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Hallmarks of Quantum Chromodynamics (QCD)

    Asymptotic freedom                                      Confinement                              Chiral symmetry breaking 

     Vanishing of strong                                 Quarks are never alone                  Origin of 95% of observable  

    force at high energy                                                                                                       mass in universe 2

Phys. Rep. 343 (2001) 1-136

35 9. Quantum Chromodynamics

more than three jets in the final state. A selection of results from inclusive jet [429, 443, 600–605],
dijet [451], and multi-jet measurements [385, 387, 388, 429, 606–610] is presented in Fig. 9.3, where
the uncertainty in most cases is dominated by the impact of missing higher orders estimated through
scale variations. From the CMS Collaboration we quote for the inclusive jet production at

Ô
s = 7

and 8 TeV, and for dijet production at TeV the values that have been derived in a simultaneous
fit with the PDFs and marked with “*” in the figure. The last point of the inclusive jet sub-field
from Ref. [605] is derived from a simultaneous fit to six datasets from di�erent experiments and
partially includes data used already for the other data points, e.g. the CMS result at 7 TeV.

The multi-jet –s determinations are based on 3-jet cross sections (m3j), 3- to 2-jet cross-section
ratios (R32), dijet angular decorrelations (RdR, RdPhi), and transverse energy-energy-correlations
and their asymmetry (TEEC, ATEEC). The H1 result is extracted from a fit to inclusive 1-, 2-,
and 3-jet cross sections (nj) simultaneously.

All NLO results are within their large uncertainties in agreement with the world average and
the associated analyses provide valuable new values for the scale dependence of –s at energy scales
now extending up to almost 2.0 TeV as shown in Fig. 9.4.
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Figure 9.4: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).
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Unlocking the QCD Lagrangian 

Can be approximated in high energy limit - perturbative QCD 

✓E.g. Running of strong coupling αs, cross sections of hard processes  

Can be partially solved in low energy limit - Lattice QCD 

✓E.g. QCD potential at large distances, mass of hadrons 

Untractable for dynamical low energy processes  

✓E.g. Space-time structure of hadron/nuclear structure, hadron formation..
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Q momentum exchange 

High energy 
Q >> λQCD = 200 MeV 

Low energy 
Q ~ λQCD
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Emergence of the Quark-Gluon Plasma
Lattice QCD predicts rapid change in 
hadronic thermodynamic properties around 
Tc=156 MeV of many-body system 

Formation of Quark-Gluon Plasma (QGP) 

✓ Quarks & gluons no longer confined 

Crossover phase transition for matter-
antimatter symmetric system 

✓ Accompanied by Chiral Symmetry 
Restoration  
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“Standard Model” of Heavy-Ion collisions 
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Machines that collide heavy-ions
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The QCD Phase Diagram
QGP produced at LHC has highest temperatures 
and largest matter-antimatter symmetry 

✓ Early universe in this state ~10-6 seconds 
after big bang 

Ongoing dedicated high energy program at RHIC 

✓ STAR and new sPHENIX detector 

Lower energies at SPS (CERN), RHIC, FAIR, 
NICA search for QCD critical point and 
thresholds of QGP formation
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Major QGP discoveries at RHIC (2000s)

                    Perfect liquid                                    High-momentum hadron suppression  
              Elliptic flow achieves                                  Partons lose energy in the QGP  
              hydrodynamic limit 8

RHIC Scientists Serve 
Up 'Perfect' Liquid 

the main motivation of the cumulant method. The two meth-
ods are very different in their practical implementation. The
cumulant method no longer requires one to construct subev-
ents or to correct for the event-plane resolution. All flow
estimates are derived from a single generating function of
azimuthal correlations. Constructing this generating function,
however, requires more computer time than the standard flow
analysis. Another significant difference between the two
methods is that the cumulant method takes naturally into
account azimuthal asymmetries in the detector acceptance.
Hence the flattening procedures and the cuts in phase space,
which are required in the event-plane method in order to
minimize the effects of these asymmetries, are no longer
required. The price to pay for all these enhancements is in-
creased statistical errors.
We have obtained the first direct, quantitative evidence for

collective motion at these energies: elliptic flow at
158A GeV has been reconstructed independently from genu-
ine four-, six-, and eight-particle correlations, and all three
results agree within statistical errors !Fig. 21, top left". This
is confirmed at both energies by differential analyses of el-
liptic flow !as a function of rapidity or transverse momen-
tum" from genuine four-particle correlations. In the case of
directed flow, nonflow correlations due to momentum con-
servation, which are large, have been subtracted. Further-
more, a new method of analysis from three-particle correla-
tions, which is unbiased by nonflow correlations, has been
implemented for the first time at both energies.
The directed flow of protons reveals a structure which is

characteristic of ultrarelativistic energies, and is not present
at AGS energies. A clear separation appears for the first time
between the central rapidity region, where the proton v1 is
essentially zero, and the target-projectile fragmentation re-
gion, where it is large. Indeed, at 40A GeV, significant di-

rected flow is observed only at the most forward rapidities
covered by the detector acceptance !Fig. 17, right". At
158A GeV, where the acceptance covers smaller values of
the scaled rapidity, v1 values are consistent with zero !Fig.
14, right", within statistical errors and possible contributions
by nonflow effects. In the fragmentation region, on the other
hand, large v1 values have been observed by WA98 #78$. At
both energies, the first observation of the ‘‘wiggle’’ !i.e., a
negative slope of the proton v1 near midrapidity" is reported,
but there are indications that it may be due to nonflow ef-
fects.
Surprisingly, the directed flow of pions does not follow

the same behavior as that of protons. While the proton v1 at
central rapidity is much smaller than at AGS energies, the
pion v1 remains essentially of the same magnitude. It be-
comes even larger, in absolute value, than the proton v1.
This amazing phenomenon, which has never been observed
at lower energies, clearly indicates that the proton v1 and the
pion v1 have different physical origins. The directed flow of
pions behaves similarly at the two beam energies, both in
magnitude and in shape. It has a peculiar, essentially flat,
transverse momentum dependence !Figs. 13 and 16, left". Its
centrality dependence is also quite remarkable: it increases in
magnitude steadily without saturating up to the most periph-
eral collisions !Fig. 20, top, and Fig. 21, bottom".
Elliptic flow becomes the dominant azimuthal anisotropy

at ultrarelativistic energies. While it is smaller than directed
flow up to the top AGS energy, here it becomes larger al-
ready at 40A GeV. This is again an indication that SPS is
probing the truly ultrarelativistic regime. As a consequence
of the larger value, our estimates of v2 are more accurate
than our estimates of v1. As a function of transverse momen-
tum, v2 increases almost linearly for pions, and more qua-
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FIG. 25. !Color online" v2 /% as a function of particle density. The v2 values are for near midrapidity (0!y!0.6 for 40A GeV and 0
!y!0.8 for 158A GeV). The results of NA49 pion v2 are compared to charged particle v2 measured by E877 and STAR. The meaning of
the horizontal lines !hydro limits" and of the arrow will be discussed in Sec. VI.

DIRECTED AND ELLIPTIC FLOW OF CHARGED PIONS . . . PHYSICAL REVIEW C 68, 034903 !2003"

034903-29

(a) Magnitude of the suppression and medium properties.Figure 1 (right) shows the high-pT
π0 spectrum measured at √sNN = 200 GeV in central AuAu [5] compared to the pp [6] and NLO
pQCD [7] spectra scaled by TAA. The AuAu data are suppressed by a factor of 4 – 5 with re-
spect to the pp results. The corresponding RAA(pT ), Eq. (1), is shown in Fig. 2 (left). Above
pT ≈ 5 GeV/c, π0 [14], η [15], and charged hadrons [16,17] show all a common factor of ∼5
suppression relative to the RAA = 1 expectation that holds for hard probes, such as direct pho-
tons [18,19], which do no interact with the medium. The AuAu high-pT suppression can be well
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Fig. 2. Left: RAA(pT ) in central AuAu at 200 GeV for π0 [5], η [15], charged hadrons [16], and direct γ [18,19] compared
to the GLV model (dNg/dy = 1400, yellow curve) [20]. Right: RAA(pT ) for π0’s at SPS [21,22] and RHIC [5] compared
to GLV calculations (dNg/dy = 400, 1400) and to predictions for central PbPb at √sNN = 5.5 TeV (yellow bands) [23]:
GLV (dNg/dy = 2000 – 4000) and PQM (〈q̂〉 ≈ 30 – 80 GeV2/fm).

reproduced by parton energy loss calculations in a very dense system with initial gluon rapidity
densities dNg/dy≈ 1400 (Gyulassy-Lévai-Vitev curve in Fig. 2, left) [20], transport coefficients
q̂≈ 13 GeV2/fm [5,24], or plasma temperatures T ≈ 0.4 GeV [25]. The consistency between the
extracted q̂, dNg/dy and T values in the various models has been studied e.g. in [4,26]. Whereas
the agreement between the fitted thermodynamical variables dNg/dy and T is good, the values
of the transport parameter q̂ favoured by the data are 3 – 4 times larger than perturbative esti-
mates [9]. An accord between the obtained q̂ and dNg/dy can only be achieved assuming parton-
medium cross-sections much larger than the σgg ≈ 1.5 mb LO expectation. Such an observation
lends support to the strongly-coupled nature of the QGP produced at RHIC [27].

(b) Centre-of-mass energy dependence. As one increases the collision energy in nucleus-
nucleus collisions, the produced plasma reaches higher energy and particle densities, the system
stays longer in the QGP phase, and correspondingly the traversing partons are more quenched.
Figure 2 (right) compiles the measured RAA(pT ) for high-pT π0 in central AA collisions in the
range √sNN ≈ 20 – 200 GeV compared to parton energy loss calculations that assume the forma-
tion of a QGP with initial gluon densities in the range dNg/dy≈ 400 – 1400 [20,28] or, equiva-
lently, averaged transport coefficients 〈q̂〉 ≈ 3.5 – 13 GeV2/fm [24]. The theoretical predictions
reproducewell the magnitude and shape of the experimental data. The SPS RAA(pT ) [21], though
consistent with unity [22], is suppressed compared to the “Cronin enhancement” observed in pe-
ripheral PbPb and pPb collisions at the same √sNN [29].
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QGP discoveries at RHIC and LHC (2010s)

                    QGP is everywhere?                                Charm flow and quenching 

     Small systems exhibit QGP behavior        Heavy quarks couple with QGP medium 9

ALICE Review Paper 
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Figure 2: (Left) Nuclear modification factor of D-mesons: (Left) experimental data in 0–

10% Pb+Pb (
p
sNN =5.02TeV) collisions by ALICE (49) and CMS (43) at the LHC, and

in 0–10% Au+Au (
p
sNN =200GeV) collisions by STAR (48) at RHIC; (Right) theoretical

calculations for 0–10% Pb+Pb (
p
sNN =5.02TeV) collisions (28, 51, 52, 53, 54, 55, 56, 57,

58, 59, 60, 62, 63).

close agreement, within current uncertainties, is also found for the RAA data, both between

ALICE and CMS as well as between LHC and RHIC data. This is not trivial given the

di↵erences caused by the factor of ⇠25 di↵erence in collision energy: e.g., the primordial pT
spectra of heavy quarks in p+p collisions are much steeper at RHIC than at the LHC, and

the initial medium temperature is expected to be significantly higher at the LHC. Future

data to be taken with the upgraded ALICE detector and high-statistics CMS capabilities

www.annualreviews.org • Open Heavy Flavor 7

Enhanced production of multi-strange hadrons in high-multiplicity pp ALICE Collaboration
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Fig. 2: pT-integrated yield ratios to pions (p+ + p�) as a function of hdNch/dhi measured in |y| < 0.5. The
error bars show the statistical uncertainty, whereas the empty and dark-shaded boxes show the total systematic
uncertainty and the contribution uncorrelated across multiplicity bins, respectively. The values are compared to
calculations from MC models [30–32] and to results obtained in p–Pb and Pb–Pb collisions at the LHC [6, 10, 11].
For Pb–Pb results the ratio 2L / (p++p�) is shown. The indicated uncertainties all represent standard deviations.

The pT-integrated yields are computed from the data in the measured ranges and using extrapolations
to the unmeasured regions. In order to extrapolate to the unmeasured region, the data were fitted with
a Tsallis-Lévy [10] parametrization, which gives the best description of the individual spectra for all
particles and all event classes over the full pT range (Figure 1). Several other fit functions (Boltzmann,
mT-exponential, pT-exponential, blast-wave, Fermi-Dirac, Bose-Einstein) are employed to estimate the
corresponding systematic uncertainties. The fraction of the extrapolated yield for the highest(lowest)
multiplicity event class is about 10(25)%, 16(36)%, 27(47)% for L, X and W, respectively, and is negli-
gible for K0

S
. The uncertainty on the extrapolation amounts to about 2(6)%, 3(10)%, 4(13)% of the total

yield for L, X and W, respectively, and it is negligible for K0
S
. The total systematic uncertainty on the

pT-integrated yields amounts to 5(9)%, 7(12)%, 6(14)% and 9(18)% for K0
S
, L, X and W, respectively. A

significant fraction of this uncertainty is common to all multiplicity classes and it is estimated to be about
5%, 6%, 6% and 9% for K0

S
, L, X and W, respectively. In Figure 2, the ratios of the yields of K0

S
, L, X

and W to the pion (p++p�) yield as a function of hdNch/dhi are compared to p–Pb and Pb–Pb results at
the LHC [6, 10, 11]. A significant enhancement of strange to non-strange hadron production is observed
with increasing particle multiplicity in pp collisions. The behaviour observed in pp collisions resembles
that of p–Pb collisions at a slightly lower centre-of-mass energy [11], in terms of both the values of the
ratios and their evolution with multiplicity. As no significant dependence on the centre-of-mass energy
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Unique QGP studies at the LHC

                    Charmonium                                                 Full jet reconstruction over widest kinematics    
Regeneration evidence of deconfinement           Probes of microscopic QGP structure at various scales  10

The ALICE experiment - A journey through QCD ALICE Collaboration
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Figure 55: The nuclear modification factor as a function of the charged hadron multiplicity. For ALICE and STAR
results, the selection pT > 0.15 GeV/c minimises the contribution of photoproduced J/y [698]. (Top) Comparison
between SPS (NA50) [670], RHIC (STAR) [681] and LHC (ALICE) [418] results; (bottom) the ALICE results
compared with theoretical calculations (SHM [699], Comovers [700], TM-TAMU [701], TM-Tsinghua [666]).

Other valuable insights on the mechanisms at play can be obtained by considering the pT dependence
of the RAA and v2 of the J/y . In the top panel of Fig. 56 results on the nuclear modification factor
are presented for the two rapidity ranges accessed by ALICE, |y| < 0.9 (e+e� decay) and 2.5 < y < 4
(µ+µ� decay), for central Pb–Pb events [418]. The significant rise of RAA at low-pT, where the bulk of
charm production occurs, with this effect being stronger at midrapidity, strongly hints at the presence of
(re)generation as a dominant mechanism in this transverse momentum range. Remarkably, at higher pT
there is no rapidity dependence for the strong suppression, and the RAA values become compatible with
those measured for charged hadrons (see Fig. 45 in Sec. 2.4.2). This observation may suggest parton
energy loss, as in the case of J/y production from the splitting of a hard gluon, as a significant effect in
this kinematic range [706, 707], even if a quantitative description inspired to NRQCD underestimate the
measured RAA [708] . In the bottom panel of Fig. 56 the pT dependence of v2 for Pb–Pb collisions in
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8 Discussion

Figure 6 compares the photon-tagged jet 'AA results to the previously published ATLAS inclusive jet
results [8]. The 'AA of photon-tagged jets is significantly higher than the corresponding values for
inclusive jets for ?jet

T < 200 GeV. For ?jet
T > 200 GeV, the statistical and systematic uncertainties in the

photon-tagged jet results are larger and the two sets of 'AA values become compatible.
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Figure 6: The 'AA of photon-tagged jets (filled squares) as a function of ?jet
T for 0–10% Pb+Pb events are overlaid

with that of inclusive jets [8] (open circles) in the same centrality range for comparison. The vertical bars associated
with symbols indicate the statistical uncertainties. The total systematic uncertainties are shown as boxes in each ?

jet
T

bin. The shaded bars on the left of the axis at 'AA = 1 indicate the ?T-independent uncertainties associated with the
luminosity in pp collisions and h)AAi for 0–10% Pb+Pb collisions, respectively.

A primary goal of this measurement is to isolate the e�ect of colour charge on jet quenching. Indeed, in the
range of ?jet

T where the quark-initiated fraction is significantly higher in photon-tagged jets (see Figure 1),
the 'AA is significantly higher than that for inclusive jets. However, the 'AA is known to depend on the
shape of the initial production spectrum with, e.g., a steeper spectrum resulting in a lower 'AA for the
same magnitude of energy loss. Indeed, Figure 4 shows that although the jet ?T spectra for photon-tagged
and inclusive jets are both steeply falling, the latter is systematically steeper than the former. Thus, it is
important for theoretical calculations attempting to describe the 'AA results to first correctly describe the
photon-tagged and inclusive jet cross-sections in pp collisions, i.e., before applying any jet quenching.

8.1 Fractional energy loss analysis

An alternative way to characterize the energy loss with a greatly reduced sensitivity to the spectral shape is
through the fractional energy loss quantity, (loss, introduced in Section 1.

To determine (loss for the photon-tagged jet case, the distributions in pp and Pb+Pb collisions are fit using
the ‘extended power law’ function introduced in Ref. [14], 5 (?T) = �(?T,0/?T)=+V log(?T/?T,0) , in the
region ?T > 100 GeV. An initial estimate of �?T in Eq. (2) is performed by first assuming that the Jacobian
term in Eq. 3,

�
1 + d�?T/d?pp

T

�
, is unity, i.e. d�?T/d?pp

T = 0, and determining �?T(?pp
T ) from the fitted

14
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Figure 3: Experimental p–X�
and p–W�

correlation functions. a, b, Measured p–X� (a) and p–W� (b) cor-
relation functions in high multiplicity pp collisions at

p
s = 13 TeV. The experimental data are shown as black

symbols. The black vertical bars and the grey boxes represent the statistical and systematic uncertainties. The
square brackets show the bin width and the horizontal black lines represent the statistical uncertainty in the de-
termination of the mean k

⇤ for each bin. The measurements are compared with theoretical predictions, shown as
coloured bands, that assume either Coulomb or Coulomb + strong HAL QCD interactions. For the p–W� system
the orange band represents the prediction considering only the elastic contributions and the blue band represents
the prediction considering both elastic and inelastic contributions. The width of the curves including HAL QCD
predictions represents the uncertainty associated with the calculation (see Methods section ’Corrections of the cor-
relation function’ for details) and the grey shaded band represents, in addition, the uncertainties associated with the
determination of the source radius. The width of the Coulomb curves represents only the uncertainty associated
with the source radius. The considered radius values are 1.02± 0.05 fm for p–X� and 0.95± 0.06 fm for p–W�

pairs, respectively. The inset in b shows an expanded view of the p–W� correlation function for C(k⇤) close to
unity. For more details see text.

potential, the resulting correlation function is lower. This is due to the presence of the bound state in
the p–W� case [46]. If we consider all four isospin and spin components of the p–X� interaction [11]
the prediction for the global p–X� correlation function is lower than that for p–W�. Experimentally,
as shown in Fig. 3, the less attractive strong p–X� interaction translates into a correlation function that
reaches values of 3 in comparison with the much higher values of up to 6 that are visible for the p–W�

correlation. The theoretical predictions shown in Fig. 3 also include the effect of the Coulomb interaction.

Regarding the p–X� interaction, it should be considered that strangeness-rearrangement processes can
occur, such as pX� ! LL , SS , LS . This means that the inverse processes (for example, LL ! pX�)
can also occur and modify the p–X� correlation function. These contributions are accounted for within
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Neutron stars go under the LHC microscopeDead-cone effect exposed by ALICE

Charm hadronisation differs at the LHCNext: Isolate medium-induced radiation

ALICE, Nature 605 (2022) 440

42

In Pb+Pb, radiation in the dead cone is unambiguously induced by the medium 
 confirmation of key theoretical picture of QCD in-medium radiation⇒

13
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Observation of dead cone for charm in pp!

https://www.symmetrymagazine.org/article/neutron-star-particles-go-under-the-lhc-microscope
https://cerncourier.com/a/dead-cone-effect-exposed-by-alice/
https://home.cern/news/news/physics/alice-finds-charm-hadronisation-differs-lhc
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● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
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The ALICE detector (2010s)

Broad momentum acceptance probes all aspects of QGP 
behaviour 

✓ World leading particle identification 121−10 1 10 2100
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Looking ahead at the LHC
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ALICE 2 in the 2020s 

Recent upgrades to TPC, ITS and new MFT for Run 3 (and many others). New FoCal and ITS3 in Run 4 

✓ Precision era for jet, heavy-flavor and electromagnetic probes in large & small systems 

✓ Deeper explorations of proton/nuclear structure and rare hadron interactions 14

ALICE2.0 - essentially a new detector for Run 3/4 4
ALICE upgrades during the LHC Long Shutdown 2, arXiv:2302.01238
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ALICE 3 - A next generation heavy-ion detector
Compact all-silicon tracker with high-resolution 
vertex detector and extremely low material 
budget  

Superconducting magnet system up with B=2 T 

Particle Identification over large acceptance: 
muons, electrons, hadrons, photons at  

Fast read-out and online processing.  

✓ Starts taking data in 2035

|η | < 4

15arXiv:2211.02491

https://arxiv.org/abs/2211.02491


A Large Ion Collider Experiment

2022 pp processing plans and timeline 

13Luciano Musa (CERN) | CERN RRB | 26 October 2022

● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

ALICE 3 - Expected Luminosities & Performance

Will collect all ion luminosity provided by LHC - 100s billions of A-A events! 

✓Factor 3 improvement in pointing resolution compared to ALICE in Run 4 

✓Momentum resolution 1-2% over broad 0.1 < pT < 100 GeV/c and |η| < 4 ranges 16
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ALICE 3 - Vertex detector and inner tracking 

Pointing resolution (σDCA) of tracks to vertex few 
μm at 1 GeV/c 

Achieved by placing retractable vertex detector 5 
mm (r0) away from beam 

Vertex detector has 3 tracker layers 

✓Material thickness (X) 0.1% of radiation length (X0) 

✓CMOS Monolithic Active Pixel Sensors (MAPS): 
curved, thin, large-area, low power 

✓Intrinsic resolution 2.5 μm
17

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 131

2. Material budget. The vertex detector and the outer tracker target low material thicknesses
of 0.1 % and 1 % of a radiation length, respectively.

3. Intrinsic spatial resolution. The layers of the vertex detector and of the outer tracker shall
provide intrinsic position resolutions of 2.5 µm and 10 µm, respectively. Depending on the
amount of charge sharing between neighbouring pixels, this translates to pixel pitches of
about 10 µm and 50 µm, respectively.

4. Hit time resolution. To achieve a time binning of 500 ns in the vertex detector and the
outer tracker, the sensors must provide a timing resolution (r.m.s) of ⇠100 ns.

5. Rate capability. The sensors in the most exposed region of the vertex detector must be
able to read out average hit rates of 35 MHz cm−2 in order to record all events in continuous
readout. In the outer tracker, the expected rates are significantly lower, e.g. 1–5 kHz cm−2

in the outermost layers.

6. Data throughput. Assuming an encoding with 2 bytes/hit and a fake hit rate of ⇠10−8

per pixel and event, a total data rate of ⇠1 Tbit s−1 is expected.

7. Power consumption and powering scheme. In order to keep the material thicknesses
within budget, the power consumption of the sensors must stay below 70 mW cm−2 for
the Vertex Detector and around 20 mW cm−2 for the Outer Tracker.

8. Radiation hardness. The maximum radiation load per operational year will be about
1.5⇥1015 1 MeV neq/cm2 on the first tracking layer at a radial distance of 5 mm from the
interaction point.

The progress of ALICE 3 relies on the combined progress in effective statistics (luminosity ⇥
acceptance) and pointing resolution. The latter scales linearly with the radial distance of the first
hit from the interaction point and with the square root of the material thickness of the first layer
(multiple scattering):

sDCA µ r0 ·
p

X/X0 · coshh · 1
p
. (17)

From this scaling, it is evident that the envisaged performance can only be achieved by an ultra-
thin layer as close as possible to the interaction point. The latter is fundamentally limited by the
aperture required for the colliding beams. Since a much wider aperture is required at injection
energy, the only way to get to 5 mm from the beam is a retractable detector design. A static
design would be limited to having the first layer at ⇠15mm from the interaction point. It is
further important to have the first hit always in the first radial layer, whose material thickness,
thus, determines the pointing resolution (also for very forward tracks). The pixel pitch of 10 µm
is chosen such that the resulting position resolution of ⇠2.5 µm is negligible with respect to the
multiple scattering for tracks up to a transverse momentum of 1 GeV/c.

The outer radius of the tracker defines the lever arm in the bending plane, which determines the
momentum resolution. The number of layers and their positions have been chosen as to limit
the track finding inefficiency due to assignments of fake hits. The cost of the detector is driven
by the outer layers and has a weak dependence on the number of layers. The current layout was
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ALICE 3 - Outer tracker 
60 m2 silicon pixel detector  

Outer tracker compact and has 8 barrel 
layers, 9 forward discs 

✓Rout = 80 cm, zout ± 400 cm 

✓Pixel size ~ 50x50 μm2  

✓Pixel resolution ~10 μm 

✓X/X0 ~ 1% 

Both inner and outer trackers will build on 
on experience with ITS2 and ITS3 

18
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ALICE 3 - Particle Identification 

e, π, K, p separation with TOF + RICH detectors, with specifications σtime < 20 ps, σθ < 1.5 mrad  

✓Endcap TOF and RICH for full η coverage 19
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Full ALICE 3 detector requirements

20
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

ALICE 3 Planning 
2022: Letter of Intent reviewed by LHCC  Very strong support 

2023-25: Selection of technologies, small-scale proof of concept prototypes 

2026-27: Large-scale engineered prototypes  Technical Design Reports 

2028-31: Construction and testing 

2032: Contingency 

2033-34: Preparation of cavern and installation 

2035-41: Run 5 and 6 ALICE 3 physics campaign

→

→

21
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Some physics topics explored with ALICE 3

22

ALI-SIMUL-510963

Can we learn more about the QGP? 

Have we exhausted our tests of fundament 
QCD? 

Is there more can we explore regarding 
hadronization and hadronic interactions? 

Can we contribute to Beyond Standard Model 
searches?
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Temperature of the QGP

Vast majority of QGP temperature estimates from models constrained by data 

✓ Photons direct probe from data, but blue-shifted as QGP is expanding 

✓ Di-electrons best temperature probe as Lorentz invariant  Very challenging experimentally→ 23
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Dielectron production in central Pb—Pb at sNN = 5.02 TeV
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Thermal radiation from di-electrons in ALICE 3

Very clean separation of prompt and heavy-flavor electrons 

✓ Direct QGP temperatures from slope of intermediate di-electron invariant mass spectrum 

✓ Increasing electron  probes earlier times  Evolution of QGP temperaturepT → 24

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 103

mula:

vprompt
2 =

p
4

1
R2

NINP �NOOP

NINP +NOOP (12)

where R2 is the resolution of the reconstructed event plane R2 = h(cos2(jEP �y2)i. For small
v2 values, the absolute statistical uncertainty is independent of the value of the elliptic flow and
only depends on the relative statistical uncertainty of the prompt dielectron yield. The expected
vprompt

2 with its statistical uncertainty is shown with open black markers in the right-hand panel
of Fig. 55 as a function of mee for semi-central (30-50%) Pb–Pb collisions at

p
sNN = 5.02 TeV,

assuming an event-plane resolution of 0.9. The absolute values of the elliptic flow are taken
from the calculations in Ref. [123]. The statistical uncertainty is smaller than 0.004 over the full
mee range under consideration.

The prompt contribution from light-flavour hadron decays can be subtracted from vprompt
2 based

on the yield and v2 of the mother mesons from independent measurements and computing the
corresponding vLF

2 of decay electrons with a cocktail method. The elliptic flow of the excess
spectrum is

vexcess
2 =

(1+Nexcess
/NLF)vprompt

2 � vLF
2

Nexcess/NLF , (13)

where Nexcess and NLF are the measured excess yield and calculated dielectron yield from known
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Figure 54: Left: simulated raw spectra of excess e+e� pairs fitted with an exponential function in
the mee range 1.1-1.8 GeV/c2 to extract the early-time temperature Tfit of the medium in central (0-
10%) Pb–Pb collisions at

p
sNN = 5.02 TeV. The green boxes show the systematic uncertainties from

the combinatorial background subtraction and the tracking and electron identification. The magenta
boxes indicate systematic errors related to the subtraction of the light-flavour and heavy-flavour
contributions. Right: extracted Tfit parameter after dielectron efficiency correction compared to the
input Treal (see text) for different selections in pair transverse momentum including the integrated
case (pT,ee < 4 GeV/c). Only statistical errors are shown.

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 103

mula:

vprompt
2 =

p
4

1
R2

NINP �NOOP

NINP +NOOP (12)

where R2 is the resolution of the reconstructed event plane R2 = h(cos2(jEP �y2)i. For small
v2 values, the absolute statistical uncertainty is independent of the value of the elliptic flow and
only depends on the relative statistical uncertainty of the prompt dielectron yield. The expected
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assuming an event-plane resolution of 0.9. The absolute values of the elliptic flow are taken
from the calculations in Ref. [123]. The statistical uncertainty is smaller than 0.004 over the full
mee range under consideration.
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corresponding vLF
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spectrum is
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where Nexcess and NLF are the measured excess yield and calculated dielectron yield from known
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Figure 54: Left: simulated raw spectra of excess e+e� pairs fitted with an exponential function in
the mee range 1.1-1.8 GeV/c2 to extract the early-time temperature Tfit of the medium in central (0-
10%) Pb–Pb collisions at

p
sNN = 5.02 TeV. The green boxes show the systematic uncertainties from

the combinatorial background subtraction and the tracking and electron identification. The magenta
boxes indicate systematic errors related to the subtraction of the light-flavour and heavy-flavour
contributions. Right: extracted Tfit parameter after dielectron efficiency correction compared to the
input Treal (see text) for different selections in pair transverse momentum including the integrated
case (pT,ee < 4 GeV/c). Only statistical errors are shown.
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Searches for Chiral Symmetry Restoration

Long sought after evidence of QGP formation 

Fundamental feature of high temperature 
Lattice QCD 

Onset of exponential at mee ~ 1 GeV/c2 
indicative of Chiral Symmetry Restoration 

 mixingρ − a1

25

102 ALICE Collaboration

to 4% with the ALICE ITS 3 [30] when the thermal dielectron yield is integrated over pT,ee.
Assuming fully correlated systematic uncertainties as a function mee for the background sources,
as it was done in Ref. [30], the total systematic error on T pT,ee>0

fit is expected to be of the order
of 2%. The improvement in statistical accuracy will enable a multi-differential analysis of Tfit as
a function of pT,ee, as shown in the right-hand panel of Fig.54.

3.3.3.2 Azimuthal asymmetry The elliptic flow of dielectrons in different mee and pT,ee
regions provides important information to disentangle dielectron emission at early times of the
collision from those produced later, once the medium already started to cool down.

Following the strategy outlined above, the measured raw signal dielectron spectrum is simulated
in semi-central (30-50%) Pb–Pb collisions at

p
sNN = 5.02 TeV and shown in the left panel of

Fig. 55. For this differential study, an integrated luminosity of 35 nb�1 was considered, corre-
sponding to six years running. Electrons are identified with the outer TOF and RICH detectors
in the rapidity range |he|  1.75 for pT,e � 0.2 GeV/c. The relative contribution of thermal ra-
diation decreases from central to peripheral collisions, and therefore only becomes dominant at
slightly larger invariant mass. The elliptic flow of prompt correlated e+e� pairs can be computed
using the measured dielectron yields in- and out-of-plane, NINP and NOOP, after subtraction of
the residual heavy-flavour background based on the measured DCAee distributions, with the for-
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Figure 53: Simulated raw signal spectra of inclusive dielectrons (left) and excess e+e� pairs after
subtraction of correlated light-hadron and heavy-flavour hadron decays (right) using the outer TOF
and RICH particle identification at mid-rapidity in central (0-10%) Pb–Pb collisions at

p
sNN = 5.02

TeV. The green or empty boxes show the systematic uncertainties from the combinatorial background
subtraction and the tracking and electron identification. The magenta boxes (right) indicate system-
atic errors related to the subtraction of the light-flavour and heavy-flavour contributions. The excess
spectrum is compared to predictions using different r spectral functions (see text) [130–132, 292].
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Heavy-flavor interactions in QGP

Two-particle D0 correlations probe microscopic QGP charm diffusion directly 

Beauty flow provides best constraints on bottom quark diffusion & limits on QGP equilibration 26
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Figure 40: Estimated pT differential v2 of L0
b with the expected uncertainties for 30-50% central

Pb–Pb collisions with Lint = 35nb−1, compared to the performance expected in Run 3 and 4 with
the ITS2 and ITS3.

Figure 41: Azimuthal distribution of DD pairs with pT1 > 4GeV/c, 2<pT2 < 4GeV/c (left panel)
and pT > 6GeV/c (right panel) and |y| < 4 in minimum bias Pb–Pb collisions. The combinatorial
background of DD not coming from the same hard scattering has been subtracted. The uncertainties
shown are for a total luminosity of 35 nb−1.

3.5< pT <4.0 GeV/c, the statistical uncertainty is about 15%. In the same kinematic region, the
expected accuracy with ALICE 3 is expected to be well below 1%.

3.3.1.5 DD̄ azimuthal correlations

Azimuthal correlations of D0D0 pairs in Pb–Pb collisions provide a direct measure of momen-
tum broadening by the QGP, which is sensitive to the nature of the energy loss mechanisms and
to the degree of charm thermalization in the medium, as discussed in Section 2.1.2. Projections
for measurements of the azimuthal distributions of D0D0 pairs in minimum bias Pb–Pb collisions
are presented Fig. 41, for pairs with pT1 > 4GeV/c, 2<pT2 < 4GeV/c (left) and pT1�2 > 6GeV/c
(right). The statistical uncertainties are estimated for a Pb–Pb luminosity of 35 nb−1. Two types

Heavy-ion physics at the LHC beyond Run 4

Direct measurement of " ̅" (de-)correlation in the medium

17
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Angular decorrelation directly probes QGP scattering
• Brownian motion of charm in the plasma 
• Collisional vs radiative energy losses
• Signal strongest at low pT

Very challenging measurement: 
• need good purity, efficiency and η coverage
• HI measurement only possible with ALICE 3
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

New tests of Lattice QCD during QGP transition 

Measured fluctuations of net-quantum numbers explore chiral features of cross-over transition  

✓ Increased precision of high order net baryon fluctuations and strangeness/charm being explored 

✓ Become accessible for the first time 27
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Multi-charm baryon production in ALICE 3

Statistical Hadronization  Example of emergent behavior in QCD 

✓ Almost all light flavor hadrons/nuclei yields described by thermal model with few parameters 

✓ Open question for charmed hadrons  unique tests with multi-charmed baryons

→

→ 28
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Hadronic interactions and exotic nuclei 

Two particle D0 femto correlations can be used to explore formation of D0 molecules 

✓ Candidate for structure of exotic Tcc hadron 

✓ First observation of a charmed nucleus feasible 29

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 91

D0p+ and D0 ! K�p+, having branching ratios (66.7± 0.5)% and (3.951± 0.031)% [226],
respectively. D0 mesons coming from D⇤+ decays were rejected by off-line selections on the de-
cay topology. The reconstruction and selection efficiencies, as well as the signal-to-background
ratios, were evaluated using the Fast Simulation tool described in Sec. 3.1. For each selected
pair of D⇤+ and D0 mesons, the relative momentum k⇤ = |p⇤

2 �p⇤
1|/2 in the pair rest frame was

computed. The total number of D0D⇤+ pairs as a function of k⇤ was calculated by scaling the
number obtained from the PYTHIA 8 simulation in order to match the expected integrated lumi-
nosity of Lint = 18fb−1 and to reproduce the predicted CD0D⇤+ for an emitting-source radius of
1 fm. The number of D0D⇤+ pairs in the 10% most central Pb–Pb collisions at

p
sNN = 5.5 TeV

was obtained analogously for the expected integrated luminosity of Lint = 35nb−1, considering
in addition that the D mesons produced in each Pb–Pb event scale with the number of binary
nucleon–nucleon collisions (Ncoll) compared to the corresponding number in pp collisions. In
this case, the expected CD0D⇤+ for an emitting-source radius of 5 fm was considered. The right
panel of Fig. 43 shows the expected statistical precision for the CD0D⇤+ measurement with the
ALICE3 detector. In particular, in case of bound state formation, the expected statistical uncer-
tainties will allow for a significant measurement of a CD0D⇤+ lower than unity in Pb–Pb collisions
and higher than unity in pp collisions. Hence, this would give the possibility to shed light on the
molecular or tetraquark nature of the T+

cc state. In the same way, a systematic scan of light-to-
heavy colliding systems will allow for a crucial test of the hadronic molecule hypothesis for the
candidates listed in Table 5.

3.3.1.7 D0(+)D⇤0(�) momentum correlations

0 0.1 0.2 0.3 0.4 0.5
)c* (GeV/k

1−10×4

1−10×5

1−10×6

1

2

3

4

5
6
7
80

D
*

0
D

C

ALICE 3 upgrade projection
| < 4y|

Simulated data
1− = 18 fbintLpp, 

1− = 35 nb
int

LPb, −Pb

Models
1 fm (pp)
2 fm
3 fm

Pb)−5 fm (Pb

0 0.1 0.2 0.3 0.4 0.5
)c* (GeV/k

1−10×4

1−10×5

1−10×6

1

2

3

4

5
6
7
8+

D
*

−
D

C

ALICE 3 upgrade projection
| < 4y|

Simulated data
1− = 18 fbintLpp, 

1− = 35 nb
int

LPb, −Pb

Models
1 fm (pp)
2 fm
3 fm

Pb)−5 fm (Pb

Figure 44: D0D⇤0 and D+D⇤� correlation function predictions and projections for the ALICE3
detector shown in the left and right panels. Different colours refer to different system radii. The total
luminosity considered for pp and Pb-Pb collisions is indicated in the legend.

Also the nature of the cc1(3872) state is subject of a longstanding discussion as far as its molec-
ular nature is concerned. The cc1(3872) state (JPC = 1++ and I = 0) couples to the DD⇤ and
D⇤D⇤, in particular its mass is located below the D0D⇤0 pairs (�40 keV) and D+D⇤� (�8.27

Heavy-ion physics at the LHC beyond Run 4

Hadronic physics in Runs 5+6

18

• First observation of a charmed 
nucleus feasible 

D$D∗": nature of T&&"

• Direct measurement of the $!$∗# interaction
• Nature of charmed exotica: molecular, tetraquark
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Ultra peripheral collisions (UPCs)

UPCs have emerged as an extremely powerful tool to explore cold nuclear matter (and much more) 

✓ ALICE 3 provides excellent coverage and reconstruction of complex excited ρ states 

✓ Hopes to resolve question whether ρ’ is one state or two (2π & 4π decays) 30

Energy dependence of coherent photonuclear production of J/ψ mesons ALICE Collaboration
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Figure 5: Nuclear suppression factor for the γ + Pb → J/ψ + Pb process as a function of Wγ Pb,n (lower axis)
or Bjorken-x (upper axis). The solid markers represent the measurement. The vertical line across a marker is
the uncorrelated uncertainty. The height of an empty box is the sum in quadrature of the correlated systematic
uncertainties and the effect of migrations across neutron classes. A gray box represents the theoretical uncertainty
coming from the computation of the photon flux and of the impulse approximation. The lines depict the prediction
of the different models discussed in Sec. 2. The open triangular and square markers show the nuclear suppression
factor extracted in Refs. [17, 18] using ALICE Run 1 data.

6.3 Nuclear suppression factor

The nuclear suppression factor is defined in Eq. (2). To obtain it, the measured photonuclear cross sec-
tions are divided by the IA values, where we use the implementation from Ref. [17]. The corresponding
values of IA are listed in Table 4. According to Ref. [17] the computation of IA has an uncertainty of
about 5%, which reflects the uncertainties related to the experimental input data and its parameterisation.
This uncertainty is taken into account in the results shown below.

The nuclear suppression factor is important because it provides a quantitative measure of shadowing in
this process and several theoretical uncertainties, e.g. that associated to the J/ψ wave function, should
largely cancel in the ratio. Not all uncertainties cancel out completely; for example, in Ref. [17] it is
argued that the interpretation of the nuclear suppression factor in terms of the gluon shadowing factor
has a theoretical uncertainty due to corrections, amounting to about 10%, that account for the skewedness
and the real part of the amplitude.

The nuclear suppression factor is shown in Fig. 5, where the measurement is compared with the predic-
tions of the different models. The nuclear suppression factor at low energies is about 0.94, decreases to
values slightly above 0.64 at intermediate energies, and decreases further down to about 0.47 at the high-
est measured energies. The STARlight model describes only the Wγ Pb,n range from about 25 to 35 GeV.
The other four models do not describe this energy range, but provide a fair description at higher energies,
except for the EPS09-LO model, which predicts a nuclear suppression factor that remains constant with
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124 ALICE Collaboration

dN/dy for r’-> p+p-p+p- in Pb + Pb collisions at √SNN=5.8 TeV

ALICE acceptance

ALICE3 acceptance

Figure 74: dN/dy for r 0 ! p+p�p+p�, as generated in STARlight (red curve), within the ALICE
3 acceptance (blue), and within the current ALICE acceptance (green).

The example of the r 0 decay into four pions is discussed in this section. Figure 74 compares
the expected geometric acceptance for r 0 ! p+p�p+p�, simulated in STARlight [328] as a
function of rapidity, in ALICE and ALICE 3. The r 0 is simulated as a single resonance with
mass M = 1.54 GeV and width G = 0.570 GeV, as observed by STAR [238]. The ALICE and
ALICE 3 acceptances are simulated with cuts on the charged particle pseudorapidity and pT .
The ALICE acceptance was taken to be h |< 0.9, while ALICE 3 was assumed to cover |h |< 4.
Both were assumed to have acceptance for pT > 100 MeV/c, but the exact pT cut is relatively
unimportant here.

For s(r 0 ! p+p�p+p�)=730 mb [7], 25 billion r 0 ! p+p�p+p� are produced in 35 nb�1

of integrated luminosity. The signal covers a broad rapidity range. The current ALICE detector
can only reconstruct 0.4% of the signal, in a narrow rapidity range. In contrast, ALICE 3 has a
geometric acceptance of 8.4%, 19 times larger, corresponding to 2.1 billion events in 35 nb�1.
ALICE 3 can use the signal rapidity dependence to determine the photon energy dependence of
the cross section. The efficiency gains should be similar for other 4-prong final states, including
double-meson production. With this same efficiency and with the cross sections in Ref. [243],
ALICE 3 would observe 21,000 r0r0 pairs and about 500 rJ/y pairs, after accounting for the
branching ratios.

3.3.8.2 Light-by-light scattering measurements UPCs provide a clean environment for
light-by-light scattering measurements [252]. The final state of interest is a diphoton event
in an otherwise empty detector, with the two photons emitted back-to-back. Final state photons
can be reconstructed either via photon conversions or via ECAL measurements. Two cases are
considered in the following. In the first, we assume a photon reconstruction efficiency of 5%
in the pseudorapidity range |h |< 4 which could be achieved with a dedicated photon converter
in the central barrel detectors and in the forward and backward direction. In the second, we
consider an ideal scenario with 100% photon reconstruction efficiency that could be approached
with ECAL measurements.

Light-by-light events in Pb–Pb UPCs were generated with the SuperChic event generator [329].

γ + Pb → J/ψ + Pb

γ + A → ρ′ + A
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● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Ultra soft photon production

Forward Conversion Tracker used to measure ultra-soft photons (few MeV) at forward rapidity (  ~4) 

✓ Low’s theorem can be used to test infrared limits of quantum field theories

η
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Figure 64: Transverse momentum spectra of signal and background photons at forward rapidities
in pp collisions at

p
s = 13TeV. The background consists of photons from the decay of p0, h and

other hadrons and of bremsstrahlung photons produced by electrons and positrons in the material in
front of the FCT. The left-hand figure shows only background photons created in the beam pipe. In
the simulation the 500 µm beryllium beam pipe was shaped in a way as to avoid shallow crossing
angles. Detailed studies of an optimal beam pipe design for a forward soft photon measurement are
currently ongoing. The right-hand figure shows the bremsstrahlung background for a full detector
setup (standard beam pipe, barrel tracking layers, forward tracking disks) for events without an
electron or a positron in the pseudorapidity range of the FCT.
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○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
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● In addition, plan to keep ~10% of the same as MB (~1/pb)

Beyond Standard Model searches

Recent AMS discovery of O(10) anti-helium nuclei might be signal of dark matter production 

✓ Excellent constraints on branching ratio from beauty baryon decay 

✓ Light by light scattering via UPCs provide competitive limits on axion searches 32

122 ALICE Collaboration

Figure 72: Bounds in the (ma, 1/La) plane from existing and future ALP searches.

LHC experiments [325, 326]. As can be seen in the figure, the ALICE 3 experiment is expected
to fill the gap between beam-dump and ATLAS/CMS constraints and push the limits on ALP-g
coupling well below 1TeV�1 in the intermediate mass range from 50 MeV/c2 to 5 GeV/c2.
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○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)
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● In addition, plan to keep ~10% of the same as MB (~1/pb)

More physics topics opportunities with ALICE 3

Large  and  acceptance + excellent PID enable (for example): 
✓ Heavy-flavor jet correlalons or photon-heavy-flavor jet correlalons with unprecedented purity at 

low transverse momentum scales 
✓ Two-parwcle correlawons with large  to probe early lme dynamics and diffusion

η pT

Δη 33

UW intro | Sep 19, 2022 | MvL, jkl 27

Detector concept
• Compact and low-mass all-silicon tracker:


• High-resolution retractable vertex detector

• Outer tracker: large rapidity coverage, |η| < 4


• Superconducting magnet system (2T)

• Untriggered readout and online processing

• Particle identification: 

• Silicon TOF

• RICH

• Muon ID down to pT ≈ 1.5 GeV/c

• ECal: photon detection, jets

R&D/innovation areas: vertex tracker mechanics, MAPS development, large scale integration,  
Monolithic Si timing sensors, Si photon detection, …

See ALICE-USA 
white paper for 

more ideas!

https://arxiv.org/abs/2212.00512
https://arxiv.org/abs/2212.00512
https://arxiv.org/abs/2212.00512
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Summary

ALICE 3 opens new era of discovery potential and 
precision in QCD 

Designed by heavy-ion physicists for heavy-ion physics 

✓Extremely versatile setup allows for very broad 
physics program within and beyond QCD 

Continues hugely successful endeavor of pushing the 
world’s most powerful microscopes to new limits 

34

Tracking precision and data rate competitiveness

Heavy-ion physics at the LHC beyond Run 4 29
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Backup - Kinematics and di-electrons
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