 4 2 (l eft). N o si g ni fi c a nt d e vi ati o ns fr o m t h e a v er a g es at 0 ◦ w er e o bs er v e d.

4. 3. 3 P ositi o n r es ol uti o n

T h e s e g m e nt ati o n of t h e c al ori m et er all o ws o n e t o o bt ai n t h e hit p ositi o n fr o m t h e e n er g y distri b uti o n

i nsi d e a cl ust er wit h a n a c c ur a c y b ett er t h a n t h e t o w er si z e. T h e 𝜂 a n d 𝑀 c o or di n at e l o c ati o ns ar e

c al c ul at e d usi n g a l o g arit h mi c w ei g hti n g of t h e t o w er e n er g y d e p osits as d es cri b e d i n s e cti o n 3. 4. 2 .

T h e M W P Cs us e d i n t h e t est b e a m d at a pr o vi d e d a m e as ur e m e nt of t h e r ef er e n c e p ositi o n wit h a n

u n c ert ai nt y s m all er t h a n 2 m m. Fi g ur e 4 2 (ri g ht) s h o ws t h e 𝛾 a n d 𝛾 p ositi o n r es ol uti o n as a f u n cti o n

of t h e e n er g y d e p osit f or el e ctr o ns. As e x p e ct e d, n o si g ni fi c a nt di ff er e n c e i n t h e r es ol uti o n i n t h e 𝑀

a n d 𝛾 dir e cti o ns is o bs er v e d, a n d t h e p ositi o n r es ol uti o n is si g ni fi c a ntl y s m all er t h a n t h e t o w er si z e

e v e n f or ∼ 7 0 0 M e V cl ust ers. T h e el e ctr o m a g n eti c s h o w er p ositi o n r es ol uti o n c a n b e d es cri b e d b y

𝛾 ⊕ √︁ /
√

𝐸 , w h er e t h e t w o c o ntri b uti o ns ar e a d d e d i n q u a dr at ur e, wit h t h e f oll o wi n g n u m eri c al v al u es

f or t h e p ar a m et ers f o u n d fr o m t h e fit t o d at a: 𝐸 = 0 .2 6 8 ± 0 .0 0 1 c m, 𝜃 = 1 .0 4 2 ± 0 .0 0 3 c m/ G e V 1 / 2 .

5 C ali b r ati o ns a n d c o r r e cti o ns

5. 1 S u r v e y ali g n m e nt

T h e g e o m etr y of t h e E M C al w as i niti all y i m pl e m e nt e d i n t h e s oft w ar e f oll o wi n g t h e d esi g n of t h e

A LI C E e x p eri m e nt, a n d t his g e o m etr y is r ef err e d t o as t h e “i d e al g e o m etr y ” i n t his s e cti o n. H o w e v er,

d uri n g t h e i nst all ati o n of t h e d et e ct or i n t h e c a v er n, t h e d et e ct or w as p ositi o n e d i n a sli g htl y di ff er e nt
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location, which is referred here as the “actual geometry”. This results in a mismatch between the
geometry implemented in the software and the actual position of the detectors. In the ALICE
reconstruction framework, this is corrected by the introduction of alignment matrices, which describe
the rotation and translation of the detectors from the ideal to the actual positions. The EMCal SMs
were installed individually in the cavern, and therefore they are considered to be independent when
calculating the alignment matrices. In this setup, each module inside an SM was built and mounted
with few hundred micrometer precision, and has no freedom to move, which further justifies the use
of each SM’s position as the degrees of freedom in the alignment.

The initial alignment was based on the measurement of the position of reference markers
attached to the corners of the SMs, as illustrated in figure 43. Using these positions, the alignment
was performed in the following steps. At first, two vectors along the edges of each SM were used to
span the plane of the surface of the calorimeter. The first vector, called short-axis vector (vS), which
is approximately in the -direction, was built using the two points of the survey in the shortest length
of the SM. The positions used were the closest to 0 for the SMs in the 0 region (C and D in
figure 43) and the closest points to 0 7 for the SMs in the 0 region (A and B in figure 43).
The second vector, called long-axis vector (vL), which is approximately in the -direction, was built
along the longest dimension of the SM. It was constructed by taking the average of the two vectors in
the longest direction of each SM (see figure 43). For example, vL was calculated using the following
expression for SM0:

vL
vAC vBD

2
(5.1)

where vXY is the vector that connects the point to the point . Then, a vector orthogonal to the
actual surface of the detector (vO) was computed using the cross product of the long- and short-axis
vectors:

vO vL vS (5.2)

Survey Points
Used to build the
long axis vectors
Short axis vectors

X

SM 0

A B

C D

SM 1

E
SM4 SM6 SM8

SM
10

S

°) 0.116 (6.65°)

Full-size and
1/3-size SMs

SM 12

A B

C D

SM 13

E F

C’ D’

2/3-size SMs

F

η

φ

Figure 43. Schematic overview of the positions of the survey points and how the vectors used for the alignment
were constructed.
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Fi g u r e 4 4 . ( C ol or o nli n e) L eft: a n g ul ar r ot ati o n of e a c h S M wit h r es p e ct t o t h e i d e al g e o m etr y. Ri g ht:

tr a nsl ati o n of e a c h S M wit h r es p e ct t o t h e i d e al g e o m etr y.

T his ort h o g o n al v e ct or w as c o m p ar e d t o t h e o n e i n t h e i d e al g e o m etr y, a n d t h e a n g ul ar di ff er e n c e

b et w e e n t h e m w as c al c ul at e d, i n t h e r ef er e n c e s yst e m d e fi n e d at t h e c e nt er of t h e S M, i n t er ms of

r oll- pit c h- y a w a n gl es 𝜏, 𝜏 a n d 𝜂 st a n di n g f or t h e r ot ati o ns ar o u n d t h e a x es 𝜋 , 𝜂 a n d 𝑀 , r es p e cti v el y [4 4 ].

T h e a n g ul ar di ff er e n c es f or e a c h S M ar e pr es e nt e d i n fi g ur e 4 4 (l eft). T h e di ff er e n c es ar e s m all er t h a n

1 d e gr e e f or m ost c as es. T h e i d e al g e o m etr y w as t h e n r ot at e d b y t h es e a n gl es, a n d t h e tr a nsl ati o ns i n

t h e 𝛾 , 𝛾 a n d 𝑀 dir e cti o ns b et w e e n t h e r ot at e d i d e al g e o m etr y a n d t h e a ct u al p ositi o n w er e c al c ul at e d.

T h e y ar e r e p ort e d i n fi g ur e 4 4 (ri g ht). T his t o o k i nt o a c c o u nt a n a d diti o n al c o nstr ai nt a p pli e d f or t h e

f ull-si z e a n d 1/ 3 si z e S Ms, t o e ns ur e a s m o ot h tr a nsiti o n at 𝛾 ≈ 0 . T h e tr a nsl ati o ns ar e of t h e or d er

of a f e w c e nti m etr es, a n d a gl o b al s hift of a p pr o xi m at el y 1 1 c m i n t h e 𝛾 - dir e cti o n is f o u n d f or t h e

D C al S Ms ( S M 1 2 – 1 9). I n t h e e n d, t h e t ot al ali g n m e nt m atri x w as c al c ul at e d b y c o m bi ni n g t h e

tr a nsl ati o ns i n t h e √︁ , 𝐸 , a n d 𝐸 a x es, a n d t h e t hr e e r ot ati o n a n gl es c al c ul at e d i n t h e pr e vi o us st e p.

T o c h e c k t h e a c c ur a c y of t h e ali g n m e nt a n d p ossi bl y c orr e ct f or r e m ai ni n g mis ali g n m e nt, a

st u d y of t h e m at c h e d tr a c ks t o t h e E M C al cl ust ers i n p p c ollisi o ns w as p erf or m e d. T h e str at e g y w as

t o us e t h e di ff er e n c es b et w e e n t h e p ositi o n of t h e tr a c ks a n d cl ust ers as a b e n c h m ar k of t h e q u alit y of

t h e ali g n m e nt, w h er e t h e cl ust er p ositi o n is gi v e n b y t h e w ei g ht e d a v er a g e p ositi o n a c c or di n g t o

e q. (3. 7 ). Si n c e el e ctr o ns d e p osit t h eir f ull e n er g y i n t h e el e ctr o m a g n eti c c al ori m et er, el e ctr o ns wit h

𝜃 T > 2 G e V/ 𝜃 a n d |𝜃 | < 0 .7 w er e c h os e n f or t his st u d y. T h e y w er e i d e nti fi e d usi n g t h e c h ar g e d tr a c ks

r e c o nstr u ct e d i n t h e I T S a n d t h e T P C, a n d pr o p a g at e d t o t h e c al ori m et er’s s urf a c e (s e cti o n 3. 4. 1 ).

E a c h tr a c k w as pr o p a g at e d t o t h e p ositi o n of t h e E M C al a n d w as ass o ci at e d wit h a cl ust er if t h e

c orr es p o n di n g di ff er e n c e i n 𝛾 a n d 𝛽 ( of t h e tr a c k a n d t h e cl ust er) w as l ess t h a n 0 .1 . W h e n b ei n g

m at c h e d, t h e tr a c ks w er e pr o p a g at e d t o t h e p ositi o n of t h e cl ust er. T h e p arti cl e i d e nti fi c ati o n us e d

t h e s p e ci fi c i o nis ati o n e n er g y l oss i n t h e T P C wit h a c ut of − 1 < 𝜋 T P C
𝜂 < 3 , w h er e 𝛾 𝛼 is t h e

di ff er e n c e b et w e e n t h e m e as ur e d a n d e x p e ct e d d et e ct or r es p o ns e si g n als f or el e ctr o ns n or m alis e d

t o t h e r es p o ns e r es ol uti o n. T h e p urit y w as f urt h er i m pr o v e d b y a p pl yi n g a s el e cti o n i n t h e r ati o

of t h e e n er g y of t h e cl ust er o v er m o m e nt u m of t h e tr a c k ( 0 .8 < 𝜋 / 𝜂 < 1 .2 ). A n e x a m pl e of t h e

r es ult of s u c h a st u d y is s h o w n i n fi g ur e 4 5 , w h er e t h e di ff er e n c es i n 𝛾 a n d 𝛼 f or t h e E M C al S Ms ar e

r e p ort e d. T h e distri b uti o ns s h o w a cl e ar p e a k ar o u n d 0, s h o w c asi n g t h e g o o d p erf or m a n c e of t h e
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Fi g u r e 4 6 . ( C ol or o nli n e) M e a n di ff er e n c es b et w e e n t h e p ositi o n i n 𝜂 (l eft) a n d 𝜋 (ri g ht) of cl ust ers a n d

el e ctr o n tr a c ks pr o p a g at e d t o t h e E M C al / D C al as f u n cti o n of t h e S M n u m b er. T h e c ol ors r e pr es e nt el e ctr o ns

(r e d) a n d p ositr o ns ( bl u e).

ali g n m e nt. N e v ert h el ess, it is still p ossi bl e t o s e e a s m all r e m ai ni n g mis ali g n m e nt, m ost visi bl e i n

t h e as y m m etr y of t h e r esi d u als i n t h e 𝜂 - a n gl e. A c o m pil ati o n of all t h e m e a n v al u es f or e a c h S M is

s h o w n i n fi g ur e 4 6 .

F or t h e E M C al, t h e tr a c k m at c hi n g st u di es i n di c at e d a r esi d u al mis ali g n m e nt i n t h e b e a m

dir e cti o n ( Z- a xis) w hi c h w er e a d d e d t o t h e ali g n m e nt m atri c es. N o f urt h er ali g n m e nt w as a p pli e d i n

t h e D C al, si n c e t h e r e m ai ni n g mis ali g n m e nt w as s m all er t h a n t h e si z e of a c ell.

5. 2 C ell e n e r g y c ali b r ati o n

T h e g o al of t h e e n er g y c ali br ati o n is t o o bt ai n f or e a c h c ell 𝑀 a c o e ffi ci e nt 𝛾 𝛾 s u c h t h at w h e n m ulti pli e d

b y t h e a ct u al c ell r es p o ns es, all c ells gi v e t h e s a m e v al u e t o a n i d e nti c al sti m ul ati o n.
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5.2.1 Energy pre-calibration

The testing and relative pre-calibration of each SM were performed upon assembly in the laboratory
using the response to cosmic muons as a MIP. SMs were calibrated in three sections consisting of 8
strip modules per test. The trigger was defined by 16 scintillator paddles positioned in pairs above
and below the strip modules. The size, position and orientation of the paddles were such that a
particle that crossed both paddles of a pair only crossed the associated strip module. Both ends of a
paddle were instrumented with photomultiplier tubes. When all four photomultipliers of a pair of
top and bottom scintillator paddles received a signal a trigger was issued and the data from the entire
1/3 of the SM was read out. The triggering paddle pair was identified, and the times when the signal
was observed by each of the four photomultipliers were registered. In the final analysis the timing
information allowed reconstruction of the muon crossing position along the top and bottom paddles
with 3 cm precision. With an additional isolation cut (with no signals in neighboring modules)
events were selected for use in the calibration. This procedure allowed us to obtain an initial tower
relative energy calibration with 2% precision, see [45] for details.

5.2.2 Energy calibration with the LHC data

Since the collected data does not contain enough 0 boson e e or even meson decays [3],
the cells were calibrated by using the 0 meson decays. In this section, “miscalibration” will
be used for convenience to denote the difference with respect to the experimentally unreachable
perfect calibration, regardless of the fact that the cells were or were not calibrated. “Residual
miscalibration” will be used when the cells are calibrated.

The procedure consists of measuring the invariant mass distribution of 0 meson candidates for
which one of the two decay photons has the cluster centroid (see eq. (3.11)) located in the considered
cell. This distribution is then fit by the sum of a Gaussian (for the 0 meson peak) and a second-order
polynomial (for the combinatorial background). The coefficient is obtained from the ratio of the
known 0 meson mass PDG

0 to the mean of the fitted Gaussian fit: PDG
0

fit , where is
a coefficient chosen between 1 and 2. While eq. (3.3) suggests to choose 2 for a random set of
not calibrated cells, studies showed that convergence is faster with values around 1 5 [3]. Since
the total shower energy, distributed in several cells, and the energy deposited by the second decay
photon are required in the estimate of the invariant mass, the calibration procedure is carried out
iteratively. The cells located on the edges of the SMs cannot be calibrated this way, because part of
the electromagnetic shower is lost.

The calibration data sets were obtained in pp collisions using a lower threshold for the L0 trigger
than that used in the data sets for physics analyses, in order to trigger on decay photons from 0 meson
decays that lead to well-separated clusters in the calorimeter. These data sets were taken in 2012,
2015 and 2018, with a 2.5 GeV L0-trigger threshold, and contain an average number of 17, 41, and
18 thousand events per cell (SM edges excluded), respectively. A cell energy threshold of 50 MeV
and a minimal seed energy of 100 MeV were used for the cluster reconstruction, and the nonlinearity
of the energy response of the calorimeter was corrected (see section 5.6). To reconstruct 0 meson
candidates, only approximately circular clusters ( 2

long 0 5) that were not matched to a track were
used. They also were required to have an associated time less than 20 ns relative to the collision time,
and a time difference between the two clusters less than 20 ns. In addition, the cluster energy was
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Fi g u r e 4 7 . ( C ol or o nli n e) R el ati v e e n er g y r es ol uti o n as a f u n cti o n of t h e e n er g y of t h e i n ci d e nt p arti cl e.

Dis pl a y e d ar e t h e t ar g et r es ol uti o n ( bl a c k, d as h e d- d ott e d) a n d t h e m e as ur e d e n er g y r es ol uti o n fr o m t h e

t est b e a m ( gr e e n, d as h e d), s e cti o n 4. 3. 2 . A d diti o n all y, t hr e e di ff er e nt b a n ds ar e a d d e d s h o wi n g t h e i ntrisi c

r es ol uti o n wit h a d d e d 1, 2 a n d 3 % mis c ali br ati o n, c o nsi d eri n g t h e r esi d u al mis c ali br ati o n d uri n g t h e t est b e a m

t o b e b et w e e n 0 % ( u p p er b a n d li mit) a n d 1 % (l o w er b a n d li mit).

r e q uir e d t o b e l ar g er t h a n 0. 7 G e V a n d l o w er t h a n 1 0 G e V. Fi n all y, b ot h cl ust ers us e d t o r e c o nstr u ct t h e

𝜏 0 m es o n w er e r e q uir e d t o b e i n t h e s a m e S M, i n or d er n ot t o b e a ff e ct e d b y r esi d u al mis ali g n m e nt.

Si n c e t h e cl ust er e n er gi es us e d f or e n er g y c ali br ati o n ar e w ell b el o w 1 6 G e V, i n t h e o p er ati o n al

r e gi o n of hi g h g ai n r e gi m e (s e e s e cti o n 2. 3 ), t h e 𝜏 𝜂 c o e ffi ci e nts i m pli citl y r ef er t o hi g h g ai n c h a n n els.

T h e c ali br ati o n of l o w g ai n c h a n n els is o bt ai n e d usi n g t h e t est b e a m m e as ur e m e nts w h er e a f a ct or

1 6. 3 ( wit h R M S of 0. 1 5) w as f o u n d f or t h e l o w o v er hi g h g ai n r ati o (s e e s e cti o n 4. 2 ).

5. 2. 3 T a r g et e n e r g y r es ol uti o n

T h e c al ori m et er i ntri nsi c e n er g y r es ol uti o n 𝜋 i ntri nsi c
𝜂 w as m e as ur e d i n b e a m t ests, wit h a r el ati v e

e n er g y mis c ali br ati o n esti m at e d t o b e s m all er t h a n 1 % (s e cti o n 4. 2 ). T h e r el ati v e u n c ert ai nt y

𝑀 c ali b
𝛾 / 𝛾 d u e t o t h e r el ati v e mis c ali br ati o n of t h e c ells a d ds u p q u a dr ati c all y t o t h e c o nst a nt t er m 𝑀

of e q. (4. 4 ). T h e e n er g y c ali br ati o n ai ms at r e d u ci n g 𝛾 c ali b
𝛾 d o w n t o a l e v el, w hi c h m a k es t h e t ot al

e n er g y r es ol uti o n c o m p ati bl e wit h t h e p h ysi cs pr o gr a m of t h e e x p eri m e nt. St u di es s h o w e d t h at a n

e n er g y r es ol uti o n √︁ t ot
𝐸 = 𝐸 i ntri nsi c

𝜃 ⊕ 𝜃 c ali b
𝜃 of a b o ut (2 % ⊕ 1 5 % /

√
𝛾 ) ⊕ 1 % is s u ffi ci e nt t o a c hi e v e

t h e p h ysi cs g o als of E M C al [4 , 4 0 ]. Fi g ur e 4 7 s h o ws t h at a r esi d u al mis c ali br ati o n of 2 % all o ws t o

c o v er t h e f ull e n er g y r a n g e wit h t h e d esir e d r es ol uti o n, w hil e a r esi d u al mis c ali br ati o n of 3 % w o ul d

o nl y a ff e ct el e ctr o n a n d p h ot o n m e as ur e m e nts a b o v e 3 0 G e V, a n e n er g y d o m ai n w h er e t h e st atisti c al

u n c ert ai nti es e x c e e d t h os e arisi n g fr o m mis c ali br ati o n.

Si n c e w h at is a ct u all y m e as ur e d ar e r e c o nstr u ct e d m ass es of 𝛽 0 m es o ns, a r el ati o ns hi p h as t o b e

dr a w n b et w e e n t h e e n er g y mis c ali br ati o n a n d t h e s pr e a d of t h e 𝜋 0 m es o ns m ass es m e as ur e d i n t h e

v ari o us c ells.
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For different instances of actual energy deposited, true, the energy measured in the cell is denoted
by meas where is an index for the cell, and corresponds to each measurement being different
due to the intrinsic calorimeter resolution. Using to characterise the effect of the non perfect
calibration of cell and for the calorimeter resolution, the measured energy can be written as:

meas true 1 1 true 1 (5.3)

where and both follow Gaussian distributions centred at 0 and of widths calib true and
intrinsic true, respectively.

Let us first consider the simple case of a 0 meson decay where the energy of each decay photon
is fully contained in a pair of single cells and . In this case the reconstructed 0 meson invariant
mass can be expressed as

reco PDG
0 1 1 1 2

PDG
0 1

1
2 1 2 (5.4)

where 1 and 2 are associated to the energy deposits in cells and , respectively.
Using index to number the 0 mesons reconstructed with a photon hitting a cell , the average

of the measured invariant masses can be written as

1

1

reco PDG
0

 
1

1
2

 
1 2 (5.5)

The indices , 1 and 2 depend on , so the terms (average shift induced by the intrinsic energy
resolution) and the term (average miscalibration of many cells) vanish. Therefore, assuming that
the fit made on the invariant mass distribution is a good estimate of the average reconstructed mass,

fit PDG
0 1 2 .

The distribution of fit PDG
0 is therefore expected to follow a Gaussian with half of the width

of the corresponding distribution of . A simulation confirmed this result, and therefore the
uncertainty values reported below on the measurement of 0 meson masses will be multiplied by 2
to obtain the corresponding uncertainty on an energy measurement.

5.2.4 Consequences of the upstream material budget

As the 0 meson life time is very short with 0 8 5 10 17s, the decay photons must cross the
material of all the central ALICE detectors before reaching the calorimeter. Conversions happening
before the first half of the TPC are efficiently rejected by the veto applied when the cluster is matched
to a charged-particle track, see figure 12. Conversions in TRD and TOF are partially removed
by the requirement on the shower shape because the positron and electron are separated by the
magnetic field. However, the remaining clusters suffer from an energy loss in the material crossed
after the conversion. This results in a slightly more pronounced tail of the 0 meson peak at low
invariant masses (see figure 58). The limited number of 0 mesons in the most affected cells does
not allow for adding more free parameters to the fit function in order to describe the asymmetry in
the invariant-mass peak.

Columns 10–13 and 38–43 (0 being towards midrapidity) were defined as zones with more
material, as the space frame and TRD module borders induce a very significant widening of the 0
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Fi g u r e 4 8 . ( C ol or o nli n e) L eft: wi dt h of t h e distri b uti o n of Δ 𝜏 𝜏 (s e e t e xt) as a f u n cti o n of t h e n u m b er of 𝜂 0

m es o ns i n s a m pl e S 2 , f or S Ms 0 – 9 ( bl u e, gr e e n, c y a n) a n d S Ms 1 0 – 1 7 (r e d, or a n g e, y ell o w), f or v ari o us 𝜋 𝜂 0

c ell s el e cti o n: 9 .6 < 𝑀 𝛾 0 < 1 1 .0 M e V/ 𝛾 2 ( cir cl es), 9 .0 < 𝑀 𝛾 0 < 1 2 .0 M e V/ 𝛾 2 ( di a m o n ds) a n d n o n e (st ars).

Ri g ht: st atisti c al u n c ert ai nt y o n t h e √︁ 0 m es o n m ass as a f u n cti o n of t h e n u m b er of 𝐸 0 m es o ns c oll e ct e d i n t h e

c ell, f or S Ms 0 – 9 wit h t h e ti g ht est ( bl u e) a n d wit h o ut ( gr e e n) s el e cti o n o n 𝐸 𝜃 0 as w ell as f or S Ms 1 0 – 1 7 wit h

t h e ti g ht est (r e d) a n d wit h o ut ( y ell o w) s el e cti o n o n 𝜃 𝜃 0 .

m es o n p e a k wi dt h a n d a l oss of t h e n u m b er of c oll e ct e d 𝛾 0 m es o ns u p t o a f a ct or of 2. C ali br ati n g

t h es e c ells t h er ef or e r e q uir es m or e d at a t h a n t h e ot h er ar e as, a n d t h e y ar e tr e at e d di ff er e ntl y as

e x pl ai n e d i n s e cti o n 5. 2. 6 .

I n a d diti o n t o t h e m or e pr o n o u n c e d t ail, t h e a v er a g e i n v ari a nt m ass is als o s hift e d t o l o w er v al u es,

w hi c h n e e ds t o b e a c c o u nt e d f or i n t h e a bs ol ut e e n er g y c ali br ati o n. T h e c orr es p o n di n g c orr e cti o n

d e p e n ds sli g htl y o n t h e g e o m etr y of t h e s u p er- m o d ul e as w ell as o n t h e a v er a g e m at eri al i nst all e d i n

fr o nt of it. T h us, it r a n g es fr o m 0. 6 % f or t h e el o n g at e d S Ms t o u p t o 1. 4 % f or t h e 2/ 3 S Ms.

5. 2. 5 St atisti c al u n c e rt ai nt y o n t h e m e as u r e d 𝛽 0 m ass

T h e st atisti c al u n c ert ai nt y o n t h e esti m ati o n of t h e r e c o nstr u ct e d 𝜋 0 m es o n m ass 𝜂 fit
𝛾 d e p e n ds o n t h e

a c c u m ul at e d n u m b er 𝛼 𝜋 0 ,𝜂 of 𝛾 0 m es o ns i n t h e c o nsi d er e d c ell 𝛼. T his u n c ert ai nt y is t h er ef or e esti-

m at e d i n di ff er e nt bi ns of 𝜋 𝜂 0 , a n d is o bt ai n e d b y c o m p ari n g t h e m ass fitt e d i n t w o i n d e p e n d e nt e v e nt

s a m pl es, S 1 a n d S 2 , f or e a c h c ell. T h e d at a us e d f or t his st u d y is t h e l ar g e 2 0 1 5 c ali br ati o n d at a s et.

I n or d er t o mi ni mi z e t h e i n fl u e n c e o n t h e r es ult of p ossi bl e mis c ali br ati o n a m o n g t h e c ells of

b ot h p h ot o n cl ust ers, t h e s a m pl e S 2 w as fi n el y c ali br at e d, u ntil t h e wi dt h of a G a ussi a n fit o n t h e

distri b uti o n of t h e fitt e d m ass es 𝛼 fit
𝜋 r e a c h e d 0. 1 %. T h e wi dt h of t h e s a m e distri b uti o n f or t h e s a m pl e

S 1 r e m ai n e d al m ost c o nst a nt d uri n g t h e c o n v er g e n c e pr o c ess, w hi c h c o n fir ms t h at it is d o mi n at e d b y

st atisti c al v ari ati o ns a n d n ot r esi d u al mis c ali br ati o n.

T h e u n c ert ai nt y o n t h e m e as ur e m e nt of t h e m ass di ff er e n c e i n c ell 𝐸, Δ 𝐸 𝐸 = 𝐸 fit
𝛽,S 1 − 𝜋 fit

𝜂,S 2 ,

is 𝑝 Δ 𝐸,𝛾 =
√︃

𝛽 2
𝜋,𝜂, S 1 + 𝜃 2

𝛼,𝜋, S 2 . Si n c e t h e a n al ysis is p erf or m e d i n d e p e n d e ntl y o n cl ass es of c ells

wit h si mil ar n u m b er of 𝜂 0 m es o ns, it is r e as o n a bl e t o ass u m e t h at t h e u n c ert ai nt y o n t h e m ass

m e as ur e m e nt is t h e s a m e f or all c ells b el o n gi n g t o t h e c o nsi d er e d cl ass. T h e wi dt h 𝛼 Δ 𝜋,𝜂 c a n b e

writt e n as 𝜃 Δ 𝑃 =
𝑛

𝑀 2
𝛾, S 1 + 𝛾 2

𝜇, S 2 a n d t h e Δ 𝜇 𝑖 distri b uti o n f or a cl ass is e x p e ct e d t o b e a G a ussi a n
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Table 12. Values of the ratio and of parameters and of the function used to fit the data using eq. (5.6),
for the two sets of SMs and 3 selections of 0 .

0 interval (MeV/ 2) (MeV/ 2) (MeV/ 2)

[9.6; 11.0] 0.878 15 8 0 8 0 20 0 029
SM 0–9 [9.0; 12.0] 0.883 17 1 0 6 0 18 0 027

None 0.885 18 9 0 5 0 11 0 04

9 6; 11 0 1.482 18 6 1 2 0 20 0 05
SM 10–17 [9.0; 12.0] 1.486 21 1 0 8 0 14 0 05

None 1.488 22 9 0 8 0 15 0 06

centered at 0, of width . The width obtained by a Gaussian fit for each statistics interval 0 S2,
is reported in figure 48 (left).

To obtain the statistical uncertainty on the fitted 0 meson mass fit as a function of the number
of 0 mesons collected, we require a functional shape 0 and a relation between S1 and
S2. The latter can be achieved by introducing the ratio 0 S2 0 S1. This ratio was

measured in each cell, and its distribution differs for SMs 0–9 and 10–17 due to varying data-taking
conditions (see summary table 12); the study was thus made separately on the two sets of SMs. For
each of them, the profile of the 2-dimensional distribution of 0 S1; 0 S2 appeared to be linear
over the full range of number of 0 mesons, and was fitted with the function 0 S2 0 S1. To
describe the 0 behavior, the function 0 0 was assumed. The resulting
uncertainty on as a function of the number of 0 mesons in sample S2 can be written as

0 S2 0 S2 0 S2

2

0 S2
1 2 2 (5.6)

The results, shown in figure 48 (left) and in table 12, reveal a moderate increase of the uncertainty
when the selected range of the width 0 of the fitted 0 meson peak is made wider. A larger
uncertainty is also found for SMs 10–17 with respect to SMs 0–9. Figure 48 (right) summarizes the
behavior of the corresponding functions 0 , over a typical range of number of 0 mesons for
a typical energy calibration dataset. To be conservative, the final uncertainty chosen is that obtained
with SMs 10–17 and without any selection on the 0 meson peak width.

5.2.6 Uncertainty on the 0 mass due to the fit

In order to ensure a good fit convergence for cells with low number of 0 mesons, a wide standard
range of 50 300 MeV 2 has been chosen for fitting the invariant mass distributions.
The uncertainty due to the fit in the estimation of the 0 meson mass was estimated by reducing
this range down to 70 220 MeV 2. When tightening either of the fit limits, the fitted 0

meson mass evolved monotonically to larger values. Figure 49 shows the distribution of the ratios
fit fit , where and refer to the narrowest and standard intervals, which were used for fitting

the 0 meson mass distribution. The cells were divided into two samples: those located behind the
zones with more material and those with less material. The distribution for the latter cells exhibits
a bulk which follows a Gaussian, and a tail which extends up to a 1% deviation. A Gaussian fit
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s
fitµ/

n
fitµ
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41 0

C
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u
nt

s

 = 1 3 T e VsA LI C E, p p c ell s w/ o s u p p ort str u ct ur e i n fr o nt  
 = 0. 0 4 7 %σG a u s si a n fit,  

c ell s w/ s u p p ort str u ct ur e i n fr o nt  

Fi g u r e 4 9 . Distri b uti o n of t h e r ati os of t h e 𝜏 0 m es o n m ass es f o u n d b y a fit i n t h e n arr o w i nt er v al ( 𝜏 fit
𝜂 ) of

7 0 < 𝜋 0
𝜂 < 2 2 0 M e V/ 𝑀 2 wit h r es p e ct t o t h e st a n d ar d r a n g e ( 𝛾 fit

𝛾 ) of 5 0 < 𝑀 0
𝛾 < 3 0 0 M e V/ 𝛾 2 , f or c ells l o c at e d

b e hi n d t h e z o n es wit h m or e m at eri al ( fill e d distri b uti o n) a n d f or t h e ot h er c ells ( bl u e distri b uti o ns) f or S Ms

0 – 1 7. T h e l att er hist o gr a m is fit wit h a G a ussi a n (r e d).

i n di c at es t h at t h e r el ati v e wi dt h of t h e b ul k, 0. 0 4 7 %, is al m ost a n or d er of m a g nit u d e l o w er t h a n

t y pi c al v al u es of t h e st atisti c al u n c ert ai nt y of t h e √︁ 0 m es o n m ass. T h e u n c ert ai nt y d u e t o t h e fit r a n g e

c a n t h us b e n e gl e ct e d. T his ar g u m e nt d o es n ot h ol d f or t h e t ail of t his distri b uti o n. Yet, t h e c ells t h at

e x hi bit e d a c h a n g e of t h e fitt e d 𝐸 0 m es o n m ass b y m or e t h a n 0. 2 % w er e f o u n d t o b e l o c at e d n e xt

t o e x cl u d e d c ells or F E Es. Si n c e t h e a n al ys es s e nsiti v e t o s u c h e ff e cts us e cl ust ers wit h a c e ntr oi d

l o c at e d m or e t h a n o n e c ell a w a y fr o m e x cl u d e d c ells, s u c h c ells c a n o nl y gi v e a mi n or c o ntri b uti o n

t o t h e t ot al cl ust er e n er g y. T h er e is t h er ef or e n o e x p e ct e d i m p a ct o n t h e a n al ys es. Fi n all y, t h e c ells

l o c at e d b e hi n d t h e z o n es wit h m or e m at eri al e x hi bit a str o n g er s e nsiti vit y t o t h e fit r a n g e, w hi c h w as

t a k e n i nt o a c c o u nt i n t h e esti m ati o n of t h e gl o b al u n c ert ai nt y (s e cti o n 5. 2. 9 ).

5. 2. 7 C o ns e q u e n c e of a f r o nt- e n d el e ct r o ni c c a r d c h a n g e o n t h e t o w e r g ai ns

A gi n g a n d d a m a g es i n d u c e d b y glit c h es o n t h e el e ctri c al n et w or k r e q uir e i n s o m e o c c assi o ns t o

r e pl a c e F E E c ar ds. T h e F E E- c ar ds c o ntr ol t h e bi as v olt a g es, a n d si n c e t h e v olt a g es t h at ar e a ct u all y

a p pli e d t o t h e A P D ar e n ot stri ctl y e q u al t o t h e d esir e d s et v olt a g e, c h a n gi n g a n F E E c ar d r es ults i n

a m e as ur a bl e v olt a g e m o di fi c ati o n, c a usi n g a c h a n g e of t h e g ai n i n t h e t o w ers. T h e a ct u al o ut p ut

v olt a g es of t h e c h a n n els of t hr e e F E E c ar ds w er e m e as ur e d f or t hr e e v al u es of t h e v olt a g e s etti n g:

3 0 0, 3 3 5 a n d 3 7 0 V. T h e distri b uti o n of t h e m e as ur e d o ut p ut v olt a g es w as fitt e d wit h a G a ussi a n.

T h e wi dt h w as f o u n d t o b e 1. 3 V, i n t h e w orst c as e, a n d wit h o ut si g ni fi c a nt v ari ati o ns wit h t h e

s et v olt a g e. T h e tr a nsf or m ati o n of t h es e v olt a g e v ari ati o ns i nt o a n u n c ert ai nt y o n t h e t o w er g ai ns

𝐸 is d o n e usi n g e q. (2. 2 ). F or e a c h t o w er of S Ms 0- 1 7, a r a n d o m v olt a g e c h a n g e Δ 𝜃 is pi c k e d

a c c or di n g t o t h e 1. 3 V wi d e G a ussi a n. T h e v al u e of t h e v olt a g e s et 𝜃 s et a n d t h e t hr e e G a ussi a n

p ar a m et ers ( 𝜃 0 ; 𝛾 1 ; 𝛽 2 ) ar e r e a d fr o m t h e d at a b as es, a n d t h e i n d u c e d g ai n c h a n g e is c al c ul at e d as

𝜋 n e w / 𝜂 ol d = 𝛾 (𝛼 s et + Δ 𝜋 ) /𝜂 (𝛾 s et ). T his v ari a bl e w as f o u n d t o f oll o w a G a ussi a n distri b uti o n

wit h r el ati v e wi dt h of 2. 5 %, w hi c h is t h us t h e g ai n s pr e a d t o e x p e ct w h e n a n F E E c ar d is c h a n g e d.
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5.2.8 Consequence of inactive calorimeter areas on the reconstructed 0 mass

Due to a change of the acceptance available to build pairs of clusters, the invariant mass distributions
of the clusters from towers close to an inactive or dead area of a SM have a different combinatorial
background shape, possibly affecting the fit result. Therefore, the 2015 calibration dataset was used
to quantify the 0 meson mass displacement, which is induced by masking some areas of a SM
before reconstructing the data. Various sizes and placements of the masked area were tested. In
cells located in the same columns (respectively: rows) as the masked area, the 0 meson masses
were found to be systematically displaced to lower (resp. larger) masses. Masking 2 to 5 T-Card
wide areas (8 rows and 4–10 columns) leads to significantly larger displacements as the size of the
masked area is strongly correlated to the shift in the mass peak position.

Masking a 4-T-Card wide area in the center of a SM can lead to a shift in the 0 meson mass
of up to 1% in some towers. Masking T-Cards close to an edge (rows 0 to 7) leads to similar
results, except that the mass change in the same columns remained smaller than 0.3% even for 4
masked T-Cards. When several full rows or several full columns were masked instead, the mass
shifts obtained remained below 0.5%. From these results we conclude, that when an area of the
calorimeter has no or little calibration data, the 0 meson mass found in cells with a distance of less
than 4 columns (excluding those that share an edge with the missing area) differs by up to 1% from
what would have been obtained if that area had collected data. For cells located farther away, the
bias is smaller than the statistical uncertainty.

5.2.9 Energy calibration performance

The global uncertainty due to the relative calibration results from the uncertainties listed above,
should be combined with the remaining difference between the achieved calibration level and perfect
calibration of the data sample. This difference was quantified on the calibration data sample from
the width the reconstructed 0 meson mass distribution in the various calorimeter cells at the end of
the calibration procedure. As this width can be made arbitrarily small, the calibration process was
continued until it reached a value, which could be neglected with respect to the statistical uncertainty.

To estimate the global uncertainty on the calibration, a distribution of the average masses
obtained in each cell was built by applying on the fixed PDG

0 value a random coefficient that
reproduces the various effects. The statistical uncertainty was reproduced by picking for each cell a
coefficient according to a Gaussian distribution of width equal to the value 0 , where 0

is the function established in section 5.2.5 and 0 is the expected number of 0 mesons in this cell
according to its position. The collected number of 0 mesons per cell is indeed not uniform, due
on one hand to the requirement that both photons hit the same SM, and on the other hand to the
non-uniform upstream material budget. An ideal distribution for the three types of SM sizes was
built from real distributions to mimic a SM without dead cells and where all FEE cards would have
registered data from the same amount of collisions. Figure 50 (left) shows the resulting distribution
for the number of 0 mesons in the various cells for an ideal full calorimeter. The variations of
the number of reconstructed 0 mesons per cell arise from areas of the calorimeter with different
material budget in front of them (see section 5.2.4).

For the systematic uncertainty due to the fit range, the random coefficient was picked according
to the relevant distribution of figure 49, depending on whether the considered cell was or was not
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Fi g u r e 5 0 . ( C ol or o nli n e) L eft: distri b uti o n of t h e n u m b er of 𝜏 0 m es o ns c oll e ct e d i n a n i d e al c al ori m et er

( bl a c k). T h e r es p e cti v e c o ntri b uti o ns of t h e 1 0 E M C al, 6 2/ 3-si z e d D C al a n d 4 1/ 3-si z e d S Ms ar e dis pl a y e d i n

di ff er e nt c ol ors (s e e s e cti o n 2. 2 ). Ri g ht: distri b uti o ns of t h e s m e ar e d 𝜏 0 m es o n m ass es n or m ali z e d b y 𝜂 P D G
𝜋 0 ,

w h e n o nl y t h e st atisti c al u n c ert ai nt y is a p pli e d ( cl os e d s y m b ols), a n d w h e n als o t h e u n c ert ai nt y d u e t o t h e fit

r a n g e is a p pli e d ( o p e n e d s y m b ols).

pl a c e d i n a z o n e wit h m or e m at eri al. Fi g ur e 5 0 (ri g ht) s h o ws t h at t h e o v er all s m e ari n g of t h e 𝜂 0

m es o n m ass b as e d p ur el y o n t h e st atisti c al u n c ert ai nt y a m o u nts t o 0. 3 6 %. C o nsi d eri n g i n a d diti o n

t h e u n c ert ai nt y d u e t o t h e fit r a n g e, t h e m ass s m e ari n g ris es t o 0. 3 9 %, wit h a t ail at l ar g er v al u es.

Si n c e t h e c ali br ati o n u n c ert ai nt y 𝑀 c ali b
𝛾 is t wi c e t h e u n c ert ai nt y o n t h e 𝛾 0 m es o n m ass (s e e s e c-

ti o n 5. 2. 3 ), w e c o n cl u d e d t h at 𝑀 c ali b
𝛾 is l o w er t h a n 1 % a n d t h er ef or e m e ets t h e 𝛾 c ali b

√︁ < 3 % r e q uir e m e nt.

Si n c e, as s h o w n i n s e cti o n 5. 2. 8 , missi n g p arts of t h e c al ori m et er o nl y i n d u c e m ass s hifts b el o w

1 % a n d i n a li mit e d fr a cti o n of t h eir S M, s u c h a r es ult s u g g ests t h at a s atisf a ct or y l e v el of c ali br ati o n

c o ul d b e a c hi e v e d wit h a s m all er n u m b er of c ollisi o n e v e nts t h a n h a v e b e e n t a k e n i n 2 0 1 5. H o w e v er,

a l ar g er si z e of t h e c ali br ati o n s a m pl e is v er y us ef ul t o o bt ai n a mi ni m u m of r e c o nstr u ct e d 𝐸 0 m es o ns

t o g u ar a nt e e fit c o n v er g e n c e. M or e o v er, it all o ws t o c h e c k t h e c ali br ati o n q u alit y e v e n f or t h e c ells

wit h r e d u c e d e ntri es, e. g. d u e t o t h e n o n- u nif or mit y of t h e r e c o nstr u ct a bl e 𝐸 0 m es o ns, t o t h e l ar g er 𝜃 0

m es o n p e a k wi dt h a n d s m all er si g n al-t o- n ois e r ati o i n z o n es wit h m or e m at eri al, a n d t o s o m eti m es

i m p erf e ctl y w or ki n g c ells or F E E c ar ds.

Fi n all y, a F E E c ar d c h a n g e as st u di e d i n 5. 2. 7 a d ds a 2. 5 % s pr e a d o n 𝜃 c ali b
𝜃 . Si n c e t his r e m ai ns

wit hi n t h e c o n diti o ns est a blis h e d i n s e cti o n 5. 2. 3 , a n d si n c e o nl y a fr a cti o n of t h e F E E c ar ds of t h e

c al ori m et er ar e c h a n g e d d uri n g t h e d at a-t a ki n g p eri o d t o w hi c h t h e c ali br ati o n a p pli es, w e c o n cl u d e d

t h at t h e e n er g y c ali br ati o n is s atisf a ct or y.

5. 3 B a d c h a n n el m as ki n g p r o c e d u r e

S o m e c h a n n els i n t h e c al ori m et er gi v e a n i m pr o p er r es p o ns e t o a hit, ar e n ois y or h a v e a dis c o nti n u o us

e n er g y s p e ctr u m. T h es e s o- c all e d b a d c h a n n els n e e d t o b e m as k e d a n d e x cl u d e d fr o m a n y d at a a n al ysis.

Fi g ur e 5 1 s h o ws t h e e n er g y s p e ctr u m of all c h a n n els of E M C al i n bl u e a n d t h e e n er g y s p e ctr u m

wit h o ut t h e b a d c h a n n els i n gr e e n. T h e f or m er cl e arl y s h o ws ki n ks a n d s pi k es t h at d o n ot ori gi n at e

fr o m t h e m e as ur e d e n er g y of p arti cl es hitti n g t h e d et e ct or b ut m ost li k el y ori gi n at e fr o m b a d c h a n n els.
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Fi g u r e 5 1 . ( C ol or o nli n e) L eft: e n er g y distri b uti o n of all c ells ( bl u e), a n d all g o o d c ells ( gr e e n) of t h e E M C al.

Ri g ht: m a p of c ells cl assi fi e d as g o o d ( y ell o w), b a d (r e d) a n d d e a d ( gr a y) f or t h e p art of t h e d at a t a ki n g p eri o d

L H C 1 8 m as a f u n cti o n of r o w a n d c ol u m n.

T o i d e ntif y t h es e c h a n n els, w e us e d t w o o bs er v a bl es: t h e m e a n e n er g y p er c h a n n el a n d t h e

n u m b er of hits r e c or d e d b y a c h a n n el. Si n c e s o m e c ells g a v e a n i m pr o p er r es p o ns e o nl y o v er c ert ai n

e n er g y r a n g es, w e e v al u at e d t h es e t w o q u a ntiti es i n d e p e n d e ntl y i n s e v er al e n er g y i nt er v als Δ 𝜏 . T his

w a y, t h e a n al ysis is s e nsiti v e t o f a ult y b e h a vi or i n all e n er g y r e gi o ns. T h e i d e nti fi c ati o n of t h e b a d

c h a n n els r eli es o n t h e ass u m pti o n t h at t h e n u m b er of hits p er c h a n n el o nl y di ff ers d u e t o st atisti c al

fl u ct u ati o ns. Stri ctl y s p e a ki n g, t his ass u m pti o n is n ot v ali d f or all c h a n n els of t h e E M C al, m ai nl y d u e

t o m at eri al i n fr o nt of t h e c al ori m et er a n d d u e t o t h e n o n- u nif or m r a pi dit y distri b uti o n of pr o d u c e d

p arti cl es. As m e nti o n e d i n s e cti o n 5. 2. 4 , t h e s u p p ort str u ct ur es i n fr o nt of t h e E M C al a ff e ct t h e

a b u n d a n c e a n d e n er g y of p arti cl es tr a v ersi n g t h e d et e ct or. C ells b e hi n d t h e T R D s u p p ort str u ct ur es

r e c or d si g ni fi c a ntl y f e w er hits t h a n a n a v er a g e c ell. T h e p ositi o n of t h os e c ells c a n b e p ar a m etri z e d as

a f u n cti o n of 𝜏 (r o w) a n d 𝜂 ( c ol u m n). F urt h er m or e, t h e p arti cl e-r a pi dit y distri b uti o n is n ot fl at i n 𝜋

a n d t h er ef or e als o a ff e cts t h e n u m b er of hits i n a c ell as a f u n cti o n of t h e c ells p ositi o n i n 𝜂 ( c ol u m n).

T o c orr e ct f or t h es e e ff e cts, w e s c al e d t h e n u m b er of hits i n a c ell a c c or di n g t o t h e m e a n n u m b er

of hits p er r o w a n d p er c ol u m n ⟨hits ⟩r o w/ c ol u m n i n w hi c h t h e c ell is p ositi o n e d. Si n c e p ot e nti al b a d

c h a n n els s h o ul d n ot b e i n cl u d e d i n t h e c al c ul ati o n of t h e s c ali n g f a ct or, w e i d e nti fi e d a n d e x cl u d e d

t h e m wit h a n al g orit h m d es cri b e d l at er. T h e c orr e ct e d n u m b er of hits f or a c ell w as d et er mi n e d b y:

𝑀 aft er
hits

= 𝛾 b ef or e
hits

×
⟨ hits ⟩gl o b al

⟨ hits ⟩r o w/ c ol u m n
. H er e, 𝛾 aft er

hits
is t h e n u m b er of hits aft er t h e c orr e cti o n, 𝑀 b ef or e

hits
is t h e

n u m b er of hits b ef or e t h e c orr e cti o n a n d ⟨hits ⟩gl o b al is t h e m e a n n u m b er of hits of all c h a n n els of

t h e c al ori m et er. Si n c e w e a p pli e d t h e c orr e cti o n f or t h e r o ws a n d f or t h e c ol u m ns s e p ar at el y, t h e

t ot al c orr e cti o n w as d et er mi n e d i n a n it er ati v e pr o c e d ur e, alt er n ati n g b et w e e n t h e c orr e cti o n f or t h e

r o w a n d f or t h e c ol u m n. Aft er f o ur it er ati o ns t h e m e a n n u m b er of hits f or all r o ws a n d c ol u m ns

n o l o n g er c h a n g e d. Fi g ur e 5 2 s h o ws t h e hit distri b uti o n i n a n e n er g y r a n g e of 0. 5 G e V ≤ 𝛾 c ell <

1. 0 G e V b ef or e t h e s c ali n g pr o c e d ur e (l eft) a n d aft er (ri g ht) t h e s c ali n g pr o c e d ur e. T h e c ells b e hi n d

t h e T R D s u p p ort str u ct ur es cl e arl y di ff er fr o m t h e ot h er c ells i n t h e distri b uti o n. T h e hit distri b uti o n

b ef or e s c ali n g is o nl y s h o w n t o ill ustr at e t h e i m p ort a n c e of t h e s c ali n g pr o c e d ur e a n d is n ot us e d t o

i d e ntif y b a d c h a n n els. Aft er t his i niti al a d a pt ati o n, t h e b a d c h a n n el a n al ysis c a n b e p erf or m e d.
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Figure 52. (Color online) Hit distribution for 0.5 GeV cell 1.0 GeV before (left) and after (right) the
scaling procedure. All cells are shown in blue, cells behind the TRD support structure in green, and cells not
behind the TRD support structure in orange.

The analysis distinguishes three classes of channels: good, bad, and dead channels. If a channel
has zero recorded hits, the analysis classifies this channel as dead. These are typically channels
where an FEE card was switched off for replacement. The identification of the bad channels was
done by selections on the mean energy distribution and the hit distribution in all selected energy
intervals . The distributions obtained after applying the scaling procedure described above, as
shown in figure 52 (right), were fitted with a Gaussian and the standard deviation was used as a
reference for the threshold to tag a channel as bad. We typically use 5 as a selection criterion
although there can be slight variations, depending on the period. Channels outside this interval were
declared as bad.

Furthermore, a cut was applied to reject cells that fire frequently outside the nominal expected
hit time: cells which fired outside the time interval of 550 to 700 ns2 with a high frequency were
classified as noisy and thus bad for physics analysis.

The bad channel masking used in the data analysis was not defined run-by-run. Instead, the
same bad channel masking was applied to multiple consecutive runs exhibiting similar detector
conditions, so-called run blocks. To identify these run blocks, a preliminary bad channel analysis
was performed for each run individually. A channel that was declared as bad by a selection on one
distribution, was declared as bad for the respective run. Only cells that were flagged as bad in more
than 20% of the runs were considered for the algorithm that determines the run blocks. In a second
step, the individual bad channels were compared among all the runs to find similar behavior. The
algorithm itself minimizes the channels that need to be masked for the entire run block even though
they only misbehaved for a part of the runs. It further takes into account that runs do not contain an
equal number of events, thus, to minimize unnecessary masking, the number of events of the run is

2Typically the first step in the bad channel masking is performed before the cell time calibration (section 5.4). Before
the time calibration the cell time distribution peaks in the given time interval as can be seen in figure 53.
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used as a weight in the definition of masked channels. After the runs which get a common map were
found by the algorithm, a new bad channel analysis was performed on the combined event sample
for each run block. When all other calibrations are applied, the masking procedure in each run block
is repeated with the cell time taken into account as well as the simulated detector response for the
corresponding cell. In this step, typically 30 to 100 additional bad channels were found. Mostly, these
channels were masked due to a bad time distribution. Those cannot be identified by the first masking
procedure since at that point the time usually is not yet calibrated. The total number of bad and dead
channels is typically in a range of 1000 to 1600, which corresponds to 6% to 9% of all channels,
depending on the run-block. On average, 300 to 400 channels of all problematic channels were dead.

5.4 Cell time information calibration

The main goal of the time calibration is to correct the cell time information by the average cell time
over a period of data taking. The calibration corrects for the cable length (signal propagation in the
cables takes 600 ns), electronic response time, and time shifts due to clock phase differences. The
period can be as long as one ALICE period, or the entire year. However, all the electronic changes
and different trigger setups impact the calibration. The Bunch Crossing (BC) in pp collisions during
LHC Run 2 occurred every 25 ns3. The ALTRO clock of the EMCal readout runs with a different
frequency than the LHC clock, and samples every 100 ns (see section 2.3). During Run 1 the
phase difference between ALTRO and LHC clocks was determined and corrected for by the readout
firmware, whereas during Run 2 it was determined with an offline analysis on a run-by-run basis
for each readout unit separately. In most cases, the clock phase difference was stable during a run.
However, in runs where the FEE required a reconfiguration because of hardware failures, a change of
phase often occurred. For such cases, the phase differences are determined separately for the events
collected before and after the reconfiguration. After the run-by-run phase correction was applied, the
average correction for each individual cell due to the different cable lengths and electronic response
is obtained for a longer period of time. In principle, the time calibration should stay the same as
long as no hardware modifications were performed. The shift is determined from the average time of
the main bunch crossing with respect to 0 ns for cells with energies above 0.4 GeV. As the response
time is slightly different for high gain (low energies) and low gain (high energies), an additional shift
for the latter was obtained for each channel for cell energies above 16 GeV. These time shifts were
determined for each cell based on the whole pp data sample at 13 TeV, as they are expected to
be constant and their evaluation needs large statistics.

Figure 53 shows the time distribution before (left) and after (right) the time calibration. After
the calibration, the cell time distribution is aligned at zero. The neighbouring peaks, well visible
on the plots, come from out-of-bunch pileup. The energy-dependence of the mean and width of
the main peak in the timing distributions are shown in figure 54. A shift of about 0 8 ns is visible,
which can be attributed to the slightly asymmetric timing distribution with a tail towards later times.
The time resolution improves with increasing cluster energy from about 4 ns at 0 8 GeV to 1 4 ns at
4 GeV. For energies larger than 20 GeV the time resolution worsens due to the limited statistics for
the calibration of the low-gain sample. The timing signal for energies at 100 GeV is affected by

3During LHC Run 1 pp collisions occurred every 50 ns. During Pb-Pb data taking periods the bunch spacing was even
larger, 150 ns or 75 ns.
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Fi g u r e 5 4 . ( C ol or o nli n e) G a ussi a n m e a n (l eft) a n d wi dt h (ri g ht) of t h e ti m e distri b uti o n of t h e m ai n b u n c h

cr ossi n g as a f u n cti o n of cl ust er e n er g y.

t h e s h a p er n o nli n e arit y dis c uss e d i n s e cti o n 4. 2 . H o w e v er, as t h e m a g nit u d e of t h e ti m e s k e wi n g is

s m all er t h a n t h e ti mi n g r es ol uti o n, n o s p e ci al c orr e cti o n is i m pl e m e nt e d.

5. 5 C ell t e m p e r at u r e c ali b r ati o n

As t h e g ai n of e a c h A P D d e p e n ds li n e arl y o n t h e t e m p er at ur e at w hi c h it is o p er ati n g, a c orr e cti o n t o

t h e g ai n h as t o b e a p pli e d o ffli n e i n c as e t h e d at a w er e t a k e n u n d er v ar yi n g c o n diti o ns. T h us, a t hr e e

c o m p o n e nt m o nit ori n g a n d c orr e cti o n s yst e m w as d e vis e d f or t h e E M C al, as d es cri b e d i n s e cti o n 2. 5

a n d [ 4 ]. Its m ai n c o m p o n e nts ar e t h e L E D s yst e m a n d t e m p er at ur e s e ns ors, w hi c h sit cl os e t o t h e

A P Ds at v ari o us l o c ati o ns. S p e ci al c ali br ati o n tri g g ers fir e t h e L E D p uls e a n d c orr es p o n di n g r e a d o ut.

T h es e e v e nts ar e a v ail a bl e f or o nli n e m o nit ori n g of t h e g ai ns as w ell as o ffli n e c ali br ati o n, b ut d o n ot

e nt er t h e p h ysi cs d at a str e a m.

As t h e str e n gt h of t h e L E D p uls e mi g ht v ar y as a f u n cti o n of ti m e f or e a c h stri p m o d ul e ( 4 8

c ells), it is m o nit or e d usi n g t h e b a c k li g ht c oll e ct e d fr o m t h e li g ht di ff us er (s e e s e cti o n 2 f or d et ails

o n t h e h ar d w ar e i m pl e m e nt ati o n). T h es e li g ht yi el ds ar e r e a d o ut usi n g a s e p ar at e m o nit ori n g

– 6 1 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

C)°(T
24 24.2 24.4 24.6 24.8 25 25.2 25.4

LE
D
/L
ED

 M
on

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25
f(T) = a + bT

original dist main dist removed points 8/62

cell ID 100, SM 0
2018

C)°(T
19.9 20 20.1 20.2 20.3 20.4 20.5 20.6 20.7

L
E
D
/L
E
D
 M
o
n

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

f(T) = a + bT

original dist main dist scaled dist removed points 4/39

cell ID 16325, SM 17

2018

Figure 55. Illustration of the fitting procedure of the normalized LED signal for a good cell in EMCal (left)
and a problematic one in DCal (right). The raw distribution obtained for the full 2018 data sample is shown in
gray scales in the background, while the maxima in each temperature slice are indicated by green open circles.
As there might be multiple clusters of points (as seen on the right) the distribution that is considered as the
dominant cluster is marked by black closed circles, while the blue squares represent the shifted distributions
after the correction for their offset is applied. The final fit to the combined distribution of black and blue
points is given as a dashed red line. Points marked in red were iteratively excluded from the fit as they were
considered outliers.

front-end card and averaged per run for stability. They are referred to as the LED monitoring signal
in the remainder of this section. In addition, temperature sensors were installed close to the APDs
(eight for full and 2/3-size modules and four for 1/3 size modules). Due to the fact that some of
these sensors were, however, failing during the data taking and their absolute calibration is not
known, only the average temperature per SM of reliable sensors was used to calibrate the data.
As the temperature within one run does not change dramatically, these values were also averaged
per run. This guarantees a reasonable stability of the corresponding reference values. Afterwards,
the most likely temperature for each SM was determined for the data taken during Run 2 of the
LHC. All cells within one SM were calibrated to these reference temperatures. Due to the limited
heat dissipation within the L3 magnet of ALICE, the observed average as well as minimum and
maximum temperatures are significantly different between the EMCal and DCal. While for the latter,
the temperature rarely varies by more than 1 2 C around 20 C, the variation for the top six EMCal
modules is up to 4 C with an average temperature around 24.5 C. The analysis of the LED events
was performed for each cell and each signal per cell was normalized to the LED monitoring signal in
the corresponding strip module. The LED signal divided by the LED monitoring-signal is further
referred to as the normalized LED signal.

Figure 55 presents the resulting distributions for two example cells for the data collected in
2018. As the measured light yield in one cell not only depends on the temperature but also on other
factors (i.e. electronic noise in the front end card), it is possible that the normalized LED signal
at a given temperature varies with time. Consequently, the normalized LED distribution in each
temperature slice might have multiple maxima if more than one run was taken at the same average
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s hift i n t h e si g n al is o bs er v e d f or di ff er e nt c o n diti o ns.  A n e x a m pl e of s u c h a s plit distri b uti o n is

s h o w n i n fi g ur e 5 5 (ri g ht). If  m or e t h a n o n e disti n ct cl ust er of p oi nts is i d e nti fi e d, t h e cl ust ers  w er e
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as a s h a d e d b a n d i n e a c h of t h e c o m p aris o n fi g ur es. F or v er y s h ort d at a-t a ki n g p eri o ds, li k e 2 0 1 3,
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v al u e ar o u n d 1 8 % /  C. Si mil ar v al u es  w er e esti m at e d d uri n g t h e t est b e a m c a m p ai g n [4 , 2 1 ],  w h er e

o nl y o n e t y p e of t h e  A P Ds us e d i n t h e  E M C al  w as t est e d.  B as e d o n t h es e r es ults  w e c o n cl u d e d
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s et as t h e c ali br ati o n p ar a m et er.  C o ns e q u e ntl y, t h e g ai n c orr e cti o n f a ct or d o es n ot e x c e e d 5 % f or
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most cells, even under extreme temperature variations. On average the temperature variations lead
to a gain correction factor below 1%, which is too small to affect the 0 invariant mass peak width,
which is dominated by the energy resolution at low energies and shower overlaps at high T.

5.6 Monte Carlo cluster energy fine tuning

The nonlinearity correction based on test-beam data calibrates the cluster energies in data and
simulation to an agreement within the percent level. An additional cluster energy correction is
needed in order to provide a per-mil level agreement of the energy scale and therefore smaller
systematic uncertainties on the analysis level.

The necessity of this correction arises from the detector material that is present in front of the
EMCal within the central barrel of ALICE. This material causes additional photon conversions,
which influence the position of the 0 mass peak. This effect was not present in the EMCal test-beam
data taking and thus, its consequences are not included in the test-beam nonlinearity. Figure 57 (left)
shows the conversion radius of 0 decay photons that were reconstructed as clusters in the EMCal
for different geometrical configurations of the TRD and different number of EMCal SMs. The
material, especially the one in the TRD and TOF directly in front of the EMCal, is responsible for a
large fraction of photon conversions, which smear the cluster energies reconstructed in the EMCal,
especially at low energies. These late conversions cannot be removed from the cluster sample via
charged-particle track matching as the conversions appear at radii where track reconstruction is no
longer possible within ALICE. The effect of late conversions can be seen in figure 58 (left). There,
the invariant mass distribution (according to eq. (3.3)) of two EMCal clusters, which originate from
a simulated 0, is shown in the neutral pion mass region (events were simulated with PYTHIA8
and subsequently propagated through ALICE with GEANT3). The reconstructed 0 mesons which
contain contributions from conversions, shown in magenta and cyan, exhibit a shift of the peak to
lower invariant masses and a pronounced tail compared to reconstructed 0 mesons where both
photons are not converted. This smearing effect, combined with the conversion electron clusters
being indistinguishable from real photon clusters due to the lack of track matching, is the motivation
for the additional cluster energy correction presented in this section. The Monte Carlo fine tuning
will thus also partially correct for any imperfection in the material implementation of the TRD
and TOF. The correction is based on a comparison of the measured 0 invariant mass peak
position in data and simulation.

However, the influence of the material in front of the EMCal will not only depend on the
actual material but also on the magnetic field configuration. Figure 57 (right) shows the neutral
pion invariant mass peak position for lower magnetic field configurations in comparison to the
nominal field of 0 5 T. For lower magnetic fields, the probability increases to reconstruct late
conversions within the same cluster, thus increasing the pion reconstruction efficiency, in particular
at lower transverse momenta. Therefore, more 0 mesons containing conversion contributions
are reconstructed closer to their nominal invariant mass for 0 2 T and 0 T than in the
nominal field case. As presented in figure 58 (right), the tail towards lower invariant masses is less
pronounced, while the average mass shifts by 2–3 MeV/ 2 for 0 2 T and 5–6 MeV/ 2 for 0 T
and the width of the peak decreases with respect to the same neutral pion distribution for 0 5 T.

The correction procedure itself uses the peak position in the 0 meson invariant mass distributions
in data and simulation in order to obtain a cluster energy dependent correction that is applied on
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in order to enhance the precision of the correction. Furthermore, they allow this fine tuning to go up
to high cluster energies without risking the decay photons of the 0 to merge into the same cluster.
For this method, based on the hybrid PCM-EMC reconstruction, the reconstructed invariant mass
of the 0 candidate is plotted directly versus the cluster energy to determine the energy fine tuning.

The second method, called EMCal method (EMC) in the following, uses only EMCal clusters
with a cut on symmetric 0 decays.

The general strategy of the energy fine tuning is the following: first, the 0 invariant mass
peaks are fit in increasing T bins in order to determine the mass positions in data and simulation.
Second, the ratios of mass positions in data and simulation are calculated. Third, these ratios are
parameterized to get the correction function, which can be used to perform the fine tuning of cluster
energies in simulations.

PCM-EMC method: neutral mesons are reconstructed with the hybrid method, using one
conversion photon and one EMCal cluster. The invariant mass versus cluster energy is then filled
into a 2-dimensional histogram. The same is done for pure background using an event mixing
technique. Afterwards, these distributions are binned in energy, the mixed event background is
normalized to the same-event distribution outside the 0 signal region and then subtracted. This
procedure is performed for data and simulation. Subsequently, the peak position is determined for
data and simulation using pure Gaussian fits and the ratio of these is calculated. The obtained values
are squared to reflect the proportionality of 2

0 / . These ratios are fitted with eq. (5.7), where
0, 1 and 2 are the free parameters:

0 exp 1 2 (5.7)

This function, which is referred to as Conv-Calo ratio fit (CCRF), is then used to recalculate the
cluster energies in simulation.

EMC method: neutral mesons are reconstructed using two EMCal clusters in this method
(EMC). To select two photons, which approximately have the same energy in the laboratory rest
frame, a strict cut on the asymmetry 0 1, as defined in eq. (3.5), is performed, simplifying
eq. (3.3) to 2

0 2 2 1 cos assuming 1 2 : . By using 0 2 , the invariant
masses of pion candidates are binned in cluster energy, similar to the PCM-EMC method. From
here on, the procedure is exactly the same as for the PCM-EMC method, except the fit is called Calo
ratio fit (CRF) and the data-to-simulation ratio and the subsequent fit are performed using instead
of 2, to reflect that two photon candidates enter the calculation.

The PCM-EMC method does not suffer that much from cluster merging at high transverse
momentum, as compared to the EMC method, which is limited to cluster energies below 8 GeV due
to the asymmetry cut. If the clusters get closer to each other, the cluster splitting algorithms tend
to distort the clusters in a manner that is not fully reproduced in the simulation. Additionally, the
PCM-EMC method is more efficient at lower momentum, since there is only one cluster needed to
reconstruct the meson and the reconstructed converted partner photon can have even lower energies.
Moreover, the PCM-EMC method has a better mass resolution than the EMC as it follows a mixture
of the tracking and EMCal resolutions. The PCM-EMC method was hence chosen as the default
method for the fine-tuning, while the EMC method was mainly used for systematic studies.

Figure 59 shows the obtained invariant mass peak positions for data and PYTHIA8 simulations
(left) as well as the corresponding data-to-simulation ratios for the PCM-EMC (blue) and EMC (green)
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t o e n h a n c e t h e n u m b er of 𝜂 0 m es o ns at hi g h er cl ust er e n er gi es, t h e tri g g er e d d at a ( E M C L 1 — l o w

a n d hi g h t hr es h ol d) w er e us e d f or b ot h m et h o ds i n t h e cl ust er e n er g y r a n g es i n di c at e d i n t h e fi g ur e.

Fi g ur e 6 0 pr es e nts t h e c orr e cti o n f u n cti o n f or t h e cl ust er e n er g y. T h e c orr es p o n di n g c orr e cti o n

f or t h e d at a is s h o w n t o g et h er wit h its v ari ati o ns n e c ess ar y t o c orr e ct f or t h e di ff er e nt s yst e m ati c

p ar a m etri z ati o ns of t h e t est- b e a m n o nli n e arit y (s e cti o n 4. 3. 2 , fi g ur e 4 1 ). T o a p pl y t h e n o nli n e arit y

a n d fi n e-t u ni n g c orr e cti o n, t h e r e c o nstr u ct e d cl ust er e n er gi es ar e dir e ctl y m ulti pli e d b y t h e f u n cti o n

t o o bt ai n t h e c orr e ct e d cl ust er e n er gi es: 𝜋 c orr = 𝜂 r e c × 𝑀c orr . H er e, 𝛾c orr c o nt ai ns b ot h t h e n o nli n e arit y

c orr e cti o n o bt ai n e d fr o m fi g ur e 4 1 as w ell as t h e e n er g y fi n e t u ni n g pr es e nt e d i n fi g ur e 5 9 .

Fi g ur e 6 1 q u a nti fi es t h e M C- d at a 𝛾 0 m ass di ff er e n c e aft er f ull c orr e cti o n wit h C C R F, w h er e a n e ar

p erf e ct a gr e e m e nt wit h u nit y i n t h e r ati o of d at a t o si m ul ati o n is o bs er v e d f or b ot h E M C al r el at e d

r e c o nstr u cti o n t e c h ni q u es. As t h e 𝑀 0 m es o n m ass h as b e e n us e d f or t h e c ali br ati o n pr o c e d ur e t his
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Fi g u r e 6 1 . ( C ol or o nli n e) R el ati v e m ass p ositi o n di ff er e n c e b et w e e n d at a a n d si m ul ati o ns f or t h e n e utr al pi o n

(l eft) a n d 𝜏 m es o n (ri g ht) f or di ff er e nt r e c o nstr u cti o n t e c h ni q u es i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V.

T a bl e 1 3 . S u m m ar y of t h e p ar a m et ers o bt ai n e d f or C C R F a n d C R F f or e q. (5. 7 ).

m a g n eti c fi el d s c h e m e 𝜂 0 𝜋 1 𝜂 2 ( G e V− 1 )

𝑀 = 0 .5 T
C C R F 0. 9 7 9 2 3 5 − 3 .1 7 1 3 1 − 0 .4 6 4 1 9 8

C R F 0. 9 8 4 3 1 4 − 3 .3 0 9 4 1 − 0 .3 9 9 4 4 1

𝛾 = 0 .2 T
C C R F 0. 9 8 8 5 0 3 − 3 .1 0 0 2 4 − 0 .2 8 3 3 7

C R F 0. 9 9 7 5 9 − 3 .2 1 2 7 1 − 0 .3 6 3 6 5 6

l e v el of a gr e e m e nt w as e x p e ct e d, w hil e t h e 𝛾 m es o n s er v es as a cr oss- c h e c k f or t h e a p pli e d M C

e n er g y c ali br ati o n fi n e t u ni n g. F or b ot h m es o ns, t h e a gr e e m e nt of t h e p e a k p ositi o ns is b ett er t h a n

0 .3 % f or b ot h r e c o nstr u cti o n t e c h ni q u es aft er s u btr a cti n g t h e r esi d u al d e c ali br ati o n of 0. 2 % c a us e d

b y t h e P C M p h ot o ns. A si mil ar a gr e e m e nt at l o w er tr a ns v ers e m o m e nt a is o bt ai n e d b as e d o n t h e

C R F m et h o d, al b eit wit h l ess pr e cisi o n at hi g h er tr a ns v ers e m o m e nt a.

T h es e r es ults d e m o nstr at e t h at t h e e n er g y c ali br ati o n i n cl u di n g t h e fi n e-t u ni n g s c h e m e pr o vi d es

a pr e cis e e n er g y c ali br ati o n o v er t h e f ull m o m e nt u m r a n g e f or di ff er e nt tri g g ers a n d m es o n s p e ci es.

Ta bl e 1 3 s u m m ari z es t h e p ar a m et ers f or t h e C C R F a n d C R F fi n e-t u ni n g f u n cti o ns f or t h e n o mi n al-

fi el d ( 𝑀 = 0 .5 T) a n d l o w- fi el d ( 𝛾 = 0 .2 T) c o n fi g ur ati o ns. T h e pr es e nt e d fi n e-t u ni n g c orr e cti o n is

v ali d f or all p p a n d p- P b d at a t a k e n d uri n g t h e L H C R u n 2. A n a d diti o n al c o nst a nt 1. 3 % cl ust er

e n er g y i n cr e as e i n si m ul ati o n is n e c ess ar y w h e n usi n g L H C R u n 1 d at a fr o m 2 0 1 2 a n d 2 0 1 3 w h er e

n ot all E M C al m o d ul es w er e c o v er e d b y T R D m o d ul es, as s e e n i n fi g ur e 5 7 (ri g ht). T his i n cr e as e is

d u e t o a si g ni fi c a ntl y s m all er a m o u nt of p h ot o n c o n v ersi o ns a n d t h er ef or e, a b ett er cl ust er e n er g y

r es ol uti o n c o m bi n e d wit h a li mit e d pr e cisi o n of t h e d et e ct or m at eri al i m pl e m e nt ati o n i n G E A N T 3.

Si mil arl y, t h e fi n e-t u ni n g c orr e cti o n h as t o b e a d a pt e d f or l o w- fi el d c o n fi g ur ati o ns i n or d er t o c orr e ct

f or t h e di ff er e nt i n fl u e n c e fr o m c o n v ert e d p h ot o ns. F or P b- P b c ollisi o ns, a d diti o n al c orr e cti o n f a ct ors

f or hi g h m ulti pli cit y e v e nts ar e n e e d e d i n or d er t o a c c o u nt f or t h e hi g h tr a c k d e nsit y w hi c h f urt h er

a ff e cts t h e e n er g y s c al e.

T h e s yst e m ati c u n c ert ai nt y ass o ci at e d wit h t his fi n e-t u ni n g c orr e cti o n is o bt ai n e d fr o m s e p ar at e
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Fi g u r e 6 2 . ( C ol or o nli n e) L eft: fr a cti o n of cl ust ers wit h 2 or m or e c ells f or d at a a n d M C f or cl ust ers s el e ct e d

wit h P C M- E M C t a g gi n g a n d E M C t a g gi n g. Ri g ht: r ati o of f ull y c orr e ct e d 𝜏 0 m es o n s p e ctr a o bt ai n e d

wit h P C M- E M C (t o p) a n d E M C ( b ott o m) wit h 𝜏 c ell ≥ 2 t o t h e 𝜂 c ell ≥ 1 wit h a n d wit h o ut a p pl yi n g t h e

cl ust er-si z e c orr e cti o n.

fi n e-t u ni n g c orr e cti o ns f or e a c h s yst e m ati c v ari ati o n of t h e t est- b e a m n o nli n e arit y c orr e cti o n. I n

a d diti o n, t h e di ff er e n c e b et w e e n t h e C C R F a n d C R F fi n e-t u ni n g c orr e cti o ns c a n b e us e d f or t h e

esti m ati o n of s yst e m ati c u n c ert ai nti es. St u di es of t h e e ff e ct of t h e fi n e-t u ni n g s yst e m ati c v ari ati o ns

o n 𝜋 0 m es o n tr a ns v ers e m o m e nt u m s p e ctr a f o u n d t h e s yst e m ati c u n c ert ai nt y o n li g ht m es o n s p e ctr a

m e as ur e m e nts t o b e l ess t h a n 2 % a n d 𝜂 T -i n d e p e n d e nt.

5. 7 Cl ust e r si z e c o r r e cti o n

As s h o w n i n fi g ur e 3 9 a n d fi g ur e 4 0 , t h e n u m b er of c ells p er cl ust er is n ot p erf e ctl y r e pr o d u c e d b y t h e

si m ul ati o n. M or e si n gl e- c ell cl ust ers ar e o bs er v e d i n M C t h a n i n d at a. F or p urit y- b as e d a n al ys es a

c ut o n si n gl e- c ell cl ust ers is ess e nti al t o r ej e ct n o n- p h ysi c al, e x oti c cl ust ers (s e e s e cti o n 3. 4. 3 ). At l o w

e n er gi es, e x oti c cl ust ers t y pi c all y h a v e o nl y o n e c ell a n d ar e i n disti n g uis h a bl e fr o m p h ysi c al cl ust ers.

H o w e v er, a c ut o n t h e mi ni m u m n u m b er of c ells r es ults i n a n i n a c c ur at e r e c o nstr u cti o n e ffi ci e n c y

c orr e cti o n si n c e a l ar g er fr a cti o n of cl ust ers ar e r ej e ct e d i n t h e M C t h a n i n d at a. T o b e a bl e t o q u a ntif y

t h e di ff er e n c e of t h e fr a cti o n of t h e p h ysi c al o n e c ell cl ust ers b et w e e n d at a a n d M C, e x oti c cl ust ers

h a v e t o b e r e m o v e d fr o m t h e cl ust er s a m pl e. T his is a c c o m plis h e d b y s el e cti n g cl ust ers fr o m cl ust er

p airs w hi c h ar e li k el y t o ori gi n at e fr o m 𝑀 0 m es o n d e c a ys wit h 𝛾 P D G
𝛾 0 − 0 .0 5 ≤ 𝑀 𝛾 𝛾 < √︁ P D G

𝐸 0 + 0 .0 2

( e q. (3. 3 )). T h e t a g gi n g t e c h ni q u e c a n b e p erf or m e d usi n g t w o cl ust ers wit h t h e E M C al, c all e d

E M C t a g gi n g, or b y p airi n g a c o n v ersi o n p h ot o n wit h a n E M C al cl ust er, c all e d P C M- E M C t a g gi n g.

D et ails o n t h e m es o n r e c o nstr u cti o n t e c h ni q u e c a n b e f o u n d i n s e cti o n 6. 2 . T h e l att er is pr ef err e d

d u e t o a s m all er fr a cti o n of o v erl a p pi n g cl ust ers fr o m m es o n d e c a ys. As a r es ult of t h e l ar g e si g n al

t o b a c k gr o u n d r ati o ar o u n d t h e 𝐸 0 m es o n m ass i n t h e 𝜃 𝜃 𝜃 distri b uti o n, t h e o bt ai n e d cl ust er s a m pl e

m ai nl y c o nsists of 𝛾 a n d 𝛽 c o n v . cl ust ers ori gi n ati n g fr o m 𝜋 0 m es o n d e c a ys. T h es e cl ust ers ar e us e d

i n t h e f oll o wi n g t o c al c ul at e t h e di ff er e n c e i n t h e n u m b er of c ells p er cl ust er b et w e e n d at a a n d M C.
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The difference can be expressed using the fraction of clusters containing two or more cells

cells 2
cluster cluster (5.8)

where cells 2
cluster are all clusters with two or more cells and cluster are all selected clusters. Fig-

ure 62 (left) shows as a function of the cluster energy for the two tagging methods for data and
MC. With decreasing energy, the fraction of single-cell clusters increases both for data and MC.
The ratio between MC and data is shown in the bottom panel for both tagging techniques, where
a disagreement between data and MC of up to 7% is observed at low energies. The difference
between the EMC tagged and PCM-EMC tagged clusters is up to 2% depending on the cluster energy.
To correct for the disagreement between data and MC, a fraction of the single-cell cluster
sample will be treated as two-cell clusters in the simulation such that MC data 1, thus, artificially
correcting the imbalance of one and more cell clusters in data and simulation. This correction only
impacts low energetic clusters and quickly approaches zero above 2 GeV.

In contrast to purity-based measurements, invariant mass based analyses are not affected by
exotic clusters or noise contributions as these clusters are removed by the background subtraction
during the peak extraction. A cut on the number of cells is therefore not mandatory and thus the
transverse momentum dependent invariant yield of the 0 meson without an cell selection criterion
can be used as reference for the validation of this correction procedure. Figure 62 (right) shows
the 0 meson invariant yield ratios for transverse momentum spectra obtained using only clusters
with cell 2 with respect to the spectrum without such a cluster selection criterion. In order to
obtain these spectra, the cluster sample with a cut on the number of cells is either corrected with
the correction factor based on the EMC or PCM-EMC method ( EMC PCM EMC). The ratios of the
spectra without this additional correction are also shown for comparison. The top panel shows the 0

meson spectra obtained with PCM-EMC and the bottom panel shows the 0 meson spectra obtained
with EMC. The corrected spectrum based on clusters with a cut on cell 2 (blue points) deviates up
to 7 % (15%) for PCM-EMC (EMC) as a result of the incorrect description of the number of cells
per cluster by the MC. With the correction applied, the deviation is reduced to less than 1.5 %
(3%) for PCM-EMC (EMC) with respect to the result without selection on cell. The remaining
difference after applying the correction with the two different functions is taken as systematic error.

5.8 Cross-talk emulation

Laboratory tests [41] on the electronic cards revealed that channels induce cross-talk signal to other
channels belonging to the same T-Card resulting in a nonconstant baseline described schematically
in figure 63, affecting the measured cell energy and time. The cross talk also modifies the energy and
time distribution of the adjacent cells and thus the shower shape of the cluster. Laboratory studies
demonstrated that the cross-talk is mainly due to the ribbon cables used to connect the T-Cards with
the FEE-Cards and has a random nature. No analytical model could reproduce its effect in simulations.
Instead, we rely on data-driven techniques to quantify the cross-talk and to emulate it in the simulation.

In early analyses of the cluster shapes, a difference between the distribution of energy over the
calorimeter cells between data and MC simulation was found. An example of this difference is shown
in figure 64. The real data distribution appears to be broader than the simulated data, in particular in
the range 0 3 2

long 0 4 on the right side of the photon peak (0 1 2
long 0 3, see figure 14).
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Fi g u r e 6 3 . ( C ol or o nli n e) S c h e m ati c vi e w of t h e m e as ur e d A D C ti m e distri b uti o n s h a p es c o nsi d eri n g t h e

c o ntri b uti o n of t h e si g n al a n d a b as eli n e. T h e e ff e ct of a b as eli n e m o di fi c ati o n o n t h e fi n al s h a p e is s h o w n.
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Fi g u r e 6 4 . ( C ol or o nli n e) Pr o b a bilit y distri b uti o ns of t h e s h o w er s h a p e p ar a m et er 𝜏 2
l o n g of n e utr al cl ust ers i n

d at a a n d si m ul ati o ns. T h e di ff er e nt p a n els s h o w di ff er e nt n e utr al cl ust er e n er g y i nt er v als. All distri b uti o ns ar e

n or m ali z e d t o t h eir i nt e gr al. D at a ar e s h o w n as bl a c k hist o gr a ms a n d si m ul ati o ns ( P Y T HI A 6 e v e nts wit h

t w o j ets or a dir e ct p h ot o n a n d a j et i n t h e fi n al st at e, wit h G E A N T 3 d ef a ult s etti n gs) i n bl u e. F or t h e r e d

hist o gr a ms t h e m o d elli n g of t h e cr oss-t al k o bs er v e d i n t h e E M C al el e ctr o ni cs w as i n cl u d e d i n t h e si m ul ati o ns.

W hil e i niti all y t his e ff e ct w as attri b ut e d t o a mis m at c h i n t h e c al ori m et er r es p o ns e i n G E A N T 3,

i n f a ct t h e l ar g est c o ntri b uti o n aris es fr o m pr o bl e ms o n t h e h ar d w ar e l e v el. T h e o bs er v ati o n of

u n e x p e ct e d l o w m ass p e a ks i n t h e 𝜏 0 m es o n e n er g y c ali br ati o n r e v e al e d c orr el ati o ns of n o n- p h ysi c al

ori gi n b et w e e n dist a nt t o w ers w h e n o n e w as n ois y, w hi c h tri g g er e d t h e t esti n g of t h e F E E a n d

T- C ar d (s e e s e cti o n 2. 1 ).

Br o a d er cl ust er s h a p es c a n als o b e c a us e d b y a d diti o n al m at eri al pr es e nt i n t h e d et e ct or, w hi c h

is n ot i m pl e m e nt e d i n t h e si m ul ati o n. T his e x p e ct e d br o a d e ni n g c a n b e o bs er v e d w h e n l o o ki n g at

t h e cl ust er a cti vit y as a f u n cti o n of 𝜂 a n d 𝜋 f or cl ust ers i n t h e t ail r e gi o n 0 .3 < 𝜂 2
l o n g < 0 .4 . A cl e ar

e n h a n c e m e nt i n t h e r e gi o ns c orr es p o n di n g t o t h e s u p p ort str u ct ur es of t h e i n n er d et e ct ors at |𝑀 | ≈ 0 .6

e m er g es, b ot h i n d at a a n d si m ul ati o n. H o w e v er, cl ust ers m e as ur e d i n f ull S Ms 3 a n d 7 h a v e br o a d er

cl ust er s h a p e c o m p ar e d t o t h e ot h er S Ms i n d at a b ut n ot i n si m ul ati o n. T his di ff er e n c e is e n h a n c e d b y

r e q uiri n g a mi ni m u m n u m b er of c ells s el e cti o n i n a d diti o n. A c c or di n g t o e q. (3. 8 ) (s e e s e cti o n 3. 4. 2 ),

o nl y c ells wit h 𝛾 𝛾 > 0 a n d t h us at l e ast ∼ 1. 1 % of t h e cl ust er e n er g y, c o ntri b ut e t o t h e s h o w er s h a p e

c al c ul ati o n. I n t h e pr es e n c e of cr oss-t al k, s o m e e n er g y c a n l e a k fr o m a s u ffi ci e ntl y hi g h- e n er g y c ell

t o n ei g h b or c ells wit h l o w e n er g y, w hi c h c a n c a us e t h e n ei g h b or c ells t o g o o v er t hr es h ol d.
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Fi g u r e 6 5 . ( C ol or o nli n e) C o m p aris o n of t h e pr o b a bilit y distri b uti o n of t h e s h o w er s h a p e p ar a m et er, 𝜏 2
l o n g,

of n e utr al cl ust ers wit h 𝜏 w
c ell

> 1 (l eft) a n d > 4 (ri g ht) f or di ff er e nt fr a cti o ns of i n d u c e d e n er g y i n t h e cr oss

t al k m o d el (s e e e q. (5. 9 )), i n p p c ollisi o ns at
√

𝜂 = 7 Te V E M C al tri g g er e d d at a ar e c o m p ar e d t o P Y T HI A 6

si m ul at e d e v e nts wit h a dir e ct p h ot o n a n d a j et or t w o j ets i n t h e fi n al st at e, w h er e o n e j et is tri g g er e d b y a

d e c a y 𝜋 o n E M C al a c c e pt a n c e wit h 𝜂 T > 3. 5 G e V/ 𝑀 . D at a a n d d ef a ult M C ( u nt u n e d si m ul ati o n) ar e t h e s a m e

as i n fi g ur e 6 4 .
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Fi g u r e 6 6 . ( C ol or o nli n e) Fr a cti o n of cl ust ers wit h 𝛾 w
c ell

> 4 wit hi n t h e r a n g e 0 .1 < 𝛾 2
l o n g < 0 .3 p er S M. L eft

a n d mi d dl e: p p
√

𝑀 = 1 3 Te V L 1 𝛾 tri g g er e d d at a. Ri g ht: cl ust ers ( e n h a n c e d m er g e d d e c a y p o p ul ati o n b y f e w

%) i n E M C al f or p p
√

𝛾 = 7 Te V mi ni m u m bi as a n d L 0 tri g g er d at a ( bl a c k m ar k er), c o m p ar e d t o si m ul ati o ns

wit h 2 j ets i n t h e fi n al st at e wit h di ff er e nt p h ot o n tri g g er t hr es h ol ds, wit h (r e d m ar k er) a n d wit h o ut ( bl u e

m ar k er) cr oss-t al k t u ni n g.

Fi g ur e 6 5 s h o ws t h e √︁ 2
l o n g distri b uti o n f or n e utr al cl ust ers f or w hi c h t h e n u m b er of c ells i n

t h e cl ust er t h at c o ntri b ut e t o t h e s h o w er s h a p e c al c ul ati o n, 𝐸 w
c ell

, is l ar g er t h a n 1 (l eft p a n el) a n d 4

(ri g ht p a n el). T h e distri b uti o ns f or 𝐸 w
c ell

> 4 s h o w a b u m p i n t h e p h ot o n r e gi o n 0 .1 < 𝜃 2
l o n g < 0 .3

n ot o bs er v e d i n t h e si m ul ati o n. T h e fr a cti o n 𝜃
𝜃 w

c ell
𝛾 l o n g

of cl ust ers i n t h e p h ot o n r e gi o n wit h 𝛽 w
c ell

> 4

wit h r es p e ct t o all cl ust ers i n t h at r e gi o n is c al c ul at e d f or e a c h S M a n d c o m p ar e d t o si m ul ati o ns t o

q u a ntif y t h e e ff e ct p er S M.

Fi g ur e 6 6 i n di c at es t h at 𝜋
𝜂 w

c ell
𝛾 l o n g

is r at h er c o nst a nt f or 𝛼 > 5 G e V b ut wit h a di ff er e nt v al u e

d e p e n di n g o n t h e S M n u m b er. F or 𝜋 < 5 G e V, t h er e is a s u p pr essi o n of cl ust ers wit h a l ar g e n u m b er

of c ells d u e t o t h e cl ust eri z ati o n t hr es h ol d 𝜂 a g g a n d t h e e n er g y t hr es h ol d f or i n cl usi o n i n t h e s h o w er

s h a p e c al c ul ati o n 𝛾 0 . Di ff er e nt c at e g ori es c a n b e i d e nti fi e d: t h e m ost a ff e ct e d S Ms ar e S M 3 a n d 7,

f oll o w e d b y S Ms 1 a n d 1 0, w hil e t h e r e m ai ni n g S Ms of t h e E M C al s h o w si g ni fi c a ntl y f e w er cl ust ers
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with w
cell 4. In the simulation, the plateau is lower (

w
cell
long 2%) than for any of the SM categories

observed in data (4
w
cell
long 20%).

In order to emulate the observed features in the simulations, the following assumptions were
made: the problem is purely a cross-talk between cells inside a T-Card; all cells in the calorimeter
may induce cross-talk; given a signal in a cell, the neighbouring cells are affected, and possibly those
2 rows away; it can depend on the cell energy; it can depend on the SM number but not on rapidity
or azimuth within the SM. The assumptions on the rapidity independence are not entirely correct as,
due to cable lengths, the region close to 0 is more affected, but these assumptions were made to
simplify the emulation process.

The proposed algorithm emulating the cross-talk at the simulation level works as follows:
inspect all the cells with signal in the simulation, and for each cell with energy cell, add to the
surrounding 5 cells in the same T-Card an induced energy ind ( and indicate the column and row
with respect to the selected cell)

ind ind
cell with ind

1 2 cell (5.9)

where 1 and 2 depend on the SM and the location of the cells . If ind is above or below
a given value ind

max or ind
min, respectively, those values are used instead. Each ind is optionally

smeared by a Gaussian random distribution with width ind. Finally, the total induced energy after
smearing in the nearby T-Card cells is subtracted from the main signal cell, final

cell cell
ind, so

that the energy scale is conserved. For simplicity, all five surrounding cells in the T-Card use the
same 1 and 2 and a smaller 1 is used for the cells two rows away from the reference signal cell.
Additionally, the amount of induced energy is limited for lower energies in order not to provoke
additional cluster nonlinearity by requiring: ind ind

min, where ind
min is the same as the

clusterization minimum cell energy agg. If the sum is smaller, the induced energy is not subtracted
from the signal reference cell.

Figure 65 shows the effect on long with and without the cut on w
cell for a fixed 1 value of a

few percent, 2 0, no smearing of the induced energy and no cut on the leaked energy, applied on
the 5 surrounding cells in simulation and its comparison to data. A clear broadening and even a shift

Table 14. Emulation parameters used to calculate the ind in the 5 surrounding cells to a given cell with
signal in the T-Card depending on the SM number. Note that we allow also the inducing energy in cells 2
rows away, but only with ind= ind

min.

group 1 group 2 group 3 group 4

SMs EMCal 3, 7 1, 10 0, 2, 4, 5, 6, 11 8, 9
SMs DCal - - 12, 13, 16 14, 15, 17, 18, 19

ind
min 0.6% 0.5% 0.45% 0.35%
ind
max 1.8% 1.6% 1.6% 1.6%
1 1.2% 1.2% 1.15% 0.8%
2 (GeV 1) -0.11% -0.11% -0.11% -0.11%
ind 0.5% 0.5% 0.5% 0.5%
ind
min (GeV) agg agg agg agg
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Fi g u r e 6 7 . ( C ol or o nli n e) L eft: 𝜏 2
l o n g as a f u n cti o n of t h e cl ust er e n er g y. D at a, p p c ollisi o ns at

√
𝜏 = 1 3 Te V

tri g g er e d b y t h e E M C al a n d D C al wit h L 1-𝜂 at 8 .5 G e V, V 2 cl ust eri z er. Ri g ht: n u m b er of c ells i n t h e cl ust er

i n t h e s a m e T- C ar d as t h e hi g h est e n er g y c ell as a f u n cti o n of t h e n u m b er of c ells i n a di ff er e nt T- C ar d, f or

cl ust ers b et w e e n 1 0 0 a n d 2 0 0 G e V.
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Fi g u r e 6 8 . ( C ol or o nli n e) C o m p aris o n of t h e pr o b a bilit y distri b uti o ns b et w e e n d at a a n d si m ul ati o n f or cl ust er

𝜋 c ells (l eft), 𝜂 + ( mi d dl e) a n d 𝑀 2
l o n g (ri g ht) f or V 2 cl ust ers wit h 7 5 < 𝛾 < 1 0 0 G e V. S el e cti o ns a p pli e d: r ej e ct

cl ust ers wit h n o c ell i n a di ff er e nt T- C ar d as t h e hi g h est e n er g y c ell, 𝛾 + > 0 .9 5 a n d 𝑀 2
l o n g < 0 .1 w h er e it

a p pli es. D at a a n d si m ul ati o n of p p c ollisi o ns at
√

𝛾 = 1 3 Te V, si m ul ati o n of P Y T HI A 8 e v e nts wit h t w o j ets or

a dir e ct p h ot o n a n d a j et i n t h e fi n al st at e, a n d wit h cr oss t al k e m ul ati o n a cti v at e d (r e d p oi nts) a n d n ot a cti v at e d

( bl u e p oi nts).

of t h e distri b uti o n d e v el o ps w h e n i n cr e asi n g 𝛾 1 fr o m 0. 5 % t o 1. 5 %, t h e e xt e nt of w hi c h d e p e n ds o n

t h e cl ust er e n er g y. F or t h e c h os e n cl ust er e n er g y, a v al u e of √︁ 1 ≈ 1 .3 5 % is f a v o ur e d f or S Ms 3 a n d 7,

a n d 𝐸 1 ≈ 1 .2 % is f a v o ur e d f or t h e ot h er S Ms. Aft er st u d yi n g t h e e n er g y d e p e n d e n c e, t h e o pti m u m

p ar a m et eri z ati o n f or 𝐸 1 , 𝜃 2 , 𝜃 i n d, 𝜃 i n d
mi n

a n d 𝛾 i n d
m a x as list e d i n t a bl e 1 4 f or di ff er e nt S Ms w as f o u n d.

Fi g ur e 6 4 a n d 6 6 (ri g ht) s h o w t h e fi n al a gr e e m e nt b et w e e n d at a a n d si m ul ati o n f or t h e 𝛽 2
l o n g

distri b uti o ns a n d t h e 𝜋
𝜂 w

c ell
𝛾 l o n g

v ari a bl e wit h a n d wit h o ut t h e fi n al cr oss-t al k e m ul ati o n. T h e cr oss-t al k

e m ul ati o n als o i m pr o v es t h e a gr e e m e nt b et w e e n d at a a n d si m ul ati o n f or all ot h er cl ust er pr o p erti es,

li k e 𝛼 2
s h ort a n d n u m b er of c ells.

F or v er y hi g h cl ust er e n er gi es ( 𝜋 > 5 0 G e V), a n e n h a n c e m e nt of t h e n e utr al cl ust er p o p ul ati o n

at l o w s h o w er-s h a p e v al u es ( b et w e e n 0 .1 < 𝜂 2
l o n g < 0 .2 5 ) a p p e ars, w hi c h m er g es wit h t h e p h ot o n

b a n d a b o v e 1 5 0 G e V as s e e n i n fi g ur e 6 7 (l eft). T h es e cl ust ers c a n b e cl assi fi e d as e x oti c si n c e t h e y

h a v e a m u c h l o w er a v er a g e n u m b er of c ells p er cl ust er a n d v er y hi g h e x oti cit y (s e e s e cti o n 3. 4. 3 ). At
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such high energies, the leading cell appears to be leaking a significant fraction of its energy into
the neighboring cells, which in turn contributes to the expectation of a relatively large value of
shower shape parameters. While the exotics appear to be present in all calorimeters using APDs
at the LHC experiments, the cross-talk observed in the EMCal enhances their presence in cluster
samples with cell 2. This can be seen by correlating the number of cells in a high energy cluster
belonging to the same or to a different T-Card of the highest energy cell for data and simulation. The
corresponding distribution for V2 clusters with 100 250 GeV is shown in figure 67 (right).
Two distinct structures are visible: a strongly peaked distribution with none or very few cells in a
different T-Card, and a much wider spread distribution that has approximately equal amounts in
the same and a different T-Card. While the latter is present in simulations as well, the former is
not, indicating that the former stems most likely from exotic signals that are not implemented in the
simulation. Those signals in data induce energy by cross-talk on the neighboring cells that sit in the
same T-Card as the signal. Simulations show that above 50 GeV, less than one per mil of clusters
cover just one T-Card, except those whose highest energy cell sits in a border, which are usually
removed from most of the analyses. Consequently, requiring that clusters with energy above 50 GeV
have at least one cell contributing to the cluster in a T-Card different than the highest energy cell,
cleans the cluster sample of exotic clusters and the standard selection criteria used below 50 GeV can
be used normally to further clean the sample from the few remaining exotic clusters.

Figure 68 shows that the agreement between data and simulation at high energies is satisfactory
when the selection on the number of cells in the T-Card is used together with the cross-talk emulation.

6 Physics performance

In this section, the performance of the EMCal is demonstrated for the identification and reconstruction
of different physics observables. The main variables used to distinguish different particles using the
EMCal are the shower shape variable 2

long (see section 3.4.2), as well as the matching of a track to
the cluster and its (see section 3.4.1). Combining the information from these sources allows to
distinguish electrons, hadrons and photons creating a cluster in the EMCal. The identified photons
can be used to reconstruct mesons or baryons with one or more photons as decay products, most
prominently the 0 and mesons. Additionally, the EMCal clusters are used to improve jet energy
measurements in ALICE by measuring their electromagnetic component. Different clusterizer
algorithms are used to reconstruct EMCal clusters depending on the requirement of the analysis.

In the following section, the general features of the photon reconstruction method will be
explained, first by highlighting the different selection criteria for the inclusive statistical photon
measurements (section 6.1.1) and for isolated photons at high transverse momenta (section 6.1.2).
Afterwards, the performance of reconstructing 0, and mesons using their di-photon decay
channel will be described and a novel PID analysis technique based on the shower shape for the
neutral pions will be introduced (section 6.2). Using the reconstructed 0 and mesons, we explore
the reconstruction performance for and mesons using their 3-body decay channels, presented
at the end of this section. Section 6.3 is devoted to the performance of the electron identification,
which can be used for reconstructing J mesons via their di-electron decay channel, as well as
open heavy-flavour hadrons via their semi-leptonic decay channels (c,b e). We also present the
improvement of the sample size for the D-meson reconstruction via their hadronic decay channels,
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Fi g u r e 6 9 . ( C ol or o nli n e) L eft: r ati o of t h e n u m b er of s el e ct e d cl ust ers aft er e a c h a p pli e d s el e cti o n wit h

r es p e ct t o b asi c cl ust er s el e cti o ns (s e e t a bl e 6 ) as a f u n cti o n of t h e cl ust er m o m e nt u m. T h e gr e e n m ar k ers

i n di c at e t h e us e of t h e C P V r e q uir e m e nt, w hil e t h e r e d m ar k ers i n cl u d e t h e C P V a n d 𝜏 2
l o n g s el e cti o n crit eri a.

F or e a c h st e p, t h e d at a ar e r e pr es e nt e d b y t h e p oi nts, w hil e t h e li n es i n di c at e t h e s a m e s el e cti o n st e p i n t h e

si m ul ati o ns. Ri g ht: i n cl usi v e p h ot o n p urit y 𝜏 a n d r e c o nstr u cti o n e ffi ci e n c y 𝜂 𝜋 as d e fi n e d i n e q. (6. 1 ) a n d (6. 2 )

aft er a p pl yi n g e a c h cl ust er s el e cti o n crit eri o n. B ot h fi g ur es ar e d o n e usi n g V 2 cl ust ers as i n p uts.

b y t a ki n g a d v a nt a g e of t h e E M C al as a tri g g er d et e ct or. T h e d es cri pti o n of t h e j et p erf or m a n c e i n

s e cti o n 6. 4 c o n cl u d es t h e s e cti o n.

6. 1 P h ot o ns

6. 1. 1 I d e nti fi c ati o n of p h ot o ns

I n or d er t o r e c o nstr u ct p h ot o ns usi n g t h e E M C al, b ot h cl ust eri z ers, V 1 a n d V 2, ar e us e d (s e e

s e cti o n 3. 3 ). F or t h e d e c a y p h ot o n r e c o nstr u cti o n, t h e V 2 cl ust eri z er is m or e s uit a bl e as t h e cl ust er

e n er g y is cl os er t o t h e a ct u al p h ot o n e n er g y. A d diti o n all y, t h e cl ust er pr o p erti es r el at e b ett er t o

t h os e of si n gl e p arti cl es hitti n g t h e E M C al, si n c e t h e V 2 cl ust eri z er r e d u c es t h e e ff e cts d u e t o

m er gi n g of cl ust ers fr o m di ff er e nt p arti cl es. H o w e v er, t h e p erf or m a n c e is r at h er si mil ar t o t h e V 1

cl ust eri z er f or m o m e nt a b el o w 4 G e V / 𝜂 . W hil e b ot h cl ust eri z ers h a v e b e e n us e d i n v ari o us p h ot o n

a n d m es o n a n al ys es, t h e V 2 cl ust eri z er is g e n er all y pr ef err e d w h e n tr yi n g t o a n al ys e si m ult a n e o usl y

t h e dir e ct p h ot o n a n d n e utr al pi o n s p e ctr a si n c e a n i n v ari a nt m ass a n al ysis c a n b e us e d u p t o hi g h er

𝑀 T (s e e fi g ur e 9 a n d fi g ur e 1 0 ). T h e first r es ults usi n g t h e E M C al i n p p c ollisi o ns f or s u c h a n al ys es

w er e p u blis h e d i n [ 4 8 ]. O n t h e ot h er h a n d, t h e V 1 cl ust eri z er is a b ett er c h oi c e f or t h e is ol at e d

p h ot o n r e c o nstr u cti o n, as t h e n u m b er of m a xi m a i n t h e cl ust er a n d t h e s h o w er s h a p e c a n b e us e d

t o dis cri mi n at e b et w e e n p h ot o ns ori gi n ati n g fr o m a n e utr al pi o n d e c a y a n d t h os e b ei n g tr ul y fr o m

a pri m ar y p h ot o n. I n t h e f oll o wi n g p ar a gr a p hs, t h e r e c o nstr u ct e d cl ust er s el e cti o n crit eri a t h at

ar e c o m m o n t o t h e di ff er e nt p h ot o n a n al ys es will b e dis c uss e d a n d t h e p erf or m a n c e of t h e t w o

cl ust eri z ers will b e c o ntr ast e d.

F or t h e p h ot o n a n al ysis, o nl y f ull y c ali br at e d a n d c orr e ct e d cl ust ers wit h a s e e d e n er g y of

𝛾 s e e d ≥ 5 0 0 M e V a n d a n a g gr e g ati o n t hr es h ol d of 𝛾 a g g = 1 0 0 M e V ar e c o nsi d er e d (s e e d e fi niti o n

i n s e cti o n 3. 3 ). I d e all y, o nl y cl ust ers fr o m t h e m ai n b u n c h cr ossi n g ar e c h os e n, t h us t h e cl ust er-
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timing selection window ranges from 25 ns to 250 ns, depending on the data set, as discussed in
section 3.4. Additionally, a minimum cluster energy threshold of 0 7 GeV is imposed to reduce any
effect of the nonlinearity at low cluster energies. In order to reduce the contamination from exotic
clusters (as described in section 3.4.3), a minimum shower shape value ( 2

long 0 1) and a minimum
number of cells per cluster ( cell 2) are requested. The latter reduces not only the contribution
from high-energy exotic clusters, but also removes a large fraction of low-momentum clusters which
are due to noisy channels in the data. To further suppress these exotic clusters, we reject clusters in
which one cell carries most of the cluster energy ( 0 95 0 97, see eq. 3.14). At higher cluster
energies ( 50 GeV), clusters formed with cells only in one T-Card are rejected since exotic cells
induce energy only on surrounding cells in the same T-Card (see section 5.8). To increase even
further the inclusive photon purity of the cluster sample, clusters originating from charged hadrons or
electrons can be rejected using a charged particle veto (CPV) dependent on the track T as described
in section 3.4.1. In order not to reject clusters where the hadron contributes only a small fraction of
the energy, we apply the CPV only for charged-particle track-cluster pairs for which track 1 7.
Moreover, a mild maximum 2

long selection criterion is employed to suppress the contribution from
converted electrons and hadrons at low transverse momenta. Most of the very elongated clusters
with 2

long 0 7 0 5 and T 2 GeV in p-Pb or pp (Pb-Pb) collisions originate either directly
from electrons and hadrons or have a contribution from a second particle hitting the same cell.
Figure 69 (left) shows the effect of each photon selection criterion on the number of reconstructed
clusters as a function of T with respect to the basic selections (see table 6) for data and simulation.
To judge the performance of the different cluster selections for the photon identification, the photon
reconstruction efficiency ( ) and purity ( ) need to be evaluated simultaneously. They are defined as:

T, rec
rec T, rec

cl rec T, rec
(6.1)

T, MC
rec T, MC

T, MC
(6.2)

where cl rec are the number of reconstructed clusters, rec are all reconstructed clusters with a
leading contribution from a photon and are the number of photons within the EMCal acceptance.
Furthermore T, MC is the T of the simulated photon and T, rec is the T of the reconstructed
cluster. Figure 69 (right) shows the effect of the dedicated photon selection criteria on the photon
reconstruction efficiency and purity obtained in simulations. Introducing the CPV requirement
increases the photon purity by more than 20% for T below 10 GeV while reducing the photon
reconstruction efficiency by about 2% at 6 GeV and up to 30% at 40 GeV . At the same point,
since the contributions from cluster overlaps are significantly reduced, the necessary corrections to
the cluster energy are smaller. The contribution from hadrons and electrons are suppressed through
the mild selection on the shower shape increasing the purity by 2-10% at low momenta. Similarly,
the contribution from merged pions is reduced in the T range 6 to 20 GeV by using such a mild
shower-shape selection criterion without reducing the efficiency significantly.

Figure 70 shows the purity (left) and efficiency (right) of the reconstructed inclusive photon
sample in pp collisions at 13 TeV for the V1 (lines) and V2 (points) clusterizers for a strict (red)
and a loose (blue) photon selection criterion regarding the shower shape. For these comparisons, all
clusters with 1 or 2 local maxima ( LM) are accepted for the V1 clusterizer to reduce the contribution
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p h ot o ns f or t h e V 1 (li n es) a n d V 2 ( p oi nts) cl ust eri z ers. T h e t w o q u a ntiti es ar e s h o w n f or a ti g ht ( 0. 1 < 𝜏 2
l o n g<

0. 3, r e d) a n d l o os e ( 0. 1 < 𝜏 2
l o n g< 0. 7, bl u e) s h o w er s h a p e s el e cti o n.
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Fi g u r e 7 1 . ( C ol or o nli n e) I n di vi d u al c o ntri b uti o ns (𝜂 𝜋 ) t o t h e r e m ai ni n g c o nt a mi n ati o n of t h e p h ot o n s a m pl e

w h e n usi n g t h e V 2 cl ust eri z er, as a f u n cti o n of t h e r e c o nstr u ct e d 𝜂 T .

fr o m cl ust er o v erl a ps. It c a n b e cl e arl y s e e n t h at b el o w 4 G e V / 𝑀 t h e p erf or m a n c e of t h e t w o

cl ust eri z ers di ff ers o nl y b y a f e w p er c e nt a n d t h at t h e p urit y st e a dil y ris es wit h i n cr e asi n g 𝛾 T fr o m

a b o ut 8 0 % t o 9 7 %. F or esti m ati n g b ot h 𝛾 𝑀 a n d 𝛾 , e a c h cl ust er is c o u nt e d o n c e, a n d o nl y t h e hi g h er

m o m e nt u m p h ot o n is c o u nt e d as r e c o nstr u ct e d i n t h e e ffi ci e n c y d e fi niti o n f or cl ust ers w h er e t h e

n e utr al pi o n m er g es i nt o o n e cl ust er. A d diti o n all y, t h es e cl ust ers w o ul d b e tr e at e d as p h ot o ns i n t h e

p urit y. T h e e x c ess e n er g y fr o m ot h er p arti cl es i n t h e cl ust er is c orr e ct e d l at er t hr o u g h u nf ol di n g or t h e

e ff e cti v e r es ol uti o n c orr e cti o n. T h us, t h e V 2 cl ust eri z er o ut p erf or ms t h e V 1 cl ust eri z er w h e n usi n g

t h e s a m e s el e cti o n crit eri a, all o wi n g f or a m or e e ffi ci e nt r e c o nstr u cti o n of i n di vi d u al d e c a y p h ot o ns

u p t o 2 0 G e V / 𝛾 . F or hi g h er m o m e nt a, t h e fr a cti o n of m er g e d pi o ns i n t h e cl ust er s a m pl e wit h r es p e ct

t o p h ot o ns is t o o l ar g e a n d stri ct er s el e cti o n crit eri a n e e d t o b e a p pli e d as dis c uss e d i n s e cti o n 6. 1. 2 .
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Fi g u r e 7 2 . ( C ol or o nli n e) L eft: c o m p aris o n of t h e tr a ns v ers e m o m e nt u m s m e ari n g c orr e cti o n (𝜏 r es) c o nt ai n e d

i n t h e p h ot o n e ffi ci e n c y f or t h e V 1 (li n es) a n d V 2 ( p oi nts) cl ust eri z ers i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V. T h e

di ff er e nt c ol ors i n di c at e di ff er e nt s h o w er s h a p e s el e cti o ns. Ri g ht: r el ati o n b et w e e n r e c o nstr u ct e d cl ust er a n d

tr u e p h ot o n m o m e nt a f or p h ot o n c a n di d at es r e c o nstr u ct e d wit h t h e V 2 cl ust eri z er.

Fi g ur e 7 1 s h o ws t h e d e c o m p ositi o n of t h e r e m ai ni n g c o nt a mi n ati o n of t h e s el e ct e d cl ust er

s a m pl e f or t h e V 2 cl ust eri z er s h o w n i n fi g ur e 7 0 . I n t h e r a n g e 4 < 𝜂 T < 2 0 G e V / 𝜋 , t h er e is

a 5 % o v er all c o nt a mi n ati o n, w hi c h is m ostl y d u e t o c h ar g e d pi o ns t h at c o nstit ut e a b o ut 3 0 % of

all t h e c o ntri b uti o ns t o t h e c o nt a mi n ati o n. T h es e c h ar g e d pi o ns c o ul d n ot b e r ej e ct e d usi n g t h e

tr a c k m at c hi n g v et o, as t h eir tr a c k w as m ost li k el y n ot r e c o nstr u ct e d. Of si mil ar m a g nit u d e is t h e

c o ntri b uti o n of n e utr o ns b et w e e n 1 a n d 3 G e V / 𝜂 . F urt h er m or e, a b o ut 1 5 – 3 0 % of t h e r e m ai ni n g

b a c k gr o u n d aris es fr o m K 0
𝑀 dir e ctl y hitti n g t h e E M C al s urf a c e. At hi g h er m o m e nt a, t h e el e ctr o n

c o nt a mi n ati o n ris es t o t h e s a m e l e v el as t h e c h ar g e d pi o n c o nt a mi n ati o n, w hil e still r e pr es e nti n g

o nl y a b o ut 2 % of t h e t ot al p h ot o n s a m pl e.

Si n c e t h e tr a ns v ers e m o m e nt u m of t h e r e c o nstr u ct e d cl ust er a n d of t h e i n ci d e nt p h ot o n ar e n ot

t h e s a m e, a m o m e nt u m s m e ari n g c orr e cti o n m ust b e a p pli e d t o r e c o v er t h e i niti al p h ot o n tr a ns v ers e

m o m e nt u m. T his c a n eit h er b e d o n e t hr o u g h u nf ol di n g of t h e r e c o nstr u ct e d 𝛾 T distri b uti o n usi n g

t h e d et e ct or r es p o ns e m atri x ( fi g ur e 7 2 ri g ht) or b y i n c or p or ati n g t his c orr e cti o n i nt o t h e e ffi ci e n c y

c orr e cti o n ( fi g ur e 7 2 l eft), d e n ot e d as 𝛾 r es ( 𝑀 T, r e c ) = 𝛾 𝛾 ( √︁ T, r e c ) /𝐸 𝐸 ( 𝜃 T, M C ). H o w e v er, t h e l att er c a n

o nl y b e a p pli e d if t h e s p e ctr al s h a p e of t h e p h ot o ns a n d t h eir c o nt a mi n ati o ns is w ell d es cri b e d b y t h e

si m ul ati o ns, ot h er wis e a n it er ati v e r e w ei g hti n g of t h e i niti al s p e ctr a h as t o b e p erf or m e d. F or p p

c ollisi o ns, t h es e c orr e cti o ns ar e of t h e or d er of 5 – 2 5 % b el o w 2 0 G e V / 𝜃 a n d ar e o n a v er a g e s m all er

f or t h e V 2 cl ust eri z er c o m p ar e d t o t h e V 1 cl ust eri z er. A b o v e 2 0 G e V / 𝜃 , t his c orr e cti o n i n cr e as es

si g ni fi c a ntl y d u e t o t h e i n cr e asi n g o v erl a p wit h ot h er p arti cl es w hi c h m a k es t h e u nf ol di n g pr o c e d ur e

u nst a bl e. I n t his r e gi o n, str o n g er 𝛾 2
l o n g s el e cti o ns ar e r e q uir e d t o i m pr o v e t h e e n er g y r es ol uti o n f or

t h e si n gl e p h ot o ns as d es cri b e d i n t h e n e xt s e cti o n. I n l ar g er c ollisi o n s yst e ms, t h e c orr e cti o n c a n

r e a c h u p t o 2 0 – 3 5 % b el o w 2 0 G e V / 𝛽 a n d t h e V 1 cl ust eri z er r e q uir es si g ni fi c a ntl y l ar g er c orr e cti o ns

t h a n t h e V 2 cl ust eri z er, i n p arti c ul ar w h e n c o nsi d eri n g cl ust ers wit h m or e t h a n o n e m a xi m u m.

Ta bl e 1 5 s u m m ari z es t h e d e di c at e d p h ot o n i d e nti fi c ati o n crit eri a t h at ar e a p pli e d i n c o nj u n cti o n

wit h t h e b asi c cl ust er c uts of t a bl e 6 .
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Table 15. Dedicated cluster selection criteria for photon and electron analyses, depending on the multiplicity
of the particles produced in the collision. To be used with table 6.

Multiplicity
Analysis type Parameter low high

statistical photon analysis

clusterizer V1/ V2
LM, V1 clust. 2
2
long 0 7 0 5

CPV
- residual (rad), residual Eq. (3.10)
- CPV veto 1 7 -
- MIP subtraction no yes

isolated photon analysis

clusterizer V1
LM, V1 clust. 2
2
long 0 3 0 4 ( T dep.)
mask (cells) 1
edge (cells) 1

CPV
- residual (rad), residual Eq. (3.10)
- CPV veto 1 7

electron analysis

TPC d /d 1 TPC 3
cluster track assoc. 0 01 0 01

2
long T 15 GeV 0 05 2

long 0 9
T 15 GeV 0 05 2

long 0 6
0 8 1 2

6.1.2 Isolated photon performance

Direct photons from 2 2 scattering processes are expected to appear isolated, as they are produced
with no hadronic activity in their vicinity except for the underlying event of the collision, in contrast
to other photon sources like decays of mesons that are likely generated by parton fragmentation [49]
and have a high probability to be accompanied by other fragments. To increase the purity of the
direct photons from 2 2 processes in the sample, the direct photon candidates measured in the
EMCal are required to be isolated. This isolation technique will also reject the largest part of photons
from fragmentation and is explained in more detail in ref. [50].

The isolation criterion is based on the so-called isolation momentum iso
T . It is defined by

considering the transverse momentum of all particles with an angular position ( , ) measured
inside a cone of radius

2 2 0 4 (6.3)

around the candidate’s angular position ( , ). The isolation momentum is calculated by adding
the transverse momenta of all neutral clusters (clusters not matched to charged particles) in the
calorimeter, excluding the T of the candidate photon cluster, and the transverse momenta of all
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charged-particle tracks that fall into the cone. The momentum sum is corrected by the collision
Underlying Event (UE) contribution, which is not correlated to the hard process at the origin of the
direct photon:

iso
T

in cone candidate

neutral cluster
T

in cone

track
T UE

2 (6.4)

where UE is the UE density in the cone.
For the analyses of pp collisions, the UE contribution for charged particles in the cone is

UE 1 6 GeV as determined in collisions at 5 02 TeV [51]. This UE contribution results in
a small third term in eq. (6.4) and is therefore ignored in the iso

T calculation in pp analyses. The
candidate photon is declared isolated if iso

T 2 GeV . This value was chosen after studying the
efficiency and purity in pp collisions and strongly depends on the analysis strategy. Alternatively, the
isolation criteria can be based solely on the charged tracks within the cone. In order to reach a similar
isolation efficiency in this case, the isolation requirement must be reduced to iso

T 1 5 GeV . The
latter allows to use the full acceptance of the EMCal and DCal in the analysis without needing
corrections to the isolation energy when the cone is partially out of the calorimeter acceptance. This
technique was used for the measurement of isolated photon-hadron correlations in pp and p-Pb
collisions at NN 5 02 TeV [51].

In Pb-Pb and p-Pb collisions, the UE contributes to the iso
T , thereby biasing it to higher values.

The UE contribution UE must therefore be estimated and subtracted event-by-event. One technique
consists in using the track

T value measured in cones oriented 90 degrees in azimuth away from
the direction of the isolated photon candidate. Alternatively, the underlying event can be estimated
using the FASTJET median area density method [35, 52]. In p-Pb collisions, both techniques yield
very similar results. When using only charged-particle tracks in the calculation of iso

T , the UE
contributes with an energy density of UE 3 2 GeV in the cone for p-Pb collisions [51], which
is about twice as high as for pp collisions. The underlying event contribution in p-Pb collisions is
however still much smaller than its contribution in the most central heavy-ion collisions where it can
reach few tens of GeV [53, 54].

Even after applying the isolation criteria, the photon candidate sample still has a non-negligible
contribution from background clusters, mainly from meson decays. To estimate the background
contamination, different classes of measured clusters can be used [50, 55]: (1) classes based on
the shower shape 2

long, i.e. wide ( 2
long> 0.4, elongated clusters) and narrow (0 1 2

long 0 3),
and (2) classes defined by the isolation momentum, i.e. isolated ( iso

T 2 GeV ) and non-isolated
( iso

T 3 GeV ). The selection criteria reported above are illustrative; the exact values depend on
the collision system and may vary with candidate T. Such T-dependent values have been used
in the analysis of pp collisions at 7 TeV [50]. The different classes are denoted by sub- and
superscripts, e.g. quantities related to isolated, narrow clusters are labeled iso

n and non-isolated,
wide clusters are iso

w . The yield of isolated photon candidates in this nomenclature is iso
n . It

consists of signal ( ) and background ( ) contributions: iso
n

iso
n

iso
n . This class is labeled

with the letter in figure 73, which illustrates the parameter space used in this procedure. The
three other classes that are defined (labeled as , , and in the figure) should dominantly contain
background clusters. The contamination of the candidate sample is then iso

n
iso
n and the

purity is 1 . Assuming that the proportion of background which is isolated is the same in
the wide and narrow cluster areas and assuming that the proportion of signal in the control regions
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σ2
long

pi
so T

σ2
max, sig σ2

min, bkg σ2
max, bkg0.1

pisoT,max

pisoT,min

Niso
n Niso

w

Niso
n Niso

w

A B

C D

Figure 73. (Color online) Illustration of the parameter-space of the photon iso
T and 2

long, used to estimate the
background yield in the signal region ( ) from the observed yields in the three control regions ( , , ). The
red regions indicate areas dominated by background and the blue regions by the photon signal. The color
gradient indicates mixture of signal and background.

( , and ) is negligible compared to the background, the purity can be derived in a data-driven
approach as

dd 1
iso
n

iso
n

iso
w

iso
w

1
iso
n

iso
n

iso
w

iso
w

(6.5)

Unfortunately, both assumptions do not fully hold. In part, this is due to the fact that single photons
from meson decays can have a higher value of iso

T than merged decay photons at the same T,
because of the presence of the second photon from the meson decay in the isolation cone. Also,
fluctuations in the cluster distributions, e.g. caused by overlapping showers from nearby particles
originating from the same hard process, may lead to some energy contribution either included in the
cluster, which increases its width, or not included, which increases the isolation momentum, causing
an anti-correlation of the two parameters.

Since those are purely particle kinematics and detector effects, we assume the simulation
reproduces them so that one can estimate the bias with the following equation [50]:

1
iso
n

iso
n

iso
w

iso
w data

iso
n

iso
n

iso
w

iso
w MC

(6.6)

The MC corrections were determined from PYTHIA simulations of pp collisions. The signal events
were generated with a high-energy direct photon and a back-to-back jet and the background events
were generated with two high-energy back-to-back jets.

Alternatively, the purity can be estimated using a template fitting technique as described in
ref. [51]. This method is illustrated in figure 74 (left) for p-Pb collisions at NN 5 02 TeV. In
Pb-Pb collisions the usage of the V1-clusterizer for the isolated photon analysis is not possible as too
many particles would be overlapping within this cluster. Thus V2 clusters are used, but the shower
shape is calculated around the leading cell of the V2 cluster in a 5 5 cell array, denoted as 2

long 5 5
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f or t h e is ol at e d p h ot o n a n al ysis.  A n e x a m pl e f or P b- P b c ollisi o ns at N N 5 0 2 Te V is s h o w n i n

fi g ur e 7 4 (ri g ht) yi el di n g si mil ar r es ults as f or p- P b c ollisi o ns.

Usi n g t h e t e m pl at e fit  m et h o d, t h e 2
l o n g di stri b uti o n f or t h e is ol at e d cl ust er s a m pl e is fit  wit h

a li n e ar c o m bi n ati o n of a si g n al P Y T HI A  M C distri b uti o n, a n d t h e b a c k gr o u n d distri b uti o n is

d et er mi n e d fr o m d at a usi n g a n a nti-is ol at e d si d e b a n d ( 5 is o
T 1 0  G e V ). F or t h e s a m e r e as o ns

as d es cri b e d a b o v e, t his  m et h o d als o n e e ds  M C c orr e cti o ns b as e d o n a P Y T HI A si m ul ati o n t o

t a k e i nt o a c c o u nt ( a nti-) c orr el ati o ns i n t h e b a c k gr o u n d b et w e e n t h e r e gi o ns. F or b ot h  m et h o ds, t h e

c orr e cti o n b as e d o n t h e si m ul ati o n r es ults i n a n a bs ol ut e c orr e cti o n o n t h e p urit y r a n gi n g fr o m 8 % t o

1 4 % d e p e n di n g o n t h e cl ust er T .

T h e l eft p a n el of fi g ur e 7 5 s h o ws t h e is ol at e d p h ot o n p urit y c al c ul at e d usi n g e q. (6. 6 ) i n

p p c ollisi o ns at 7 Te V a n d t h e ri g ht p a n el s h o ws t h e p urit y i n p p a n d p- P b c ollisi o ns

at N N 5 0 2 Te V d et er mi n e d usi n g t h e t e m pl at e  m et h o d.  T h e l ar g e 8 0 % c o nt a mi n ati o n at

T 1 0  G e V c o m es  m ai nl y fr o m si n gl e d e c a y p h ot o n cl ust ers.  T h e c o nt a mi n ati o n d e cr e as es a n d

s at ur at es at 3 0 5 0 % f or T 1 8  G e V ,  m ai nl y fr o m  m er g e d 0 m es o ns d e c a y cl ust ers.

A n i nt er pl a y of p h ysi cs a n d d et e ct or e ff e cts c a us es a T d e p e n d e n c e of t h e p urit y.  O n t h e o n e

h a n d, t h e T s p e ctr a of pr o m pt p h ot o ns ar e h ar d er t h a n t h os e of n e utr al pi o ns,  m ai nl y b e c a us e t h e

l att er ar e pr o d u c e d b y fr a g m e nt ati o n of a q u ar k or gl u o n.  B e c a us e of t his, t h e p urit y, i. e. t h e r ati o of

dir e ct p h ot o n a n d n e utr al pi o n T yi el ds, i n cr e as es  wit h i n cr e asi n g T . I n a d diti o n, t h e pr o b a bilit y

t o fi n d a p h ot o n as is ol at e d v ari es  wit h T ; at hi g h er T , is ol ati o n of j et fr a g m e nts is l ess pr o b a bl e

f or a fi x e d is ol ati o n  m o m e nt u m.  O n t h e ot h er h a n d, d u e t o t h e d e cr e asi n g o p e ni n g a n gl e of  m es o n

d e c a ys at hi g h T , t h e pr o b a bilit y t o o bt ai n a n arr o w s h o w er fr o m t h e  m er g e d p h ot o ns i n cr e as es

l e a di n g t o a l ar g er c o nt a mi n ati o n fr o m 0 m es o ns.  At T 2 0  G e V , 5 % of t h e d e c a y p h ot o ns of

t h e 0 m es o ns ar e f o u n d i n t h e n arr o w s h o w er s h a p e r e gi o n, a n d b e y o n d 4 0 G e V t his c o ntri b uti o n

i n cr e as es t o  m or e t h a n 2 5 %.  T h e c o m bi n e d e ff e ct of t h es e  m e c h a nis ms l e a ds t o t h e ris e of t h e p urit y

at l o w T a n d a s at ur ati o n f or T 1 8  G e V .
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)c( G e V/
T

p
1 0 2 0 3 0 4 0 5 0 6 0

P

0

0. 2

0. 4

0. 6

0. 8

1

1. 2

St ati sti c al  u n c ert ai nt y=  7  T e VsA LI C E,  p p 

|  <  0. 2 7
γ

η|
c<  2  G e V/i s o

T
p=  0. 4, R

S y st e m ati c  u n c ert ai nt y

P
ur

it
y (

%)

p T ( G e V/c )

= 5. 0 2 T e V
N N

sA LI C E,

Fi g u r e 7 5 . ( C ol or o nli n e) Is ol at e d p h ot o n c orr e ct e d p urit y i n p p c ollisi o ns at 7 Te V  wit h is o
T 2  G e V

a n d 0 2 7 c al c ul at e d usi n g e q. (6. 6 ), t a k e n fr o m [5 0 ] (l eft) a n d f or p p a n d p- P b c ollisi o ns at

N N 5 0 2 Te V  wit h 0 6 7 usi n g t h e t e m pl at e fit t e c h ni q u e t a k e n fr o m [ 5 1 ] (ri g ht).  T h e b o x es i n di c at e

t h e s yst e m ati c u n c ert ai nt y,  w hil e t h e err or b ars r e fl e ct t h e st atisti c al u n c ert ai nt y. Fi g ur es ar e t a k e n fr o m t h e

m e nti o n e d r ef er e n c es.

T h e p urit y o bt ai n e d b y b ot h  m et h o ds is si mil ar, alt h o u g h i n di ff er e nt c olli di n g s yst e ms a n d

e n er g y, as s h o w n i n fi g ur e 7 5 , t h us b ot h t e c h ni q u es yi el d e q ui v al e nt r es ults f or t h e is ol at e d p h ot o n

m e as ur e m e nts.  T h e  E M C al c a n b e us e d i n c o m bi n ati o n  wit h t h e tr a c ki n g d et e ct ors t o s el e ct is ol at e d

p h ot o ns  wit h a r e as o n a bl e p urit y i n t h e T r a n g e fr o m 1 0 G e V t o at l e ast 6 0 G e V i n  R u n 1 f or p p

a n d p- P b c ollisi o n d at a.  T h e l ar g er tri g g er e d d at a s ets i n p p c ollisi o ns at 1 3 Te V r e c or d e d i n

R u n 2  will all o w f or  m e as ur e m e nts at e v e n hi g h er p h ot o n  m o m e nt a.

6. 2  N e ut r al  m es o ns

T h e 0 , a n d  m es o ns c a n b e r e c o nstr u ct e d  wit h t h e  E M C al i n t h eir t w o- p h ot o n d e c a y c h a n n el

usi n g t h eir e x c ess i n t h e r e c o nstr u ct e d i n v ari a nt  m ass distri b uti o n (s e e e q. (3. 3 )).  T h e r a n g e i n T

f or  w hi c h t his  m et h o d c a n b e us e d d e p e n ds o n t h e cl ust eri z er a n d cl ust eri z ati o n p ar a m et ers us e d

(s e e s e cti o n 3. 3 ):  wit h t h e  V 1 cl ust eri z er 0 m es o ns c a n b e  m e as ur e d u p t o 1 5 G e V,  w hil e

cl ust eri z ers t h at ar e a bl e t o s plit t h e cl ust ers ( V 2, 3 3 a n d  V 1 + u nf ol di n g) r e a c h 2 2 G e V, as

s h o w n i n fi g ur e 9 .

C o nsi d eri n g t his, n e utr al  m es o ns c a n b e i d e nti fi e d i n t w o  w a ys d e p e n di n g o n t h e e n er g y r a n g e

a n d cl ust eri z ati o n: eit h er fr o m p airs of cl ust ers usi n g t h e i n v ari a nt  m ass, c all e d  E M C r e c o nstr u cti o n

( dis c uss e d i n n e xt s e cti o n), or vi a a si n gl e  m er g e d cl ust er, c all e d  M er g e d  Cl ust er  Te c h ni q u e ( m E M C)

r e c o nstr u cti o n t h at r eli es o n t h e cl ust er s h o w er s h a p e ( dis c uss e d i n s e cti o n 6. 2. 2 ). Fi n all y, i n or d er t o

cir c u m v e nt t h e cl ust er  m er gi n g t o a l ar g e e xt e nt, t h e n e utr al  m es o ns c a n als o b e r e c o nstr u ct e d vi a

t h e i n v ari a nt  m ass a n al ysis usi n g o n e p h ot o n r e c o nstr u ct e d  wit h t h e  E M C al a n d t h e ot h er fr o m a

c o n v ert e d p h ot o n r e c o nstr u ct e d  wit h t h e  T P C a n d I T S ( P C M, p h ot o n c o n v ersi o n  m et h o d).  T his

t e c h ni q u e is c all e d P C M- E M C r e c o nstr u cti o n a n d it is dis c uss e d i n t h e n e xt s e cti o n.

I n a d diti o n, h e a vi er h a dr o ns li k e a n d  m es o ns d e c a y i nt o 0 or  m es o ns.  T h e d e c a y

c h a n n els 0 a n d c a n b e r e c o nstr u ct e d b y c h o osi n g p h ot o n p airs i n t h e
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corresponding invariant mass regions and pairing them with charged particles detected in the tracking
detectors. The performance of these reconstruction channels will be discussed in section 6.2.3.

6.2.1 Neutral meson reconstruction via two-photon invariant mass

The 0, and ’ mesons are reconstructed as excess yield around their nominal particle masses
in the two-photon invariant mass spectrum on top of a combinatorial background. In this section,
only the performance of the V2 clusterizer will be discussed as it proved to be the most suitable
for a di-photon invariant mass analysis as discussed in section 3.3. Figure 76 shows the invariant
mass distribution in two different transverse momentum intervals for neutral pion and meson
candidates using the two-photon reconstruction based solely on the EMCal. Figure 77 depicts the
corresponding invariant mass distributions if one of the two photons was reconstructed with the
PCM instead. The shape of the signal peaks is described using a Gaussian function with additional
exponential tails on both sides of the peak. The tail towards lower invariant masses mainly originates
from Bremsstrahlung energy loss of the electron for the PCM photon or missing energy for converted
photons in front of the EMCal. On the higher invariant mass side and at higher cluster energies,
cluster merging in the EMCal contributes to the non-Gaussian tail at large invariant masses.

The combinatorial background below the peaks consists of two components: random combina-
tions of photons, and a partially correlated background component arising from jets or particle decays
with more than two photons in their final state, for instance, 3 0 or K0

s 2 0. The correlated
background is of particular importance for heavier mesons and at high transverse momenta, where
the mesons are most likely accompanied by a jet. The random combinations of photons can be
described by using mixed event techniques [56]. The remaining background modulation due to
correlations in the background can be parametrized by a polynomial of first or second order, adjusted
to the measured distribution in a range close to the particle mass. For the mixed-event background,
each photon from the signal event is paired with about 50–80 photons from different events with
similar track or photon multiplicity and a primary vertex position along the beam line. The absolute
normalization of the mixed event invariant mass distribution is obtained by normalizing it to the
corresponding same-event distribution in a signal free region. Then, the mixed-event background is
subtracted and the remaining distribution is fitted with a polynomial added to the signal shape.

A more accurate description of the background including both the uncorrelated component and
the correlated one due to the decays can be achieved by an adapted rotation technique developed
within ALICE based on ref. [57]. In this technique, two arbitrary photons in the same event are paired
and assumed to originate from a common mother particle. In order to get an approximation for the
background an alternative decay of this mother particle is calculated. Each of the two newly created
photons is then paired with all other photons in the event except the other newly created photon. In this
process the direct correlation of the photons in the background calculation is removed because the two
photons are not paired. All other correlations remain intact since the newly calculated decay could
have also happened in the real event. Even if the photon pair does not originate from the same mother
particle, the described process yields a good description of the background. The simplest, yet very ef-
fective approach to calculate the decay is to rotate the photons around the axis of their pair-momentum
vector by 90 degrees. In this process the momenta and relative distance of the pair are kept the same.
Rotated photons are only considered in the pairing if they would still be reconstructable within the ac-
ceptance of the corresponding reconstruction technique. This procedure is repeated for each possible
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Fi g u r e 7 6 . ( C ol or o nli n e) I n v ari a nt m ass distri b uti o n f or n e utr al pi o n a n d 𝜏 m es o n c a n di d at es at i nt er m e di at e

(l eft) a n d hi g h (ri g ht) tr a ns v ers e m o m e nt a r e c o nstr u ct e d wit h b ot h p h ot o ns i n t h e E M C al i n p p c ollisi o ns

at
√

𝜏 = 1 3 Te V usi n g t h e E M C al L 1 tri g g er s a m pl e. T h e c o m bi n at ori al b a c k gr o u n d is d es cri b e d usi n g t h e

r ot ati o n b a c k gr o u n d t e c h ni q u e. F or t h e hi g h er 𝜂 T sli c e o nl y t h e 𝜋 m es o n i n v ari a nt m ass wi n d o w is s h o w n as

t h e 𝜂 0 m es o n c a n n ot b e r e c o nstr u ct e d usi n g t h e E M C i n v ari a nt m ass t e c h ni q u e at t h es e m o m e nt a.
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Fi g u r e 7 7 . ( C ol or o nli n e) I n v ari a nt m ass distri b uti o n f or n e utr al pi o n c a n di d at es at l o w (l eft) a n d hi g h (ri g ht)

tr a ns v ers e m o m e nt a r e c o nstr u ct e d usi n g t h e P C M- E M C t e c h ni q u e i n p p c ollisi o ns at
√

𝑀 = 1 3 Te V usi n g

t h e mi ni m u m bi as a n d E M C al L 1 tri g g er s a m pl e. T h e c o m bi n at ori al b a c k gr o u n d is d es cri b e d usi n g t h e

mi x e d- e v e nt b a c k gr o u n d t e c h ni q u e.

p h ot o n p air c o m bi n ati o n. T h e i n v ari a nt m ass i nt er v al us e d t o n or m ali z e t h e b a c k gr o u n d esti m at e d

wit h t h e r ot ati o n t e c h ni q u e c a n b e si g ni fi c a ntl y f art h er a w a y fr o m t h e 𝛾 0 a n d 𝛾 m es o n p e a k r e gi o ns

c o m p ar e d t o t h e mi x e d e v e nt t e c h ni q u e as t h e i n h er e nt s h a p e of t h e i n- e v e nt c orr el ati o ns is pr es er v e d.
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The signal over background ratio of the 0 ( ) meson is a factor 2 to 3 (1 to 2) higher for
the PCM-EMC technique than for the EMC reconstruction. This can be attributed to two effects.
Firstly to the better resolution and higher purity of the PCM photon sample. Secondly, the worse
reconstruction efficiency of the PCM method results in less than one PCM photon being reconstructed
per event in pp collisions on average, while this average rises to 1.4 for the EMCal reconstruction.
This results in a smaller pool of photon candidates that can be considered in a given event, which
along with the meson candidate selection criteria results in a reduced combinatorial background
below the true meson peaks. The background below the 0 and meson peaks for the PCM-EMC
reconstruction can be approximated well using the mixed event technique in combination with an
additional linear background as outlined in [28, 46, 58].

The mixed-event background technique works well for the EMC 0 meson reconstruction in the
transverse momentum range from 2 to 15 GeV/ in pp and p-Pb collisions. Beyond this momentum
range, however, or in larger collision systems [59], the mixed-event background subtraction tends
to lead to rather large systematic uncertainties as no signal-free region can be found where the
distribution can be normalized. This stems from the worse single cluster energy resolution at low
energies and the smearing of cluster energies due to overlapping showers at higher energies, leading
to a significant broadening of the meson invariant mass peaks. In addition, rather strict selections
on the minimum opening angle between the two photons have to be placed in the mixed event.
This is necessary to mimic the minimal distance between measured photons arising from the finite
cell size and the clusterization. These selections significantly reduce the efficiency to reconstruct

0 meson beyond 15 GeV and completely remove the signal above 20 GeV . When using the
rotation background, the distances between close pairs are kept. Consequently, neutral pions can be
reconstructed up to higher transverse momenta as long as a signal-free region can be found to which
the rotation background can be normalized and as long as the decay photon showers do not fully
overlap due to the decay kinematics.

Figure 78 shows the mean and width of the invariant mass peak for the EMC and PCM-EMC
methods compared to the pure PCM reconstruction for the neutral pion and meson. A significant
broadening of the invariant mass peaks towards lower and higher Tis observed for both mesons
and both EMCal-based reconstruction techniques. As described in section 5.6, the EMCal cluster
energy was first corrected for the nonlinearity measured in a test beam (section 4) and by a residual
MC correction (section 5.6). The MC correction appears to be system independent for pp and p-Pb
collisions but has to be adapted for semi-central and central Pb-Pb events, where the underlying event
contributes a significant fraction of energy to the single cluster energies. The reconstruction of 0

mesons using EMC experiences a peak position that increases with T (lower left panel figure 78). At
low T( T 4 GeV ), this is due to partial reconstruction of the photon energy due to conversions
occurring in the material in front of the EMCal. At higher T( T 8 GeV ), the showers merge into
a single cluster and contribute to the inefficiency of reconstructing the left flank of the 0 meson peak.
For the meson, on the other hand, only the loss of energy due to conversions has a significant effect on
the peak position. Both effects are very well reproduced in the simulation and thus allow for a neutral
meson yield extraction in a wide transverse momentum region. The momentum reach of the neutral
pion can be extended from 20 to 50 GeV when combining PCM and EMCal photon candidates
using the PCM-EMC reconstruction, until it reaches the limit where the opening angle for the neutral
pion is too small and the electrons from the PCM photon will point to the reconstructed EMCal cluster.
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Fi g u r e 7 8 . ( C ol or o nli n e) 𝜏 0 (l eft) a n d 𝜏 (ri g ht) m es o n p e a k p ositi o n ( b, d) a n d wi dt h ( a, c) as a f u n cti o n of

t h e m es o n m o m e nt u m m e as ur e d i n p p c ollisi o ns at
√

𝜂 = 1 3 Te V c o m bi ni n g t w o p h ot o ns r e c o nstr u ct e d wit h

E M C al or P C M.

A d diti o n all y, t h e c o n v ersi o n p h ot o n c a n b e r e c o nstr u ct e d d o w n t o m o m e nt a of 1 0 0 M e V / 𝜋 , all o wi n g

𝜂 0 a n d 𝑀 m es o ns t o b e r e c o nstr u ct e d st arti n g fr o m 0. 8 G e V / 𝛾 a n d 1. 4 G e V / 𝛾 , r es p e cti v el y. F or t h e 𝑀

m es o n n o d e c a y p h ot o n m er gi n g is o bs er v e d i n t h e st atisti c all y a c c essi bl e tr a ns v ers e m o m e nt u m r a n g e.

Fi g ur e 7 9 s h o ws t h e p e a k wi dt h n or m ali z e d t o t h e n o mi n al m ass of t h e m es o ns as a f u n cti o n

of tr a ns v ers e m o m e nt u m. B y usi n g a P C M p h ot o n c a n di d at e f or o n e of t h e d e c a y p h ot o ns, t h e

n e utr al pi o n m ass r es ol uti o n si g ni fi c a ntl y i m pr o v es i n t h e l o w 𝛾 T r e gi o n, fr o m a b o ut 9 % f or t h e

E M C r e c o nstr u cti o n t o 6 % f or t h e P C M- E M C r e c o nstr u cti o n. T h e m ass r es ol uti o n a p p e ars t o b e

e v e n b ett er f or t h e 𝛾 m es o n, d e cr e asi n g t o a b o ut 5 % a n d 4 % , r es p e cti v el y. W hil e t h e r el ati v e wi dt h

of t h e n e utr al pi o n p e a k wit h t h e E M C r e c o nstr u cti o n d e p e n ds o n t h e r e c o nstr u ct e d m o m e nt u m, t h e

√︁ m es o n wi dt h, f or t h e s a m e r e c o nstr u cti o n t e c h ni q u e, e x hi bits o nl y a mil d 𝐸 T d e p e n d e n c e. T h e

w ors e ni n g of t h e 𝐸 0 i n v ari a nt m ass r es ol uti o n at l o w er m o m e nt a is dri v e n b y t h e e n er g y r es ol uti o n

of t h e c al ori m et er, w hil e t h e w ors e ni n g at hi g h 𝜃 0 m es o n m o m e nt a is d u e t o s h o w er o v erl a ps. F or

t h e P C M- E M C t e c h ni q u e, t h e d e cr e asi n g r es ol uti o n wit h i n cr e asi n g 𝜃 T is m ai nl y dri v e n b y t h e

m o m e nt u m r es ol uti o n i n t h e tr a c ki n g.

T h e r el ati v e wi dt h of t h e m ass p e a k f or 𝜃 m es o ns c a n b e us e d t o c al c ul at e t h e e x p e ct e d wi dt h of

h e a vi er m es o ns d e c a yi n g i nt o t w o p h ot o ns f or t h e di ff er e nt r e c o nstr u cti o n t e c h ni q u es at t h e n o mi n al

m es o n m ass. F or i nst a n c e f or t h e 𝛾 ′ m es o n wit h a m ass of 9 5 7. 7 8 M e V/ 𝛽 2 , t h e p e a ks w o ul d b e

a b o ut 4 0 – 1 0 0 M e V/ 𝜋 2 wi d e, w hi c h c a n o nl y b e r e c o nstr u ct e d gi v e n a v er y g o o d u n d erst a n di n g of t h e

c orr el at e d b a c k gr o u n d b el o w t h e p e a k. C o nsi d eri n g t h e l o w br a n c hi n g r ati o ( 2 .2 0 ± 0 .0 8 % ) a n d

t h e w ors e si g n al t o b a c k gr o u n d f or t h e 𝜂 ′ wit h r es p e ct t o t h e 𝛾 m es o n, t h e r e c o nstr u cti o n of t h e 𝛼 ′

m es o n i n its di- p h ot o n c h a n n el will n ot b e p ossi bl e wit h t h e pr es e nt e v e nt s a m pl e.

F or l ar g er c ollisi o n s yst e ms a n d i n p arti c ul ar m ost c e ntr al P b- P b c ollisi o ns, t h e p erf or m a n c e of

t h e E M C al sli g htl y d et eri or at es w h e n usi n g t h e s a m e cl ust eri z ati o n t hr es h ol ds. I n p arti c ul ar at l o w

tr a ns v ers e m o m e nt u m (𝜋 T < 5 G e V / 𝜂 ), t h e r e c o nstr u ct e d n e utr al pi o n m ass e x hi bits a si g ni fi c a nt

s hift w hi c h i n cr e as es wit h i n cr e asi n g m ulti pli cit y as s e e n i n fi g ur e 8 1 . T his c a n b e attri b ut e d t o a
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√
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Fi g u r e 8 0 . ( C ol or o nli n e) C o m bi n e d c orr e cti o n f a ct or f or t h e n e utr al pi o n (l eft) a n d 𝜋 m es o n (ri g ht) f or all

E M C al r el at e d r e c o nstr u cti o n t e c h ni q u es a n d t h e p ur e P C M r e c o nstr u cti o n f or c o m p aris o n. T h e c orr e cti o n

f a ct or c o nt ai ns t h e c orr e cti o ns f or a c c e pt a n c e, e ffi ci e n c y a n d p urit y.

s u bst a nti al c o ntri b uti o n of t h e u n d erl yi n g e v e nt t o e a c h cl ust er, w hi c h is n ot c orr el at e d t o t h e e n er g y

d e p ositi o n of t h e p h ot o n. W hil e t h e si m ul ati o ns s h o w a si mil ar b e h a vi or, t h e d et ails of t h e p arti cl e

c o m p ositi o n a n d tr a ns v ers e m o m e nt u m d e p e n d e n c e c o ul d, s o f ar, n ot b e r e pr o d u c e d f or 0 – 1 0 %

P b- P b c ollisi o ns. T o o v er c o m e t his pr o bl e m, t h e mi ni m u m cl ust er e n er g y w as r ais e d t o 1. 5( 1. 0) G e V

i n t h e a n al ysis i n c e ntr al (s e mi- c e ntr al) P b- P b c ollisi o ns. I n a d diti o n, t h e MI P e n er g y w as s u btr a ct e d

f or e a c h tr a c k t h at w as m at c h e d t o t h e cl ust er. I n r ef. [6 0 ], e m b e d di n g si m ul at e d 𝜂 0 d e c a ys i nt o r e al

d at a w as us e d t o o bt ai n t h e e ffi ci e n c y c orr e cti o n.

T h e c o m bi n e d c orr e cti o n f a ct or c o nsisti n g of t h e m es o n r e c o nstr u cti o n e ffi ci e n c y, a c c e pt a n c e,

n or m ali z ati o n c o nst a nts, a n d m es o n p urit y is pr es e nt e d i n fi g ur e 8 0 f or 𝑀 0 a n d 𝛾 m es o ns i n p p

c ollisi o ns at
√

𝛾 = 1 3 Te V. F or t h e i n v ari a nt m ass b as e d t e c h ni q u es t h e m es o n p urit y is c o nsi d er e d

u nit y, as a cl e ar p e a k c a n b e us e d t o e xtr a ct t h e si g n al. T h e c orr e cti o n f a ct ors ar e s h o w n f or

all a v ail a bl e r e c o nstr u cti o n t e c h ni q u es usi n g t h e E M C al f or t h e r es p e cti v e m es o ns: E M C, P C M-
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Figure 81. (Color online) Invariant mass distribution for neutral pion candidates at intermediate (left) and
high (right) transverse momenta reconstructed with both photons in the EMCal for pp and Pb-Pb collisions in
different centrality classes at NN 5 02 TeV. The distributions are normalized to the integral in the displayed
invariant mass region to be able to compare the shapes of the invariant mass distributions and their difference
in the signal-to-background ratio. The gray vertical line indicates the nominal pion mass, while vertical black
and red lines indicate the reconstructed neutral pion mass in pp and central Pb-Pb collisions, respectively.

EMC and mEMC. The total correction factor for the standalone PCM reconstruction is added
for comparison. For the EMC reconstruction technique the correction factor of the 0 increases
by several orders of magnitude from about 0 001 at 1 2 GeV to its maximum of about 1 above
6 GeV . This characteristic rise is mainly driven by the increasing photon reconstruction efficiency
seen in figure 70 together with the slightly increasing acceptance for mesons with larger opening
angles. The decrease of the pion reconstruction efficiency above 10 GeV is due to cluster merging.
Similar features, slightly shifted in transverse momentum, are visible for the correction factor of
the mesons for the EMC reconstruction technique. The low momentum cut-off is caused by the
lower signal to background ratio of the meson compared to the neutral pion. The maximum
meson correction factor of about 1 for the EMC reconstruction is reached above 12 GeV and
no clear reduction at higher transverse momenta is observed within the covered momentum range.
Combining one photon from each reconstruction technique yields the expected reduction due to the
conversion probability of about 9% [47]. Furthermore, the correction factor appears to be closer in
its T dependence to that of the PCM technique and the effects from the reduction in the cluster
efficiency for higher momenta due to merging are significantly reduced for the neutral pion. This
leads to stronger similarities between the correction factors of the neutral pion and meson up to
40 GeV , where both reach their current statistical limits.

6.2.2 Neutral meson reconstruction based on single clusters

For 0 mesons with T 15 GeV , the individual decay photons cannot be resolved by the
clusterizer as their showers overlap on the EMCal surface, as discussed in section 3.4.2. In this
case, using distinguishing features of the profile and the spread of the energy distribution in the
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Fi g u r e 8 2 . ( C ol or o nli n e) S c h e m ati c vi e w of cl ust er s h o w er o v erl a ps fr o m 𝜏 0 m es o n d e c a ys wit h 𝜏 𝜂 0 = 4 , 1 0

a n d 2 0 G e V fr o m l eft t o ri g ht. T h e c ell c ol or i n di c at es t h e d e p osit e d e n er g y; t h e d ar k er, t h e m or e e n er g y.
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Fi g u r e 8 3 . ( C ol or o nli n e) L eft: d e c o m p ositi o n of t h e 𝜋 2
l o n g distri b uti o n at 9 0 < 𝜂 T < 1 0 0 G e V / 𝑀 i n its

c o ntri b uti o ns fr o m n e utr al pi o ns r e c o nstr u ct e d wit h b ot h p h ot o ns i n o n e cl ust er (f ull bl a c k d ots) or o nl y o n e

p h ot o n ( o p e n bl a c k d ots) b as e d o n P Y T HI A 8 di-j et si m ul ati o ns. A d diti o n all y, t h e c o ntri b uti o ns fr o m 𝛾

m es o ns ( o p e n bl u e d ots), dir e ct p h ot o ns ( or a n g e hist o gr a m), pri m ar y el e ctr o ns ( gr e e n hist o gr a m) a n d ot h er

h a dr o ns ( bl u e hist o gr a m) ar e dis pl a y e d. Ri g ht: c o m p aris o n of t h e 𝛾 2
l o n g distri b uti o n b et w e e n d at a ( bl a c k) a n d

si m ul ati o n (r e d).

c ells c a n h el p t o disti n g uis h b et w e e n si n gl e p h ot o n cl ust ers (s y m m etri c d e p ositi o n li k e i n fi g ur e 8 2

l eft) a n d m er g e d p arti cl e cl ust ers ( fi g ur e 8 2 mi d dl e a n d ri g ht). T his m E M C t e c h ni q u e vi a t h e 𝑀 2
l o n g

distri b uti o n b e c o m es vi a bl e f or t h e V 1 cl ust eri z er a b o v e 𝛾 ≳ 6 G e V a n d f or t h e V 2 cl ust eri z er

a b o v e 𝛾 ≳ 1 5 G e V. T h e hi g h er t hr es h ol d i n t h e l att er c as e is c h os e n t o a v oi d st atisti c al o v erl a p

wit h t h e i n v ari a nt m ass- b as e d t e c h ni q u es, w h er e t h e V 2 cl ust eri z er c a n still s plit cl ust ers b et w e e n 6

a n d 1 5 G e V. A d diti o n all y, t h e V 2 cl ust eri z er a bs or bs l ess p arti cl es fr o m t h e s urr o u n di n g j et w hi c h

ot h er wis e dist orts t h e √︁ 2
l o n g distri b uti o n. W hil e p h ot o n cl ust ers ar e r at h er r o u n d a n d p e a k at a b o ut

0. 2 5 i n t h e 𝐸 2
l o n g distri b uti o n, n e utr al pi o ns a p p e ar t o b e el o n g at e d a n d pr e d o mi n at el y h a v e v al u es

of 𝐸 2
l o n g l ar g er t h a n 0. 2 7 f or tr a ns v ers e m o m e nt a b et w e e n ∼ 1 5 a n d 6 0 G e V / 𝜃 , s e e fi g ur e 1 4 . F or

𝜃 T > 6 0 G e V / 𝜃 , t h e 𝛾 2
l o n g distri b uti o ns of p h ot o n a n d 𝛽 0 cl ust ers ar e m or e si mil ar a n d t h e a n al ysis

m ust r el y t o a l ar g er e xt e nt o n t h e c orr e cti o ns fr o m t h e si m ul ati o n.

Fi g ur e 8 3 s h o ws t h e 𝜋 2
l o n g distri b uti o n f or cl ust ers wit h a 𝜂 T b et w e e n 9 0 a n d 1 0 0 G e V / 𝛾 . T h e t w o

d o mi n a nt c o ntri b uti o ns aris e fr o m n e utr al pi o ns, w hi c h ar e m er g e d cl ust ers c o nt ai ni n g b ot h d e c a y p h o-
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C arl o g e n er at or l e v el ar e s h o w n i n r e d, w hil e cl ust ers wit h 1 – 2 o v erl a p pi n g p arti cl es ar e s h o w n i n gr e e n a n d
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t h e t o y si m ul ati o n i n or d er t o o bt ai n t h e fi n al s yst e m ati c u n c ert ai nt y s h o w n i n t h e s h a d e d gr a y b a n d v ers us

tr a ns v ers e m o m e nt u m.
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tons (full markers) and single decay photons without overlap from the other decay photon (open mark-
ers). Figure 84 (left) illustrates that the meson contribution is the largest contamination to the neutral
pion candidate sample and increases significantly with increasing pion momenta from around 5% at
low T to up to 11% at 200 GeV . The photon and electron contributions, on the other hand, can be
significantly suppressed by the shower-shape cuts, in particular at low transverse momenta. However,
the default PYTHIA 8 Monte Carlo simulations used for the mEMC analysis lack certain contribu-
tions (prompt photons and electrons from weak decays) that need to be considered for the purity estima-
tion. Moreover, the relative fraction of mesons is generally too small in these simulations compared
to the measured ratio of to 0 meson yields. The effect of these additional contributions is shown in
figure 84 (right), resulting in a several percent lower final purity. Additional primary track veto cuts as
described in section 3.4.1 allow for an efficient reduction of the electron and charged hadron contribu-
tions. As the track propagation beyond 20 GeV has rather large uncertainties and the neutral pions
tend to appear within jets, the clusters for T 20 GeV are only vetoed if their is larger than 1 7.

The mEMC technique was first used for a spectra analysis in ref. [46] for neutral pions between
16 and 60 GeV and was since improved to be able to reconstruct neutral pions up to 200 GeV [34].
The main improvements in the analysis arose from a better understanding of the shower shape
through the emulation of the cross talk as well as the nonlinearity of the energy response through
measurements in the laboratory 5.8. This allowed us to use the simulations even beyond the point
where merged pions are clearly separated from photons, electrons, and single photons from mesons.

The correction for mEMC, shown in figure 80, consists of normalization constants, an acceptance
component that is nearly constant in T, as well as the reconstruction efficiency. The latter not only
corrects for reconstruction losses but also for the EMCal cluster energy resolution, which is strongly
affected by particle overlaps within the same cluster, especially at high T, as shown in figure 85.
The correction can therefore exceed unity due to the significant difference between reconstructed
and true T of the neutral pion candidates. The energy resolution of the merged clusters is the main
source of systematic uncertainty in the mEMC measurement. It was estimated using a generator-level
particle decay simulation where neutral pions are generated according to an input parametrization of
the measured 0 spectrum and were subsequently smeared according to the energy response matrices
for three different event classes; events with no particle overlaps within a radial distance of 0 05
around the generated neutral pions in the EMCal acceptance, events with 1 to 2 allowed overlaps, and
events with more than 2 overlaps in the same radial cone. Each of these classes presents a different

T-dependent reconstructed energy of the merged pion clusters as shown in figure 85 (top) with a
visible energy loss in the zero overlap class and an up to 20% higher reconstructed energy in the class
with more than 2 particle overlaps. The contribution of these event classes strongly changes as a
function of T , thereby changing the final energy resolution correction. The systematic uncertainty
is determined by varying the composition of the three overlap classes, which effectively varies the
spread of in-jet particle production within the 0 05 cone. The contribution of a class is modified
by up to 10% of the total as indicated by the bands in figure 85 (bottom) and the generated 0

spectrum based on the input parametrization is smeared according to the resolution matrices using
the appropriate fractions of the yields. The procedure resulted in an uncertainty on the mEMC 0

spectrum of up to 10% at T 40 GeV and about 5% at T 200 GeV .
Besides extracting the neutral pion spectra, the mEMC can also significantly simplify particle

correlation measurements as well as azimuthal anisotropy ( ) measurements, as introduced in [61].

– 93 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

0. 0 5 0. 1 0. 1 5 0. 2 0. 2 5 0. 3
)2c( G e V/i n vM

0. 0 5

0. 1 0

0. 1 5

0. 2 0

0. 2 5

0. 3 0

0. 3 5

3−1 0×
e
vt

.
N

o
u

nt
s 
/ 

C

c< 1 6 G e V/
T

p≤1 4 = 1 3 T e VsA LI C E, p p 
( hi g h) tri g g er e dγE M C- L 1 

V 1 cl u st eri z er
2 l o c al m a xi m a

V 2 cl u st eri z er

0. 0 5 0. 1 0. 1 5 0. 2 0. 2 5 0. 3
)2c ( G e V/γγM

0. 2

0. 4

0. 6

0. 8

1. 0

n
or

m.
 
c

o
u

nt
s

c < 1 6 G e V/
T

p1 4 <  = 5. 0 2 T e VN NsA LI C E, 
E M C- L 1 tri g g er e d

V 1 cl u st eri z er
2 l o c al m a xi m a

 = 5 0 0 M e Vs e e dE

 = 1 0 0 M e Va g gE

p p  
0- 1 0 % P b- P b  

3 0- 5 0 % P b- P b  
5 0- 9 0 % P b- P b  

Fi g u r e 8 6 . ( C ol or o nli n e) L eft: m ass of s plit cl ust ers f or p p c ollisi o ns at
√

𝜏 = 1 3 Te V f or t h e V 1 cl ust eri z er

wit h t w o l o c al m a xi m a c o m p ar e d t o t h e i n v ari a nt m ass distri b uti o n o bt ai n e d fr o m p airs of V 2 cl ust ers f or

t h e n e utr al pi o n. Ri g ht: m ass of s plit cl ust ers f or p p a n d P b- P b c ollisi o ns i n di ff er e nt c e ntr alit y cl ass es at
√

𝜏 N N = 5 .0 2 Te V. F or t h e P b- P b c o m p aris o n pl ot, t h e distri b uti o ns ar e n or m ali z e d t o t h e m a xi m u m i n t h e p e a k

r e gi o n t o b e a bl e t o c o m p ar e t h e s h a p es of t h e i n v ari a nt m ass distri b uti o ns. T h e gr a y v erti c al li n e i n di c at es t h e

n o mi n al pi o n m ass.

T h e m ai n i nt er est of t h es e a n al ys es li es i n m es o n m e as ur e m e nts i n t h e r a n g e b et w e e n 6 a n d 2 0 G e V / 𝜂 .

F or t his, t h e V 1 cl ust eri z er h as a p arti c ul ar a d v a nt a g e f or cl ust ers b el o w 2 0 G e V, w h er e it all o ws

t o a d diti o n all y m a k e s ur e t h at t h e cl ust ers i n t h e 𝜋 0 m es o n b a n d ar e a ct u all y ori gi n ati n g fr o m 𝜂 0

m es o n d e c a ys b y s plitti n g t h e cl ust er i nt o t w o s u b- cl ust ers a n d c al c ul ati n g t h eir i n v ari a nt m ass.

T h e c orr es p o n di n g c o m p aris o n of t h e i n v ari a nt m ass o bt ai n e d fr o m s plitti n g V 1 cl ust ers wit h

t w o l o c al m a xi m a a n d t h e p airi n g of t w o V 2 cl ust ers wit hi n t h e s a m e s a m pl e ar e pr es e nt e d i n

fi g ur e 8 6 (l eft). F or t h e s plit cl ust ers t h e c o m bi n at ori al b a c k gr o u n d b el o w t h e pi o n p e a k, e v e n i n p p

c ollisi o ns, is si g ni fi c a ntl y s m all er t h a n f or t h e V 2 cl ust eri z er, as t h e pr o b a bilit y of r a n d o m o v erl a ps

is c o m p ar ati v el y l o w. T his is e v e n m or e a p p ar e nt i n hi g h- m ulti pli cit y e n vir o n m e nts li k e i n c e ntr al

P b- P b c ollisi o ns, w h er e t his t e c h ni q u e all o ws f or a pr e-s el e cti o n of c a n di d at es wit h o ut a si g ni fi c a nt

l oss i n r e c o nstr u cti o n e ffi ci e n c y. A d diti o n all y, t h e pr e cisi o n of t h e m ass p e a k p ositi o n w as i m pr o v e d

b y di vi di n g t h e e n er g y of c ells, w hi c h ar e l o c at e d b et w e e n t h e t w o s u b cl ust ers usi n g t h e l e a di n g c ell

e n er gi es t o c al c ul at e t h e fr a cti o ns. T h e i n v ari a nt m ass of s plitt e d V 1 cl ust ers i n P b- P b c ollisi o ns i n

di ff er e nt c e ntr alit y i nt er v als is s h o w n o n t h e ri g ht si d e of fi g ur e 8 6 t o g et h er wit h t h e c orr es p o n di n g

distri b uti o n i n p p c ollisi o ns at t h e s a m e c e nt er of m ass e n er g y. K e e pi n g t h e cl ust eri z ati o n t hr es h ol ds

t h e s a m e i n t h e di ff er e nt c ollisi o n s yst e ms i n cr e as es t h e c orr el at e d b a c k gr o u n d b el o w t h e pi o n m ass

p e a k, l e a vi n g t h e a v er a g e p e a k p ositi o n a n d wi dt h u n c h a n g e d. T h e i n cr e as e d b a c k gr o u n d aris es fr o m

a si g ni fi c a ntl y l ar g er u n d erl yi n g e v e nt c o ntri b uti o n t o e a c h cl ust er a n d t h e l ar g er cl ust er si z e i n c e ntr al

P b- P b c ollisi o ns. A si g ni fi c a nt i m pr o v e m e nt of t h e si g n al-t o- b a c k gr o u n d r ati o is o bs er v e d i n s e mi-

c e ntr al a n d p eri p h er al c ollisi o ns. T h e b a c k gr o u n d i n cr e as e c a n b e miti g at e d b y r aisi n g t h e a g gr e g ati o n

t hr es h ol ds fr o m a b o ut 1 0 0 M e V t o 1 5 0 M e V or e v e n 3 0 0 M e V, at t h e c ost of a mil d e ffi ci e n c y l oss.
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For clusters with two local maxima, a 2–3 window around the fitted 0 meson invariant mass
can be used to directly tag merged clusters as neutral pions, while an invariant mass window in
between the 0 and mesons mass can simultaneously provide a background estimate. Additional
constraints on 2

long as described in ref. [61] improve the purity even further for clusters with 2 local
maxima and enable the pion identification for clusters with only one local maximum. Clusters with
more than two local maxima are normally not considered in this type of analysis. These constraints
allow to tag 0 meson clusters with purities of approximately 80% in central Pb-Pb collisions and
larger than 90% in pp collisions between 6 0 50 GeV. In conclusion, with shower shape and
intra-cluster splitting techniques, one can simplify event-by-event correlation analyses by directly
tagging clusters stemming from 0 mesons up to very high energies with the EMCal.

6.2.3 Heavier meson reconstruction

The neutral pions and mesons are the lightest mesons which are measured with the help of the
EMCal. As many of these pions or mesons stem from decays of heavier mesons, they can be used
to reconstruct their mother particles as well. A dominant source of decay pions is the 782 meson.

The meson predominately decays through the 0 channel (Branching Ratio (BR)
89 2 0 7% [62]) . Its charged decay products are reconstructed using the tracking detectors,
while the 0 can be reconstructed using the EMC, PCM-EMC or mEMC technique up to very high
momenta [63]. The statistics at high transverse momenta can be increased further by using the
L0 or L1 EMCal triggered samples as the momentum distributions of all three decay products are
similar and thus an event trigger based on the 0 part is possible without introducing any biases.
The neutral pion in the three-pion decay channel is measured by selecting a pair of clusters with
an invariant mass within 3 of the expected Particle Data Group (PDG) mass [62]. The selected
neutral pion candidate is combined with two oppositely charged pions reconstructed in the TPC and
ITS by selecting tracks of good quality which are in agreement with the expected energy loss for
pions within 3 . Additionally, these tracks are constrained to originate from the primary vertex to
suppress pileup and combinatorial background from other decays.

Figure 87 shows example invariant mass distributions for which the neutral pions were
reconstructed using either the PCM-EMC or EMC technique. The combinatorial background below
the peak can be described and subtracted using a second order polynomial or exponential function.
This enables the determination of the signal yield of the meson for transverse momenta between 2 7
and 28 GeV when using pions reconstructed with the PCM-EMC technique and 3 5 and 40 GeV
when using the EMC technique in pp collisions at 13 TeV. Additionally, the meson could
be reconstructed through the 0 channel (BR 8 28 0 28% [62]) using the EMCal. In this decay,
reconstructing the with the EMCal is disfavored as the decay is rather asymmetric and the photon
carries only little energy. Thus, the photon needs to be reconstructed with the PCM technique, which
introduces a reduction of the signal yield by another factor of ten due to the conversion probability
of about 9% in ALICE. While the meson can be reconstructed in the three-pion decay channel as
well, the precision of this measurements is significantly reduced as compared to the two-photon
channel due to the higher combinatorial background arising from the charged pions and the smaller
branching ratio. For the meson, on the other hand, the reconstruction in the two-photon channel is
not favorable, but it can be reconstructed through its decay (BR 42 9 0 7% [62]). The
meson is reconstructed in its two-photon decay channel within a 3 window around its reconstructed
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Fi g u r e 8 8 . ( C ol or o nli n e) I n v ari a nt  m ass distri b uti o n of ar o u n d t h e  m es o n  m ass usi n g  m es o n
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i nt er v als.

m ass as s e e n i n fi g ur e 7 8 .  T h e n, t h e  m ass is fi x e d t o its P D G v al u e of 5 4 7 8 6 2 0 0 1 7 M e V/ 2 [6 2 ]

f or t h e c o m bi n ati o n  wit h t h e o p p osit el y c h ar g e d pi o ns.  T h e c orr es p o n di n g e x a m pl es of t hr e e- m es o n

i n v ari a nt  m ass distri b uti o ns ar o u n d t h e  m es o n  m ass r e c o nstr u ct e d  wit h t h e P C M- E M C a n d  E M C

t e c h ni q u es i n t w o di ff er e nt T i nt er v als ar e s h o w n i n fi g ur e 8 8 f or p p c ollisi o ns at 1 3 Te V.  T h e

c o m bi n at ori al b a c k gr o u n d is d es cri b e d usi n g a p ol y n o mi al or a n e x p o n e nti al f u n cti o n a n d t h e si g n al

yi el ds c a n b e e xtr a ct e d u p t o  m o m e nt a of 4 0 G e V .
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While so far only and mesons reconstruction was explored, the results are promising to
also use these techniques for even heavier mesons or baryons decaying to similar decay channels
in particular at high momentum, where the EMCal L0 and L1 triggers can be used to significantly
enhance the sampled luminosity.

6.3 Electrons

Heavy quarks (charm and beauty) are among the most important tools to study high-energy hadronic
collisions. Due to their large masses, they are produced in hard-parton scattering processes
and their production cross sections can be calculated in the framework of perturbative Quantum
Chromodynamics (pQCD) [64]. In heavy-ion collisions, where a strongly coupled medium is formed,
heavy quarks are used to study mass- and flavor-dependent interactions of partons in the hot and
dense nuclear medium [65, 66]. With the ALICE central barrel detectors, heavy quarks are studied
by measuring open heavy-flavor hadrons (D and B mesons) via their hadronic and semi-leptonic
decay channels, and hidden heavy-flavor (J and ) via their decay to e e pairs. The ALICE TPC
has good electron/hadron discrimination in the region T 8 GeV as can be seen in figure 89.
At higher momenta, however, the electrons and charged pions cannot be separated efficiently as
their d /d signals become similar. Using the EMCal the electron identification capabilities were
extended to up to T 40 GeV using the as discriminator, where is the energy of the
EMCal cluster matched to the track and is the track momentum reconstructed with the ITS and
TPC. The discriminative power for electrons and positrons has proven to be identical and thus in the
following discussion, when electrons are mentioned, the same consideration applies to positrons
as well. These extended PID capabilities achieved via the inclusion of the EMCal also improved
the performance of the J e e reconstruction at high T by reducing the combinatorial
background from misidentified pions.

A large improvement in the T reach for the respective measurements was also achieved by
using various EMCal single-shower triggers (section 3.5) in pp, p-Pb and Pb-Pb collisions [67–74].
By exploiting the full luminosity of these triggers, in particular for the pp sample at 13 TeV, the

T range could be nearly tripled compared to the corresponding minimum bias measurement. The
usage of the EMCal L1 triggers also allowed for the full reconstruction of hadronic decays of the
D* meson for T 60 GeV , by triggering on one of its decay products. In the following section,
the performance of heavy-flavor measurements using the EMCal is demonstrated based on the full
data set collected in pp collisions at 13 TeV in the years 2016-2018 and the data collected in
Pb-Pb collisions at NN 5 02 TeV in 2015 [72, 73].

6.3.1 Electron identification

To reconstruct electrons originating close to the primary vertex, fully reconstructed charged tracks
based on ITS-TPC tracking are selected. These tracks have to pass standard quality selections that
furthermore ensure they do not originate from a conversion or other secondary interactions [69].
Moreover, a loose electron identification is employed by selecting tracks with the specific ionisation
energy loss inside the TPC of 1 TPC 3, where TPC is the difference between the measured
and expected detector response signals (d d ) for electrons normalised to the response resolution.
Tracks are geometrically matched to the clusters reconstructed in the EMCal along and (see
section 3.4.1). Tracks that are matched to clusters within 0 01 and 0 01 rad are
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Fi g u r e 8 9 . ( C ol or o nli n e) d𝜏 / d𝜏 distri b uti o n of tr a c ks m e as ur e d i n t h e T P C as f u n cti o n of t h e p arti cl e

m o m e nt u m.

s el e ct e d. Fi g ur e 9 0 s h o ws t h e 𝜂 𝜋 T P C
𝜂 ± distri b uti o n f or t h e s el e ct e d tr a c k s a m pl e wit h a n ass o ci at e d

cl ust er i n t h e E M C al f or di ff er e nt tr a ns v ers e m o m e nt u m i nt er v als a n d tri g g ers i n p p c ollisi o ns at
√

𝑀 = 1 3 Te V. T h e bl a c k p oi nts r e pr es e nt t h e distri b uti o n f or tr a c ks wit h o ut f urt h er i d e nti fi c ati o n

crit eri a b as e d o n t h e E M C al cl ust er, a n d t h e si g n al a n d b a c k gr o u n d r e gi o ns c o nsi d er e d f or t h e

f urt h er E M C al m e as ur e m e nts ar e i n di c at e d b y t h e s h a d e d r e d a n d bl u e b a n ds, r e p e cti v el y. F or l o w

m o m e nt a, el e ctr o ns a p p e ar t o b e w ell s e p ar at e d i n t h e 𝛾 𝛾 T P C
𝑀 ± distri b uti o n a n d c e nt er e d ar o u n d 0,

as i n di c at e d b y t h e gr a y d as h e d li n e. A m ulti- G a ussi a n fit all o ws t h e st atisti c al e xtr a cti o n of t h e

c orr es p o n di n g el e ctr o n yi el d. A b o v e 𝛾 T = 8 G e V / 𝛾 , t h e pi o n a n d el e ctr o n r es p o ns es ar e cl os e t o

e a c h ot h er a n d t h e el e ctr o n si g n al e xtr a cti o n b e c o m es i n cr e asi n gl y di ffi c ult u ntil it f ull y br e a ks

d o w n at a b o ut 1 5 G e V / √︁ . I n t his criti c al r e gi o n a n d a b o v e t h es e tr a ns v ers e m o m e nt a, t h e el e ctr o n

i d e nti fi c ati o n b as e d o n t h e E M C al 𝐸 / 𝐸 distri b uti o n si g ni fi c a ntl y i m pr o v es t h e si g n al e xtr a cti o n.

Tr a c ks wit h 𝜃 / 𝜃 ar o u n d 1 ar e i d e nti fi e d as el e ctr o ns usi n g t h e E M C al r es p o ns e. H a dr o ns h a v e a

l o w er 𝜃 / 𝛾 r ati o as t h e y d e p osit o nl y a fr a cti o n of t h eir i niti al e n er g y i n t h e E M C al. I n a d diti o n

t o t h e 𝛽 / 𝜋 r ati o, t h e E M C al cl ust er s h a p e (s e e s e cti o n 3. 4. 2 ) is us e d t o f urt h er i m pr o v e t h e p urit y

of t h e el e ctr o n s a m pl e. T h e dis p ersi o n al o n g t h e l o n g a xis of t h e cl ust er is r e q uir e d t o b e i n t h e

r a n g e 0 .0 5 < 𝜂 2
l o n g < 0 .9 f or l o w 𝛾 T (< 1 5 G e V / 𝛼 ) a n d 0 .0 5 < 𝜋 2

l o n g < 0 .6 f or hi g h er 𝜂 T . Fi g ur e 9 1

s h o ws t h e 𝛾 / 𝛼 distri b uti o n of el e ctr o n c a n di d at es aft er a p pl yi n g t h e 𝜋 𝜂 T P C
𝛼 ± a n d 𝜋 2

l o n g s el e cti o ns f or

p p c ollisi o ns at
√

𝐸 = 1 3 Te V. T h e distri b uti o n f or 3 < 𝐸 T < 4 G e V / 𝐸 is o bt ai n e d usi n g t h e mi ni m u m

bi as tri g g er e d s a m pl e, w hil e t h e E M C al tri g g er e d d at a s a m pl e wit h l o w a n d hi g h tri g g er t hr es h ol d is

us e d f or 1 0 < 𝐸 T < 1 1 G e V / 𝛽 a n d 3 0 < 𝜋 T < 3 5 G e V / 𝜂 , r es p e cti v el y. T h e el e ctr o n p e a k at 𝑝 / 𝐸

ar o u n d 1 is cl e arl y visi bl e u p t o 3 5 G e V / 𝛾 . E xt e n di n g t h e el e ctr o n i d e nti fi c ati o n c a p a biliti es b e y o n d

8 – 1 0 G e V / √︃ is o nl y p ossi bl e b y usi n g t h e E M C al tri g g er e d d at a s a m pl e a n d b y a p pl yi n g t h e E M C al

el e ctr o n i d e nti fi c ati o n crit eri a t o b ett er dis cri mi n at e el e ctr o n a n d h a dr o n c a n di d at es.

We esti m at e t h e h a dr o n c o nt a mi n ati o n of t h e el e ctr o n s a m pl e i n t h e d at a b y m e as uri n g t h e

𝛽 / 𝜋 f or h a dr o ns wit h − 1 0 ≤ 𝜂 𝜃 T P C
𝛼 ± ≤ − 4 ( bl u e s h a d e d r e gi o ns i n fi g ur e 8 9 ). T h e h a dr o n 𝜋 / 𝜂

distri b uti o n is s c al e d t o m at c h t h e el e ctr o n c a n di d at e’s 𝛼 / 𝜋 distri b uti o n i n t h e bl u e s h a d e d r e gi o ns

s h o w n i n fi g ur e 9 1 . S u bs e q u e ntl y, w e o bt ai n t h e el e ctr o n yi el d b y i nt e gr ati n g t h e 𝜂 / 𝜃 distri b uti o n

f or 0 .9 ≤ 𝑃 / 𝑛 ≤ 1 .2 a n d s u btr a cti n g t h e h a dr o n c o nt a mi n ati o n st atisti c all y. T h e i m pr o v e m e nt
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Fi g u r e 9 0 . 𝜏 𝜏 T P C
𝜂 ± distri b uti o n wit h o ut ( bl a c k) a n d wit h ( gr e e n) E M C al el e ctr o n i d e nti fi c ati o n c uts of 𝜋 / 𝜂

a n d 𝑀 2
l o n g. El e ctr o ns f or m a G a ussi a n distri b uti o n c e nt er e d ar o u n d z er o, i n di c at e d b y t h e gr a y d as h e d li n e.

T h e si g n al a n d b a c k gr o u n d s el e cti o n wi n d o ws c o nsi d er e d f or t h e f oll o wi n g 𝛾 / 𝛾 pl ots ar e i n di c at e d b y t h e r e d

a n d bl u e s h a d e d ar e a, r es p e cti v el y. T h e distri b uti o ns ar e s h o w n f or v ari o us e v e nt tri g g ers i n p p c ollisi o ns at
√

𝑀 = 1 3 Te V i n di ff er e nt 𝛾 T i nt er v als.
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Fi g u r e 9 1 . ( C ol or o nli n e) 𝛾 / √︁ distri b uti o n f or el e ctr o n c a n di d at es s el e ct e d b y a p pl yi n g − 1 ≤ 𝐸 𝐸 T P C
𝜃 ± ≤ 3

( bl a c k o p e n cir cl es), a n d f or h a dr o ns wit h − 1 0 ≤ 𝜃 𝜃 T P C
𝛾 ± ≤ − 4 ( bl u e d ots) s c al e d t o m at c h t h e el e ctr o n

distri b uti o n i n t h e r a n g e i n di c at e d b y t h e bl u e s h a d e d b o x. T h e r e d di a m o n ds r e fl e ct t h e r e m ai ni n g si g n al

distri b uti o n aft er b a c k gr o u n d s u btr a cti o n a n d t h e c orr es p o n di n g si g n al fit usi n g a G a ussi a n wit h a n e x p o n e nti al

t ail is o v erl ai d i n d ar k r e d. T h e distri b uti o ns ar e s h o w n f or v ari o us e v e nt tri g g ers i n p p c ollisi o ns at
√

𝛽 = 1 3 Te V

i n di ff er e nt 𝜋 T i nt er v als.

i n t h e dis cri mi n ati o n p o w er b et w e e n el e ctr o ns a n d h a dr o ns usi n g t h e E M C al PI D c uts b as e d o n

t h e s h o w er s h a p e a n d 𝜂 / 𝛾 s el e cti o n is d e m o nstr at e d i n fi g ur e 9 0 b y t h e gr e e n m ar k ers. I n t h e

l o w est tr a ns v ers e m o m e nt u m bi n, w h er e t h e s e p ar ati o n b as e d o n t h e 𝛼 𝜋 T P C
𝜂 ± is p erf or mi n g w ell,

t h e a d diti o n al c o nstr ai nts pr o vi d e d b y t h e E M C al c a n f urt h er i m pr o v e t h e si g n al-t o- b a c k gr o u n d

i n t h e vi ci nit y of t h e G a ussi a n f or t h e el e ctr o ns c e nt er e d ar o u n d 0. F urt h er m or e, it c a n b e s e e n

t h at at l o w er tr a ns v ers e m o m e nt a als o t h e h a dr o n c o ntri b uti o n at n e g ati v e 𝛾 𝛼 T P C
𝜋 ± is si g ni fi c a ntl y

s u p pr ess e d. At i nt er m e di at e 𝜂 T (1 0 < 𝛼 T < 1 1 G e V / 𝜋 ), w h er e t h e el e ctr o n p e a k i n 𝐸 𝐸 T P C
𝐸 ± is n ot

cl e arl y visi bl e d u e t o t h e l ar g e h a dr o n b a c k gr o u n d a n d t h e T P C r e a c h es its s e p ar ati o n li mit, t h e

el e ctr o n i d e nti fi c ati o n b as e d o n t h e E M C al st arts t o o ut p erf or m t h e i d e nti fi c ati o n p ur el y b as e d o n

t h e T P C si g n al. F or e v e n hi g h er tr a ns v ers e m o m e nt a, el e ctr o ns c a n n o l o n g er b e i d e nti fi e d usi n g t h e
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Fi g u r e 9 2 . ( C ol or o nli n e) L eft: c o m p aris o n of t h e 𝜏 / 𝜏 distri b uti o n b et w e e n r e al ( bl a c k) a n d si m ul at e d (r e d)

d at a f or el e ctr o n c a n di d at es wit h 3 .0 < 𝜂 T < 4 G e V / 𝜋 i n p p c ollisi o ns at
√

𝜂 = 1 3 Te V. G a ussi a n fits wit h

e x p o n e nti al t ails t o b ot h si d es ar e s u p eri m p os e d f or b ot h distri b uti o ns i n t h e c orr es p o n di n g c ol or. T h e tr u n c at e d

m e a ns f or d at a a n d M C ar e i n di c at e d b y v erti c al c ol or e d li n es. T h e tr u n c ati o n a n d si g n al i nt e gr ati o n wi n d o w is

i n di c at e d b y v erti c al d as h e d gr a y li n es. Ri g ht: d at a a n d si m ul ati o n c o m p aris o n of wi dt h (t o p) a n d m e a n ( b ott o m)

of t h e 𝑀 / 𝛾 distri b uti o ns of el e ctr o ns as a f u n cti o n of tr a ns v ers e m o m e nt u m i n p p c ollisi o ns at
√

𝛾 = 1 3 Te V.

Fit f u n cti o ns ar e s h o w n as d as h e d li n es, w h er e t h eir f u n cti o n al f or m is gi v e n i n t h e r es p e cti v e l e g e n ds.

T P C d 𝑀 / d 𝛾 a n d o nl y a si n gl e br o a d distri b uti o n c e nt er e d at 𝛾 √︁ T P C
𝐸 ± ≈ − 2 is visi bl e. Aft er a p pl yi n g

t h e a d diti o n al E M C al s el e cti o n crit eri a, t h e m e a n s hifts t o a b o ut 0. 5 i m pl yi n g t h at a l ar g e fr a cti o n of

t h e c o nt a mi n ati o n c o ul d b e r ej e ct e d. T h us, t h e j oi nt PI D usi n g t h e T P C a n d E M C al c a p a biliti es

e n a bl es t h e m e as ur e m e nt of el e ctr o ns o v er a wi d e tr a ns v ers e m o m e nt u m r a n g e. T h e us a g e of t h e L 1

si n gl e s h o w er tri g g ers f urt h er ai ds t h e e xt e nsi o n of t h e tr a ns v ers e m o m e nt u m r e a c h.

T h e M C d es cri pti o n of t h e E M C al p erf or m a n c e f or el e ctr o n i d e nti fi c ati o n is d e m o nstr at e d b y

c o m p ari n g t h e 𝐸 / 𝜃 distri b uti o n of el e ctr o ns aft er s u btr a cti n g t h e esti m at e d h a dr o n c o ntri b uti o ns i n

d at a a n d si m ul ati o ns. Fi g ur e 9 2 (l eft) s h o ws t h e c orr es p o n di n g c o m p aris o n f or el e ctr o n c a n di d at es

i n d at a a n d si m ul ati o n t a k e n fr o m t h e mi ni m u m bi as s a m pl e i n p p c ollisi o ns at
√

𝜃 = 1 3 Te V. I n

a d diti o n, G a ussi a n fits wit h e x p o n e nti al t ails o n b ot h si d es ar e s u p eri m p os e d f or d at a a n d M C. A

sli g ht di ff er e n c e b et w e e n t h e fits a n d t h e distri b uti o ns c a n b e o bs er v e d, m ai nl y at l o w 𝜃 / 𝛾 b el o w

t h e p e a k. T his is p arti all y c a us e d b y t h e f a ct t h at t h e distri b uti o ns ar e o bt ai n e d usi n g t h e tr a c k

m o m e nt u m e v al u at e d at t h e first tr a c k p oi nt or t h e P oi nt of Cl os est A p pr o a c h ( P C A) t o t h e pri m ar y

v ert e x. F urt h er e n er g y l oss es, e. g. d u e t o Br e msstr a hl u n g w h e n p assi n g t hr o u g h t h e T R D, ar e n ot

a c c o u nt e d f or. I nst e a d of usi n g t h e fits t o e v al u at e m e a n a n d 𝛽 of t h e 𝜋 / 𝜂 distri b uti o ns, t h e us e

of tr u n c at e d m e a n a n d t h e st a n d ar d d e vi ati o n of t h e distri b uti o ns w as f o u n d t o b e m or e a c c ur at e

a n d st a bl e, es p e ci all y at hi g h 𝛾 T . A c o m p aris o n of t h e tr u n c at e d m e a n a n d wi dt h of el e ctr o n 𝛼 / 𝜋

p e a ks is dis pl a y e d i n fi g ur e 9 2 (ri g ht). T h e u n c ert ai nti es s h o w n i n t h e fi g ur e r e fl e ct t h e st atisti c al

u n c ert ai nti es as w ell as t h e s yst e m ati c o n es arisi n g fr o m v ari ati o ns of t h e tr u n c ati o n wi n d o w. T h e

m e a n of t h e 𝜂 / 𝛾 distri b uti o n i n d at a is r e pr o d u c e d i n t h e si m ul ati o ns wit hi n l ess t h a n 1 % . T h e

𝛼 T - d e p e n d e n c e of t h e m e a n c a n b e p ar a m etri z e d usi n g a n err or f u n cti o n. It is f o u n d t o c o n v er g e t o
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Fi g u r e 9 3 . ( C ol or o nli n e) D at a- dri v e n p urit y (𝜏 ) esti m at es of t h e el e ctr o n s a m pl e aft er a p pl yi n g T P C a n d

E M C al el e ctr o n i d e nti fi c ati o n crit eri a as a f u n cti o n of 𝜏 T i n p p c ollisi o ns at
√

𝜂 = 1 3 Te V (l eft) a n d i n P b- P b

c ollisi o ns at
√

𝜋 N N = 5 .0 2 Te V (ri g ht). T h e b o x es i n di c at e t h e s yst e m ati c u n c ert ai nt y arisi n g fr o m t h e us e of

di ff er e nt s c ali n g r a n g es f or t h e h a dr o ni c b a c k gr o u n d.

𝜂 / 𝑀 ≈ 1 at hi g h tr a ns v ers e m o m e nt a, as e x p e ct e d f or el e ctr o ns. E v e n t h o u g h t h e wi dt h i n d at a a n d

M C a gr e es wit hi n u n c ert ai nti es, t h e p e a ks a p p e ar t o b e s yst e m ati c all y n arr o w er i n t h e si m ul ati o ns,

d u e t o t h e m or e e x pr ess e d t ail at l o w er 𝛾 / 𝛾 o bs er v e d i n t h e d at a. T his t ail c a n b e attri b ut e d t o t h e

af or e m e nti o n e d e n er g y l oss i n t h e d et e ct or m at eri al i n fr o nt of t h e E M C al d et e ct or w hi c h is n ot

f ull y r e pr o d u c e d i n t h e si m ul ati o ns.

T h e i n cr e as e i n t h e 𝑀 / 𝛾 r es ol uti o n at hi g h m o m e nt a is dri v e n b y t h e m o m e nt u m r es ol uti o n of t h e

tr a c ks. It c a n b e c o n cl u d e d t h at t h e el e ctr o n 𝛾 / √︁ is r e as o n a bl y w ell d es cri b e d b y t h e M C, a n d t h e r esi d-

u al diff er e n c es b el o w 1 % w er e f o u n d t o b e n e gli gi bl e o n t h e l e v el of el e ctr o n r e c o nstr u cti o n effi ci e n ci es.

T h e d at a- dri v e n p urit y esti m at e of t h e el e ctr o n s a m pl e o bt ai n e d aft er a p pl yi n g t h e 𝐸 𝐸 T P C
𝜃 ± , 𝜃 2

l o n g

a n d 𝜃 / 𝛾 s el e cti o n crit eri a i n p p c ollisi o ns at
√

𝛽 = 1 3 Te V is s h o w n as a f u n cti o n of 𝜋 T i n fi g ur e 9 3 .

It is o bt ai n e d vi a t h e r ati o of t h e si g n al distri b uti o n s h o w n i n r e d i n fi g ur e 9 1 o v er all c a n di d at es i n t h e

𝜂 𝛾 T P C si g n al r e gi o n ( o p e n bl a c k), c al c ul at e d wit hi n t h e i n di c at e d 𝛼 / 𝜋 r a n g e. T h e p urit y i n P b- P b

c ollisi o ns at
√

𝜂 N N = 5 .0 2 Te V w as o bt ai n e d wit h a l o os e n e d 𝛾 / 𝛼 s el e cti o n of 0 .9 ≤ 𝜋 / 𝜂 ≤ 1 .3 ,

i n or d er t o a c c o u nt f or s h o w er o v erl a ps w hi c h w er e f o u n d t o s hift t h e 𝛼 / 𝜋 si g n al t o hi g h er v al u es,

es p e ci all y f or m ost- c e ntr al c ollisi o ns. Wit h t h e i nf or m ati o n fr o m t h e E M C al d et e ct or, a n el e ctr o n

s a m pl e wit h p urit y > 9 0 % is o bt ai n e d u p t o 𝐸 T ∼ 1 5 G e V / 𝐸 i n p p c ollisi o ns. T h e v ali dit y of t h e

d at a- dri v e n m et h o d w as t est e d usi n g M C tr e at e d as d at a, w h er e o n e fi n ds a gr e e m e nt of t h e e xtr a ct e d

p urit y wit h t h e tr u e p urit y of t h e si m ul at e d s a m pl e wit hi n u n c ert ai nti es. T h e b o x es i n di c at e t h e

s yst e m ati c u n c ert ai nt y arisi n g fr o m t h e us e of di ff er e nt s c ali n g r a n g es f or t h e h a dr o ni c b a c k gr o u n d.

I n P b- P b c ollisi o ns, wit h a hi g h er m ulti pli cit y a n d h e n c e hi g h er h a dr o n c o nt a mi n ati o n, t h e p urit y of

t h e el e ctr o n s a m pl e is > 9 0 % u p t o 𝐸 T ∼ 1 0 G e V / 𝐸 a n d > 8 0 % u p t o 𝛽 T ∼ 2 0 G e V / 𝜋 , as s h o w n i n

fi g ur e 9 3 (ri g ht). I n a d diti o n t o i m pr o vi n g t h e p urit y at hi g h tr a ns v ers e m o m e nt a wit h r es p e ct t o

a n a n al ysis p ur el y b as e d o n t h e tr a c ki n g, t h e E M C al tri g g er e d d at a i n p ar all el all o ws t o e xt e n d t h e

𝜂 T r a n g e i n all c ollisi o n s yst e ms. T h e c orr es p o n di n g e xt e nsi o n of t h e 𝑝 T r a n g e f or p p c ollisi o ns
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Fi g u r e 9 4 . ( C ol or o nli n e) I n v ari a nt m ass distri b uti o n of D *+ c a n di d at es i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V f or

6 5 < 𝜏 T < 8 0 G e V / 𝜂 (l eft) a n d 1 0 0 < 𝜋 T < 1 4 0 G e V / 𝜂 (ri g ht) usi n g t h e E M C al L 1 tri g g er e d d at a. T h e r a w

d at a distri b uti o n is s h o w n i n bl a c k, w hil e t h e c o m bi n e d si g n al a n d b a c k gr o u n d fit is o v erl a y e d as a bl u e li n e.

T h e s e p ar at e d c o m p o n e nts of t h e si g n al a n d b a c k gr o u n d c o ntri b uti o n t o t h e fit ar e dis pl a y e d as r e d a n d gr a y

li n es, r es p e cti v el y.

at
√

𝑀 = 1 3 Te V a n d P b- P b
√

𝛾 N N = 5 .0 2 Te V is s h o w n i n fi g ur e 9 3 b y c o m p ari n g t h e tr a ns v ers e

m o m e nt u m r a n g e f or t h e mi ni m u m bi as a n d E M C al L 1 tri g g er e d d at a.

B y m a ki n g us e of t h e tri g g er e d s a m pl es, t h e 𝛾 T r a n g e c a n b e n e arl y tri pl e d f or t h e p p d at a a n d

d o u bl e d f or t h e m ost c e ntr al 0- 1 0 % P b- P b d at a s et. F urt h er m or e, t h e c o m bi n e d T P C a n d E M C al

PI D c a p a biliti es a n d t h eir hi g h p urit y c a n b e us e d t o t a g el e ctr o n c a n di d at es o n a tr a c k- b y-tr a c k b asis

i n or d er t o m e as ur e c orr el ati o ns of t h es e el e ctr o ns wit h ot h er h a dr o ns i n t h e e v e nt [7 4 ].

T h e d at a s a m pl es wit h t h e E M C al tri g g er c a n als o b e us e d t o e nri c h t h e s a m pl e of e v e nts

c o nt ai ni n g h e a v y fl a v or ( c h ar m a n d b e a ut y) h a dr o ns, o p e ni n g t h e p ossi bilit y of r e c o nstr u cti n g

D- m es o ns i n t h eir h a dr o ni c d e c a y c h a n n els u p t o hi g h er tr a ns v ers e m o m e nt a as c o m p ar e d t o t h e

mi ni m u m- bi as tri g g er e d s a m pl es. A n e x a m pl e f or t h e D * + r e c o nstr u cti o n i n its D *+ → D 0 ( 𝑀 + K − ) 𝛾 +

d e c a y c h a n n el is s h o w n i n fi g ur e 9 4 , w h er e t h e tr a ns v ers e m o m e nt u m c o v er a g e c o ul d b e e xt e n d e d

fr o m 8 0 G e V / 𝛾 u p t o 1 4 0 G e V / √︁ . T h e D *+ si g n al is e xtr a ct e d t hr o u g h t h e di ff er e n c e of t h e t hr e e-

p arti cl e ( 𝐸 + 𝐸 + K − ) i n v ari a nt m ass a n d t h e r e c o nstr u ct e d D0 m ass f or D 0 → K 𝜃 d e c a y c a n di d at es

h a vi n g a n i n v ari a nt m ass wit hi n 3 𝜃 of t h e n o mi n al D 0 m ass. F or a b o ut 4 0 % of t h e e v e nts wit h

a D * + at hi g h 𝜃 T , t h e tri g g er is fir e d b y at l e ast o n e of its d e c a y pr o d u cts hitti n g t h e E M C al a n d

cr e ati n g a h a dr o ni c s h o w er e x c e e di n g t h e t hr es h ol d e n er g y. T h e r e m ai ni n g e n h a n c e m e nt c a n b e

attri b ut e d t o t h e el e ctr o m a g n eti c c o m p o n e nt of t h e j et a c c o m p a n yi n g t h e D- m es o n or t h e r e c oili n g

j et c o mi n g fr o m t h e ot h er c h ar m q u ar k a n d its e n er g y d e p osit i n t h e c al ori m et er.

6. 3. 2 J / 𝛾 m es o n r e c o nst r u cti o n

T h e pr o d u cti o n of c h ar m o ni u m ( b o u n d st at e of c a n d c̄ q u ar ks) at R el ati visti c H e a v y I o n C olli d er

( R HI C) a n d L H C e n er gi es is n ot y et f ull y u n d erst o o d a n d c a n gi v e i m p ort a nt i nf or m ati o n o n

p ert ur b ati v e a n d n o n- p ert ur b ati v e Q u a nt u m C hr o m o D y n a mi cs ( Q C D). F urt h er m or e, q u ar k o ni u m

pr o d u cti o n i n h e a v y-i o n c ollisi o ns pr o vi d es i m p ort a nt i nf or m ati o n o n t h e n at ur e a n d pr o p erti es of
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Fi g u r e 9 5 . ( C ol or o nli n e) I n v ari a nt m ass distri b uti o n of J/𝜏 c a n di d at es i n p p c ollisi o ns at
√

𝜏 = 1 3 Te V f or

8 < 𝜂 T < 1 5 G e V / 𝜋 (l eft) a n d 3 0 < 𝜂 T < 4 0 G e V / 𝑀 (ri g ht). T h e gr a y o p e n m ar k ers d e pi ct t h e distri b uti o n

f or e+ e − p airs w h er e at l e ast o n e tr a c k c o ul d b e m at c h e d t o a n E M C al cl ust er. It is s c al e d b y 1 / 2 a n d 1 / 4 ,

r es p e cti v el y, f or t h e di ff er e nt 𝛾 T i nt er v als, t o e n h a n c e t h e visi bilit y. T h e bl a c k cl os e d m ar k ers r e pr es e nt t h e

distri b uti o n aft er a p pl yi n g t h e E M C al PI D s el e cti o ns o n at l e ast o n e of t h e J/ 𝛾 d e c a y pr o d u cts. T h e c o m bi n e d

si g n al a n d b a c k gr o u n d fit is s h o w n b y t h e bl u e li n e, w hil e t h e p ol y n o mi al b a c k gr o u n d a n d p ur e si g n al fit ar e

s h o w n as gr a y a n d r e d li n es r es p e cti v el y [ 7 5 ].

t h e pr o d u c e d m e di u m. T h e E M C al c a n b e us e d t o e xt e n d t h e m e as ur e m e nts of t h e J/𝑀 m es o ns,

r e c o nstr u ct e d i n t h eir e+ e − d e c a y c h a n n el, u p t o hi g h er 𝛾 T v al u es as c o m p ar e d t o t h os e t h at c a n b e

r eli a bl y i d e nti fi e d a n d r e c o nstr u ct e d r el yi n g o n t h e b arr el tr a c ki n g a n d t h e mi ni m u m bi as tri g g er e d

s a m pl es [ 7 5 , 7 6 ]. T his is a c hi e v e d b y e x pl oiti n g t h e i d e nti fi c ati o n of el e ctr o ns i n t h e E M C al a n d

t h e l ar g el y e n h a n c e d l u mi n osit y t h at is s a m pl e d wit h t h e hi g h- 𝛾 T si n gl e s h o w er tri g g ers. El e ctr o ns

ar e first i d e nti fi e d usi n g t h e T P C, a n d t h e n at l e ast o n e of t h e J/ √︁ d e c a y pr o d u cts is r e q uir e d t o b e

i n t h e E M C al, wit h a cl ust er e n er g y a b o v e t h e tri g g er t hr es h ol d a n d i n t h e r a n g e 0 .8 < 𝐸 / 𝐸 < 1 .2 .

Fi g ur e 9 5 s h o ws a n e x a m pl e of t h e i n v ari a nt m ass of di- el e ctr o ns f or 8 < 𝜃 T < 1 5 G e V/ 𝜃 a n d

3 0 < 𝜃 T < 4 0 G e V/ 𝛾 . T h e gr a y o p e n m ar k ers r e pr es e nt t h e i n v ari a nt m ass distri b uti o n f or p airs

w h er e at l e ast o n e of t h e tr a c ks c o ul d b e m at c h e d t o a n E M C al cl ust er, w hil e t h e distri b uti o n

d e pi ct e d wit h cl os e d bl a c k m ar k ers als o h as t h e 𝛽 / 𝜋 s el e cti o n a p pli e d o n at l e ast o n e of t h e J/ 𝜂

d e c a y pr o d u cts. A d diti o n all y, t h e c orr es p o n di n g cl ust er is r e q uir e d t o b e a b o v e t h e tri g g er e n er g y

t hr es h ol d. T h e i m pr o v e m e nt i n t h e si g n al t o b a c k gr o u n d r ati o is cl e arl y visi bl e at t h e c ost of a

mi ni m al e ffi ci e n c y r e d u cti o n. O n c e t h e a d diti o n al E M C al PI D crit eri a ar e a p pli e d, t h e J/ 𝛾 p e a k

e m er g es ar o u n d 𝛼 e + e − ≈ 3. 0 9 G e V / 𝜋 2 f or b ot h 𝜂 T i nt er v als a n d t h e c o m bi n at ori al b a c k gr o u n d c a n

b e d es cri b e d b y a s e c o n d or t hir d or d er p ol y n o mi al fit p erf or m e d e x cl u di n g t h e p e a k r e gi o n. T h e

pr o d u cti o n yi el d of J/ 𝛾 is t h e n c al c ul at e d i n t h e m ass r a n g e 2 .9 2 < 𝛼 e + e − < 3 .1 6 G e V / 𝜋 2 .

6. 4 J ets

T h e E M C al c a n als o b e us e d t o r e c o nstr u ct l ar g er o bj e cts, n a m el y “j ets ”, w hi c h c o nsist of a s et

of c orr el at e d p arti cl es e m er gi n g fr o m t h e fr a g m e nt ati o n a n d h a dr o ni z ati o n of p art o ns pr o d u c e d i n

p art o ni c s c att eri n gs wit h l ar g e m o m e nt u m tr a nsf er.
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Many jet analyses in ALICE used only the charged-track information to reconstruct jet
properties [77–88]. The central barrel of the ALICE detector has unique tracking capabilities, which
enable a measurement of charged particles down to transverse momenta as low as 150 MeV/ . While
charged-particle jets provide improved angular precision with respect to fully reconstructed jets when
studying their substructure and are experimentally simpler, they inherently violate InfraRed and
Collinear (IRC) safety since jet fragmentation does not generally conserve the charged component.
Analytical calculations of charged-particle jet observables therefore require the introduction of
additional non-perturbative functions [89].

By additionally measuring the neutral-jet constituents with the EMCal, IRC-safe jet observables
can be constructed and standard perturbative calculations can be directly compared to experimental
measurements. Including the neutral component in jet reconstruction also enables the use of the
trigger to significantly enhance the number of reconstructed jets at high T providing access to
momentum ranges that cannot be covered by using only the tracking information (see section 3.5).
Jets reconstructed from the combination of information from the tracking system and the EMCal are
referred to as “full jets”. ALICE has measured inclusive full jet invariant transverse momentum
spectra in pp and Pb-Pb collisions at NN 2 76 TeV [90, 91] and NN 5 02 TeV [92], as
well as correlations involving full jets [93, 94]. These measurements demonstrate significant jet
quenching [95] effects in heavy-ion collisions, such as strong suppression of jet yields in Pb-Pb
collisions compared to appropriately-normalized jet transverse momentum spectra measured in
pp collisions. Moreover, comparisons of inclusive full jet transverse momentum spectra in pp
collisions to analytical pQCD calculations demonstrated the importance of Next-Next-to-Leading
Order (NNLO) and Next-to-Leading Log (NLL) contributions to the jet cross section calculation.

6.4.1 Full jet reconstruction

The EMCal measures inclusive photons and electrons with high efficiency, which in combination with
charged-particle tracks includes the vast majority of directly-measurable jet constituents. Neutral
long-lived hadrons (n, K0 ) are not reliably measured in the EMCal (which has a hadronic scattering
length of 1), however these comprise only a small fraction of the jet energy, typically of the
order of 3-6% [90], and its effects are corrected for with MC simulations at the analysis level.

In order to combine charged-particle tracks and EMCal clusters (built with the V2 clusterizer
described in section 3.3), a simple procedure, called the hadronic correction, is employed to account
for the double counting introduced by charged tracks depositing energy in the EMCal. After the
standard energy calibrations are applied to the clusters (energy nonlinearity and exotic cluster
removal, see table 15), all charged tracks are extrapolated and matched to clusters, as described in
section 3.4.1. The possible hadronic energy constribution to clusters with one or more associated
tracks is subtracted using

sub clus
track (6.7)

where is the fraction of the subtracted energy, track
i is the momentum of the i-th track matched to

the cluster and clus is the cluster energy after energy correction. Clusters for which the energy after
subtraction, sub, is negative are discarded. The entire track momentum is usually subtracted from
the cluster energy ( 1), which is correct for electrons, but leads to an oversubtraction for hadrons;
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this effect is however is compensated for in the detector response obtained using simulations, where
the same hadronc correction procedure is applied.

The clusters are converted into four-momentum vectors assuming they are massless particles
originating from the center of the collision. Jets are usually reconstructed using the anti- T clustering
algorithm [36], using only clusters for which the energy is larger than 300 MeV/ (see section 3.3)
and charged-particle tracks with T 150 MeV/ . The requirement on the energy of the cluster

was selected to be at the minimal limit allowed for by the energy resolution of the detector in
order to maximize the efficiency of the jet energy reconstruction. This is particularly important
for jets with large resolution parameters which otherwise would exhibit a significant shift in the
jet energy scale for stringent cluster selections implying larger corrections. Jets are reconstructed
with different choices for the jet resolution parameter (the analog of the jet radius parameter for
sequential recombination algorithms such as the anti- T algorithm). To ensure that the entire jet
energy is deposited in the EMCal, the jets are required to have their axis at a distance larger than

from the border of the EMCal to fully fit into the fiducial acceptance of the EMCal. Therefore
jets reconstructed in the EMCal are limited to jet 0 7 , making 0 6 the maximum
possible resolution parameter. On the contrary, with the DCal, only jets with about 0 1 can be
reconstructed due to its comparatively smaller acceptance.

6.4.2 Performance of full jet reconstruction

To quantify the performance of the jet reconstruction in the detector, two quantities are used: the Jet
energy scale (JES) and the Jet energy resolution (JER). The JES describes the mean energy difference
between the generated jet at particle level and the reconstructed jet at detector level, defined as

JES T

det
T

part
T

part
T

(6.8)

where det
T and part

T are the jet T at reconstructed (detector) and truth (particle) level obtained in
simulations. It describes the fraction of energy that is on average missed when reconstructing jets. For
an ideal detector all energy of the jet is captured, thus the shift on the jet energy scale would be zero.

The JER describes the variance of the T distribution, defined as

JER
det
T

part
T

part
T

(6.9)

and hence characterizes the degree to which stochastic effects add up to the difference in
between detector and particle-level jets.

Figure 96 illustrates the performance of the full jet reconstruction for 0 2, 0 4 and 0 6 using
detector simulations in pp collisions at 13 TeV. The upper panels show the distributions of

T for three jet T intervals, which exhibit large jet-by-jet fluctuations of reconstructed jet T,
as well as a significant tail of the distributions to negative values. These instrumental effects are
mostly caused by the tracking inefficiency, with additional contributions from EMCal resolution
effects, and unreconstructed neutral energy. The lower panels show the JES (left) and the JER (right)
of the T distributions, as a function of particle-level jet T. The JES exhibits a deviation from
zero towards negative values, which becomes larger with increasing jet T, and which is larger for

– 105 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

1− 0. 8− 0. 6− 0. 4− 0. 2− 0 0. 2 0. 4
 

T, p art
p)/

T, p art
p-

T, d et
p = (

T
p∆

0. 0 0

0. 0 2

0. 0 4

0. 0 6

T
p

∆
/

d
N

 
d

k
1/

A LI C E si m ul ati o n
 = 1 3 T e Vsp p 

c< 3 0 G e V/
T, p art

p2 0 < 

1− 0. 8− 0. 6− 0. 4− 0. 2− 0 0. 2 0. 4
 

T, p art
p)/

T, p art
p-

T, d et
p = (

T
p∆

0. 0 0

0. 0 2

0. 0 4

0. 0 6

T
p

∆
/

d
N

1/
k 

d

= 0. 2R
= 0. 4R
= 0. 6R

c< 8 0 G e V/
T, p art

p6 0 < 

1− 0. 8− 0. 6− 0. 4− 0. 2− 0 0. 2 0. 4
 

T, p art
p)/

T, p art
p-

T, d et
p = (

T
p∆

0. 0 0

0. 0 2

0. 0 4

0. 0 6

p

| < 0. 7tr, clη, |R| < 0. 7-j etη, |Tkj et s, a nti-

c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE

c< 1 8 0 G e V/
T, p art

p1 6 0 < 

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
 ( G e V/ c)

T, p art
p

0. 4−

0. 3−

0. 2−

0. 1−J
E

S

= 0. 2   R     
= 0. 4   R     
= 0. 6   R     

 = 1 3 T e VsA LI C E si m ul ati o n, p p 
R| < 0. 7-j etη, |Tkj et s, a nti-
c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE| < 0. 7, tr, clη|

h a dw/ c h a dw/ o c

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
 ( G e V/ c)

T, p art
p

0. 1 5

0. 2 0

0. 2 5

J
E

R

= 0. 2R      
= 0. 4R      
= 0. 6R      

 = 1 3 T e VsA LI C E si m ul ati o n, p p 
R| < 0. 7-j etη, |Tkj et s, a nti-
c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE| < 0. 7, tr, clη|

h a dw/ c h a dw/ o c

Fi g u r e 9 6 . ( C ol or o nli n e) I nstr u m e nt al e ff e cts o n t h e j et e n er g y m e as ur e m e nt at
√

𝜏 = 1 3 Te V i n p p c ollisi o ns as

a f u n cti o n of t h e j et r es ol uti o n p ar a m et er ( 𝜏 = 0 .2 , 𝜂 = 0 .4 a n d 𝜋 = 0 .6 ). U p p er p a n el: j et- b y-j et distri b uti o n

f or v ari o us i nt er v als i n j et 𝜂 T . L o w er p a n els: J E S as m e a n (l eft) a n d J E R as st a n d ar d d e vi ati o n (ri g ht) of

t h es e distri b uti o ns wit h ( 𝑀 = 1 ) a n d wit h o ut ( 𝛾 = 0 ) t h e h a dr o ni c c orr e cti o n (𝛾 h a d ), s h o w n as p oi nts a n d li n es,

r es p e cti v el y. T h e gr a y b a n ds i n di c at e t h e 𝑀 T r e gi o ns n ot t a k e n i nt o a c c o u nt f or t h e fi n al m e as ur e m e nts.

s m all er j et r a dii t h a n l ar g er j et r a dii. T h e J E R d e p e n ds w e a kl y o n t h e j et 𝛾 T , a n d d e cr e as es m o d estl y

wit h i n cr e asi n g j et r a di us. A d diti o n all y, fi g ur e 9 6 ( b ott o m) s h o ws t h e e ff e ct of t h e c orr e cti o n f or t h e

h a dr o ni c c o ntri b uti o n ( 𝛾 h a d ) t o t h e cl ust er e n er g y o n t h e J E S (l eft) a n d J E R (ri g ht) f or j ets. A √︁ T

i n d e p e n d e nt s hift of t h e J E S i n t h e p ositi v e dir e cti o n c a n b e o bs er v e d i n c as e t h e c orr e cti o n is n ot

a p pli e d, i n di c ati n g t h at t h e e n er g y l ost d u e t o d et e ct or i n e ffi ci e n c y is p arti all y c o m p e ns at e d b y t h e

d o u bl e c o u nti n g of e n er g y d e p osit e d b y c h ar g e d p arti cl es i n t h e E M C al. T h e J E R i m pr o v es b y a b o ut

5 % w h e n a p pl yi n g t h e c orr e cti o n si n c e it r e d u c es fl u ct u ati o ns i n d u c e d b y h a dr o ni c e n er g y d e p osits.

I n fi g ur e 9 7 t h e J E S f or c h ar g e d a n d n e utr al p arti cl es is s h o w n s e p ar at el y. A s m all er s hift

c a n b e o bs er v e d f or c h ar g e d c o nstit u e nts, w hi c h is a p pr o xi m at el y − 0 .1 5 f or j ets wit h 𝐸 = 0 .4 a n d

𝐸 T = 4 0 G e V/ 𝜃 . Its m a g nit u d e i n cr e as es wit h m o m e nt u m u p t o a s hift of − 0 .2 6 at 𝜃 T = 2 0 0 G e V/ 𝜃 ,

c o nsist e nt wit h m e as ur e m e nts of t h e j et- e n er g y s c al e f or tr a c k- b as e d j ets. C o nsi d eri n g o nl y n e utr al

c o nstit u e nts t h e J E S is a p pr o xi m at el y c o nst a nt at − 0 .4 f or 𝛾 T > 6 0 G e V/ 𝛽 a n d 𝜋 = 0 .4 . T h e i n cr e as e

of t h e J E S s hift wit h i n cr e asi n g 𝜂 T f or c h ar g e d c o nstit u e nts r es ults fr o m a r e d u cti o n of t h e tr a c ki n g

e ffi ci e n c y i n e n vir o n m e nts wit h a l ar g e l o c al tr a c k d e nsit y of hi g h 𝛾 T tr a c ks d u e t o li mit ati o ns i n

t h e t w o-tr a c k r es ol uti o n i n t h e c e ntr al b arr el d et e ct ors a n d t h e l o w m a g n eti c fi el d of 𝛼 = 0 .5 T. T h e

𝜋 T - d e p e n d e n c e of t h e J E S s hift f or c h ar g e d c o nstit u e nts tr a nsl at es i nt o t h e s c al e s hift f or f ull j ets.
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all a
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 = 1 3 T e VsA LI C E, p p 

R| < 0. 7-j etη, |Tkj et s, a nti-

c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE| < 0. 7, tr, clη|

Fi g u r e 9 7 . J et e n er g y s c al e (l eft) a n d r es ol uti o n (ri g ht) f or j ets wit h 𝜏 = 0 .4 usi n g all, c h ar g e d a n d n e utr al

c o nstit u e nts.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
 ( G e V/ c)

T, p art
p

0. 8 5

0. 9 0

0. 9 5

1. 0 0

1. 0 5

j
et

ε

= 0. 2R
= 0. 4R
= 0. 6R

 = 1 3 T e VsA LI C E si m ul ati o n, p p 
R| < 0. 7-j etη, |Tkj et s, a nti-
c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE| < 0. 7, tr, clη|

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
 ( G e V/ c)

T, d et
p

0. 8 5

0. 9 0

0. 9 5

1. 0 0

1. 0 5

j
et

P

= 0. 2R
= 0. 4R
= 0. 6R

 = 1 3 T e VsA LI C E si m ul ati o n, p p 
R| < 0. 7-j etη, |Tkj et s, a nti-
c > 0. 1 5 G e V/tr

T
p > 0. 3 G e V, clE| < 0. 7, tr, clη|

Fi g u r e 9 8 . ( C ol or o nli n e) J et fi n di n g e ffi ci e n c y 𝜏 j et (l eft) a n d p urit y 𝜂 j et (ri g ht) f or j ets wit h di ff er e nt j et

r es ol uti o n p ar a m et er m e as ur e d i n p p c ollisi o ns at
√

𝜋 = 1 3 Te V. T h e gr a y b a n ds i n di c at e t h e 𝜂 T r e gi o ns n ot

t a k e n i nt o a c c o u nt f or t h e fi n al m e as ur e m e nts.

T h e J E S s hift c o nsi d eri n g o nl y n e utr al p arti cl es is i n d e p e n d e nt of 𝑀 T f or s u ffi ci e ntl y hi g h 𝛾 T as t h e

m e as ur e m e nt of t h e n e utr al e n er g y d o es n ot d e p e n d o n t h e t w o- p arti cl e r es ol uti o n. T h e J E R f or

i n di vi d u al c h ar g e d or n e utr al j ets is l ar g er t h a n f or f ull j ets, wit h a J E R f or c h ar g e d c o nstit u e nts of

≈ 0 .2 3 at 𝛾 T = 4 0 G e V/ 𝑀 f or j ets wit h 𝛾 = 0 .4 , i n cr e asi n g wit h 𝛾 T t o 0 .2 5 at √︁ T = 2 0 0 G e V/ 𝐸 , w hil e

it is a p pr o xi m at el y c o nst a nt at 0 .3 f or n e utr al c o nstit u e nts f or j ets wit h 𝐸 T > 6 0 G e V/ 𝜃 .

6. 4. 3 J et fi n di n g e ffi ci e n c y

T h e j et fi n di n g e ffi ci e n c y is d e fi n e d as t h e fr a cti o n of p arti cl e-l e v el j ets i n t h e E M C al fi d u ci al

a c c e pt a n c e at a gi v e n 𝜃 T f or w hi c h a d et e ct or-l e v el j et at a n y 𝜃 T w as r e c o nstr u ct e d a n d m at c h e d

t o t h e p arti cl e-l e v el j et vi a a m at c hi n g crit eri o n t h at t y pi c all y d e p e n ds o n t h e dist a n c e b et w e e n

t h e tr u e a n d r e c o nstr u ct e d j et a x es. Fi g ur e 9 8 (l eft) s h o ws t h e j et fi n di n g e ffi ci e n c y f or v ari o us j et
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c > 0. 1 5 G e V/tr

T
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 = 0. 2R        
 = 0. 4R        
 = 0. 6R        

 = 1 3 T e VsA LI C E, p p 
R| < 0. 7-j etη, |Tkj et s, a nti-

c > 0. 1 5 G e V/tr

T
p| < 0. 7, tr, clη|

 > 0. 3 G e VclE

D at a P yt hi a 8. 2

Fi g u r e 9 9 . ( C ol or o nli n e) M e a n n e utr al e n er g y fr a cti o n (⟨ 𝜏𝜏 ⟩ ) as f u n cti o n of t h e j et 𝜂 T f or M B a n d L 1 tri g g ers

f or j ets wit h 𝜋 = 0 .4 (l eft) a n d f or v ari o us j et r es ol uti o n p ar a m et ers (ri g ht).

r es ol uti o n p ar a m et ers i n p p c ollisi o ns at
√

𝜂 = 1 3 Te V. I n or d er t o m at c h p arti cl e a n d d et e ct or-l e v el

j ets, t h e a c c e pt a n c e w as r estri ct e d at t h e d et e ct or l e v el t o t h e E M C al fi d u ci al a c c e pt a n c e, w hil e at

p arti cl e l e v el t h e a c c e pt a n c e w as e xt e n d e d b y 𝑀 i n b ot h 𝛾 a n d 𝛾 . I n t h e d et er mi n ati o n of t h e j et

fi n di n g e ffi ci e n c y o nl y t h os e j et p airs ar e c o nsi d er e d f or w hi c h b ot h p arti cl e a n d d et e ct or-l e v el j ets

ar e wit hi n t h e a c c e pt a n c e. F urt h er m or e, m at c h e d j ets ar e r e q uir e d t o h a v e t h eir j et a xis s e p ar at e d

b y a dist a n c e s m all er t h a n 𝑀 . C o ns e q u e ntl y, t h e d et e ct or-l e v el j et s a m pl e c o nt ai ns j ets f or w hi c h

t h e cl os est p arti cl e-l e v el j et mi g ht c o nt ai n ar e as o utsi d e t h e E M C al fi d u ci al a c c e pt a n c e. I n or d er t o

a d dr ess t h e c o nt a mi n ati o n of t h e j et s a m pl e b y j ets ori gi n ati n g fr o m p arti cl e j ets n ot f ull y c o nt ai n e d

i n t h e E M C al fi d u ci al a c c e pt a n c e, w e d e fi n e t h e j et fi n di n g p urit y as t h e fr a cti o n of d et e ct or-l e v el

j ets w hi c h ar e m at c h e d t o t h e c orr es p o n di n g p arti cl e-l e v el j et at a n y 𝛾 T i nsi d e t h e E M C al fi d u ci al

a c c e pt a n c e. T h e c o nt a mi n ati o n is t h e n esti m at e d a n d s u btr a ct e d fr o m t h e m e as ur e d j et s a m pl e. T h e

j et fi n di n g e ffi ci e n c y c orr e cts f or t h e fr a cti o n of p arti cl e-l e v el j ets i n t h e a c c e pt a n c e w hi c h c a n n ot

b e m at c h e d t o a d et e ct or-l e v el j et. At s u ffi ci e nt hi g h 𝛾 T , t h e j et fi n di n g e ffi ci e n c y is a p pr o xi m at el y

c o nst a nt f or a gi v e n j et r es ol uti o n p ar a m et er. F or j ets wit h l ar g er r es ol uti o n p ar a m et er, t h e pr o b a bilit y

t o m at c h wit h a j et p arti all y o utsi d e t h e E M C al fi d u ci al a c c e pt a n c e i n cr e as es. T his is r e fl e ct e d i n a

d e cr e as e i n b ot h t h e j et fi n di n g e ffi ci e n c y a n d p urit y wit h i n cr e asi n g √︁ . T o w ar ds l o w er 𝐸 T , a dr o p i n

b ot h t h e j et fi n di n g e ffi ci e n c y a n d p urit y is o bs er v e d. T h e dr o p i n t h e e ffi ci e n c y ori gi n at es fr o m j ets

wit h a c orr es p o n di n g d et e ct or-l e v el j et i n a 𝐸 T r a n g e i n a c c essi bl e wit h t h e a p p ar at us. F urt h er m or e,

t o w ar ds l o w er 𝜃 T , c o ntri b uti o ns fr o m t h e u n d erl yi n g e v e nt a ff e ct t h e j et r e c o nstr u cti o n t o a l ar g er

e xt e nt, l e a di n g t o a n i n cr e as e i n m at c h e d j ets wit h o n e p art n er p arti all y o utsi d e t h e a c c e pt a n c e. T h e

l att er is als o r e fl e ct e d i n a d e cr e as e of t h e j et fi n di n g p urit y t o w ar ds l o w er 𝜃 T .

6. 4. 4 P r o p e rti es of r e c o nst r u ct e d j ets

T o c h ar a ct eri z e t h e fr a cti o n of t h e j et e n er g y d e p osit e d i n t h e E M C al, t h e m e a n N e utr al E n er g y

Fr a cti o n ( N E F) or t h e r ati o of t h e n e utr al e n er g y i n a j et t o t h e t ot al e n er g y of t h e j et, ar e s h o w n i n

fi g ur e 9 9 (l eft) as f u n cti o n of j et 𝜃 T f or j ets wit h 𝛾 = 0 .4 f or mi ni m u m bi as e v e nts a n d L 1-j et tri g g er e d

e v e nts. T h e m e a n N E F is als o pr es e nt e d f or v ari o us j et r es ol uti o n p ar a m et ers i n fi g ur e 9 9 (ri g ht).
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M B          
L 1 j et (l o w)          
L 1 j et ( hi g h)          

c < 8 0 G e V/
T

p6 0 < D at a P yt hi a 8. 2

Fi g u r e 1 0 0 . ( C ol or o nli n e) Pr o b a bilit y distri b uti o n of t h e n e utr al e n er g y fr a cti o ns ( 𝜏𝜏 ) f or j ets wit h 𝜂 = 0 .4

f or di ff er e nt tri g g ers f or 2 0 < 𝜋 T < 3 0 G e V / 𝜂 (l eft) a n d 6 0 < 𝑀 T < 8 0 G e V / 𝛾 (ri g ht).

T h e r es ults r e p ort e d i n fi g ur e 9 9 (ri g ht) w er e o bt ai n e d usi n g mi ni m u m bi as-tri g g er e d e v e nts f or

2 0 < 𝛾 T < 7 0 G e V / 𝑀 , t h e l o w-t hr es h ol d j et tri g g er f or 7 0 < 𝛾 T < 1 0 0 G e V / 𝛾 , a n d t h e hi g h-t hr es h ol d

j et tri g g er f or 1 0 0 < √︁ T < 3 2 0 G e V / 𝐸 . T h e N E F i n cr e as es fr o m ≈ 0 .3 t o ≈ 0 .4 wit h i n cr e asi n g 𝐸 T

i n t h e r a n g e 6 0 < 𝜃 T < 3 2 0 G e V/ 𝜃 . N o d e p e n d e n c e o n t h e j et r es ol uti o n p ar a m et er is o bs er v e d.

T h e N E F a gr e es a m o n g t h e di ff er e nt tri g g ers i n t h e 𝜃 T - i nt er v als w h er e t h e tri g g ers ar e m a xi m all y

e ffi ci e nt, w h er e t h e mi ni m u m 𝛾 T of t h e i nt er v als ar e a p pr o xi m at el y 6 0 G e V / 𝛽 f or t h e l o w t hr es h ol d

tri g g er a n d a p pr o xi m at el y 8 0 G e V / 𝜋 f or t h e l o w t hr es h ol d tri g g er. L o w 𝜂 T j ets wit h a l o w N E F

d o n ot d e p osit e n o u g h e n er g y i n t h e E M C al t o p ass t h e tri g g er t hr es h ol d, s o t h e tri g g er e n h a n c es

j ets wit h a hi g h er N E F. T o ill ustr at e t his, fi g ur e 1 0 0 s h o ws t h e N E F distri b uti o ns f or t w o di ff er e nt

𝛾 T i nt er v als f or di ff er e nt tri g g ers. It c a n b e s e e n t h at t h e tri g g er b e c o m es u n bi as e d f or 𝛼 T a b o v e

a p pr o xi m at el y 6 0 G e V / 𝜋 , w hil e a str o n g bi as t o w ar ds j ets wit h hi g h er n e utr al e n er g y fr a cti o n is

o bs er v e d at l o w 𝜂 T . T h e N E F distri b uti o ns ar e q u alit ati v el y d es cri b e d b y P Y T HI A si m ul ati o ns. At

hi g h 𝛾 T w e o bs er v e a mil d di ff er e n c e i n t h e m e a n N E F b et w e e n d at a a n d si m ul ati o ns, ori gi n ati n g

fr o m a l ar g er c o ntri b uti o n i n t h e t ail t o w ar ds l ar g er N E F. T h e r e m ai ni n g di ff er e n c e b et w e e n d at a

a n d si m ul ati o n c a n ori gi n at e fr o m n ois e c o ntri b uti o ns i n d at a, n ot t a k e n i nt o a c c o u nt i n si m ul ati o n

a n d l e a di n g t o a n u n d er esti m ati o n of t h e e n er g y r es ol uti o n, as w ell as di ff er e n c es i n t h e p arti cl e

c o m p ositi o n b et w e e n d at a a n d si m ul ati o n.

6. 4. 5 S u bt r a cti o n of b a c k g r o u n d c o nt ri b uti o ns i n P b- P b c ollisi o ns

I n h e a v y-i o n c ollisi o ns, t h e l ar g e U E a cti vit y a n d its l o c al fl u ct u ati o ns c a n m a k e u p a si g ni fi c a nt

c o ntri b uti o n t o t h e r e c o nstr u ct e d j et 𝛼 T . T h e r e c o nstr u ct e d j et s p e ctr u m is o bt ai n e d b y s u btr a cti n g

t h e a v er a g e U E c o ntri b uti o n fr o m t h e r a w j et s p e ctr u m, usi n g 𝜋 r e c
T ,j et

= 𝜂 r a w
T ,j et

− 𝛼 𝜋 , w h er e 𝐸 is

esti m at e d b y t h e m e di a n of t h e j et m o m e nt u m d e nsit y distri b uti o n ( e x cl u di n g t h e t w o l e a di n g j ets i n

t h e esti m at e) a n d 𝐸 is t h e ar e a of t h e j et [8 2 ]. T o esti m at e t h e b a c k gr o u n d of f ull j ets i n A LI C E

w e r el y o n t w o i n p uts (s e e d et ails of r e c o nstr u cti o n i n r ef. [ 9 1 ]): i) T h e t y pi c al m o m e nt u m d e nsit y

of c h ar g e d j ets i n e a c h e v e nt 𝐸 c h esti m at e d b y t h e m e di a n a n d ii) t h e r ati o of c h ar g e d e n er g y i n
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M B tri g g er e d
 = 0. 2R, Tkj et s, 
| < 0. 9trη, |R| < 0. 9-j etη|

c > 0. 1 5 G e V/tr

T
p

Fi g u r e 1 0 1 . ( C ol or o nli n e) L eft: b a c k gr o u n d s c al e f a ct or as a f u n cti o n of c e ntr alit y f or v ari o us e v e nts ( wit h

t h e m e a n s h o w n i n bl a c k). Ri g ht: c o m p aris o n of t h e s c al e d 𝜏 c h × 𝜏 E M C al f or di ff er e nt c e ntr alit y i nt er v als.

t h e T P C t o n e utr al e n er g y i n t h e E M C al, n or m ali z e d b y t h eir r es p e cti v e a c c e pt a n c es. T his s c al e

f a ct or d e n ot e d as 𝜂 E M C al is first c al c ul at e d e v e nt- b y- e v e nt a n d t h e n t h e m e a n of t h es e s c al e f a ct ors

as a f u n cti o n of c e ntr alit y is p ar a m et eri z e d wit h a s e c o n d or d er p ol y n o mi al. T h e r e as o n f or t his

h y bri d a p pr o a c h is t h at t h e si g ni fi c a ntl y l ar g er a c c e pt a n c e of t h e T P C l e a ds t o a l ar g er s a m pl e of

u n bi as e d b a c k gr o u n d j ets t h at c a n b e us e d t o d et er mi n e t h e a v er a g e 𝜋 c h . T h e t ot al e v e nt- b y- e v e nt

a n d c e ntr alit y- d e p e n d e nt U E c o ntri b uti o n t h at is s u btr a ct e d fr o m f ull j ets is:

𝜂 (𝑀 ) = 𝛾 c h × ⟨𝛾 E M C al (𝑀 )⟩ . ( 6. 1 0)

T h e v al u e of 𝛾 E M C al is si g ni fi c a ntl y d e p e n d e nt o n t h e c ell t hr es h ol ds a n d h a dr o ni c c orr e cti o n

pr o c e d ur e us e d i n t h e s p e ci fi c a n al ysis. Fi g ur e 1 0 1 (l eft) s h o ws t h e r ati o of c h ar g e d t o n e utr al e n er g y as

a f u n cti o n of c e ntr alit y f or P b- P b c ollisi o ns at
√

𝛾 N N = 5 .0 2 Te V. T h e s pr e a d i n v al u es ori gi n at es fr o m

a v ari ati o n of t his r ati o e v e nt- b y- e v e nt at a gi v e n c e ntr alit y. T h e m e a n v al u e of √︁ E M C al is als o s h o w n

i n fi g ur e 1 0 1 (l eft) a n d its c e ntr alit y d e p e n d e n c e w as p ar a m etri z e d b y a s e c o n d- or d er p ol y n o mi al,

as r e p ort e d a b o v e. I n c as e d et e ct or c o n diti o ns a n d/ or a n al ysis s el e cti o ns c h a n g e, 𝐸 E M C al h as t o b e

d et er mi n e d a g ai n, si n c e it is s p e ci fi c f or a gi v e n a n al ysis. Fi g ur e 1 0 1 (ri g ht) s h o ws t h e distri b uti o ns

of t h e U E m o m e nt u m d e nsit y 𝐸 o bt ai n e d usi n g t h e h y bri d a p pr o a c h f or s e v er al c e ntr alit y i nt er v als.

T h e U E c o ntri b uti o n t h at is s u btr a ct e d fr o m t h e j ets d o es n ot c o nt ai n r e gi o n-t o-r e gi o n fl u ct u ati o ns

i n 𝜃 c h a n d e v e nt- b y- e v e nt fl u ct u ati o ns of 𝜃 E M C al , eit h er of w hi c h c a n ori gi n at e fr o m st atisti c al or

d y n a mi c al fl u ct u ati o ns. Fl u ct u ati o ns aris e fr o m b ot h t h e di ff er e n c e b et w e e n t h e a v er a g e 𝜃 c h i n t h e

e v e nt a n d t h e l o c al 𝛾 b a c k gr o u n d fl u ct u ati o ns i n ( 𝛽 , 𝜋 ), a n d t h e di ff er e n c e of t h e a v er a g e 𝜂 E M C al at a

gi v e n c e ntr alit y a n d t h e a ct u al n e utr al t o c h ar g e d e n er g y r ati o i n a s p e ci fi c e v e nt. T h e si z e of t h es e

b a c k gr o u n d fl u ct u ati o ns w as st u di e d b y c o m p ari n g t h e a v er a g e t o t h e l o c al 𝛾 . T o d o s o, r a n d o m

c o n es of a gi v e n si z e, 𝛼 , w er e pl a c e d i n t h e e v e nt a n d t h e di ff er e n c e b et w e e n t h e s u m m e d 𝜋 T of

tr a c ks a n d cl ust ers i n t h e c o n e (l o c al b a c k gr o u n d) a n d 𝜂 𝛾 ( a v er a g e b a c k gr o u n d) w as us e d t o o bt ai n

𝛼 𝜋 T . Fi g ur e 1 0 2 (l eft) pr es e nts t h e distri b uti o n of t h e b a c k gr o u n d fl u ct u ati o ns f or t w o di ff er e nt j et

r es ol uti o n p ar a m et ers, 𝜂 = 0 .2 a n d 𝛼 = 0 .4 . T h e si z e of t h e fl u ct u ati o ns i n cr e as es wit h l ar g er 𝜋 ,

m a ki n g j et m e as ur e m e nts wit h l ar g er-r a di us j ets c h all e n gi n g. T h e b a c k gr o u n d fl u ct u ati o ns als o

i n cr e as e str o n gl y wit h i n cr e asi n g c e ntr alit y, as s h o w n i n fi g ur e 1 0 2 (ri g ht), w h er e t h e wi dt h of t h e
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Fi g u r e 1 0 2 . ( C ol or o nli n e) L eft: pr o b a bilit y distri b uti o n of t h e 𝜏 𝜏 T distri b uti o n f or r a n d o m c o n es wit h r a dii

of 𝜂 = 0 .2 a n d 𝜋 = 0 .4 e x cl u di n g t h e 2 l e a di n g j ets i n t h e E M C al f or t h e 1 0 % m ost c e ntr al P b- P b c ollisi o ns at
√

𝜂 N N = 5 .0 2 Te V. O n t o p of t h e distri b uti o ns, t h e c orr es p o n di n g G a ussi a n fits f or 𝑀 𝛾 T < 0 ar e dis pl a y e d as

d as h e d a n d d ott e d li n es. Ri g ht: c o m p aris o n of t h e G a ussi a n wi dt h of t h e 𝛾 𝑀 T distri b uti o n as a f u n cti o n of

c e ntr alit y f or 𝛾 = 0 .2 a n d 𝛾 = 0 .4 i n P b- P b c ollisi o ns at
√

√︁ N N = 5 .0 2 Te V.

𝐸 𝐸 T - distri b uti o n is dis pl a y e d as a f u n cti o n of t h e c e ntr alit y p er c e ntil e f or t w o c o nsi d er e d v al u es of 𝜃 .

T h es e wi dt hs r e a c h v al u es of 5 a n d 1 4 G e V / 𝜃 i n c e ntr al c ollisi o ns f or 𝜃 = 0 .2 a n d 0 .4 , r es p e cti v el y.

Fi g ur e 1 0 3 ill ustr at es t h e p erf or m a n c e of t h e f ull j et r e c o nstr u cti o n f or 𝛾 = 0 .4 usi n g d et e ct or

si m ul ati o ns i n P b- P b c ollisi o ns at
√

𝛽 = 5 .0 2 Te Vf or di ff er e nt c e ntr alit y cl ass es a n d p p c ollisi o ns

at t h e s a m e e n er g y. T h e u p p er p a n els s h o w t h e distri b uti o ns of Δ 𝜋 T f or t hr e e j et 𝜂 T i nt er v als,

w hi c h e x hi bit l ar g e j et- b y-j et fl u ct u ati o ns of r e c o nstr u ct e d j et 𝛾 T , as w ell as a si g ni fi c a nt t ail of

t h e distri b uti o ns t o n e g ati v e v al u es. T h es e fl u ct u ati o ns d e cr e as e f or m or e p eri p h er al e v e nts. F or

t h e P b- P b c as e, t h e l ar g e u n c orr el at e d b a c k gr o u n d i n h e a v y-i o n c ollisi o ns a d ds a n a d diti o n al e ff e ct

b esi d es t h e d et e ct or e ff e cts d es cri b e d f or t h e p p c as e. T h e l o w er p a n els s h o w t h e J E S (l eft) a n d t h e

J E R (ri g ht) of t h e Δ 𝛼 T distri b uti o ns, as a f u n cti o n of p arti cl e-l e v el j et 𝜋 T . T h e J E R a d diti o n all y

i n cr e as es f or m or e c e ntr al e v e nts d u e t o t h e a d diti o n al b a c k gr o u n d c o ntri b uti o ns f or j ets wit h 𝜂 = 0 .4 .

O n e a p pr o a c h t o d e cr e as e t h e r esi d u al fl u ct u ati o ns r e m ai ni n g aft er b a c k gr o u n d s u btr a cti o n is t o us e

m a c hi n e l e ar ni n g ( M L) as d es cri b e d i n r ef. [ 9 6 ]. Usi n g r e gr essi o n t e c h ni q u es t o cr e at e a m a p pi n g

f or j et pr o p erti es a n d pr o p erti es of t h e c o nstit u e nts of t h e j et t o t h e c orr e ct e d j et 𝛾 T , a c hi e v es a

si g ni fi c a nt p erf or m a n c e i m pr o v e m e nt as s e e n it c a n b e s e e n fr o m t h e o p e n r e d m ar k ers i n fi g ur e 1 0 3 .

S u c h p erf or m a n c e i m pr o v e m e nts all o w f or a n e xt e nsi o n of t h e ki n e m ati c r e gi o n of t h e m e as ur e m e nt

t o l ar g er j et r a dii a n d l o w er tr a ns v ers e m o m e nt u m t h a n pr e vi o usl y p ossi bl e.

6. 4. 6 J et s u bst r u ct u r e

M e as ur e m e nts of j et s u bstr u ct ur e i n p p a n d h e a v y-i o n c ollisi o ns ar e a n ess e nti al t o ol t o f urt h er st u d y

p Q C D a n d j et q u e n c hi n g i n h ot a n d d e ns e Q C D m att er (s e e e. g. [ 8 8 , 9 7 – 1 0 2 ]). I n or d er t o m e as ur e

t h e fi n e s u bstr u ct ur e of j ets, t h e a n g ul ar r es ol uti o n of t h e d et e ct or m ust b e g o o d e n o u g h t o disti n g uis h

n e arl y c olli n e ar j et c o nstit u e nts. T y pi c all y, t his is b est a c hi e v e d wit h tr a c ki n g d et e ct ors [ 9 9 ], h o w e v er

c h ar g e d- p arti cl e j ets c a n n ot b e e asil y c o m p ar e d t o t h e or eti c al c al c ul ati o ns. T h e E M C al is a r el ati v el y
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Fi g u r e 1 0 3 . ( C ol or o nli n e) I nstr u m e nt al e ff e cts o n t h e j et e n er g y m e as ur e m e nt i n t h e 0 – 1 0 % (r e d) a n d 3 0- 5 0 %

( gr e e n) c e ntr al P b- P b c ollisi o ns at
√

𝜏 N N = 5 .0 2 Te V f or t h e j et r es ol uti o n p ar a m et er 𝜏 = 0 .4 f or j ets c orr e ct e d

wit h t h e ar e a- b as e d m et h o d as w ell as t h e M L- b as e d b a c k gr o u n d d es cri pti o n f or t h e 1 0 % m ost c e ntr al e v e nts

(r e d o p e n cir cl e). W h e n usi n g t h e ar e a b as e d c orr e cti o n m et h o d t h e j et r e c o nstr u cti o n is d o n e wit h a l e a di n g

tr a c k bi as of 𝜂 T = 7 G e V / 𝜋 , w hil e t his is n ot t h e c as e f or t h e m a c hi n e l e ar ni n g b as e d b a c k gr o u n d d es cri pti o n.

F or c o m p aris o n als o t h e p p r es ults at
√

𝜂 = 5 .0 2 Te V ar e s h o w n wit h a l e a di n g tr a c k bi as of 𝑀 T = 7 G e V / 𝛾 ar e

s h o w n i n bl a c k. U p p er p a n el: j et- b y-j et distri b uti o n f or v ari o us i nt er v als i n j et 𝛾 T . L o w er p a n els: t h e J E S is

t h e m e a n (l eft) a n d J E R is t h e st a n d ar d d e vi ati o n (ri g ht) of t h es e distri b uti o ns. T h e gr a y b a n ds i n di c at e t h e 𝑀 T

r e gi o ns n ot t a k e n i nt o a c c o u nt f or t h e fi n al m e as ur e m e nts.

fi n e- gr ai n e d c al ori m et er, w hi c h e n a bl es t h e p ossi bilit y t o m e as ur e j et s u bstr u ct ur e o bs er v a bl es usi n g

f ull j ets w hil e m ai nt ai ni n g a f airl y s m all a n g ul ar c ut o ff.

Fi g ur e 1 0 4 s h o ws a n e x a m pl e of t h e r esi d u als b et w e e n t h e v al u e m e as ur e d fr o m t h e r e c o nstr u ct e d

j et a n d t h e g e n er at e d v al u e fr o m t h e p arti cl e-l e v el j et f or o n e t y pi c al s u bstr u ct ur e o bs er v a bl e, t h e

S oft Dr o p gr o o m e d j et r a di us 𝛾 g [1 0 3 , 1 0 4 ], w hi c h r e pr es e nts t h e r a di al dist a n c e b et w e e n t h e t w o

h ar d est s u bj ets, r es ulti n g fr o m r e cl ust eri n g of t h e c o nstit u e nts of t h e ori gi n al j et wit h t h e C/ A

al g orit h m [ 1 0 5 , 1 0 6 ]. T h e distri b uti o ns of t h e r esi d u als (Δ 𝛾 g ) ar e dis pl a y e d f or √︁ = 0 .4 (l eft) a n d

𝐸 = 0 .6 (ri g ht) f or 6 0 < 𝐸 T < 8 0 G e V / 𝜃 a n d t h e y s h o w a p e a k at Δ 𝜃 g ≈ 0 . Tails c a n b e o bs er v e d i n

dir e cti o n of p ositi v e Δ 𝜃 g at s m all 𝛾 g i n di c ati n g t h at t h e a n g ul ar s e p ar ati o n is o v er esti m at e d i n t h e

d et e ct or f or s m all r a di al dist a n c es b et w e e n t h e t w o h ar d est s u bj ets, a n d t o w ar ds n e g ati v e Δ 𝛽 g at l ar g e

𝜋 g i n di c ati n g a n u n d er esti m ati o n of t h e a n g ul ar s e p ar ati o n i n t his 𝜂 g i nt er v al. At i nt er m e di at e 𝛾 g t h e

distri b uti o n is al m ost s y m m etri c. T h e 𝛼 g d e p e n d e n c e of t h e m e a n a n d t h e wi dt h of t h e distri b uti o n,

w hi c h c h ar a ct eri z es t h e r es ol uti o n, ar e s h o w n i n t h e b ott o m p a n els of fi g ur e 1 0 4 f or t hr e e di ff er e nt
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Fi g u r e 1 0 4 . ( C ol or o nli n e) T o p: pr o b a bilit y distri b uti o n of t h e 𝜏 𝜏 r esi d u als f or j ets wit h 6 0 < 𝜂 T < 8 0 G e V / 𝜋

f or a j et r es ol uti o n p ar a m et er of 𝜂 = 0 .4 (l eft) a n d 𝑀 = 0 .6 (ri g ht). B ott o m: m e a n (l eft) a n d wi dt h (ri g ht) of

t h e Δ 𝛾 𝛾 distri b uti o n v ers us 𝑀 𝛾 f or j ets wit h 𝛾 = 0 .4 f or di ff er e nt bi ns i n √︁ T . Li n es d e n ot e t h e c as e w h er e

s u bj ets w er e r e cl ust er e d wit h c h ar g e d c o nstit u e nts o nl y.

i nt er v als of j et 𝐸 T f or 𝐸 = 0 .4 . Li n es i n di c at e t h e c as e w h er e s u bj ets ar e r e cl ust er e d wit h c h ar g e d

c o nstit u e nts o nl y. At s m all 𝜃 g t h e m e a n is s hift e d t o w ar ds l ar g er 𝜃 g (⟨Δ 𝜃 g ⟩ > 0 ). T h e s hift i n cr e as es

wit h d e cr e asi n g 𝛾 T . I n t his r e gi o n, t h e s e nsiti vit y t o c o nstit u e nts pi c k e d u p fr o m t h e u n d erl yi n g

e v e nt, w hi c h c a n b e cl ust er e d at di ff er e nt a n gl es, is e n h a n c e d. T his l e a ds t o a n o v er esti m ati o n of 𝛽 g

at d et e ct or l e v el, w hi c h is str o n g est i n t h e t ails of t h e distri b uti o n. As 𝜋 g i n cr e as es, t h e m e a n of t h e

Δ 𝜂 g distri b uti o n s hifts t o n e g ati v e v al u es at all 𝛾 T , i n di c ati n g a n u n d er esti m ati o n of 𝛼 g at d et e ct or

l e v el d u e t o g e o m etri c al c o nstr ai nts. T h e r es ol uti o n is a ff e ct e d b y t h e t ails i n t h e distri b uti o n a n d it is

o pti m al i n t h e 𝜋 g r e gi o n w h er e t h e distri b uti o n is m ost s y m m etri c. At l o w 𝜂 T , t h e p erf or m a n c e is

b est f or s u bj ets r e cl ust er e d wit h c h ar g e d c o nstit u e nts o nl y pr o fiti n g fr o m t h e p ositi o n a n d m o m e nt u m

r es ol uti o n of tr a c ks, r es ulti n g i n a s m all er s hift of t h e m e a n as c o m p ar e d t o f ull j ets. T o w ar ds hi g h er

𝛾 T , w h er e c h ar g e d- p arti cl e r e c o nstr u cti o n i n A LI C E b e c o m es m or e c h all e n gi n g d u e t o t h e m o d er at e

m a g n eti c fi el d str e n gt h, t h e r es ol uti o n i m pr o v es w h e n i n cl u di n g n e utr al c o nstit u e nts, b e c a us e t h e y

h el p c o nstr ai n t h e ori e nt ati o n of t h e m ai n a x es of t h e s u bj ets.
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7 Summary and prospects

An overview of the performance of the EMCal during operation in the years 2010–2018 in ALICE
at the LHC was presented. Details regarding the design and readout of the detector are given in
section 2. The procedures for data taking, reconstruction and validation are documented in section 3.
The setup and analysis of the electron and muon test beam data are discussed in section 4. The
calibration procedures are described in section 5. The capabilities of the EMCal to reconstruct and
measure photons, light mesons, electrons and jets, are discussed in section 6. A summary of key
properties is provided in table 16. The design goals of the EMCal were achieved, and the EMCal is
crucial for numerous analyses in ALICE.

This report was made during the LHC long shutdown 2. No hardware modifications are
planned for the future operations of EMCal during Run 3/4. However, for the future operations two
measures have been taken: the upgrade of the Front-End Electronics firmware and production of
spare hardware.

Firmware upgrade: the EMCal continues to be operated as a trigger detector also during
Run 3/4. The firmware of the Scalable Readout Unit (SRU) and Summary Trigger Units (STU) are

Table 16. Summary of key characteristics of the EMCal. If not otherwise indicated, energy ( ) is given in
GeV and transverse momentum ( T) in GeV .

Key quantity Value Section

High gain range 15 MeV 15 6 GeV, 2.3
1 ADC 16 MeV

Low gain range 250 MeV 250 GeV, 2.3
1 ADC 250 MeV

MIP energy (MeV) 235 6 0 9 4.3

Energy resolution (%) 1 4 9 5 2 9 4.3.2

Channel-by-channel miscalib. 1% 5.2

Nonlinearity 4 3 0 06 ln
1 3 5 exp 4172 4.3.2

MC-cluster-fine-tuning 5.6
0

data MC MC 0 3%
data MC MC 0 6%

6.3.1
resolution T 0 011 T 0 001 T

0 058 exp 3 7 10 6
T

calibration T 0 069 Erf 0 119 T 0 933
data MC 1 5%

Position resolution (cm) 0 27 1 04 4.3.3

Time resolution (ns) 2 4 5.4
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already upgraded according to the Run 3 trigger and Data Aquisition (DAQ) protocols [107]. In
addition, the readout rate is increased and currently 35 kHz readout rate is expected for minimum
bias Pb-Pb collisions at 50 kHz, which is close to the design value. During the future operations
both EMCal and DCal will continue providing L0, L1- and L1-jet triggers.

Spare production: for a smooth operation through Run 3/4, new FEE boards have been produced,
which are identical to the ones used during Run 1 and 2. This accounts for 15% of the units used in
the experimental cavern: 100 Front End Cards (FECs) and 6 TRUs. In addition, 2 STUs have been
produced as spares for EMCal and DCal.

Acknowledgments

The ALICE Collaboration would like to thank all its engineers and technicians for their invaluable
contributions to the construction of the experiment and the CERN accelerator teams for the
outstanding performance of the LHC complex. The ALICE Collaboration gratefully acknowledges
the resources and support provided by all Grid centres and the Worldwide LHC Computing Grid
(WLCG) collaboration. The ALICE Collaboration acknowledges the following funding agencies
for their support in building and running the ALICE detector: A.I. Alikhanyan National Science
Laboratory (Yerevan Physics Institute) Foundation (ANSL), State Committee of Science and World
Federation of Scientists (WFS), Armenia; Austrian Academy of Sciences, Austrian Science Fund
(FWF): [M 2467-N36] and Nationalstiftung für Forschung, Technologie und Entwicklung, Austria;
Ministry of Communications and High Technologies, National Nuclear Research Center, Azerbaĳan;
Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Financiadora de Estudos
e Projetos (Finep), Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) and
Universidade Federal do Rio Grande do Sul (UFRGS), Brazil; Bulgarian Ministry of Education
and Science, within the National Roadmap for Research Infrastructures 2020–2027 (object CERN),
Bulgaria; Ministry of Education of China (MOEC) , Ministry of Science & Technology of China
(MSTC) and National Natural Science Foundation of China (NSFC), China; Ministry of Science
and Education and Croatian Science Foundation, Croatia; Centro de Aplicaciones Tecnológicas
y Desarrollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of Education, Youth and Sports
of the Czech Republic, Czech Republic; The Danish Council for Independent Research | Natural
Sciences, the VILLUM FONDEN and Danish National Research Foundation (DNRF), Denmark;
Helsinki Institute of Physics (HIP), Finland; Commissariat à l’Energie Atomique (CEA) and Institut
National de Physique Nucléaire et de Physique des Particules (IN2P3) and Centre National de la
Recherche Scientifique (CNRS), France; Bundesministerium für Bildung und Forschung (BMBF)
and GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany; General Secretariat for
Research and Technology, Ministry of Education, Research and Religions, Greece; National Research,
Development and Innovation Office, Hungary; Department of Atomic Energy Government of India
(DAE), Department of Science and Technology, Government of India (DST), University Grants
Commission, Government of India (UGC) and Council of Scientific and Industrial Research (CSIR),
India; National Research and Innovation Agency - BRIN, Indonesia; Istituto Nazionale di Fisica
Nucleare (INFN), Italy; Japanese Ministry of Education, Culture, Sports, Science and Technology
(MEXT) and Japan Society for the Promotion of Science (JSPS) KAKENHI, Japan; Consejo Nacional
de Ciencia (CONACYT) y Tecnología, through Fondo de Cooperación Internacional en Ciencia y

– 115 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
7

Tecnología (FONCICYT) and Dirección General de Asuntos del Personal Academico (DGAPA),
Mexico; Nederlandse Organisatie voor Wetenschappelĳk Onderzoek (NWO), Netherlands; The
Research Council of Norway, Norway; Commission on Science and Technology for Sustainable
Development in the South (COMSATS), Pakistan; Pontificia Universidad Católica del Perú, Peru;
Ministry of Education and Science, National Science Centre and WUT ID-UB, Poland; Korea
Institute of Science and Technology Information and National Research Foundation of Korea (NRF),
Republic of Korea; Ministry of Education and Scientific Research, Institute of Atomic Physics,
Ministry of Research and Innovation and Institute of Atomic Physics and University Politehnica of
Bucharest, Romania; Ministry of Education, Science, Research and Sport of the Slovak Republic,
Slovakia; National Research Foundation of South Africa, South Africa; Swedish Research Council
(VR) and Knut & Alice Wallenberg Foundation (KAW), Sweden; European Organization for Nuclear
Research, Switzerland; Suranaree University of Technology (SUT), National Science and Technology
Development Agency (NSTDA), Thailand Science Research and Innovation (TSRI) and National
Science, Research and Innovation Fund (NSRF), Thailand; Turkish Energy, Nuclear and Mineral
Research Agency (TENMAK), Turkey; National Academy of Sciences of Ukraine, Ukraine; Science
and Technology Facilities Council (STFC), United Kingdom; National Science Foundation of the
United States of America (NSF) and United States Department of Energy, Office of Nuclear Physics
(DOE NP), United States of America. In addition, individual groups or members have received
support from: Marie Skłodowska Curie, European Research Council, Strong 2020 — Horizon 2020
(grant nos. 950692, 824093, 896850), European Union; Academy of Finland (Center of Excellence
in Quark Matter) (grant nos. 346327, 346328), Finland; Programa de Apoyos para la Superación del
Personal Académico, UNAM, Mexico.

A GEANT configuration

Table 17: GEANT3 physics process flags. These flags can be set
on a material by material basis, from the GEANT3 documentation
PHYS001-3 [108].

Switch ALICE
Default
values

Description

13 ANNI 1 Positron annihilation. The e is stopped.
0 No position annihilation.
1 Positron annihilation with generation of .
2 Positron annihilation without generation of .

14 BREM 1 bremsstrahlung. The interaction particle (e , e , , ) is stopped.
0 No bremsstrahlung.
1 bremsstrahlung with generation of .
2 bremsstrahlung without generation of .

Table 17 continued on next page.
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Table 17 continued

Switch ALICE
Default
value

Description

15 COMP 1 Compton scattering.
0 No Compton scattering.
1 Compton scattering with generation of e .
2 Compton scattering without generation of e .

16 DCAY 1 Decay in flight. The decaying particles stops.
0 No decay in flight
1 Decay in flight with generation of secondaries
2 Decay in flight without generation of secondaries

17 DRAY 0 -ray production.
0 No -ray production.
1 -ray production with generation of e .
2 -ray production without generation of e .

18 HADR 1 Hadronic interactions. The particle is stopped in case of inelastic interactions,
while it is not stopped in case of elastic interactions.
0 No hadronic interactions.
1 Hadronic interactions with generation of secondaries.
2 Hadronic interactions without generation of secondaries.

2 can be used in the user code GUPHAD and GUHADR to choose a hadronic
package. These values have no effect on the hadronic packages themselves.
Not supported in AliRoot.

19 LOSS 2 Continuous energy loss.
0 No continuous energy loss, DRAY is forced to 0.
1 Continuous energy loss with generation of -rays which have an energy
above DCUTE and restricted Landau-fluctuations for -rays which have an
energy below DCUTE (no -ray produced).
2 Continuous energy loss without generation of -rays and full Landau-
Vavilov-Gauss fluctuations. In this case DRAY is forced to 0 to avoid double
counting of fluctuations.
3 Same as 1, kept for backwards compatibility.
4 Energy loss without fluctuations. The value obtained from the tables is
used directly.

20 MULS 1 Multiple scattering.
0 No multiple scattering.
1 Multiple scattering according to Molière. theory.
2 Same as 1. Kept for backwards compatibility.
3 Pure Gaussian scattering according to the Rossi formula.

Table 17 continued on next page.
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Table 17 continued

Switch ALICE
Default
value

Description

21 PAIR 1 Pair production. The interacting is stopped.
0 No pair production.
1 Pair production with generation of e e .
2 Pair production without generation of e e .

22 PHOT 1 Photoelectric effect. The interacting photon is stopped.
0 No photo-electric effect.
1 Photo-electric effect with generation of e .
2 Photo-electric effect without generation of e .

23 RAYL 1 Rayliegh effect. The interacting is not stopped.
0 No Raylieght effect.
1 Rayliegh effect.

24 STRA 0 Turns on the collision sampling method to simulate energy loss in thin
materials, particularly gasses.
0 Collision sampling is off.
1 Collision sampling is on.

PFIS 0 Nuclear fission induced by a photon The photon stops.
0 No photo-fission.
1 Photo-fission with generation of secondaries.
2 Photo-fission without generation of secondaries.

MUNU 1 Muon-nucleus interactions. The muon is not stopped.
0 No muon-nucleus interactions.
1 Muon-nucleus interactions with generation of secondaries.
2 Muon-nucleus interactions without generation of secondaries.

CKOV 1 Light absorption. This process is the absorption of light photons in dielectric
materials. It is turned on by default when the generation of Čerenkov light
is requested (in GEANT manual it is LABS).
0 No absorption of photons.
1 Absorption of photons with possible detection.

SYNC 0 Synchrotron radiation in magnetic fields.
0 Synchrotron radiation is not simulated.
1 Synchrotron photon are generated, at the end of the tracking step.
2 Photons are not generated, the energy is deposited locally.
3 Synchrotron photons are generated, distributed along the curved path of
their particle.
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Table 18. GEANT3 physics process limits. These “cuts” can be set on a material by material basis, from the
GEANT3 documentation ZZZZ010-2 [108].

Parameter ALICE Default value Description

3 CUTGAM 1 10 3 GeV Threshold for gamma transport.
4 CUTELE 1 10 3 GeV Threshold for electron and positron transport.
5 CUTNEU 1 10 3 GeV Threshold for neutral hadron transport.
6 CUTHAD 1 10 3 GeV Threshold for charged hadron and ion transport.
7 CUTMUO 1 10 3 GeV Threshold for muon transport.
8 BCUTE 1 10 3 GeV Threshold for photons produced by

electron bremsstrahlung.
9 BCUTM 1 10 3 GeV Threshold for photons produced by

muon bremsstrahlung.
10 DCUTE 1 10 3 GeV Threshold for electrons produced by

electron -rays.
11 DCUTM 1 10 3 GeV Threshold for electrons produced by

muon or hadron -rays.
12 PPCUTM 1 10 3 GeV Threshold for e direct pair

production by muons.
TOFMAX 1 1010 s Threshold on time of flight counted

from primary interactions time.

Acronyms

ADC Analog-to-Digital Converter. 8, 11, 12, 27, 41, 42, 71

ALICE A Large Ion Collider Experiment. 1, 2, 3, 6, 7, 9, 11, 12, 19, 35, 37, 38, 39, 40, 41, 42, 46,
47, 52, 60, 62, 64, 65, 75, 85, 95, 97, 104, 109, 113, 114

ALTRO ALICE TPC Readout. 8, 9, 60

APD Avalanche Photo Diode. 6, 7, 8, 10, 12, 23, 40, 55, 61, 62, 63, 75

BC Bunch Crossing. 60

BR Branching Ratio. 95

CCRF Conv-Calo ratio fit. 66, 67, 68, 69

CERN European Organization for Nuclear Research. 1, 39

CMS Compact Muon Solenoid. 24

CPV charged particle veto. 77, 80

CRF Calo ratio fit. 66, 67, 68, 69
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CSP Charge Sensitive Preamplifier. 7

CTP Central Trigger Processor. 9, 10

DAQ Data Aquisition. 115

DCal Di-Jet Calorimeter. 2, 3, 8, 9, 26, 27, 28, 29, 30, 33, 35, 36, 37, 38, 48, 49, 57, 62, 63, 73, 74,
81, 105, 115

EMC EMCal method. 66, 67, 69, 70, 84, 86, 87, 88, 89, 90, 95, 96

EMCal Electro Magnetic Calorimeter. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 16, 18, 19, 21, 22,
23, 24, 25, 26, 28, 29, 30, 33, 34, 35, 36, 37, 38, 39, 40, 43, 46, 47, 48, 49, 51, 57, 58, 60, 61,
62, 63, 64, 65, 66, 67, 68, 69, 71, 72, 73, 74, 75, 76, 77, 79, 80, 81, 84, 85, 86, 87, 88, 89, 90,
93, 95, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 114, 115

FEC Front End Card. 115

FEE Front End Electronics. 5, 7, 8, 9, 10, 27, 39, 41, 42, 55, 56, 57, 59, 60, 70, 71, 115

GEANT GEometry ANd Tracking. 11, 12, 42, 43, 45, 64, 68, 71, 116, 119

HLT High Level Trigger. 37, 38

IP Interaction Point. 2, 8, 21, 65

IRC InfraRed and Collinear. 104

ITS Inner tracking system. 2, 19, 35, 48, 65, 84, 95, 97

JER Jet energy resolution. 105, 106, 107, 111, 112

JES Jet energy scale. 105, 106, 107, 111, 112

L0 Level-0. 9, 26, 28, 29, 30, 50, 72, 95, 97, 115

L1 Level-1. 9, 16, 22, 23, 24, 25, 26, 27, 28, 29, 31, 33, 34, 67, 72, 74, 86, 95, 97, 100, 102, 108,
115

LED Light-emitting diode. 10, 39, 61, 62, 63

LHC Large Hadron Collider. 1, 2, 3, 8, 14, 18, 26, 28, 60, 62, 68, 75, 102, 114

MB Minimum Bias. 108

MC Monte Carlo. 10, 13, 41, 42, 43, 44, 45, 46, 65, 67, 68, 69, 70, 72, 82, 83, 87, 100, 101, 104

MEB Multi-Event Buffer. 9
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mEMC Merged Cluster Technique. 84, 90, 91, 93, 95

MIP Minimum ionizing particle. 23, 41, 42, 50, 80, 89

MWPC Multi-Wire Proportional Chambers. 39, 44, 46

NEF Neutral Energy Fraction. 108, 109

NLL Next-to-Leading Log. 104

NNLO Next-Next-to-Leading Order. 104

OPAL Omni-Purpose Apparatus at LEP. 43

Overwatch Online Visualization of Emerging tRends and Web Accessible deTector Conditions
using the HLT. 37, 38

PCA Point of Closest Approach. 100

PCM Photon Conversion Method. 65, 68, 84, 85, 87, 88, 89, 90, 95

PCM-EMC hybrid method. 65, 66, 67, 69, 70, 84, 86, 87, 88, 89, 95, 96

PDG Particle Data Group. 95, 96

PHENIX Pioneering High Energy Nuclear Interaction eXperiment. 43

PHOS PHOton Spectrometer. 2, 3, 8, 23, 30

PID Particle Identification. 14, 75, 97, 99, 100, 102, 103

pQCD perturbative Quantum Chromodynamics. 97, 104, 111

PS Proton Synchroton. 39, 40, 41

PYTHIA —. 22, 23, 64, 65, 66, 71, 72, 74, 82, 83, 91, 92, 93, 109

QA Quality Assurance. 35, 36, 37, 38

QCD Quantum Chromo Dynamics. 102, 111

RF Rejection Factor. 3, 28, 29, 30, 31, 32, 33, 34

RHIC Relativistic Heavy Ion Collider. 102

SM Super Module. 2, 6, 7, 8, 9, 10, 18, 35, 36, 37, 47, 48, 49, 50, 51, 53, 54, 55, 56, 57, 62, 63, 64,
71, 72, 73, 74

SPS Super Proton Synchroton. 39, 40, 41

SRU Scalable Readout Unit. 114
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STU Summary Trigger Unit. 9, 114, 115

TB Test Beam. 42, 43, 45

TOF Time Of Flight. 2, 52, 64

TPC Time Projection Chamber. 2, 19, 21, 35, 48, 52, 65, 80, 84, 95, 97, 98, 99, 100, 101, 102, 103,
110

TRD Transition Radiation Detector. 2, 52, 58, 64, 65, 68, 100

TRU Trigger Region Unit. 9, 27, 29, 115

UE Underlying Event. 81, 109, 110

V0 V0 detector. 25

WLS Wavelength Shifting. 6, 10
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