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Abstract

This document presents the proposal of the ALICE Collaboration for an extended data taking pro-
gramme with high-energy proton–proton collisions (

√
s ≈ 13–14 TeV). The proposed programme

includes two components: a sample with a target integrated luminosity of about 200 pb−1, for which
a highly-selective software-based event skimming will be performed after data reconstruction, and
a minimum bias sample with a target integrated luminosity of about 3 pb−1. The first sample tar-
gets several physics topics based on the selection of rare events, in particular with very high particle
multiplicity or diffractive topologies, and/or rare signals, ranging from light nuclei and hyperons
to heavy-quark hadrons and jets. The data processing and selection strategy exploits the new on-
line–offline computing framework that is being prepared to process the Pb–Pb data samples. The
second sample will be recorded with a reduced value of the ALICE solenoid magnetic field (0.2 T)
and will be devoted to high-precision studies of low-mass dielectron pairs.

∗See Appendix A for the full list of Collaborations members.
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1 Executive summary

The ALICE detector is presently undergoing a major upgrade in view of data taking during the LHC Runs
3 and 4 [1]. The main elements of the apparatus upgrade include: the replacement of the Inner Track-
ing System (ITS) with a completely new detector based on Monolithic Active Pixel Sensors (MAPS),
the replacement of the Time Projection Chamber (TPC) readout with GEM detectors, the addition of a
MAPS-based Muon Forward Tracker (MFT) in front the Muon Spectrometer, and the implementation of
new Fast Interaction Trigger (FIT) detector. In addition, the readout of several other detectors (Time Of
Flight, Muon Identifier, Muon Tracker) is being upgraded and a new Online–Offline system (O2) for data
recording, compression, calibration and reconstruction is being implemented. The new apparatus with
the O2 system will record Pb–Pb collisions at an interaction rate of up to 50 kHz with most of the detec-
tors operating in continuous readout mode, i.e. providing a continuous stream of data to the O2 system,
in which reconstructed tracks and detector signals will be associated to the individual collision events.
For proton–proton collisions, the experiment can in principle be operated at an interaction rate of up to
4 MHz, which gives the same particle rate as Pb–Pb collisions at 50 kHz. An interaction rate of 0.5–
1 MHz is considered as a suitable working point in order to limit the pile-up of collisions within the ITS
readout time to a number (2–5 collisions) that can be separated without ambiguity using the track associ-
ation to reconstructed primary vertices. For this document, an interaction rate of 0.5 MHz is assumed as a
baseline, corresponding to an instantaneous luminosity of about 6×1030 s−1cm−2. While such instanta-
neous luminosity is larger by about a factor five with respect to the typical values used for ALICE in Run
2, similar values were already reached during Run 2 hence there are no special requirements on the beam
setup. This increase, combined with the large increase of the readout speed, allows for the inspection
of a data sample with an integrated luminosity larger by a factor 5–20 for those measurements that used
rare triggers in Run 2, and by almost three orders of magnitude for those measurements that, not having a
suitable hardware trigger, were performed using a pre-scaled minimum bias trigger in Run 2. In addition,
the tracking performance of the new apparatus, with vertexing resolution improved by a factor three for
central barrel tracks and newly-added vertexing capabilities for forward muons, will strongly enhance
measurements in the sectors of heavy flavour, quarkonia, low-mass dielectrons and hyper-nuclei [2].

The ALICE data taking programme that was proposed in 2012 [1] together with the detector upgrade
was focused on heavy-ion campaigns (Pb–Pb and p–Pb) and corresponding pp reference data samples
at the same centre-of-mass energy, and it included data taking with high-energy pp collisions for only a
few months per year. The present proposal extends the high-energy pp programme to essentially the full
LHC operation period during Run 3 and, possibly, part of Run 4.

The main physics motivations for an extended pp programme are presented in this document (Section 2)
and can be grouped in the following four main headers. The first item (high-density QCD studies)
builds on the discussions that took place during the HL-LHC Physics Workshop 2017–18, which are
summarised in the Working Group 5 (High-density QCD) report [3].

– High-density QCD effects and search for quark–gluon plasma in high-multiplicity pp col-
lisions. The discovery of heavy-ion-like phenomena —in particular, the long-range correlation
structures (the ridge) and the increasing production of strangeness as a function of multiplicity—
in the small collision systems, pp and p–Pb, has been a major outcome of the LHC programme
so far, and one of the most unexpected. A data sample with selection of high-multiplicity events
and an integrated luminosity of about 200 pb−1 would be larger by a factor of 10 with respect to
the sample recorded during Run 2. Such increase would allow us to a) study pp collisions with
a multiplicity of charged particles per unit of pseudorapidity dNch/dη ≈ 100 as found in semi-
peripheral Pb–Pb collisions and an estimated energy density ε ∼ 50 GeV/fm3 as found in central
Pb–Pb collisions; b) search for jet quenching, one of the characterising quark–gluon plasma (QGP)
signatures that has not been observed so far in small-system collisions, with a sensitivity to energy
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losses of 20–100 MeV, depending on the multiplicity selection.

– Light nuclei and hyper-nuclei production, hadron–hadron interactions, and their astrophys-
ical implications. Studying light nuclei and hyper-nuclei will give insight into production cross
sections and production mechanisms with a direct impact on Dark Matter searches in Space.
Indeed, the poor knowledge of the production yields of nuclei in ordinary cosmic-ray-induced
hadronic collisions in Space is one of the main limitations for the search for Dark Matter anni-
hilating to nucleus–antinucleus pairs. An integrated luminosity of 200 pb−1 would enable one to
observe for the first time and characterise the momentum-differential production of 4He with a
precision of about 10%, as well as to close the case on the yet-unknown production mechanism of
hyper-nuclei such as 3

Λ
H. These nuclei would be selected after full event reconstruction, exploit-

ing the entire delivered luminosity. The study of two-particle correlations in momentum space
has proven to provide direct access to the interaction between nucleons and hyperons (strange
baryons), between hyperon pairs, and between kaons and light nuclei; besides its intrinsic interest,
this study has clear implications for the nature and equation of state of matter in dense neutron
stars. An integrated luminosity of 200 pb−1 would also provide precise information on the p–Σ0

potential and open first studies of the Ω–Ω potential.

– New and reference measurements of rare QCD processes (heavy quarks, jets, central diffrac-
tion). Exploiting the event selection after full reconstruction, it will be also possible to sample the
full integrated luminosity of 200 pb−1 for measurements of rare probes over a broad momentum
range, such as beauty hadrons, charmonia and jets. For the low-momentum region, these mea-
surements were not possible or very limited in Run 2 (the integrated luminosity for the minimum
bias sample was Lint ≈ 0.06 pb−1). The measurements of beauty hadrons and jets would establish
a high-precision reference for the corresponding measurements in Pb–Pb collisions (the short pp
reference run at the same energy as Pb–Pb is not expected to reach the precision of the Pb–Pb mea-
surements for these low-background signals). They would also enable high-precision QCD studies,
like a first direct measurement of the dead-cone effect on gluon radiation off beauty quarks [4],
thanks to possibility of measuring jets with a transverse momentum as low as 10–20 GeV/c. The
measurements of rare charmonium states and of J/ψ production in association with jets and pho-
tons, over a rapidity range of 4 units, would provide insight on the charmonium production mech-
anism and on the proton structure. Central exclusive production of low-mass diffractive states in
pp collisions at the LHC serves as a valuable source of information on the non-perturbative aspects
of the strong interaction. The increase of integrated luminosity by a factor 20 with respect to Run
2 will also enable the study of the spin structure of the Pomeron and the search of exotic QCD
objects, such as glueballs.

– Study of possible virtual photon production using low-mass dielectrons. A possible enhance-
ment in the spectrum of low-pT and low-mass dielecron pairs has recently been reported in pp
collisions at

√
s = 13 TeV, using a data sample collected in Run 2 with a reduced value of the

ALICE solenoid magnetic field [5]. The reduced field is instrumental for studying this kinematic
region, because it largely increases the acceptance for soft dielectrons. The measured enhance-
ment with respect to the expected hadronic sources (dominantly Dalitz decays) could be explained
by virtual photon production. A minimum bias sample with an integrated luminosity of about
3 pb−1 (300-times larger than that used for the present measurement), which could be recorded in
about two weeks, would enable a precise characterisation of this dielectron source, with studies
differential in invariant mass, transverse momentum and event multiplicity.

These physics motivations are discussed in Section 2, along with the competitiveness of the proposed
ALICE studies with measurements that could be carried out by the other LHC experiments. The follow-
ing Sections 3 and 4 describe the proposed strategies and required computing resources for data taking,
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processing and event selection for the two target samples:

1. A sample with Lint≈ 200 pb−1 with nominal value of the ALICE solenoid magnetic field for which
about 1/103 of the collision events will be selected, after calibration and reconstruction, either on
the basis of particle multiplicity or of about 10 classes of rare signal candidates. This step of
reconstruction and event-selection will be carried out on the O2 computing farm using mostly
GPU resources. This sample could be recorded in about 36 months of LHC operation at 35%
efficiency with an interaction rate at ALICE of 500 kHz and would result in a final data volume
of ∼ 5 PB after event selection. The specific running plan will be defined on the basis of the final
schedule of future LHC Runs.

2. A sample with Lint ≈ 3 pb−1 with reduced value of the ALICE solenoid magnetic field for which
all interactions would be kept; this sample could be recorded in about 20 days of LHC operation
at 35% efficiency with an interaction rate at ALICE of 500 kHz and would result in a final data
volume of ∼ 8 PB.

The additional radiation load resulting from the extended pp operation is reported in Section 5. The total
integrated dose would increase by a factor of about four, but it would still be well within the radiation
tolerance of the most critical detector components (innermost sensors of the ITS and the MFT). Anyway,
after significant radiation exposure via pp and Pb–Pb collisions during the first year, the quality of the
full detector response will be assessed to confirm the validity of the anticipated large safety margins (see
Section 5).

An assessment of the actual computing resources (determined by the fraction of reconstruction that can
be ported to GPUs) could allow us to consider an increase of the interaction rate, in order to reach the
integrated luminosity goal already by the end of Run 3.

2 Physics motivation

2.1 High-multiplicity programme

The discovery of collective phenomena in small collision systems (pp and p–Pb) and of a smooth contin-
uous evolution of particle production with event multiplicity from pp to Pb–Pb collisions has surprised
the community at large. Both the measurement of long-range correlation structures (the ridge) and the
increasing production of strangeness as a function of multiplicity were unexpected and gave rise to a
tremendous experimental and theoretical activity in recent years: some of the related publications rank
among the highest cited publications of the ALICE, ATLAS and CMS Collaborations [6–8].

These discoveries have challenged two paradigms at once. They have challenged the descriptions ex-
plaining phenomena in large heavy-ion collisions and opened the questions What is the smallest system
where they remain valid? Is a QGP formed in proton–proton or proton–lead collisions? At the same
time, the intriguing effects observed in high-multiplicity pp and p–Pb collisions have challenged the
standard descriptions used for pp collisions in terms of a (or very few) hard scattering processing and
an softer underlying event; can this description remain standard? The theoretical explanation and de-
scription attempts of the effects observed in small systems span the entire field between fluid dynamics
(many scatterings) and the free-streaming limit (no scatterings). Further experimental and theoretical
work is needed for a full understanding of the underlying dynamics. While it is evident that the underly-
ing QCD is the same theory, the aim of future experimental and theoretical work is to either demonstrate
that a unified description from e+e− via pp collisions to Pb–Pb collisions is feasible, or to show that new
mechanisms are important in heavy-ion collisions. In other words a single overarching question emerges:
Can there be a consistent understanding of hadronic collisions and particle production across colliding
systems, in which a superposition of microscopic QCD processes transitions to a macroscopic QGP?
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Fig. 1: Left: Extrapolated multiplicity distribution in pp collisions within |η |< 1.5 [3]. The multiplicity distribu-
tion of Pb–Pb and p–Pb collisions is also shown. Right: Energy density, averaged over the transverse area, as a
function of dNch/dy calculated by IP-Glasma (solid lines) and with MC Glauber and the Bjorken formula (dashed
lines); for details see Ref. [3, Section 9.4.2]. Compared are pp (

√
s = 7TeV), p–Pb (

√
sNN = 5.02TeV) and Pb–Pb

(
√

sNN = 5.02TeV) collisions at τ = 0.2fm/c. The horizontal line indicates the energy density reached in central
Pb–Pb collisions (dNch/dy≈ 2000).

We propose to advance in addressing these questions by inspecting with the upgraded ALICE experiment
in Run 3 a sample of high-multiplicity pp collisions with an integrated luminosity of 200 pb−1. On the
one hand, this will allow us to extend to higher multiplicity and to make more comprehensive the studies
that were started in previous LHC runs. On the other hand, this large sample will enable an extension
of the searches for yet-unobserved effects, like jet quenching. This proposal also builds on the studies
carried out by the working group on high-density QCD (WG5), with participation from the four large
LHC experiments and the theory community, of the 2017–18 HL-LHC workshop [3, Chapter 9].

For the projections in this document a distribution of the number of charged particles extrapolated to
very high multiplicity for 14 TeV pp collisions is used which is based on measurements from ALICE
data (given that it is an extrapolation, it should only be seen as an educated guess, as discussed in Ref. [3,
Section 9.4.1]). Figure 1 (left panel) shows this distribution compared to p–Pb and Pb–Pb collisions.
For an integrated luminosity of 200 pb−1, 2.8× 104 events are expected with a multiplicity of 14–16
times the average charged particle multiplicity of a pp event (〈Nch〉), i.e. dNch/dη ≈ 100, which is the
same as measured in Pb–Pb collisions with centrality of about 65%. The right panel of Fig. 1 shows an
estimate for the energy density that is reached in the different systems, based on the Bjorken estimate
(dashed lines) and IP-Glasma (solid lines) [9]. These estimates clearly depend on the assumptions made,
in particular for pp and p–Pb collisions, but are used here to illustrate that the energy density depends on
the system at a fixed multiplicity, and can reach large values in pp and p–Pb collisions, of the order of
the density in central Pb–Pb collisions. In addition, for a given multiplicity, the energy density could be
significantly larger in pp with respect to p–Pb collisions, because the transverse overlap area is estimated
to be somewhat larger in p–Pb than pp, as confirmed by femtoscopic measurements [10]. The extended
multiplicity coverage will also enable more systematic studies of event shapes, already started by AL-
ICE with Run 1 and Run 2 data samples [11, 12]. It has been extensively documented that sphericity,
spherocity, as well as other event-shape classification variables, open interesting possibilities to under-
stand the interplay between the production of jets and the underlying events. Recent phenomenological
studies have emphasised the importance of studying high-multiplicity events to possibly identify fea-



6 ALICE Collaboration 4

|< 0.5η|
〉η/d

ch
Nd〈

10 210 310

)­
π

+
+

π
 /

 (
+

Ω
+­

Ω

­410

­310

 = 7 TeV  Nat. Phys. 13 (2017) 535spp, 
­1Projection for 14 TeV pp, 200 pb

 = 5.02 TeV  PLB 728 (2014) 25
NN

sp­Pb, 
 = 5.02 TeV

NN
sPreliminary Pb­Pb, 

PYTHIA8

DIPSY 
EPOS LHC

ALICE Upgrade projection

Multiplicity slicing with mid­rapidity estimator

ALI−SIMUL−160917

|<0.5η|
〉η/d

ch
Nd〈

0 5 10 15 20 25 30 35

π/
Ω

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

3−10×

)-1 stat. (200 pbσ1±ALICE Upgrade projection 

in-jet out-jet in+out jet

 HM)-1 MB + 13 pb-1 stat. (0.1 pbσ1±ALICE Projection Run2 

in-jet out-jet in+out jet

Fig. 2: Left: Ω/π ratio as a function of dNch/dη for pp, p–Pb, and Pb–Pb collisions. The existing data (from
Ref. [15]) is shown in open black symbols (pp), grey diamonds (p–Pb) and grey squares (Pb–Pb), while the ex-
trapolation for pp collision is shown in blue filled circles. Two scenarios are shown: a) assuming that the ratio
continues increasing following the measured trend, and b) assuming that the value saturates at the largest mea-
sured dNch/dη . Figure from Ref. [2]. Right: Ω/π ratio as a function of the event multiplicity at central rapidity (in
event classes based on a forward rapidity estimator). Blue points correspond to inclusive production, purple points
to out-of-jet production and green points to in-jet production. The lighter shaded bands correspond to ±1σstat

projections using the full Run 2 minimum bias and forward-multiplicity-triggered data samples (the narrowing of
the band for multiplicity above 20 is due to the presence of the high-multiplicity-triggered sample). The darker
shaded bands correspond to projections for Lint = 200 pb−1. Systematic uncertainties are shown as boxes and
provisionally assumed to be the same for the two projections.

tures connected to parameters of a high-density QCD medium, like the degrees of freedom and the sound
velocity [13, 14].

In the following, we report the expected multiplicity reach and performance for three representative mea-
surements that would provide insight on three crucial aspects related to the aforementioned questions: a)
extending and understanding the strangeness enhancement as a function of multiplicity; b) extending and
understanding the dynamics of collective flow using identified hadrons; c) searching for jet-quenching.

Strangeness production. The unexpected increase of the strange-particle yield normalized by the pion
yield as a function of Nch is one of the key findings in small systems. In pp collisions these ratios
are measured up to dNch/dη ≈ 17 with 7 TeV data [15] and recently extended to ≈ 22 with 13 TeV
data [16], with some overlap with p–Pb collisions. The most peripheral Pb–Pb collisions measured have
a dNch/dη ≈ 96, nearly 4.5 times larger. In the following, the Ω baryon is considered for the performance
projections because it contains three strange quarks and, thus, it is the most sensitive to the strangeness
production and hadronization dynamics. Figure 2 (left) presents the expected reach of the Ω/π ratio
measurement in pp collisions which will bridge the present gap between pp and Pb–Pb collisions. If
strangeness production reaches the thermal limit in high-multiplicity pp collisions, the Ω/π ratio would
level off as a function of multiplicity smoothly connecting with the Pb–Pb results. In another possible
scenario in which, for instance, the strangeness enhancement scales with the energy density of the system,
it should indeed be possible to see that the high-multiplicity pp results exceed the low multiplicity Pb–Pb
results. With the multiplicity reach indicated in Fig. 2 (left), based on a sample of 200 pb−1 pp collisions,
the two qualitatively different scenarios can be distinguished by the experimental data.
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In addition to extending the multiplicity reach with high-multiplicity event selection, as illustrated in the
figure, the extended pp programme would also provide a sample of ∼ 109 events selected on the basis of
the presence of a reconstructed Ω baryon. This sample, larger by more than three orders of magnitude
than that of Run 2, would enable high-precision multiplicity-differential studies of Ω–jet correlations to
separate hard-scattering and underlying-event related Ω production patterns which could shed light on
the microscopic origin of the strangeness enhancement. Several theoretical approaches predict a different
strange-to-pion ratio in- and out-of- jets, but in both cases with no multiplicity dependence [17, 18]. The
pattern observed in Fig. 2 (left) could then originate from the evolution with multiplicity in the relative
contribution of the jet and underlying-event parts to the event. This aspect can be studied by measuring
Ω–hadron correlations, selecting regions of the ∆ϕ–∆η space which are associated with the presence of
a jet, and regions which are dominated by particles produced in the underlying event. As an example
study, the proxy to define the jet direction is the highest-pT charged hadron in the event (trigger particle,
with at least 3 GeV/c pT). The in-jet region is identified by |∆ϕ| < 1 rad and |∆η | < 0.4, while the
out-of-jet region corresponds to 1 < ∆ϕ < 2 rad and 0.5 < ∆η < 1.1 with respect to the trigger particle.
The production yield inside the jet region is also subtracted by the scaled out-of-jet yield, in order to
statistically select the genuine jet-related production yield. In Fig. 2 (right), the projection for this study
using Lint = 200 pb−1 is shown. Inclusive (blue), in-jet (green) and out-of-jet (purple) Ω production are
shown. In this study, the multiplicity dependence of Ω yields in the two regions have been calculated
in the hypothesis of multiplicity-independent Ω/π ratio for both components. The very high number of
accessible Ω baryons would allow us to distinguish between in-jet, inclusive and out-of-jet produced Ω

over a large multiplicity range. The projections for the Run 2 minimum bias and forward-multiplicity-
triggered data samples show that this measurement is currently out of reach.

Elliptic flow with multi-particle cumulants and hadron-species dependence. Long-range multi-
particle correlations have been observed in high-multiplicity collisions of protons and protons and nuclei,
which suggest that also in these collisions there could be a collective expansion of the collision zone. The
key questions are how collective expansion can build up in small collision systems, and whether these
phenomena can provide a microscopic picture of hydrodynamic flow. These questions are being actively
debated from several viewpoints. These include hydrodynamical models, transport models with hadronic
rescattering, rope hadronisation models with string shoving, as well as the colour glass condensate (CGC)
effective field theory.

Multi-particle cumulant measurements are a key tool to gain further insight in several collective phe-
nomena in small systems, because, compared to the two-particle correlations, they suppress non-global
few-particle correlations (from resonance decays and jets). The projected uncertainties on multi-particle
cumulants v2{m} for a high-multiplicity sample of Lint = 200 pb−1 pp collisions are below 0.007 for
m up to 12 (12-particle correlations). These small uncertainties are barely visible in the compilation in
Fig. 3 (left). These measurements would overlap in multiplicity with p–Pb and Pb–Pb collisions with
sufficient precision to quantify the difference between peripheral Pb–Pb and high-multiplicity pp and
p–Pb collisions. The latter comparison would also provide quantitative information about the initial den-
sity profile in the two colliding systems: the combination of larger initial energy density in pp and larger
initial eccentricity in p–Pb collisions is expected to lead to a distinctive pattern in the flow harmonics in
the two systems (see e.g. Ref. [9]).

Measurements of the pT-differential elliptic flow coefficient for identified particles provide additional
important information on the origin of flow: a common flow velocity field produces a characteristic mass
dependence of the elliptic flow. In pp collisions, the large residual non-flow results in a positive 4-particle
cumulant (c2{4}=−v2{4}4) and thus prevents to measure v2{4}. This non-flow contamination could be
significantly suppressed by using the 3-subevent method, which only allowed us to study of pT-integrated
4-particle cumulants for inclusive charged particles in Run 2 [20]. The large high-multiplicity sample
that can be collected in Run 3 will enable pT-differential measurements of identified hadrons using the
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Fig. 3: Left: Projected precision of multi-particle cumulant measurements as a function of Nch for a pp data sample
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Right: Projected pT differential measurements of v2{4}3−sub for charged hadrons, π±, K±, and p(p) in an event
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3-subevent method. Figure 3 (right) shows the projected performance for events with dNch/dη ≈ 55,
i.e. about 8 times the average multiplicity. An observation of mass ordering at low pT (0.2–1 GeV/c)
would provide an unambiguous signal of final-state collective expansion (radial flow) in high-multiplicity
pp collisions. A precise comparison of mesons and baryons at higher pT (2–5 GeV/c) would, on the other
hand, address the question on whether such collective expansion is built at partonic (constituent quark)
level.

Search for jet quenching. The measurement of flow phenomena in high multiplicity pp collisions
suggests the possible formation of a QGP in small systems. It is therefore natural to search for other
effects that, in nucleus–nucleus collisions, are induced by the QGP medium. A prominent effect of this
type is jet quenching, which corresponds to the interaction with the QGP of energetic virtual partons
generated in hard scattering processes with high squared momentum transfer (Q2). The most well-
established signature of jet quenching is energy loss, measured by the suppression of high-pT hadron or
jet yield relative to that in a reference system. The measurement of inclusive yield suppression (RAA)
requires the scaling of the reference system yield by the geometric factor Ncoll, which is calculated by
associating Event Activity with collision geometry using the Glauber model. However, the association of
event activity (EA) with collision geometry is prone to bias in small systems thereby masking the effects
of jet quenching [21]. ALICE has developed an alternative approach to jet quenching measurements in
small systems, based on the semi-inclusive distribution of recoil jets relative to a high-pT trigger hadron
or photon (as sketched in the left panel of Fig. 4) [22]. By measuring the rate of one hard process relative
to another (i.e. number of recoil jets per trigger) the necessity to interpret event activity geometrically
is avoided. An initial measurement using this approach has set a limit (90% CL) on medium-induced
energy transport out-of-cone in high-EA p–Pb collisions of a factor 20 smaller than that in central Pb–Pb
collisions at the LHC [22].

It is clear from these considerations that jet quenching effects in small systems are small. Measuring
or setting further limits on their magnitude requires statistical precision significantly beyond currently
reported results. Figure 4 (right) shows the measured value of medium-induced energy loss in Pb–Pb
collisions, the measured limit in p–Pb collisions, and the projected limits for pp and p–Pb collisions in
Run 3 [2]. ALICE measurements based on high-multiplicity-selected pp collisions with Lint = 200 pb−1
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Fig. 4: Projection of semi-inclusive hadron–jet measurements (sketch in the left panel) of jet quenching for high-
multiplicity-selected pp collisions with Lint = 200 pb−1 and p–Pb collisions in LHC Run 3 [2, 3]. The figure shows
the projected sensitivity to the minimum jet spectrum shift (transported energy) with 90% confidence level, in
comparison to the measurement and limit in Pb–Pb and p–Pb collisions from Runs 1 and 2 [22].

will clearly provide a significant improvement in the measurement of jet yield suppression and either
identify or set stringent limits on effects due to jet quenching. For example, both the pp class with
multiplicity 7–10 times the average multiplicity and the p–Pb class with 0–5% EA could be sensitive to a
transported energy as low as 70 MeV, allowing us to precisely compare possible effects in systems with
similar multiplicity, but different sizes (larger in p–Pb) and energy densities (larger in pp).

ALICE has recently also explored di-jet acoplanarity as a signature of jet quenching in high-multiplicity
pp collisions at

√
s = 13 TeV, using a high-multiplicity online trigger that inspected a total integrated

luminosity of 13 pb−1. This dataset enables a statistically-significant acoplanarity measurement for event
multiplicity corresponding to about 5 times the mean multiplicity. While this preliminary analysis is still
under active study, it is clear that sampling 200 pb−1 in Run 3 will provide much higher precision and a
broader range in multiplicity. This rich dataset will provide high discriminating power to separate initial
and final-state effects on acoplanarity distributions and other related distributions affected by potential jet
quenching. In addition to high-multiplicity events, the selection after reconstruction would also provide
a large sample in which a jet recoils against a high-energy photon (measured in the PHOS or EMCal
detectors). This sample will enable studies of acoplanarity and recoil yield suppression with a better
di-jet axis resolution and without potential quenching of the trigger particle in the above mentioned
semi-inclusive studies.

2.2 Light (hyper-)nuclei production and hadron–hadron interactions

Nuclei and hyper-nuclei. The study of anti- and hyper-nuclei in pp collisions at the LHC is mainly
motivated by the following two goals:

– The production cross sections of 3He and 4He in pp collisions provide crucial input for the indirect
searches of Dark Matter with cosmic rays by AMS-02 [23] and GAPS [24] collaborations, because
Dark Matter candidates are predicted to annihilate into nucleus–antinucleus pairs. However, the
production of nuclei and antinuclei in ordinary proton–proton and proton–nucleus collisions in
Space represents a large, poorly known, background for these searches. In this context, the mea-
surements in pp collisions are more relevant than those in nucleus–nucleus and proton–nucleus
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Fig. 5: Left: Expected 4He pT-differential cross section as a function of pT. The red points represent the expected
statistical precision for a sample corresponding to Lint = 200 pb−1, while the grey points assume the integrated
luminosity of the dedicated pp run at

√
s = 5 TeV. Note that the cross section is the same also for nuclei. Right: S3

measured from hyper-triton production as a function of multiplicity compared with three production models [28,
29]; the measurement in Pb–Pb collisions is shown [30] together with projected precision for measurements in pp
collisions with Lint = 200 pb−1.

collisions because the Universe consists mostly of hydrogen. The measurement of 4He is of par-
ticular importance in this context as the preliminary ratio of 4He to 3He poses a challenge for the
dark matter astrophysics community (see for instance the discussion in [25]).

– In order to distinguish different production scenarios for light nuclei and hyper-nuclei (thermal
statistical production or coalescence of nucleons), small collision systems, like pp collisions, are
advantageous, because the coalescence probability is expected to depend on the size of the pro-
duced nucleus with respect to the size of the particle emitting source.

The study of nuclei and hyper-nuclei requires a large integrate luminosity, given that their production
yield decreases by a factor of about 1000 for each additional nucleon [26]. First estimates on the expected
uncertainties for the coalescence parameters B3 (A = 3) and B4 (A = 4) were obtained for the HL-
LHC CERN Yellow Report [3]. There it has been outlined that a O(10%) precision is required for
astrophysical applications. For B3, such a precision is already achievable in Lint = 6 pb−1 in pp collisions
at
√

s = 5.5 TeV. A first measurement of several 4He candidates might be achievable in the same data
sample. However, a statistical precision on B4 at O(10%) level in 4 to 5 pT intervals will require a
larger Lint = 200 pb−1 data sample at

√
s = 14 TeV as shown in Fig. 5 (left). These expectations are

based on the exponential fit of the existing measurements of the dN/dy of d, t, and 3He in pp collisions at√
s= 7 TeV [26], which are extrapolated to

√
s= 14 TeV by a scaling of the corresponding dN/dη values

and the inelastic pp cross sections from [27]. Such a large integrated luminosity can be inspected with a
dedicated event selection on the TPC specific energy loss for nuclei. This would be the first observation
ever of the 4He nucleus in pp collisions.

For the study of production scenarios, the most promising probe is provided by the study of the hyper-
triton 3

Λ
H (a bound state of a proton, a neutron and a Λ). In coalescence models, its production is largely

suppressed due its wide wave-function. This effect is largest in pp collisions and less pronounced in Pb–
Pb collisions, as it is the relative difference between the system size and the size of the produced object
that matters. In thermal-statistical models, such suppression of large objects is not present. However,
the explicit conservation of baryon and strangeness number may lead to the suppression of nuclei and
hyper-nuclei in small systems. In order to cancel out these effects, the so-called S3 variable is defined by
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combining the production yields of 3
Λ

H, 3He, Λ and protons as

S3 =
3
Λ

H/3He
Λ/p

. (1)

As shown in Fig. 5 (right), this ratio is expected to be around 0.6 in thermal-statistical models [29] with
only a mild increase towards small systems, while in coalescence models [28, 31] it exhibits a dramatic
drop towards smaller multiplicities due to the wide wave-function of the hyper-triton. Thus, a precise
measurement of S3 in small collision systems will provide a large sensitivity to distinguish these two
production scenarios.

Proton–hyperon and hyperon–hyperon interaction via correlation measurements. The study of two-
particle correlations in momentum space measured in ultra-relativistic pp and p–Pb collisions has proven
to provide direct access to the interaction between rare particle pairs in vacuum [20, 32–36]. In particular
due to the small size of the colliding systems of about 1 fm, the resulting pronounced correlation signal
from strong final state interactions allows for detailed studies of the latter, and hence provides additional
data with unprecedented precision in the low momentum regime.

High-multiplicity pp collisions present a suitable environment to study correlations because the pair
production rate in such collisions is significantly larger than in minimum bias collisions. For example,
a five-fold increase in particle pairs per event is expected for the high-multiplicity data sample with Nch
> 7 〈Nch〉 that can be collected in Run 3 with respect to the high-multiplicity sample that was recorded
in Run 2. This and the increase by a factor larger than 10 of the integrated luminosity will increase the
yields by a factor larger than 50.

In contrast to the nucleon–Λ (N–Λ) interaction, the nature of the N–Σ interaction still lacks conclusive
and firm experimental constraints. Indeed, experimental measurements from scattering data [37], hy-
pernuclei production data [38, 39] and Σ− atomic data [40, 41] are available, but are not very precise or
conclusive. Recent results point towards an attractive interaction in the isospin I = 1/2 channel of the N–
Σ system [38], and repulsion in the I = 3/2 channel [39] with, however, a substantial model-dependence
in the interpretation. The measurement of the p–Σ0 correlation function in high-multiplicity pp collisions
by ALICE demonstrated the feasibility of the approach [20]; however, the current results have large sta-
tistical uncertainties and relatively low signal purity, meaning that no final conclusion can yet be drawn
for this interaction. The reconstruction of the Σ0→ Λγ decay is rather challenging due to low energy of
the photon, which significantly affects the efficiency of the measurement. The left panel of Fig. 6 shows
the correlation function with statistical uncertainties scaled according to the expected high-multiplicity
pp data sample at

√
s = 14 TeV. The precision of the measurement at reduced relative momentum of

the pair k∗ = 40 MeV/c will be about 4% in 50 MeV/c wide bins. The projection is obtained on the basis
of the ESC16 model [42], which provides the best agreement with the presently measured correlation
function [20]. In particular in the N–Σ sector, the profile of the modelled correlation function is sensitive
to details of the strong interaction. Therefore, the reduced statistical uncertainties of the p–Σ0 correlation
function in pp collisions at

√
s = 14 TeV will contribute to an improved understanding of the interaction.

The HAL-QCD method has been used as well to perform Lattice QCD calculations at the physical point
for the Ω–Ω system, where the most strange dibaryon (S = 6) has been predicted [44] with a binding
energy of about 1.6 MeV. This is implied by the attractive character of the Ω–Ω strong interaction and
the fact that the Pauli principle does not apply for this system. The measurement of the Ω–Ω correlation
function is extremely challenging and has not been possible to date. With an expected raw yield of
1.6× 10−4 Ω− or Ω+ per event within the ALICE central barrel acceptance, an event selection for Ω

decays could be set up to sample the whole 200 pb−1 of pp collisions at
√

s = 14 TeV in Run 3,
resulting in a total of 2×109 recorded Ω− or Ω+. In this sample, about 500Ω–Ω pairs are expected with
low relative momentum, k∗< 200 MeV/c. Hence, a precision in the correlation function similar to the one
obtained for the current p–Ω Run 2 analysis is expected with the Run 3 data: 30% at k∗ = 50 MeV/c with
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a bin width of 50 MeV/c. In Fig. 6 (upper right), a projection of this measurement is shown, which would
represent a first-ever assessment of the Ω–Ω strong interaction and would be sensitive to the details of
the strong potential (three versions of the HAL QCD potential for a source radius of r = 0.80 fm [44]).

Additional studies will be carried out using the pp high-multiplicity-selected event sample from Run 3,
taking advantage of the enhanced strangeness production. For instance, the correlation analysis of p–Ξ0

pairs will become possible, complementing the existing p–Ξ− measurement [33, 36]. The precision in
the p–Ω analysis [36] could be improved by orders of magnitude, so that the compatibility of the data
with the models predicting the formation of a N–Ω bound state [46, 47] could be effectively tested in the
region around k∗ = 150 MeV/c. In this region, a characteristic depletion of the correlation function below
unity at the percent level is predicted as a sign of the formation of the bound state. In addition, thanks to
the high-multiplicity-selected sample, it will be possible to constrain the isospin-dependent component
of the K–N interaction by studying in detail the K±–deuteron correlation function.

Finally, the three body forces involving hyperons and nucleons, that are extremely important for the
understanding of the structure of neutron stars [48], can be investigated measuring baryon-nucleus cor-
relations. An example of this kind of measurements is the study of the correlations between (anti)Λ
hyperons and (anti)deuterons. While there are no Λ–deuteron scattering measurements, in the current
theoretical frameworks the lower spin component (2S1/2) of this interaction is constrained by the mea-
surements of the hypertriton binding energy. However, higher spin configurations of this interaction
are not binding and cannot be investigated with studies on hypernuclei. As shown in the lower panel
of Fig. 6, using the high multiplicity selection, it will be possible with 200 pb−1 of pp collisions at√

s = 14 TeV to measure precisely the deuteron–Λ interaction, complementing the hypertriton binding
energy measurements by constraining all the spin components of the interaction [45]. Furthermore, it
has been suggested that the study of Λ–deuteron can help in the detailed understanding of coalescence
processes [49], complementing the direct S3 measurement mentioned above.

2.3 Heavy quarks, quarkonia, jets, diffraction

The possibility to select pp events after full reconstruction opens a broad range of measurements of rare
QCD processes, involving heavy-flavour hadrons, quarkonia, jets, photons and central exclusive diffrac-
tion. These measurements offer unique insight in several aspects of perturbative and non-perturbative
QCD, and, in addition, they will provide us with crucial pp reference measurements for the programme
in Pb–Pb collisions.

Heavy flavour and jets. The precise measurement of beauty-hadron production in pp collisions down to
zero transverse momentum is essential for a precise estimate of the total beauty production cross section,
and to provide a precise reference for the measurements of the B-meson nuclear modification factor
RAA in Pb–Pb collisions. As described in Refs. [3, 50, 51], the production yield of B+ and B0 mesons
will be measured in central Pb–Pb collisions in Runs 3 and 4 with an expected statistical precision, for
Lint = 10 nb−1, better than 20–25% down to a transverse momentum of 2–3 GeV/c, using the D0π+

and J/ψK+ decay channels for B+ and the D∗,+π− decay channel for B0. The integrated luminosity for
pp reference runs at the same energy as Pb–Pb collisions is expected to be sufficient for the reference
measurements for B+→ J/ψK+, but not for the other decay channels. For the latter, measurements in
pp collisions at top LHC energy can be used to define a pp reference for RAA, also considering that the B
production cross section is well-described by pQCD calculations (e.g. FONLL [52]), which can thus be
used to scale, with small additional theoretical uncertainties, the measured cross section from top LHC
energy to the energy of Pb–Pb collisions (see Refs. [50, 51]).

The possibility to reconstruct B-meson hadronic decay channels involving open-charm hadrons and to
select pp events in Run 3 on the basis of the presence of a B candidate was studied using full simulations
of the upgraded detector and considering the production cross sections predicted by FONLL calcula-
tions [52, 53]. Both the signal and the combinatorial background were simulated with the PYTHIA
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6.4.25 [54] event generator. Figure 7 (left) shows the expected significance for the measurement of the
B+ and B0 mesons as a function of pT for Lint = 200 pb−1. The statistical significance is expected to be
of the order of 20 (10) for B+ (B0) mesons with 0 < pT < 2 GeV/c and larger than 40 above 2 GeV/c.
As discussed in Section 3, events with a B candidate with pT > 0 can be selected after full reconstruction
with a large rejection factor for events without signal.

Besides the search for jet quenching at high multiplicity, jet and photon triggers are interesting to perform
perturbative QCD measurements. With an integrated luminosity Lint = 200 pb−1, the number of jets at
pjet

T = 100 GeV/c will be of the order of 106, which is sufficient to perform a rich selection of substructure
measurements. The combined request of a photon and a jet in event selection after reconstruction will
allow us to also keep events with a much lower jet pT and to study the substructure of quark-initiated
jets.

The event sample selected with a B-meson candidate will be used to carry out the jet substructure analysis
that was recently pioneered with D mesons and jets to directly observe for the first time the dead-cone
effect at hadronic colliders as proposed in [4]. This effect is a manifestation of the reduced probability
of gluon radiation off a heavy quark at angles smaller than the ratio of the quark mass over its energy.
The analysis used a new technique, based on the iterative declustering of the heavy-flavour-tagged jets,
which allows to penetrate the jet shower and access the deepest levels of the clustering history that
correspond to the splittings at the smallest angles in an angular-ordered shower. Only the large integrated
luminosity of the Run 3 sample and the strong ALICE capabilities for low-momentum jet and B-meson
measurements will enable a first measurement of the effect for b quarks. Figure 7 (right) shows the ratio
of the distributions of the splitting angle θ for B-tagged jets and inclusive jets. The B-tagged distribution
in the numerator is obtained from PYTHIA8 [55] simulations with the statistical uncertainties based on
the B0 and B+ significance in the left panel of the same figure. The strong expected reduction of the ratio
below unity at a small angle (large log(1/θ)) would be a first spectacular direct measurement of the dead
cone effect for b quarks. This measurement, among others, will extend the versatility of ALICE and the
LHC as a complete QCD laboratory.

A sample of jet triggers corresponding to an integrated luminosity of 200 pb−1 would also allow us to
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carry out reference measurements of jet substructure with statistical uncertainties comparable to those
expected for a sample of Pb–Pb collisions with Lint = 10 nb−1 (the equivalent nucleon–nucleon integrated
luminosity of Pb–Pb collisions with Lint = 10 nb−1 is about 400 pb−1). Such high-statistics reference
measurements would be crucial for the interpretation of the modifications studied in Pb–Pb, although the
different centre-of-mass energy will require a validation of the pp reference with detailed event generator
benchmarks.

Charmonium production. The quantitative understanding of quarkonium production in hadronic col-
lisions remains challenging to state-of-the-art perturbative QCD calculations. In addition to its intrinsic
interest, such a more thorough understanding would put on a more robust footing all studies of quarko-
nium as a probe of deconfined matter. During Run 1 and Run 2, high-precision quarkonium production
studies with ALICE were possible with the forward Muon Spectrometer only, and without separation
of prompt and non-prompt (feed-down from B decays) components. In Run 3, the event selection after
reconstruction will provide the same full integrated luminosity to both measurements at forward rapidity
and at central rapidity (di-electron decay channel). The ITS and MFT will enable separating the prompt
and non-prompt components in both acceptance regions. Moreover, long-range correlation studies over
up to 5 units in rapidity will be possible because both the Muon Spectrometer and central barrel data
will be available for each selected event, at variance with separate readout streams that operated in Runs
1 and 2. All these changes will open several relevant physics cases, some unique to ALICE, and some
where ALICE can provide the most competitive results.

For the Muon Spectrometer the event selection strategy would rely on the presence of a dimuon with in-
variant mass larger than 2 GeV/c2. For the central barrel the event selection would be based on the pres-
ence of a dielectron pair (J/ψ candidate) with invariant mass in the range 2.6–3.2 GeV/c2 and with each
electron having pT > 1 GeV/c. Both selections would have very large rejection factors (see Section 3)
and they would enable a wide range of measurements, including direct J/ψ (spectra, polarization), higher
mass charmonium decaying via J/ψ (e.g. ψ(2S) and χc states), inclusive beauty production via non-
prompt J/ψ , B mesons via exclusive decay channels, J/ψ-jet substructure, exotic states (e.g. X(3872)),
and J/ψ production in Double Parton Scatterings (DPS) via double J/ψ or J/ψ production associated
with D mesons.

In the following, the estimated reach for these measurements with Lint = 200 pb−1 is presented, consid-
ering the central rapidity case for illustration.

– The total number of selected J/ψ mesons will be about 3×107, resulting in a precise production
cross section measurement up to pT = 30–50 GeV/c (about 5 (10)% statistical uncertainties at 30
(50) GeV/c) and a precise polarisation measurement up to 20 GeV/c.

– The number of reconstructed χc → J/ψγ → e+e−e+e− will be about 5× 104 allowing the first
measurement down to zero pT at central rapidity, which would complement the forward rapidity
measurement by the LHCb Collaboration [56].

– The number of reconstructed X(3872)→ J/ψ +π++π− decays is expected to be approximately
1500 for pT > 10 GeV/c (the range covered by the measurement by the CMS Collaboration [57]).
There are also good prospects for extending the measurement below 10 GeV/c, but a full assess-
ment requires detailed studies that are currently ongoing.

With the foreseen high-multiplicity selection, the multiplicity coverage for J/ψ measurements will be
extended from approximately 7 〈Nch〉 to 11–13 〈Nch〉. The ψ(2S) measurements can be carried out with
good statistical precision up to 5–8 〈Nch〉, which will allow us to search for potential charmonium sup-
pression effects in high-multiplicity events. Additionally, J/ψ–hadron correlations will be accessible
with high precision. This will enable studies of both short-range correlations, relevant for the produc-
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tion mechanism, and long-range correlations, which are sensitive to possible collective effects for charm
quarks.

In addition, the associated production of a J/ψ and a photon or a D meson can provide a novel insight
on the partonic structure of the proton. The experiments at the HERA accelerator and numerous fixed-
target experiments delivered precision data for the partonic structure of protons. Most of these data,
however, only provide one-dimensional information on the proton structure, namely the momentum
fraction x carried by a given parton. The programme to characterise the proton wave-function in more
dimensions, both in transverse coordinate and in momentum space, has progressed significantly, but
remains challenging. The back-to-back production of γ + J/ψ has been proposed as a tool to probe
the gluon transverse momentum dependent parton distribution functions [58]. In this context, the low-
momentum coverage of ALICE for both the charmonium and the photon, below the trigger thresholds
of ATLAS and CMS, are particularly interesting. Based on the calculations in Ref. [58], about 200 γ

+ J/ψ candidates with J/ψ pT > 5 GeV/c, |y| < 0.5, and no explicit selection on the γ pT (the J/ψ

creates a hard photon spectrum) are expected in a data sample of pp collisions with Lint = 200 pb−1.
This programme is also feasible in LHCb, but in a complementary Bjorken-x range. Another perspective
to investigate the proton structure is the study of double or multiparton interactions, i.e. to investigate
conditional probabilities for finding several hard scatterings. First results have been obtained by LHCb
in the charm sector [59]. ALICE can provide similar measurements at midrapidity, but also by combining
the information of the mid- and forward rapidity detectors. The estimated yields are of the order of one
to a few hundred for J/ψ–J/ψ and J/ψ–D, for Lint = 200 pb−1.

Central exclusive production in diffractive collisions. Central exclusive production (CEP) of low-mass
diffractive states (below the J/ψ mass) in pp collisions at the LHC may serve as a valuable source of in-
formation on the non-perturbative aspects of strong interaction. At low masses, CEP is usually described
in terms of a double Pomeron exchange (DPE) mechanism. DPE is expected to be an ideal process for
the investigation of meson resonances with IG(JPC) = 0+(0++, 2++, . . . ) quantum numbers and gluonic
bound states. Glueball searches in CEP are of particular interest because lattice QCD calculations predict
the lightest glueballs to have masses MG(0++) = 1710 MeV and MG(2++) = 2390 MeV [60, 61]. Pure
glueballs are predicted to decay equally well into pairs of pions, kaons or η mesons with suppressed two
photon decays. However, this simple signature is contaminated by the fact that glueballs are expected
to mix with nearby qq states. Central-exclusive production of low-mass resonances in the ππ and KK
channels has been extensively studied in fixed target experiments (see review in [62]) and collider exper-
iments at RHIC [63], Tevatron [64] and the LHC [65]. There is a clear evidence of supernumerous light
scalar meson states, not fitting well into the conventional groundstate qq nonet and suggesting that some
of these states, e.g. f0(1370), f0(1500) and f0(1710) mesons, have a significant gluonic component, but
the nature of all these states is still controversial [66]. Higher-precision measurements from the LHC
would provide additional important insight.

CEP can be also used to investigate the spin structure of the Pomeron and its coupling to hadrons. The
Pomeron is generally thought to represent the absorptive part of the cross section, so it should have the
quantum numbers of the vacuum, JPC = 0++ [67]. It is also supported by gluon ladder calculations. This
assignment gives a natural explanation why s-channel helicity conservation holds in photoproduction, as
was seen by a large body of HERA data [68]; it also explains much UPC data. It is, however, disfavored
by recent measurements on the helicity structure of small-t proton–proton high-energy elastic scattering
from the STAR experiment [69]. Vector and tensor Pomerons have also been discussed in the literature.
The vector Pomeron model has problems from the point of view of a field theory. Taken literally, the
vector Pomeron model predicts opposite signs for pp and pp cross sections [70]. On the other hand, the
tensor Pomeron model [71] was found to be perfectly consistent with the STAR data [69, 70]. In contrast
to the scalar and vector Pomeron assumption, the tensor model also predicts the production of vector
mesons in CEP with quantum numbers JPC = 1−−.
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Measurements of CEP processes rely on the selection of events with only few tracks in an otherwise
empty detector. Therefore, large pseudorapidity coverage and low pileup conditions are essential to
guarantee the event emptiness. The ALICE detector nicely matches these requirements. First CEP
measurements were performed by ALICE in the LHC Run 1 and 2 using an integrated luminosity of
about 8 pb−1. During Run 3, data taking with continuous readout mode will guarantee that the full
target luminosity of 200 pb−1 can be inspected to select CEP events for the aforementioned glueball
searches and Pomeron characterisation. The expected high integrated luminosity will also allow us to
open up new channels with respect to Run 2 and measure the spectrum of heavy quarkonium states,
e.g. at least 5× 104 χc0 → π+π− decays are expected in CEP events based on cross section estimates
from SUPERCHIC generator [72].

In addition, measurements of open and hidden heavy flavour in photoproduction processes will be pos-
sible. Photoproduction of open charm and bottom is of great interest as a theoretically clean way to
measure gluon distribution functions at low Bjorken-x [73, 74]. The LHC provides higher photon ener-
gies than HERA did, giving access to smaller x values. The presence of a rapidity gap can be used to
separate photoproduction from other channels. Photoproduction of heavy quarkonium is experimentally
much cleaner than open heavy flavor [75] and it also probes gluon distributions, albeit with larger theo-
retical uncertainty than the open heavy flavor. Quarkonium production in pp collisions probes the same
distributions as in proton–nucleus, since the latter is dominated by proton-target interactions. However,
the systematic uncertainties are different, providing an important check, especially at midrapidity, where
there is no ambiguity regarding photon energy.

2.4 Low-mass and low-momentum dileptons

The enhanced strangeness production and the possible onset of collectivity in pp collisions suggest in-
tense rescattering of the constituents during an intermediate stage of the reaction. As discussed in Sec-
tion 2.1, this is in contrast to the standard description of pp collisions, where particle production is
assumed to occur “in vacuum", i.e., in the absence of an interacting medium. Further insight can be
gained from the study of electromagnetic radiation. In an interacting system of charged constituents,
real and virtual photons are emitted and, due to their penetrating nature, are expected to leave the system
without any further interaction. Photons and dileptons are therefore most valuable probes to investigate
the pre-equilibrium dynamics in pp collisions.

The presence of soft photon and dilepton radiation in small collision systems was reported by several
fixed-target and collider experiments in the SPS and ISR energy range (see references in Ref. [5]). The
measured yields are in excess of expectations from known hadronic sources, including bremsstrahlung
off in- and outgoing hadrons, and gave rise to speculations about the existence of an intermediate stage,
possessing considerable interaction of constituents. However, no final conclusion could be drawn on
this issue, also due to partially contradicting experimental findings. In the past decade, several measure-
ments of low-mass dielectron production in pp collisions at RHIC and at the LHC were reported. All
measurements are consistent with the expectations from hadronic decays and reveal no indication for
any significant dielectron excess in pp collisions. On the other hand, the typical low-pT threshold of
0.2 GeV/c for the detection of electrons in such analyses prevents access to the kinematic region of in-
terest at low invariant mass mee and pair transverse momentum pT,ee, where medium effects are expected
to be most pronounced. Major progress in this direction therefore requires to enhance significantly the
experimental sensitivity for electrons with pT < 0.1 GeV/c.

Owing to its low material budget and its superior tracking, vertexing and PID capabilities at low pT,
the ALICE detector is ideally suited for the measurement of soft dielectrons at midrapidity. Another
important experimental aspect was excercised in special campaigns during pp operation in Run 2 at√

s = 13 TeV, where the magnetic solenoid field in the ALICE central barrel was reduced from 0.5
to 0.2 T and a data sample of about 9 nb−1 was collected. In this magnetic-field configuration, the
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single-electron low-pT detection threshold could be reduced to 0.075 GeV/c, which makes possible the
reconstruction of dielectron pairs with vanishing pair transverse momentum down to invariant masses
of 0.15 GeV/c. This sensitivity to soft (di)electrons is unique at the LHC and at RHIC. The analysis of
the ALICE low-field data sample from pp collisions at

√
s = 13 TeV [5] shows a hint for an excess of

dielectron production in the invariant-mass range 0.15<mee < 0.6 GeV/c2, with a combined significance
of 1.6σ , mainly limited by the knowledge of the hadronic decay cocktail at low pT. The excess is most
pronounced in the low pair transverse momentum pT,ee < 0.4 GeV/c region, which was made accessible
by the lower magnetic field, and, at present, cannot be explained by hadronic bremsstrahlung. Also a
calculation of the thermal dielectron yield from a hadronic many-body model that described successfully
low-mass dielectron and dimuon production in heavy-ion collisions at the SPS, RHIC and the LHC fails
to describe the measured excess. The measurement of the multiplicity dependence of the excess, which
may yield important information on the underlying production mechanism, suffers from large statistical
and systematic uncertainties and exhibits no clear trend.

The increased data taking capabilities of the upgraded ALICE detector in pp collisions in Run 3 offer
a unique opportunity for a major advancement in this direction. The collection of 3 pb−1 of minimum
bias pp collisions at

√
s = 13 TeV with reduced magnetic field in the ALICE central barrel implies an

increase in the number of dielectrons by about a factor 300 over the low-field data from Run 2. This
would enable a multi-differential analysis of the dielectron yield as a function of invariant pair mass, pair
transverse momentum, and event multiplicity. At the same time, more precise low-pT measurements of
π0 and η production will result in a reduction of the systematic uncertainty on the hadronic cocktail. The
multiplicity-dependent production yield of π0 and η at low pT can be measured in the two-photon decay
channel, using the well-established photon-conversion method. This will improve the overall systematic
uncertainties by about a factor two. Finally, it is also worth noting that this large sample at low magnetic
field will be useful to extend to low pair transverse momentum and invariant mass the hadronic and
heavy-flavour components of the pp reference for the study of dielectrons in Pb–Pb collisions.

2.5 Complementarity with other experiments

This section gives an assessment of the uniqueness and competitiveness of the proposed measurements
at the LHC. A summary is reported in Table 1.

High-multiplicity studies. The measurements that involve identified light-flavour hadrons, such as pi-
ons, kaons, protons, will be accessible only to ALICE in Run 3. This is the case for the strangeness
production studies, where the hyperon yields have to be normalised to the pion yields (a normalization to
charged particles is prevented by the modified productions of kaons and protons). Also the flow measure-
ments for identified hadrons to precisely test the hydrodynamical expectation of a mass ordering will be
accessible only to ALICE in Run 3, although the ATLAS and CMS experiments could carry out partial
measurements using neutral kaons and hyperons. The CMS experiment will have pion, kaon and proton
identification capability only in Run 4 with the installation of the proposed timing layer in the silicon
tracker [76, 77]. However, particle identification will be limited to p > 0.8 GeV/c: even at large pseudo-
rapidity |η | ≈ 1.4, the minimum accessible transverse momentum will be about 0.4 GeV/c. Therefore,
the ALICE measurement (pT > 0.2 GeV/c) will provide a more complete coverage of the range relevant
for the study of the mass ordering of flow observables. The LHCb experiment is in general limited for
flow measurements because of the limited pseudorapidity coverage. ALICE can use the central barrel
and both backward and forward detectors to limit non-flow effects, which are difficult to eliminate in pp
collisions, for example with the three-subevent technique. The search for energy loss effects in high-
multiplicity pp (and p–Pb) collisions can be carried out in complementary kinematic regions by ALICE
and ATLAS/CMS. The ALICE approach with hadron–jet recoil measurements has unique low pT access,
using reconstructed jets with pT as low as 5 GeV/c [2]. ATLAS and CMS will mainly use γ–jet or Z–jet
events to search for a modification of the jet/boson momentum fraction for jets with pT > 30 GeV/c and
γ/Z with pT > 60 GeV/c [3].
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Light nuclei, hyper-nuclei, baryon–baryon interactions. These measurements require the identifica-
tion of protons and light nuclei (d, 3He, 4He); therefore, they will be accessible only to ALICE in Run 3.
The CMS experiment will have light nuclei identification capability in Run 4 with the installation of the
proposed timing layer in the silicon tracker [76, 77]. However, the precise measurements discussed in
this document would require extended data-taking with a minimum bias trigger. For example, with the
maximum expected minimum-bias rate of 250 kHz, the CMS experiment would have to devote several
months per year of data-taking to integrate a luminosity of the order of 100 pb−1.

B mesons, charmonia, jets. B meson and charmonium measurements down to zero transverse momen-
tum can be carried out only by ALICE and LHCb. The LHCb measurements cover forward rapidity
only, while the ALICE measurements will cover both central rapidity (with full B meson reconstruction,
J/ψ , ψ(2S), χc) and forward rapidity (non-prompt J/ψ , prompt J/ψ and ψ(2S)). The CMS and ATLAS
experiment measure B-meson production for pT > 5 GeV/c and > 8 GeV/c, respectively, due to the
momentum threshold for muon detection and triggering [78, 79]. A measurement by ALICE at lower
pT would provide the necessary reference for Pb–Pb studies and would enable a study of the dead-cone
effect in a kinematic region in which it should be maximal. The production of the X(3872) state is
measured for pT > 10 GeV/c, while there are good prospects to extend it to lower pT with ALICE.

Central exclusive production. The selection of diffractive events requires a broad pseudorapidity ac-
ceptance and low pile-up conditions in order to tag events with only 2–4 tracks at central rapidity and no
activity in the backward and forward regions. In addition, the study of the low invariant mass spectrum to
search for gluonic components among, for example, the f0 states requires the identification of pions and
kaons. Only ALICE and LHCb can contribute to these studies with a complementary rapidity coverage.

Low-mass dielectrons. The measurement that we plan to carry out requires access to electrons with
transverse momentum down to 75 MeV/c and is only possible with ALICE.
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Table 1: Summary of the ALICE unique features and of the expected capabilities of the other LHC experiments
for the measurements proposed in this document.
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3 Data taking and event selection strategy

After the LS2 upgrade most of the ALICE detectors will support continuous readout and will inspect
the full delivered luminosity without a hardware trigger. The exceptions are EMCal, PHOS, TRD,
and HMPID. For these detectors, the maximum readout rate in pp collisions ranges from ∼10 kHz to
∼80 kHz. The baseline plan is to read out HMPID and TRD with a minimum bias or high multiplicity
hardware trigger (from the FIT detector), thus inspecting a fraction of the delivered luminosity. The
events with TRD data will also be used for the calibration of the space-charge distortions of the TPC
drift field using combined ITS-TPC-TRD tracking. EMCal and PHOS have trigger capabilities, and can
run in self-triggered mode in order to inspect more than 90% of the delivered luminosity.

For the pp programme, the data taking foresees an approach similar to what will be done during for
Pb–Pb [80, 81]: data from all interactions will be shipped to the Online–Offline system (O2) and fully
calibrated and reconstructed in two stages, as described in more detail in the next Section. For the low-
field data taking (about three weeks), the plan is to reconstruct and use for analysis all of the recorded
data. For the full-field part of the pp programme, it will not be possible. As soon as the data are
reconstructed, data selection algorithms will skim the events of interest and delete the remaining.

Four main classes of variables can be used separately or in combination to select the events:

1. Event multiplicity and topology: with the use of the ITS tracklets or full tracks it is possible to
select events with very high multiplicity (up to 16 times the average multiplicity of pp collisions
with Lint = 200 pb−1). This kind of selection relies on the reconstruction of the primary vertex
using the first three layers of the ITS. CEP events can be selected using the reconstructed tracks,
in combination with a veto on signals in the forward and backward FIT detectors.

2. Particle Identification: after the second stage of the reconstruction, the full calibration of the TPC
dE/dx information will be available as well as the full information of the tracks timing from TOF.
These quantities will be used to select 3He and 4He nuclei and charmonia in the e+e− decay
channel. Particle identification from slower detectors like TRD and HMPID will be limited to
the events where their information is avalaible. Thanks to the Muon Spectrometer upgrade, muon
identification in the forward region will be available for the full recorded luminosity and will be
used to select events with forward quarkonium candidates.

3. Decay topology reconstruction: the precise reconstruction of decay vertices of D and B mesons
and of Ω particles using the combined information of TPC and ITS tracking will be used to select
events that contain a candidate.

4. Photon and jet reconstruction: the electromagnetic calorimeters EMCal and PHOS will self-trigger
on photons and jets. A moderate hardware trigger threshold could be combined with a further
software based selection.

A list of the main event selection streams for the full-field pp program is presented in Table 2, where
tentative selection criteria and corresponding rejection factors are shown for each stream. The list is
not exhaustive but contains the main expected contributions to the total event selection rate. With the
rejection factors listed in the table, the total rejection will be about 1.7×103, meaning that 0.06% of the
events will be selected, i.e. if the interaction rate is 500 kHz the rate of selected events is 300 Hz. On top
of the selected events, a dedicated stream for non-rare events will also be needed as a control sample,
for normalisation, for minimum bias physics, and for the TPC space-charge distortion calibration (when
TRD data are available). Development is ongoing to optimise the selectivity for such a stream by means
e.g. of selection techniques based on time intervals instead of single events. In order to account for these
needs and for the possible addition of extra selection streams, a total rejection of about 103 is assumed
for the computing resource estimates presented in Section 4.
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Table 2: Provisional event selection menu and rejection factors for pp data taking in Run 3.

Stream Selection Rejection factor
High multiplicity Track(let) multiplicity selection, Nch/〈Nch〉 ≥ 7 104

Diffractive Event topology + mππ >1 GeV/c2 2×104

Nuclei (Z=2) Loose PID cuts, nσ (3He)>−5 105

Ω or Ω All cascade topology candidates 104

Jet and γ EMCal patch energy >20 GeV 7×103

Open charm and beauty Heavy flavour vertexing using PID 104

Quarkonium (fwd-y) mµµ > 2 GeV/c2 8×104

J/ψ (mid-y) 2 e candidates, -3< nσ (e)< 4, nσ (p)> 2, nσ (π)> 2 2×104

4 Data processing and computing requirements

The computing model for Run 3 was presented in the TDR for the Upgrade of the Online-Offline (O2)
Computing System [80] and updated in the “Evolution of the O2 system” [81]. Data will be recorded
in continuous readout mode and the data stream will be split into time frames with a duration of 10 ms.
The reconstructed-data types in Run 3 are the Compressed Time Frame (CTF), which will contain the
processed data of all active detectors, and the Analysis Object Data (AOD), which will contain the final
track parameters at a given vertex and for a given collision, as well as calorimeter clusters and the signal
amplitudes of particle-counting detectors. The detector data will first be processed on the O2 computing
facility, including cluster finding and fast-tracking relying on approximate detector calibrations. This
processing step, the “synchronous reconstruction”, occurs during data taking. The resulting CTFs con-
tain, in a 10 ms time frame, the information from up to 500 (5000) overlapping events of Pb–Pb (pp)
collisions at 50 kHz (500 kHz) interaction rate and they will be temporarily stored on a 60 PB disk
buffer connected to the O2 facility with fast network. The subsequent CTF processing is done in two
“asynchronous reconstruction” passes, analogue to Run 2 RAW-data reconstruction, that produce the
analysis-ready AODs. The first pass starts as soon the offline calibrations and alignment are completed
and takes place at the Tier0, at the Tier1 centres, and in the unused part of the O2 facility.

The O2 computing facility, composed of First Level Processors (FLPs) and Event Processing Nodes
(EPNs), is dimensioned to perform the synchronous processing of the data recorded in Pb–Pb collisions
at a 50 kHz peak interaction rate. During pp data taking at an interaction rate of 500 kHz, the synchronous
processing requires 12.5% of the EPN resources. The final configuration of the EPN nodes of the O2

facility has recently been defined. The farm will consist of 250 nodes with 2 32-core CPUs and 8 GPUs
for each node, totaling about 320 kHS06 of CPU capacity and 2000 GPUs.

Considering that the full capacity of the O2 computing facility (CPU+GPU) is used during the one month
of Pb–Pb data taking and during one month after data taking for calibrations, the O2 computing facility is
available for other tasks during ten months. Over this period one third of the Pb–Pb asynchronous recon-
struction will be performed in the O2 computing facility. Efforts are ongoing to use more GPU resources
for asynchronous reconstruction which will allow for a reduction of the impact of Pb–Pb reconstruction
and for accommodating the pp synchronous and asynchronous processing on the O2 computing facility.

About 210 days of data taking (7 months) per year at an interaction rate of 500 kHz with 35% LHC
efficiency yield an integrated luminosity of 40 pb−1 per year. This corresponds to 3.2× 1012 inelastic
collisions and 79 PB of total CTF output size (the average CTF size per collision is 25 kB), i.e.≈ 2.6 PB
per week. During the pp data taking, the synchronous reconstruction will run to assemble the full time
frame, carry out TPC track finding using an approximate calibration and partial reconstruction of ITS
and TRD to a level that allows precise calibration to be done in subsequent processing steps. Data will be
compressed into a CTF format and stored to the O2 disk buffer. The first pp asynchronous pass will begin
with a delay of about two weeks after the start of data taking, but four weeks are considered hereafter as
a contingency measure. This time is needed to produce and adjust the detector calibration objects so that
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the asynchronous processing stage will process the final reconstruction using the final calibration. At
this stage, all detectors are included in the reconstruction and global track fitting, primary and secondary
vertexing and particle identification are performed. Therefore, at this processing stage it is possible to
skim the interesting physics events (see Section 3). At the end of event selection the original CTFs will
be further compressed by removing all the information not associated to interesting events.

Estimate of storage requirements. The event selection for the full-field data taking, as described in the
previous Section, will tag about 0.1% of the events. For each tagged event — and in order to include TPC
clusters potentially belonging to the secondary tracks that are not pointing to the primary vertex, e.g. from
Ω or hyper-nuclei decays — all clusters attached to tracks that point to the tagged primary vertex within
a fiducial region of ±30 cm along the beam direction are kept. Therefore, with an interaction rate of
500 kHz, 12 events per selected event will be kept, which corresponds to 1.2% of the original CTF size.
For the total of Lint = 200 pb−1, the selected CTF size amounts to about 5 PB. For the low-field minimum
bias data sample, the total data volume, corresponding to Lint = 3 pb−1, amounts to about 8 PB (30%
larger event size with respect to the full-field case is considered, due to the lower pT cutoff). The total
amount of tape storage needed for the full pp data sample outlined in this document amounts to 13 PB.
Assuming the AOD size to be about 10% of the CTF size, the disk volume needed to store the AODs
amounts to about 3 PB for two reconstruction passes.

Estimate of O2 computing requirements. The processing resources needed for the asynchronous pass
can be estimated from the Table 4.3 of Ref. [81], where a total of 8285 s are considered for the processing
of 1000 Pb–Pb collisions on a single worker node with a CPU capacity of 22.7 HS06. By scaling
from Pb–Pb to pp particle multiplicity, and taking into account a contingency factor of 10% for the
larger overhead expected in the pp event reconstruction, the computing power for the pp asynchronous
reconstruction pass could be assessed at about 2.65 HS06×s per collision. Figure 8 (upper panel) shows
the maximum accumulated CTF size (blue line) as a function of the processing capacity effectively
available for the pp asynchronous pass, in the hypothesis that the asynchronous pass starts four weeks
after the start of pp data taking. Here, a pp data taking period of 210 days with an overall LHC efficiency
of 35% at an interaction rate of 500 kHz is considered. During years following a Pb–Pb run, according to
the Run 3 computing model, 2/3 of the Pb–Pb CTF files will be kept on the O2 disk buffer and processed
for most of the year, while 1/3 will be moved to Tier1s in the months following the data taking and
will be processed there, making available 20 PB of disk buffer. The maximum accumulated CTF size
is below the currently foreseen available disk buffer size of 20 PB if the processing capacity is at least
450 kHS06. The lower panel of Fig. 8 shows the profile in time, during a yearly pp run at 500 kHz
interaction rate, of the total CTF data size (grey line) produced by the synchronous processing of all
collisions and of the total occupied disk buffer (blue line) when a 450 kHS06 processing capacity is
employed for the first asynchronous processing and event selection at the O2 computing facility. More
accurate estimates of the needed computing resources will be available in the coming months, after the
Production Readiness Review of the reconstruction software. While the asynchronous reconstruction
software for the CPUs is almost finalized, the version to exploit the GPU features is under development.
A factor of about two reduction of the CPU capacity requirement of 450 kHS06s for the pp asynchronous
pass may be confidently expected by offloading part of the processing to GPUs and by optimizing the
present software. Under this assumption, the processing capacity of the O2 computing facility will allow
to accommodate the pp data acquisition at 500 kHz (estimated as 12.5% of the total O2 facility processing
capacity) and their offline reduction in the first year of Run 3. In the following years, from 2023, the pp
asynchronous pass would be accommodated by processing on the Tier-0 a fraction of the Pb–Pb sample
larger than the originally-planned 1/3. This would require a moderate additional increase of about 5%
per year from 2023 of the ALICE CPU resources at the Tier-0 with respect the projected growth of 15%
per year. Within this budget and with further software optimization, an increase of the readout rate to 1
MHz will be feasible starting from 2024.
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Fig. 8: Upper panel: Required disk buffer as a function of the processing capacity employed for the asynchronous
reconstruction of the pp data collected at 500 kHz interaction rate, under the assumption that the processing will
start four weeks after the beginning of data taking. Lower panel: Total CTF data size (grey line) produced by the
synchronous processing of the 500 kHz pp interaction rate collisions as a function of time in the year and total
occupied disk buffer (blue line) when 450 kHS06 processing capacity is used for the asynchronous reconstruction
of the data. In both panels: The dot-dashed (dashed) horizontal line indicates the O2 disk buffer available in years
preceded (not preceded) by a Pb–Pb run.

Estimates of GRID computing requirements. The reduced pp CTFs will be exported and subsequently
processed for the second asynchronous pass on the Tier0 and the Tier1s, while the simulation could be
run on all Tier levels. The CPU resources necessary to perform the second asynchronous pass of the full-
field pp data will be marginal (13 kHS06 for 90 days per year), because the events are highly selected,
whereas the two asynchronous passes for the low-field data sample (for which no event selection is
foreseen) require 55 kHS06 for 175 days per pass, which corresponds to about 10% of the CPU capacity
needed for the asynchronous pass of the Pb–Pb data sample.

A first estimate of the CPU and disk resources for Monte Carlo (MC) simulations, considering a number
of simulated events equal to that of selected data events and the usage of MC-embedding for the pileup,
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amounts to about 90 kHS06 and a few hundred TB for each full-field data taking year. Sharing the
needed 90 kHS06 among the 3 Tier levels, the total CPU requirement will amount to about 6% of the
Tiers CPU capacity. The estimate of the computing resource needs for the simulation anchored to the
low-field data sample depends on the ratio between generated and collected events. If this ratio is kept
at the level of 1%, the required CPU capacity will correspond to about 10% of the CPU capacity needed
for the simulation of Pb–Pb data sample per year. In summary, the overall impact of the high-energy pp
programme on the GRID computing will be of about an additional 10% per year from 2023 with respect
to the projected resources.

5 Radiation load estimates

The extended pp programme proposed in this document will largely increase the total radiation dose
on the various components of the ALICE apparatus during Run 3, because the total number of charged
particles per unit of rapidity for pp collisions at

√
s = 14 TeV with Lint = 200 pb−1 is about 3 times larger

than for Pb–Pb collisions at
√

sNN = 5.5 TeV with Lint = 6.5 nb−1 (half of the goal for Runs 3+4).

The radiation dose was estimated using detailed simulations of the ALICE apparatus, including all pas-
sive materials, based on the FLUKA transport package [82] and are reported in Ref. [83]. Table 3 reports
the results for Runs 3+4 with the original running scenario and with an extended scenario that includes pp
collisions at

√
s = 14 TeV with Lint = 200 pb−1 and p–Pb data taking extended to the target of 0.5 pb−1

proposed by the HL-LHC workshop WG5 [3]14. The radiation from beam-induced background during
the LHC pp operation is also included: this background contributes to the Total Integrated Dose (TID)
only if ALICE takes data (detectors powered), while it contributes to the Non-Ionizing Energy Loss
(NIEL) also if the detectors are off. The background rate scales with the vacuum pressure in the long
straight section of the LHC (LSS2) nearby the ALICE interaction point. In the tables, the values outside
brackets are obtained with background level corresponding to the average vacuum pressure measured
during Run 2 (10−10 mbar): in this case the contribution from the background is negligible with respect
to that from the collisions. However, since the dynamic vacuum pressure is very sensitive to the beam
conditions, which will change significantly after LS2, a more conservative value of 2.3× 10−9 mbar is
also considered and leads to the values reported in brackets. The values for the TID and NIEL increase
by a factor about 4 with the extended programme. The high-energy hadron fluence and charged-particle
fluence rates reported in the tables for Pb–Pb collisions at

√
sNN = 5.5 TeV at the interaction rate of

50 kHz are larger by a factor about 2 with respect to those for pp collisions at
√

s = 14 TeV at the inter-
action rate of 500 kHz (not reported in the tables). For completeness, also the radiation values for one of
the years of Run 3 with extended pp running and a Pb–Pb run are reported, see Table 4.

The resulting values for TID and NIEL for Runs 3+4 in the detectors that are closest to the interac-
tion point (ITS L0, L1, L2, and MFT) are similar to those for which the ALPIDE sensor of the ITS
and MFT was validated with irradiation tests for the Production Readiness Review [84]. More pre-
cisely, the ALPIDE was validated for a radiation load of up to 1.7×1013 1 MeV Neq (NIEL) and about
400 krad. The results indicated that, after receiving such a radiation dose, the ALPIDE chip preserves its
full functionality and detection performance, but the operational margin is reduced by about one third.
Concerning the radiation damage induced by TID, it is important to note that the vast majority of the
measurements on ALPIDE samples was carried out with dose rates (krad/s) that are 1000 times larger
than those from LHC collisions. Since radiation damage from TID is dose-rate sensitive, a few measure-
ments were carried out at lower dose rate, but still 20 times higher than from collisions. The results of
these measurements indicated that the ALPIDE chip preserves its performance even when irradiated at
doses in excess of 2 Mrad. However, the results at 2 Mrad are relative to measurements done with only
a handful of circuits. As for the Readout Units (RU), their radiation tolerance is of 10 krad, which is one

14The discussion of this extended p–Pb programme goes beyond the scope of the present document and will be part of a
future proposal for the specific scheduling of the LHC heavy-ion periods of Runs 3 and 4.
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Table 3: TID and NIEL weighted 1-MeV-neq fluence for the original running scenario of Run 3 and Run 4
(13 nb−1 Pb–Pb + 50 nb−1 p–Pb + 6 pb−1 pp collisions) and for the extended scenario (13 nb−1 Pb–Pb + 500 nb−1

p–Pb + 200 pb−1 pp collisions). The high-energy hadron fluence rate and charged-particle fluence rate for Pb–Pb
collisions at an interaction rate of 50 kHz are also reported. The numbers correspond to the average values in the
given z interval while the numbers in brackets refer to the peak value inside this interval. The values are obtained
with the upgraded ITS and beam pipe geometry and they are reported only for the ITS layer (L0) and MFT disk
(D2) with the highest dose, as well as for the readout units (RU) and the FIT1 detector. From Ref. [83].

Table 4: TID and NIEL weighted 1-MeV-neq fluence for one year in Run 3 with 3 nb−1 Pb–Pb + 45 pb−1 pp
collisions. Adapted from Ref. [83].

order of magnitude larger than the expected load reported in Table 3.

In conclusion, the ALPIDE chip was validated to radiation values well above (factor ∼ 5 for hadron
fluency and ∼ 2 for TID) those projected for Run 3 and Run 4, including the extended pp campaign.
Measurements carried out on a small set of circuits at more realistic dose rates indicate that the safety
margin might be significantly larger.
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