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Perturbative QCD Hadronization

How much of the fragmentation 
process is perturbatively calculable?

Can experiment guide our understanding 
of the hadronization process?

σ(z) ∼ ∫ dx f(x) ⊗ H ⊗ D(z)
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The ALICE experiment - A journey through QCD ALICE Collaboration
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Figure 111: (Left) Inclusive full jet cross sections in pp collisions at
p

s = 5.02 TeV for R = 0.1�0.6, measured
by ALICE [541]. (Right) Ratio of various pQCD calculations to data [1099, 1130–1132, 1134, 1135]. The sys-
tematic uncertainties in the ratio, shown as boxes, are the quadratic sum of the systematic uncertainties in data
and calculations. No systematic uncertainty for non-perturbative corrections are included, except for the case of
NNLO+LL.

importance of both NNLO contributions and resummation contributions for small-R jets, both to ensure
a good description of data and to ensure theoretical consistency between calculational orders.

The R-dependence of the inclusive jet cross section is determined most precisely by measuring the ra-
tio of experimental cross sections with different R, taking account of correlated systematic uncertain-
ties which cancel in the ratio [164, 541]. Initial considerations suggested that theoretical uncertainties
may also cancel significantly in such ratios [1136]. Comparison of recent ALICE cross section ratio
measurements [541] with the calculations described above (not shown here) indicate that for the ratio
R = 0.2/R = 0.4 all calculations describe the data within uncertainties. For the ratio R = 0.2/R = 0.6,
the NLO+NLL and NNLO calculations describe the data, while the NNLO+LL calculation exhibits a
tension. Note, however, that scale variations can reach into the non-perturbative regime at low-pT and
prevent theoretical uncertainty cancellation, which is treated differently in each calculation. The exper-
imental data are now precise enough that theoretical uncertainty is the limiting factor in the compari-
son [1137, 1138].

6.1.2 Heavy-flavour jet production

The production of jets containing charm or beauty quarks can be similarly tested against pQCD cal-
culations [1139–1141]. Heavy-flavour jets in pp collisions are relevant both to understand the flavour-
dependence of jet quenching in heavy-ion collisions (Sec. 2.4.2) and as a Standard Model background to
the decay of massive particles, such as H ! bb [1142].

Figure 112, left panel, shows the ALICE measurement of the pT-differential production cross section of
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tematic uncertainties in the ratio, shown as boxes, are the quadratic sum of the systematic uncertainties in data
and calculations. No systematic uncertainty for non-perturbative corrections are included, except for the case of
NNLO+LL.

importance of both NNLO contributions and resummation contributions for small-R jets, both to ensure
a good description of data and to ensure theoretical consistency between calculational orders.

The R-dependence of the inclusive jet cross section is determined most precisely by measuring the ra-
tio of experimental cross sections with different R, taking account of correlated systematic uncertain-
ties which cancel in the ratio [164, 541]. Initial considerations suggested that theoretical uncertainties
may also cancel significantly in such ratios [1136]. Comparison of recent ALICE cross section ratio
measurements [541] with the calculations described above (not shown here) indicate that for the ratio
R = 0.2/R = 0.4 all calculations describe the data within uncertainties. For the ratio R = 0.2/R = 0.6,
the NLO+NLL and NNLO calculations describe the data, while the NNLO+LL calculation exhibits a
tension. Note, however, that scale variations can reach into the non-perturbative regime at low-pT and
prevent theoretical uncertainty cancellation, which is treated differently in each calculation. The exper-
imental data are now precise enough that theoretical uncertainty is the limiting factor in the compari-
son [1137, 1138].

6.1.2 Heavy-flavour jet production

The production of jets containing charm or beauty quarks can be similarly tested against pQCD cal-
culations [1139–1141]. Heavy-flavour jets in pp collisions are relevant both to understand the flavour-
dependence of jet quenching in heavy-ion collisions (Sec. 2.4.2) and as a Standard Model background to
the decay of massive particles, such as H ! bb [1142].

Figure 112, left panel, shows the ALICE measurement of the pT-differential production cross section of
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From partons to hadrons
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Reynier Cruz-Torres
Tuesday 5:50pm

Direct connection of hadrons to pQCD

Jet production Jet substructure
Christos Pliatskas
Tuesday 9:00am

Raymond Ehlers
Tuesday 11:10am

arXiv:2211.04384 Measurement of the angle between jet axes in pp collisions at
p

s = 5.02 TeV ALICE Collaboration

0 0.05 0.1 0.15 0.2
axisR∆

10

20

30

40

ax
is

R
∆d
σd

 
N

P
ax

is
R

∆>
ax

is
R

∆
σ

1

c < 60 GeV/ch jet
T
p40 < 

 = 5.02 TeVspp, 
| < 0.5

jet
η = 0.4,  |R

ALICE

Standard−WTA

0 0.05 0.1 0.15 0.2
axisR∆

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

C
ET 0 0.05 0.1 0.15 0.2

axisR∆

10

20

30

40

 = 1 GeVΛ

 = 1)β = 0.2, 
cut
zSD (−WTA

ALICE pp

Sys. uncertainty
ch jet

T
p/Λ=axis

NPR∆

0 0.05 0.1 0.15 0.2
axisR∆

0.6
0.8

1
1.2
1.4 0 0.05 0.1 0.15 0.2

axisR∆

10

20

30

40  = 1)β = 0.3, 
cut
zSD (−WTA

SCET

NLL' (PYTHIA 8)

NLL' (Herwig 7)

0 0.05 0.1 0.15 0.2
axisR∆

0.6
0.8

1
1.2
1.4 SCET uncertaintySCET uncertainty

0 0.02 0.04 0.06 0.08 0.1
axisR∆

20

40

60

80

ax
is

R
∆d
σd

 
N

P
ax

is
R

∆>
ax

is
R

∆
σ

1
c < 60 GeV/ch jet

T
p40 < 

 = 5.02 TeVspp, 
| < 0.7

jet
η = 0.2,  |R

ALICE

Standard−WTA

0 0.02 0.04 0.06 0.08 0.1
axisR∆

0.6
0.8

1
1.2
1.4
1.6

D
at

a 
/ S

C
ET 0 0.02 0.04 0.06 0.08 0.1

axisR∆

20

40

60

80

 = 1 GeVΛ

 = 1)β = 0.2, 
cut
zSD (−WTA

ALICE pp

Sys. uncertainty
ch jet

T
p/Λ=axis

NPR∆

0 0.02 0.04 0.06 0.08 0.1
axisR∆

0.6
0.8

1
1.2
1.4
1.6 0 0.02 0.04 0.06 0.08 0.1

axisR∆

20

40

60

80  = 1)β = 0.3, 
cut
zSD (−WTA

SCET

NLL' (PYTHIA 8)

NLL' (Herwig 7)

0 0.02 0.04 0.06 0.08 0.1
axisR∆

0.6
0.8

1
1.2
1.4
1.6 SCET uncertaintySCET uncertainty

Figure 5: Comparison between measured distributions and analytic predictions for the difference between the
WTA axis and the Standard (left), SD (zcut = 0.2,b = 1) (center), and SD (zcut = 0.3,b = 1) (right) axes for
jets of R = 0.4 (top) and 0.2 (bottom) in the transverse momentum range 40 < p

ch jet
T < 60 GeV/c. The black

markers correspond to the distributions determined from measured data. The vertical error bars correspond to the
statistical uncertainties, and the rectangles correspond to the total systematic uncertainties. The colored curves
correspond to the SCET-based analytic predictions corrected for charge and MPI effects using two event gener-
ators (PYTHIA 8 and Herwig 7). The vertical dashed line defines the approximate boundary between the non-
perturbative and perturbative regions. Both the measured and analytic predictions are normalized so that the
integral

R R/2
DR

NP
axis

dDRaxis(ds/dDRaxis) = 1. The bottom panels show the data/SCET ratios. The colored rectangles
correspond to the systematic uncertainty of the measured distribution. The size of the theoretical uncertainty in the
analytic predictions is shown as a yellow band.

effects using two event generators (PYTHIA 8 and Herwig 7).

Differences between the SCET predictions corrected with either Monte Carlo event generator are very
small. This is due to the fact that, since the input calculations are provided at hadron level, the most
significant correction is done to the pT scale of the jet, and this correction is well modeled by both
generators. Thus, the resulting distributions are not significantly model dependent.

The analytic calculations are only expected to describe the measured distributions in the perturbative
region. The predictions presented here become non-perturbative approximately at DRaxis . DR

NP
axis =

12

pQCD

arXiv:2211.08928

See also:
  arXiv: 2204.10270
  arXiv: 2204.10246
  JHEP 05 061 (2022)

Poster: Debjani Banerjee, Reynier Cruz-TorresPoster: Jaehyeok Ryu

Mapping the transition from 
perturbative to non-perturbative QCD

Ezra Lesser
Tuesday 5:10pm

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#38-measurement-of-the-angle-be
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#35-measurement-of-the-r-depend
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#36-exploring-medium-properties
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#34-multiplicity-dependence-of
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#62-measurement-of-the-transver
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#39-measurement-of-the-jet-mass
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Reynier Cruz-Torres
Tuesday 5:50pm

Clear separation of perturbative 
emissions and hadronization 

A new type of jet observable: 
-point angular correlationN

Conformal Colliders Meet the LHC

Kyle Lee,1, ⇤ Bianka Meçaj,2, † and Ian Moult2, ‡

1
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

2
Department of Physics, Yale University, New Haven, CT 06511

The remarkably high energies of the Large Hadron Collider (LHC) have allowed for the first
measurements of the shapes and scalings of multi-point correlators of energy flow operators,
h |E(~n1)E(~n2) · · · E(~nk)| i, providing new insights into the Lorentzian dynamics of quantum chro-
modynamics (QCD). In this Letter, we use recent advances in e↵ective field theory to derive a
rigorous factorization theorem for the light-ray density matrix, ⇢ = | ih |, inside high transverse
momentum jets at the LHC. Using the light-ray operator product expansion, the scaling behavior of
multi-point correlators can be computed from the expectation value of the twist-2 spin-J light-ray
operators, O[J], in this state, Tr[⇢ O

[J]]. We compute the light-ray density matrix at next-to-leading
order, and combine this with results for the next-to-leading logarithmic scaling behavior of the cor-
relators up to six-points, comparing with CMS Open Data. This theoretical accuracy allows us to
resolve the quantum scaling dimensions of QCD light-ray operators inside jets at the LHC. Our
factorization theorem for the light-ray density matrix at the LHC completes the link between recent
developments in the study of energy correlators and LHC phenomenology, opening the door to a
wide variety of precision jet substructure studies.

Introduction.—The Large Hadron Collider (LHC) pro-
vides an opportunity to explore quantum field theory in
general, and quantum chromodynamics (QCD) in partic-
ular, at unprecedented energy scales, and with modern
resolution detectors [1, 2]. Due to the phenomenon of
asymptotic freedom [3–6], this gain in energy is particu-
larly advantageous, as it enables QCD to be studied in
the perturbative regime, where first principles calcula-
tions are currently possible.

One of the major achievements, which re-invigorated
the study of QCD at the LHC, was the introduction of
experimentally robust infrared safe jet algorithms, most
notably the anti-kT algorithm [7–10], that allow for the
identification of high transverse momentum, pT , jets in
hadronic collisions. The inclusive production of such jets
can be studied using rigorous factorization theorems [11–
17], whose perturbative components have been computed
to next-to-next-to-leading accuracy [18–24], allowing for
precision studies of QCD in hadron colliders.

However, many of the most fascinating questions about
QCD, namely understanding the Lorentzian dynamics of
quarks and gluons, and the nature of their real-time con-
finement into hadrons, are not encoded in the distribu-
tion of jets, but rather in the structure of energy flow
within jets, known as jet substructure [25, 26]. Jet sub-
structure has been extraordinarily successful as a new
way to search for physics beyond the Standard Model
[27–29], and provides new opportunities to study the dy-
namics of QCD both in vacuum and medium [30, 31].

From a theoretical perspective, jet substructure is the
study of the statistical properties of the asymptotic en-
ergy flux in collider experiments. It was placed in a mod-
ern field theoretic context in [32], where it was shown
that it can be formulated as the study of correlation func-
tions of h |E(~n1)E(~n2) · · · E(~nk)| i of particular light-ray

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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FIG. 1: An illustration of the two-point correlation
function, h |E(~n1)E(~n2)| i, measured inside high-pT

jets produced in collisions at the LHC.

(ANEC) operators [32–39]

E(~n) = lim
r!1

1Z

0

dt r2niT0i(t, r~n) , (1)

measured inside high energy jets at the LHC, as illus-
trated in Fig. 1. For simplicity, we will occasionally use
a shorthand notation E(~ni) ! Ei.

An improved understanding of the properties of ANEC
operators has been central to many recent advances in di-
verse areas of QFT, ranging from constraining conformal
field theory (CFT) data [32, 40–43], to energy inequali-
ties [44–47], to asymptotic symmetries [48, 49] and the
study of entropy in QFT [50–54]. Excitingly, reformu-
lating jet substructure such that it can draw from these
diverse areas has led to significant recent progress. See
e.g. [32, 37–39, 49, 55–75]. In particular, this has enabled
multi-point correlation functions of ANEC operators to
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⇤+
c

production down to ?T = 0 in pp and p–Pb collisions ALICE Collaboration

in central Pb–Pb collisions, as expected from the smaller shadowing effects in p–Pb compared to Pb–
Pb collisions, where the nucleons of both the projectile and the target nuclei are involved. In all three
collision systems, the nuclear modification factors for ⇤+

c
and D

0 are consistent with one another, indi-
cating that there is no significant enhancement of the overall production of charm baryons compared to
charm mesons in heavy-ion collisions. The integrated 'AA and 'pPb are also compared with perturbative
QCD calculations including only initial-state effects modeled using two different sets of nuclear PDFs,
namely a Bayesian-reweighted version [71, 72] of nCTEQ15 [73] and EPPS16 [59]. The calculations
with EPPS16 do not include the dependence of the shadowing on the impact parameter of the Pb–Pb
collision, and therefore they are identical in the central and semi-central event classes. The predictions
with nCTEQ15 are obtained by applying a Bayesian reweighting of the nuclear PDFs, which is con-
strained by measurements of heavy-flavour hadron production in p–Pb collisions at the LHC [71], and
are labelled as nCTEQ15rwHF in Fig. 5. The uncertainty bands for both calculations represent the 90%
confidence level regions. In the reweighted nCTEQ15 case they are determined by considering three
different factorisation scales in addition to the PDF uncertainties. The measured 'AA and 'pPb values
are within the upper edge of the nCTEQ15 uncertainty band. These data provide an important input for
testing the assumptions of nPDFs in theoretical calculations.
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Figure 6: Left: ⇤+
c
/D0 ratio in pp and p–Pb collisions as a function of ?T, compared with the QCM model [63, 74].

Right: ⇤+
c
/D0 ratio as a function of ?T in pp collisions at

p
B = 5.02 TeV, including comparisons with models [9,

18, 19, 21, 74]

The ⇤+
c
/D0 baryon-to-meson yield ratio is used to further examine differences in the charm-quark hadro-

nisation into baryons and mesons that may arise due to the differing numbers of constituent quarks. The
results in pp and p–Pb collisions are shown in the left panel of Fig. 6. The ?T-differential D

0 produc-
tion cross section in 0 < ?T < 1 GeV/2 was taken from Ref. [3] for pp collisions and from Ref. [26]
for p–Pb collisions. In the calculation of the baryon-to-meson ratio, the uncertainties related to the
tracking efficiency, luminosity, and beauty feed-down were treated as fully correlated between the two
species, and all other uncertainty contributions were considered to be uncorrelated. The ⇤+

c
/D0 yield

ratio in 0 < ?T < 1 GeV/2 in both pp and p–Pb collisions indicates a decreasing trend with respect to
the intermediate ?T region, albeit with large uncertainties. Within uncertainties, the ⇤+

c
/D0 ratios are

consistent between pp and p–Pb collisions. The distribution has a maximum in the region 1 < ?T < 3

(3 < ?T < 5) GeV/2 in pp (p–Pb) collisions. The shift of the peak towards higher ?T in p–Pb colli-
sions could be attributed to a contribution of collective effects, e.g. radial flow. Similar collective effects
have been observed for light- and heavy-flavour hadrons in p–Pb collisions at the LHC [75–77]. Such a
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Heavy flavor hadronization

7

Annalena Kalteyer
Tuesday 4:50pm

arXiv:2211.14032 New preliminary

Non-prompt D-meson fraction as a function of multiplicity in pp at
p

s = 13 TeV ALICE Collaboration
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Non-prompt / prompt D0

Ω0
c /D0

Charm baryon-meson ratios partially explained by models with modified hadronization mechanisms

Prompt Λ+
c /D0

Poster: Sanghoon Lim

Poster: Michele Pennisi

Poster: Mingyu Zhang

-hadron correlationsΛ+
c , D0

arXiv:2302.07783
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What have we learned about charm hadronization?

8

(1) Charm fragmentation fractions 
differ in pp vs. 

(2) Models that modify hadronization 
can partially explain data

e+e−

Additional insight from:
Charm vs. beauty
Multi-HF hadrons
Charm hadrons in jets

Exploring the limits of QCD factorization

Annalena Kalteyer
Tuesday 4:50pm

New preliminary

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#78-new-insights-into-heavy-qua
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Charm fragmentation in jets

9

Softer fragmentation of Λ+
c

 vs.  fragmentationΛ+
c D0 -jet angularitiesD0

New constraints: mass effects vs. q/g

In-jet ⇤+
c production in pp collisions at

p
B = 13 TeV ALICE Collaboration
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Figure 1: (Left) Fully corrected I
ch
| | distribution of ⇤+

c -tagged track-based jets (black open circles) measured in the

7  ?
jet ch
T < 15 GeV/2 and 3  ?

⇤+
c

T < 15 GeV/2 intervals in pp collisions at
p
B = 13 TeV, compared with predictions

from di�erent PYTHIA 8 tunes [19, 20, 22] (red-dotted and green-dashed lines). The ratios of the MC simulations
to the data are shown in the bottom panel. (Right) Comparison of the measured I

ch
| | distribution of ⇤+

c -tagged jets

and the previously measured I
ch
| | distribution of D0-tagged jets [6], obtained in the same kinematic interval. The

ratio of the I
ch
| | distribution of ⇤+

c -tagged and D0-tagged jets is shown in the bottom panel for both the data and the
di�erent PYTHIA tunes.

The systematic uncertainties a�ecting the measurement were evaluated, in each I
ch
| | interval, by modifying

the strategy adopted at various steps of the analysis procedure and assessing the impact on the unfolded
I

ch
| | distribution. The total systematic uncertainty includes contributions from multiple sources. The

first considered source is the sideband subtraction procedure (ranging from 3.7% to 7.6% depending
on the I

ch
| | inteval), whose contribution was estimated by varying the invariant-mass fit parameters as

well as the invariant-mass intervals of the signal and sideband regions. The contribution from the BDT
selection of ⇤+

c candidates (from 7.3% to 19%) was estimated by varying the BDT probability thresholds
to induce a 25% variation in the ⇤+

c -tagged jet reconstruction and selection e�ciency. The uncertainty
from the jet energy resolution (from 4.5% to 19%) was estimated by recalculating the response matrix
used for unfolding with a 4% reduced tracking e�ciency. The reduction in the tracking e�ciency was
evaluated by varying the track-selection criteria and propagating the ITS–TPC track-matching e�ciency
uncertainty. The uncertainty on the feed-down subtraction (< 2%) was estimated by varying the choice
of POWHEG parameters considered to generate the feed-down cross section, including the factorisation
and renormalisation scales, as well as the mass of the beauty quark, which were varied according to
theoretical prescriptions [37]. Finally the contribution from the unfolding procedure (from 1.1% to 2.7%)
was estimated by altering the choice of prior, regularisation parameter, and ranges of the response matrix.
For each of the aforementioned categories, several variations were made and the root-mean-square of
the resulting distributions was considered. The exceptions are related to the contribution associated to
the choice of parameters of the POWHEG calculations, where only the largest deviation from the central
result, in each direction, was considered, as well as the uncertainty on the jet energy resolution where
the variation with respect to the central result was taken as the uncertainty. All uncertainties (other than
from the feed-down subtraction) were then symmetrised. The uncertainties were combined in quadrature
to obtain the total systematic uncertainty on the measurement, which ranges from 13% to 28%.

5

Antonio Palasciano
Wednesday 2:40pm

arXiv:2301.13798

Preeti Dhankher
Wednesday 11:10am

New preliminary

λα = ∑
i

ziθα
i

In-jet ⇤+
c production in pp collisions at

p
B = 13 TeV ALICE Collaboration

coincident signals in the two scintillator arrays of the V0 detector, with background events originating
from beam–gas interactions removed o�ine using timing information from the V0. To mitigate against
pile-up e�ects, events with multiple reconstructed primary vertices were rejected. To ensure uniform
acceptance, only events with a primary-vertex position along the beam axis direction of |Ivtx | < 10 cm
around the nominal interaction point were accepted. After the selections described above, the data sample
consisted of 1.7⇥109 events, corresponding to an integrated luminosity of Lint = 29 nb�1 [25].

The ⇤+
c candidates and their charge conjugates were reconstructed via the hadronic ⇤+

c ! pK0
S ! p⇡+⇡�

decay channel with a total branching ratio of (1.10± 0.06)% [26], in the ⇤+
c transverse-momentum

interval of 3  ?
⇤+

c
T < 15 GeV/2. Only tracks with |[ | < 0.8 and ?T > 0.4 GeV/2, which fulfilled the track

quality selections described in Ref. 13, were considered for the ⇤+
c reconstruction. The ⇤+

c candidates
themselves were reconstructed in the |H⇤+

c | < 0.8 rapidity interval. The ⇤+
c -candidate selection was

performed using a multivariate technique based on the Boosted Decision Tree (BDT) algorithm provided
by the XGBoost package [27]. The features considered in the optimisation include the PID signal for
the proton track, the invariant mass of the K0

S-meson candidate, and topological variables that exploit the
kinematic properties of the displaced K0

S-meson decay vertex. The training was performed in intervals
of ⇤+

c -candidate ?T, considering prompt signal candidates from PYTHIA 8 events with the Monash
tune [19, 20], transported through a realistic description of the detector geometry and material budget
using GEANT 3 [28]. Background candidates were extracted from the sidebands of the invariant-mass
distributions in data. The probability thresholds of the BDT selections were tuned, using MC simulations,
to maximise the statistical significance for the signal. Further details on the ⇤+

c -candidate reconstruction
and machine learning procedure are provided in Ref. 14, where the same reconstruction and BDT model
were employed.

For the events where at least one selected ⇤+
c candidate was identified, a jet-finding procedure was

performed, using the FastJet package [29]. Prior to jet clustering, the ⇤+
c -candidate daughter tracks were

replaced by the reconstructed ⇤+
c -candidate four-momentum vector. Track-based jet finding was carried

out on charged tracks with |[ | < 0.9 and ?T > 0.15 GeV/2, using the anti-:T algorithm [30], with a
resolution parameter of ' = 0.4. Tracks were combined using the ⇢-scheme recombination [31], with the
jet transverse momentum limited to the interval of 5  ?

jet ch
T < 35 GeV/2. The full jet cone was required

to be within the ALICE central barrel acceptance, limiting the jet axis to the interval |[jet | < 0.5. Only
jets tagged via the presence of a reconstructed ⇤+

c candidate amongst their constituents were considered
for the analysis. For events where more than one ⇤+

c candidate was found, the jet finding and tagging
pass was performed independently for each candidate, with only the daughters of that particular candidate
replaced by the corresponding ⇤+

c four-vector each time. In mechanisms of hadronisation that include
colour correlations beyond the leading-colour approximation [20], which have been shown to be relevant
in hadronic collisions at LHC energies [9], hadrons can be formed in processes that combine quarks from
the parton shower with those from the underlying event [32]. As such, the underlying event is not well
defined with respect to the measured hadron distributions. Therefore no underlying event correction is
implemented in this work.

The fragmentation of charm quarks to⇤+
c baryons is probed by measuring the fraction of the jet momentum

carried by the ⇤+
c along the direction of the jet axis, Ich

| | . This is calculated for each jet using

I
ch
| | =

pjet · p⇤+
c

pjet · pjet
, (1)

where pjet and p⇤+
c

are the jet and ⇤+
c three-momentum vectors, respectively.

The Ich
| | distributions of true⇤+

c -tagged jets were extracted in intervals of⇤+
c ?T and ?

jet ch
T using a sideband

subtraction procedure. To enact this subtraction, the invariant-mass (<inv) distributions of ⇤+
c candidates,

obtained for each⇤+
c ?T and ?

jet ch
T interval, were fitted with a function comprising a Gaussian for the signal

3

ΔRi,jetR

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#75-first-measurements-of-in-je
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#40-first-measurement-of-jet-an
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Identified particles in jets
J/ψ D+

s Deuterons

Wealth of new experimental constraints on hadronization models

arXiv:2211.15204
Marika Rasà

Tuesday 5:10pm
Antonio Palasciano

Wednesday 2:40pm
New preliminaryAilec de la Caridad Bell Hechavarria

Wednesday 11:30am

New preliminary
New preliminary

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#67-measurement-of-the-deuteron
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#75-first-measurements-of-in-je
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#49-multiplicity-dependence-of
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Properties of 
QGP

Properties of 
nuclei

QCD in vacuum
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EM probes can constrain low-  gluon content of 
the nucleus

x

How are gluons distributed in 
nucleus as a function of ?x, Q2

Can experiment guide our 
understanding of confinement?

Can EW probes provide new 
constraints on nuclear PDFs?

How are gluons distributed in 
nucleus as a function of ?x, Q2

12



James Mulligan, LBNL ALICE Highlights, HP2023 March 27, 2023

Isolated prompt photons

13

Florian Jonas
Tuesday 2:00pm

See also: Inclusive photons 
arXiv:2303.00590

First LHC measurement 
of isolated prompt photon 

 at RpA pT < 20 GeV

New preliminary

Constrain low-  gluon nPDFx

Probing  
Gluon shadowing region

x ∼ 10−3

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#74-probing-the-initial-state-o
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W bosons

14

Shingo Sakai
Tuesday 5:30pm

Constrain low-  light quark nPDFx

W± bosons in p–Pb at
p

sNN = 8.16 TeV and Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 4: Ratio to CT14 [67] predictions of the production of muons from W� (top) and W+ (bottom) decays
measured in p–Pb collisions at

p
sNN = 8.16 TeV by the ALICE and CMS [15] Collaborations. The measured

ratio is compared to the one obtained from pQCD calculations with CT14+EPPS16 [30]. All the calculations
include the isospin effect. The grey band around the line at unity indicates the uncertainty on the calculations with
CT14 PDFs.
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arXiv:2204.10640

New constraints on nPDFs at forward rapidity x ∼ 10−4

First ALICE measurement 
of  boson at mid-rapidityZ

New preliminary

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#81-w-boson-measurements-from-s
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Photoproduction of low-pT J/y in Pb–Pb collisions at 5.02 TeV ALICE Collaboration

0 50 100 150 200 250 300 350 400
〉partN〈

1

10AA
R  = 5.02 TeVNNsALICE, Pb-Pb 

 < 4y, 2.5 < -µ+µ → ψJ/
c < 0.3 GeV/

T
p Data Model

c < 1 GeV/
T

p0.3 < Data Model
c < 2 GeV/

T
p1< Data Model

Figure 1: J/y nuclear modification factor as a function of hNparti measured in the rapidity range 2.5 < y < 4
for three transverse momentum intervals. The vertical bars are the statistical uncertainties and the uncorrelated
systematic uncertainties are represented as boxes. The centrality-correlated systematic uncertainties are shown as
filled boxes at unity. Data are compared with predictions from Ref. [26], shown as bands.

0–0.3 GeV/c. The final numbers of expected hadronic J/y , defined as the averages of the obtained values,
are listed in Table 2 (fourth column) together with the raw measured numbers of J/y (third column). For
the expected hadronic yields, the statistical uncertainty comes from the statistical uncertainty on N ,
which derives from the statistical uncertainty on the J/y raw yield in 1–8 GeV/c. The systematic uncer-
tainty of the expected yields is taken as the quadratic sum of the standard deviation of the results obtained
using different parametrizations and fit ranges, and the average of the individual systematic uncertainties
for the variations (including contributions from all factors in Eq. 2).

The estimated number of hadroproduced J/y is subtracted from the measured raw signal to obtain the
number of J/y in excess (fifth column of Table 2). The measured number of J/y exceeds the hadronic
production by 24s in the 70–90% centrality class, 16s in 50–70%, 5.6s in 30–50% and 1.4s in 10–
30%. A 95% confidence interval when combining all uncertainties is provided in the centrality class
0–10% where no significant excess is observed within the current experimental uncertainties.

Assuming that the underlying process for the J/y excess is photoproduction, the number of coherently
photoproduced J/y in 0 < pT < 0.3 GeV/c can be extracted after correcting the excess yield for the
fractions of J/y from incoherent photoproduction ( fI) and from the decay of coherently photoproduced
y(2S) ( fD) as described in Ref. [7]. Those fractions were measured in UPC collisions at the same
center-of-mass energy, although in a slightly different pT interval, pT < 0.25 GeV/c [7]. They were
therefore recomputed for pT < 0.3 GeV/c. The corresponding values and systematic uncertainties are

6
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Ionut Cristian Arsene
Wednesday 9:00am

arXiv:2204.10684

Low-  excess observed up 
to semi-central collisions

pT

Coherent photoproduction 
in peripheral hadronic events

γ + A → J/ψ + A
 photoproductionJ/ψ

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#51-jpsi-photoproduction-in-pb


James Mulligan, LBNL ALICE Highlights, HP2023 March 27, 2023 16

Roman Lavicka
Tuesday 3:40pm

Constrain gluon density down to x ∼ 10−5

Coherent: with neutron emission Incoherent: t distribution

Probe sub-nucleonic fluctuations

New preliminary

New preliminary

 photoproductionJ/ψ
Poster: Michael Winn

Poster: Minjung Kim

See also: p-Pb results

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#41-recent-alice-results-on-pho
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#42-rmjpsi-photoproduction-and
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#174-pipi-and-kk-photoproductio
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Properties of 
QGP

Properties of 
nuclei

QCD in vacuum
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Variety of probes with complementary strengths 
Resolution scale 
Connection to lattice, pQCD

Microscopic properties of the QGP

QT pTRpTr

mc mbΔEJ/Ψ

ΔEΥ

Long distance Short distance

. . .
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perturbative QCD

Which jet observables will provide new and 
interpretable information about the QGP?

QT pTRpTr
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Long distance Short distance

. . .
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ECT* 6/16/22 New angles on acoplanarity 19

Semi-inclusive jet correlations

20

Yongzhen Hou
Tuesday 12:10pm

Δφ

Low- , large-  phase space 
reveals significant acoplanarity

pT R

Models suggest this is due medium 
response rather than large-angle scattering
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R-dependence of inclusive jet quenching

21

Christos Pliatskas
Tuesday 9:00am

R-dependence of jet suppression ALICE Collaboration
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Figure 6: Nuclear modification factors for R = 0.2, R = 0.4, and R = 0.6, shown for 0–10% and 30–50%
central Pb–Pb collisions compared to theoretical calculations incorporating jet quenching (see text for
details).
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ML background subtraction

Complementary approaches to reach low- , large-  phase spacepT R

Mixed event subtraction

arXiv:2303.00592

New preliminary

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#35-measurement-of-the-r-depend
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Measurement of angle between jet axes in
p

sNN = 5.02 TeV Pb–Pb collisions ALICE Collaboration
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Fig. 2: Top panels: fully corrected Pb–Pb and pp DR
WTA�Standard
axis distributions in the p

ch jet
T intervals [40,60] (left),

and [60,80] (right) GeV/c for jets of R = 0.2. The pp baseline is taken from Ref. 15. Central and bottom panels:
measured Pb–Pb/pp ratio in black, as well as predictions from a selection of jet quenching models.

is equivalent to reporting the self-normalized cross section:129

1
N(p

ch jet
T )

dN

dDRaxis

⇣
p

ch jet
T

⌘
⌘ 1

s(p
ch jet
T )

ds
dDRaxis

⇣
p

ch jet
T

⌘
. (3)

This normalization choice causes the Pb–Pb/pp ratios to go above unity at low DRaxis. In an absolute130

cross section measurement, the ratio would be below unity as a result of jet suppression in heavy-ion131

collisions. The suppression factor was measured in Ref. 36. Thus, only the shape and not the absolute132

scale of the DRaxis spectra is reported.133

The measured WTA–Standard distributions are shown in Fig. 2 for R = 0.2 jets in the p
ch jet
T ranges134

[40,60] and [60,80] GeV/c. The top panels show DRaxis spectra from Pb–Pb and pp collisions. The135

vertical error bars represent the statistical uncertainties and the rectangles represent the total systematic136

uncertainties. The central and bottom panels show the Pb–Pb/pp ratio, with all uncertainties assumed137

uncorrelated and added in quadrature when calculating the ratio. The equivalent results for other p
ch jet
T138

ranges, jet resolution parameters, and grooming settings are included in the supplemental materials [24].139

The data are compared with several jet quenching models. These models have different implementa-140

tions of the microscopic properties of the medium, its evolution, and the jet–medium interaction. The141

JEWEL event generator [35] models the medium with a boost-invariant longitudinally expanding ideal142

quark–gluon gas [37]. Parameters from Ref. 38, which are adequate for the kinematics of this measure-143

ment, are used. The medium partons recoiling after interacting with jet constituents can be discarded144

from the event (recoils off) or allowed to hadronize together with the jet (recoils on). “MATTER+LBT”145

is from the JETSCAPE event generator [39, 40], implementing an in-medium parton shower with in-146

teractions of high- (low-) virtuality partons with the medium described by the MATTER [41] (Linear147

Boltzmann Transport [42]) model. The curve labeled “medium q/g” corresponds to a phenomenologi-148

cal model in which the only difference between the Pb–Pb and pp results comes from a modification of149

the fraction of quarks and gluons that initiate the jets [43, 44], highlighting that these two jet populations150

lose energy differently in the medium. The “pppT broadening” calculation adds to the previous model151

a pT broadening caused by incoherent multiple scatterings with the medium partons [10] following the152

5

22

Jet mass, angularities

Detailed phenomenology of in-medium fragmentation — connections to QGP resolution length

Jet axis differences
Raymond Ehlers

Tuesday 11:10am
Reynier Cruz-Torres
Tuesday 5:50pm

arXiv:2303.13347
arXiv:2211.08928

Jet substructure

Groomed kT

New preliminary

kT

Focus on observables that are calculable, corrected, and complementary

New preliminaryEzra Lesser
Tuesday 5:10pm

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#36-exploring-medium-properties
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#38-measurement-of-the-angle-be
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#39-measurement-of-the-jet-mass
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6Caitie Beattie Yale University Quark Matter 2022

Event-shape engineering

large q2

inclusive

small q2

Greater in- vs. out-of-plane differences are 
predicted for large q2 events than for small q2 events. 

To study this in data, we can consider the jet 
spectra separated by ESE class. 

Jet Energy 
Loss

Event Shape 
Engineering

Jet Particle v2

Correlations

Conclusions

Backup

! = Lorentz factor
"# = local fluid velocity

Beattie, et. al., arxiv:2203.13265

Event shape engineering

23

Caitlin Beattie
Thursday 10:20am

See also: high-     
arXiv:2212.12609

pT v2

New preliminary

Suppression of out-of-plane jets relative to in-plane jets

Probes interplay of energy loss with expansion of medium

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#73-charged-particle-jet-spectr
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Can heavy-flavor quarks provide an 
additional handle on jet-medium interactions?

q
q

perturbative QCD

QT pTRpTr

mc mbΔEJ/Ψ

ΔEΥ

Long distance Short distance
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Measurement of electrons from beauty-hadron decays in Pb–Pb collisions ALICE Collaboration
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Figure 6: Nuclear modification factor of electrons from beauty-hadron decays in the 10% most central Pb–Pb
collisions at

p
sNN = 5.02 TeV compared with predictions from several theoretical calculations. Left: Comparison

with predictions from DREENA-B [118] and DAB-MOD M&T [119] models for electrons from beauty and charm
decays. Right: Comparison with predictions from MC@sHQ [120], PHSD [121], and LIDO [122] calculations for
electrons from beauty decays.

DREENA-B and DAB-MOD M&T models use fragmentation in the full momentum range considered.
Initial-state effects are included by using nuclear PDFs in the calculation of the initial pT distributions
of heavy quarks in all models, except for DAB-MOD. All the models give a fair description of the data
within the uncertainties of the measurement. For pT > 5 GeV/c, all models except for PHSD predict
similar RAA, with values lying on the upper edge of the data uncertainties. The PHSD model gives lower
RAA values possibly due to the higher probability of large momentum transfers in the in-medium inter-
actions as compared to the other models [121]. Predictions for all models, but DREENA-B, are available
down to very low pT, where they show significant differences among each other. However, measure-
ments with improved precision will be needed to discriminate among these models. The left panel of
Fig. 6 also shows the predictions for c ! e RAA from DREENA-B [118] and DAB-MOD M&T [119]
models. The difference in the RAA of electrons from charm- and beauty-hadron decays is larger at low
pT and reduces at high pT where the mass effects become negligible. However, the current measurements
(see right panel of Fig. 5) do not have enough precision to confirm this prediction.

As previously observed with charm measurements [54, 57], it is challenging for models to simultane-
ously describe RAA and v2 of heavy-flavor particles, allowing data to provide constraints to the model
ingredients and parameters to describe the interaction of heavy quarks with the QGP medium. Among
the models presented in this article, the MC@sHQ [120] and LIDO [122] models best describe the RAA,
v2, and v3 measurements of D mesons [54]. In the beauty sector, the v2 of leptons from beauty-hadron
decays was measured by the ALICE [75] and ATLAS [74] Collaborations. The ALICE measurement of
electrons from beauty-hadron decays was performed in the interval 1.3 < pT < 6 GeV/c, and compared
with predictions from MC@sHQ [120], PHSD [121], and LIDO [122] models. These models predict
similar pT-dependent v2 values in the full pT interval, and all models describe the data within uncer-
tainties above 2 GeV/c. Some parameters of the LIDO model were calibrated to reproduce previous D
meson and B meson measurements by the ALICE and CMS Collaborations [122]. Extension of v2 mea-
surements to higher pT would be beneficial for comparing the models at high pT. The v2 of muons from
beauty-hadron decays from the ATLAS Collaboration [74], measured in the interval 4 < pT < 20 GeV/c,
was compared with DREENA-B [118] and DAB-MOD M&T [119] models. While the two models pro-
vide similar b ! e RAA predictions in the available pT range, they significantly vary in v2 predictions
below 10 GeV/c, where DREENA-B model is qualitatively in better agreement with the data. In this
context, measurements of beauty decay electrons can provide additional and important constraints for
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quarkonium states elucidate color screening?
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y(2S) suppression in Pb–Pb collisions at the LHC ALICE Collaboration
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Figure 3: The ratio of the y(2S) and J/y cross sections as a function of pT, compared to measurements in pp
collisions [41]. In the lower panel the double ratios of the Pb–Pb and pp values is shown.

reported. The main feature is an increase of the nuclear modification factor at low pT, similar to what
was observed for the J/y and understood as a direct consequence of the recombination process of charm
and anticharm quarks. The strong suppression of the y(2S) (RAA ⇠ 0.15 at pT = 10 GeV/c) persists up
to pT = 30 GeV/c as shown by the CMS data, that agree within uncertainties with those of ALICE in the
common pT range, in spite of the different rapidity coverage. A comparison with predictions from the
TAMU model [15] is shown, indicating that also the pT dependence of the RAA is well reproduced for
both J/y and y(2S), as it was the case for the centrality dependence.
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Figure 4: The RAA for y(2S) and J/y [43] as a function of pT. Comparison with theory models and results from
the CMS experiment [30] are also shown.
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Electromagnetic radiation
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Direct photons: extraction of T Hint of low-mass thermal excess

Sensitive to QGP temperature A PREPRINT - NOVEMBER 23, 2022
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Figure 3: Left: Dielectron yield as a function of mee measured in 0–10% Pb–Pb collisions at
p
sNN = 5.02 TeV (top

panel). The data is compared to hadronic cocktail simulations. In one case (solid lines) the heavy-flavour contribution
is based on the measured cross section in pp collisions [1] and scaled with Ncoll. In the second case (dashed lines)
the measured RAA of electrons from heavy-flavour hadron decays is included as described in the text. The respective
ratios of the data to the cocktails are shown in the middle and bottom panel. In both cases also predictions for thermal
dielectrons from a hadronic and partonic phase are indicated [10, 9]. Right: Dielectron yield as a function of DCAee in
the intermediate mass region. If the data are consistent with zero upper limits are given. The spectrum was parametrised
with templates for charm, beauty and a prompt contribution.

for this an approach was chosen that is able to include both effects with the expected impact on the pair. As a starting
point the measured RAA of c, b ! e was parameterised. To disentangle CNM and energy loss (EL) effects a calculation
based on the EPS09 nPDF [6] set was used. By dividing the data parameterisation by the nPDF expectation, one can
construct the expectation for the RAA that originates only from the energy loss of the heavy quark. In a next step two
different RAA for the dielectrons, one for energy loss and one for CNM effects, can be calculated in a Monte-Carlo
approach. Here the single electron RAA are used as weights. In the energy loss case factorisation is assumed and the
weight for the pair is calculated as the product of the electron weights RHFee

AA,EL
= w1 ⇥ w2. In the case of CNM effects

no factorisation is expected and the weight for the pair is the average of the electron weights RHFee

AA,CNM
= (w1 +w2)/2.

The heavy-flavour dielectron nuclear modification factor can then be calculated as RHFee

AA
= RHFee

AA,CNM
⇥ RHFee

AA,EL
.

This factor is then used to modify the cocktail based on Ncoll-scaling. The effect can be seen when comparing the
dashed lines in the upper left panel of fig. 3 with the solid lines. The middle and bottom panels show the ratio of the
measurement to the cocktail expectation for the case of Ncoll scaling and including the RHFee

AA
, respectively. In the mass

region between the � and the J/ we can see that the data is below the expectation from Ncoll-scaling (middle panel)
which is expected, since there is an overall suppression seen in the Rc,b!e

AA
. Including the RHFee

AA
estimate slightly brings

down the cocktail which leads to the cocktail being closer to the measurement (bottom panel). However, as discussed
before, the uncertainties are large, and no conclusion is possible. Calculations for a dielectron contribution from a
hadronic and a partonic phase [9, 10] are shown in both ratios to indicate the size of the expected signal.

A different and very promising approach is to separate the dielectrons from heavy-flavour hadron decays from the
prompt thermal contribution based on their decay topology. The basic idea is simple: the finite decay length of charm
and beauty hadrons can be exploited to separate the contributions of heavy-flavour and prompt dielectrons. For this the
pair distance-of-closest-approach (DCAee) is constructed as:

DCAee =

r
DCA2

1
+DCA2

2

2
. (2)

DCA1 and DCA2 denote the DCA of the tracks to the reconstructed primary vertex, normalised to the respective
resolution. By construction we expect a ordering of the distributions depending on the decay length (c⌧ ) of the decaying
particle: DCAee(prompt) < DCAee(charm) < DCAee(beauty) [1]. A big advantage of this approach is its model
agnostics. Figure 3 (right) shows the data in the mass interval of 1.2 - 2.6 GeV/c2. The data was parametrised with
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J/y polarization with respect to the event plane in Pb–Pb collisions ALICE Collaboration
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Figure 2: Centrality (left panel) and pT dependence (right panel) of lq . The vertical bars represent the statistical
uncertainties, while the boxes correspond to the systematic uncertainties. The horizontal bars show the size of the
corresponding centrality and pT ranges, with the data points being located at the center of each interval.

and even later in the hadronic phase [46], J/y production can occur both in the QGP phase, thanks to the
early production of charm quarks in hard processes, and at hadronization, via recombination of charm
quarks, with the latter mechanism becoming dominant at low pT [47]. The spin alignment observed in
this analysis for the J/y , which is larger at low pT, may point to an origin in common to that generating
this effect for K⇤0 and f in the same kinematic region. On the other hand the tendency for such alignment
to vanish at higher pT may indicate that effects active in the early stages of the collision (strong magnetic
fields) may be less effective in generating a net polarization for charmonia. Clearly, these hints need to
be confirmed by theory studies devoted to charm and charmonium production, that are not available as
of today.

In summary, we have reported on the first measurement of the polarization for inclusive J/y produced
in Pb–Pb interactions at

p
sNN = 5.02 TeV, carried out by ALICE using the direction perpendicular to

the event plane of the collision as the polarization axis. This choice makes this measurement potentially
sensitive to the strong magnetic field created in high-energy nuclear collisions, as well as to vorticity
effects in the QGP state. A small but significant polarization effect, reaching 3.9s for 2 < pT < 4 GeV/c
and 30–50% centrality, is measured. In absolute terms, the effect is smaller than that seen for light vector
mesons. However, significant differences in the production processes require dedicated theory studies
for a quantitative understanding of this observation and a precise connection with the QGP properties at
its origin.
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the estimations from the QCD-based MC event generator PYTHIA 8 + EVTGEN [68, 75]. Model estimations are
shown by colour bands where the width of the band corresponds to the statistical uncertainty in model calculations.

The resulting r00 values in the pT interval between 5 and 20 GeV/c are

r00(prompt D⇤+) = 0.324±0.004(stat.)±0.008(syst.),
r00(non-prompt D⇤+) = 0.455±0.022(stat.)±0.035(syst.).

(5)

This finding implies no spin alignment for prompt D⇤+ mesons with a simultaneous non-zero spin align-
ment of non-prompt D⇤+ mesons in high-energy pp collisions. The evidence of non-prompt D⇤+-meson
spin alignment can be understood as a consequence of helicity conservation in the decay of beauty scalar
mesons to vector mesons. Measured r00 values are further compared with the MC event generator
PYTHIA 8 + EVTGEN [68, 75]. The EVTGEN decay package, which conserves the helicity and account
for the V�A nature in the decay of beauty mesons, is used in place of the default PYTHIA 8 decayer. In
this case, model calculations are found to be in agreement with the extracted r00 values for both prompt
and non-prompt D⇤+ mesons, while if the EVTGEN package is not used, the r00 parameter is found to be
compatible with 1/3 for both prompt and non-prompt D⇤+ mesons. The measured r00 for non-prompt
D⇤+ mesons is qualitatively consistent with the longitudinal polarisation fraction ( fL) observed by the
LHCb collaboration in the B0 ! D⇤�D⇤+

s decay with respect to a different quantisation axis defined by
the B-meson momentum direction [53]. The direct comparison between the magnitudes of fL and r00
measured by the LHCb and ALICE Collaborations is not possible due to the different quantisation axis
and the different decay channels. Therefore, dedicated model calculations are required for a quantitative
comparison of the ALICE and LHCb data.

The presented results for pp collisions can be used to estimate the magnitude of the corresponding con-
tribution to the spin alignment in heavy-ion collisions. In particular, the spin alignment of non-prompt
D⇤+ meson with respect to the helicity axis can affect the measurements of D⇤+ spin alignment with
respect to the reaction plane in heavy-ion collisions. Due to the elliptic flow of the non-prompt D⇤+
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° production as a function of charged-particle multiplicity ALICE Collaboration
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Figure 3: Self-normalized yield of °(nS) states as a function of normalized charged-particle multiplicity for
pT > 0, compared to 3-pomeron CGC approach [20], PYTHIA 8.2 [5] and CPP [43]. The dashed line represents a
linear function with the slope equal to unity.
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Quarkonia Charged particles

Multiplicity dependence of charged-particle production at the LHC ALICE Collaboration
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Figure 9: Ratio of model predictions to data for pp collisions at various energies. The upper panels show it for
the multiplicity distributions (left) and their KNO-scaling form (right), the bottom panels represent hpTi (left) and
s(pT) (right). The semi-transparent bands indicate the relative systematic uncertainties of the data.

Results from model calculations in comparison with measurements from p–Pb collisions are shown in
Fig. 10. PYTHIA8/Angantyr predicts the charged-particle multiplicity distribution within 30% (Fig. 10,
top left) over the whole multiplicity range. EPOS LHC agrees within 20% for Nch < 70 but fails to
describe the measurement at higher multiplicities. The KNO-scaled multiplicity distributions shown in
the top right panel of Fig. 10 are described by both models within 20% up to a relative multiplicity of
2.5. Beyond that, both models exhibit increasing deviations from the measurement. PYTHIA8/Angantyr
underpredicts hpTi by about 5% at low multiplicities (Fig. 10, bottom left), Nch < 20, with the deviation
increasing as a function of multiplicity, reaching about 25% at Nch = 110. This might result from the
missing colour reconnection between the sub-collisions in the model. It is expected that high string
density effects, as the recently-introduced shoving mechanism [64], will lead to an increase of hpTi as a
function of the multiplicity. EPOS LHC reproduces the hpTi and s(pT) measurement within 10%.

Figure 11 shows a comparison of the measured hpTi as a function of Nch for pp, p–Pb and Pb–Pb col-
lisions at the same centre-of-mass energy per nucleon pair,

p
sNN = 5.02 TeV, with results from three

different model calculations: PYTHIA8 (left panel; Angantyr for p–Pb and Pb–Pb), EPOS3 (middle
panel), and hydrodynamics with CGC initial conditions [20] (right panel). As shown before, PYTHIA8

17

arXiv:2211.15326

Mario Krüger
Tuesday 9:20am

See also: /K/p vs. 
                      arXiv:2301.10120

π RT

Strangeness
Ryan Hannigan
Tuesday 5:30pm

 vs. ⟨pT⟩, σ (pT) NchStrange-hadron correlations

New preliminary

Poster: Tabea Maria Eder Poster: Mustafa Anaam

Ishaan Ahuja
Tuesday 9:00am

See also: 
 pairs arXiv: 2303.13431

charmonium arXiv:2211.14153
J/ψ

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#49-multiplicity-dependence-of
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#68-charged-particle-production
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#71-strangeness-production-in-j
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#50-quarkonium-production-and-f
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#72-particle-yield-modification
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#69-looking-for-collective-orig
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The Future
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2023 20332028

ALICE LS2 upgrades ALICE Collaboration

Table 3: Comparison of main detector parameters of the previous ITS1 and the new ITS2.

ITS1 ITS2
Technology Hybrid pixel, strip, drift MAPS

No. of layers 6 7
Radius 39–430 mm 22–395 mm

Rapidity coverage | h | 0.9 | h | 1.3
Material budget / layer 1.14% X0 inner barrel: 0.36% X0

outer barrel: 1.10% X0
Pixel size 425 µm ⇥ 50 µm 27 µm ⇥ 29 µm

Spatial resolution (rj⇥ z) 12 µm ⇥ 100 µm 5 µm ⇥ 5 µm
Readout Analogue (drift, strip), Digital (Pixel) Digital

Max rate (Pb–Pb) 1 kHz 50 kHz

Beam pipe

Inner Barrel
Outer Barrel

`

Middle layers

Outer layers

Figure 20: Schematic layout of the ITS2. The three innermost layers form the inner barrel, the middle and outer
layers form the outer barrel.

Table 4: Main layout parameters of the new ITS2.

Layer no. Average Stave No. of No. of Total no.
radius length staves HICs/ of chips
(mm) (mm) stave

0 23 271 12 1 108
1 31 271 16 1 144
2 39 271 20 1 180
3 196 844 24 8 2688
4 245 844 30 8 3360
5 344 1478 42 14 8232
6 393 1478 48 14 9408

Sec. 2.3). In order to meet the material budget requirements, the silicon sensors are thinned down to
50 µm and 100 µm in the inner and outer barrel, respectively.

3.2.1 Stave modules

The basic detector unit, called stave, consists of the following elements (Fig. 21):

– Hybrid Integrated Circuit (HIC): an assembly of a polyimide Flexible Printed Circuit (FPC) on

33

New data: opportunities to study hard probes with ALICE 2

Time Projection ChamberInner Tracking System

Improved vertex precision by 3-6xIncreased rate capability by 50x

Muon Forward Tracker

arXiv:2302.01238

…

2038

pp, pA, AA
Run 3 Run 4 Run 5 …
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2023 20332028 2038

pp, pA, AA
Run 3 Run 4 Run 5 …

 vs. z pT
TPC dE/dx

Impact parameter resolution
 vs. r − ϕ pT

Successful commissioning and data-taking in pp collisions and Pb-Pb test run

Di-electron 
separation 

Prompt

Non-prompt

Partial calibration and alignment
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mpuccio@cern.ch - ALICE highlights - 05/04/2022

ALICE 3

45

• All silicon tracker with 
over large acceptance

•  ~10% X0 overall material budget


• Excellent hadron and lepton PID

• Silicon-based TOF and RICH

• Muon chambers with absorber


• Impact parameter resolution:            
10 µm at pT = 200 MeV/c

• First tracking layer at 5 mm from 

primary vertex

• 1‰ X0 for the innermost layers

σp/p ∼ 1 %

Letter of Intent reviewed by the LHCC 
(LHCC-2022-009)

✓Recommendation to proceed with 

the R&D programme
High rate capabilities: fully exploit LHC potential

➡ x5 more AA luminosity than Run 3&4

Alessandro Grelli
Tuesday 2:20pm

arXiv:2211.02491

ALICE 3Tatsuya Chujo
Tuesday 3:20pmFOCALITS 3 Jory Sonneveld

Tuesday 3:40pm
ALICE-USA FoCal 2023 Physics motivation
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Figure 1. Partonic kinematics in terms of momentum-fraction x and momentum-transfer Q calculated
for various measurement channels within the experimental acceptance of current data and planned ex-
periments which probe hadronic structure. Left panel: EM probes (i.e. direct photon and Drell-Yan mea-
surements) from hadronic collisions, and DIS measurements including the future EIC project; right panel:
hadronic and UPC measurements at RHIC and LHC. The estimated saturation scales for proton and Pb
are also indicated as discussed in the text. The horizontal dashed line indicates the kinematic cuts above
which data are usually included in the determination of parton distribution functions (PDFs). At HERA,
and hence possibly at EIC, pQCD fits worked down to even Q ⇡ 0.8 GeV.

the RHIC cold nuclear upgrade program [10], for which STAR has constructed forward detectors
covering 2.5 < ⌘ < 4 [19]. 3

Figure 1 shows that the FoCal and LHCb measurements reach much smaller x than other ex-
isting and planned measurements, with the FoCal able to reach to the smallest x measurable until
the possible advent of the LHeC [11] or FCC [12]. However, while Figure 1 shows phase-space
acceptance, which is the starting point for comparing the capabilities of different experiments
and facilities, it does indicate the quality of measurements in terms of statistical or systematic
precision, or their theoretical interpretability. Below we discuss these points in detail for FoCal
observables.

At a given value of x, the saturation scale is given by

Q
2

sat ⇡
x gA(x,Q2)

⇡R2

A

/ A
1/3

x
��

, (2)

where gA = Ag, g is the gluon PDF of a proton, RA the radius of the nucleus, A the nuclear mass
number and the exponent � ⇡ 0.3 [20, 21]. Qualitatively, Qsat increases with the gluon density,
i.e. at smaller x and for heavier nuclei (by factor 6 in case of Pb). For perturbative calculations to
work well in the saturated regime, the saturation scale should be an order of magnitude larger
than the QCD scale ⇤QCD ⇡ 0.2 GeV/c.

The saturation scale, which is indicated in Fig. 1, is obtained using Eq. 2, with the normaliza-
tion obtained by setting its value to about 1.7 GeV/c for A = 1 at x = 10�4 [22]. At high enough

3 The performance of the ALICE muon arm to measure DY has not been explored. Hence, the corresponding accep-
tance (2.5 < ⌘ < 4) (labelled as MFT) is only shown with a dashed line.
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ITS3
overview

‣ R&D running at full steam

- 5 very active working groups


‣ Tests of bent silicon devices progress on all fonts:

- mechanical integration of 300 mm wafer-scale dummy 

chips

- lab and beam tests of ALPIDEs

- interconnection studies


‣ Key role and drive in 65 nm CMOS process evaluation:

- test chips and systems under design

- first submission imminent

28Magnus Mager (CERN) | ALICE status report | 144th LHCC open session | 18.11.2020 |

R&D kick-off (Dec 2019) after LHCC endorsement (Sep 2019)

R&D with bent 50 μm-thick ALPIDEs: they are flexible!open-cell carbon 

foam spacers

LoI/EoI: 3 layers of bent MAPS

Replacing the inner-most 
tracking layers with ultra-

thin, minimal material 
budget MAPS layers  in LS3

R&D LHCC-endorsed 
in Sep 2019

Submission in 65 nm process Bending of wafer-scale chips

Forward calorimeter: non-linear 
evolution of gluon density at low-x

Multi-HF hadrons, soft photons, 
low-mass dileptons, and more

Ultra-thin cylidrical silicon for 
inner tracking layers

pp, pA, AA
Run 3 Run 4 Run 5 …

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#56-alice-3-a-next-generation-h
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#58-the-alice-forward-calorimet
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#57-its3-a-truly-cylindrical-in


James Mulligan, LBNL ALICE Highlights, HP2023 March 27, 2023

ALICE Posters
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Transverse momentum  distributions of charged-particle jet fragments in pp collisions at , Jaehyeok Ryu
Multiplicity dependence of charged-particle jet properties in pp and p-Pb collisions, Debjani Banerjee, Reynier Cruz-Torres

Non-prompt  production in p-Pb collisions at , Mingyu Zhang
 via the semileptonic decay channel in pp collisions and in p-Pb collisions, Sanghoon Lim

Open heavy-flavour production from the high mass dilepton spectrum in pp collisions at , Michele Pennisi

Quarkonium production and flow in small systems, Tabea Maria Eder 

First results of dielectron analyses in Run 3, Florian Eisenhut
Topological separation of dielectron signals in Pb-Pb collisions, Jerome Jung
Neutral meson production as a function of multiplicity in pp collisions at , Joshua Koenig

 and  photoproduction in ultra-peripheral Pb-Pb collisions, Minjung Kim
 photoproduction and exclusive dimuon production in p-Pb collisions at , Michael Winn

Particle yield modification in jet-like azimuthal -hadron correlations in Pb-Pb collisions at , Mustafa Anaam

 meson production in pp and p-Pb collisions at , Nicolas Strangmann
 mesons in pp collisions at , Jens Robert Lühder

( jT) s = 5.02 TeV

D0 sNN = 5.02 TeV
Ξ0

c
s = 13 TeV

s = 13 TeV
π+π− K+K−

J/ψ sNN = 8.16 TeV

V0 sNN = 5.02 TeV

ω sNN = 5.02 TeV
ω s = 13 TeV

Jets

HF

Quarkonia

EM

Strangeness

Resonances

Tuesday 6:10-9:10pm

https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#62-measurement-of-the-transver
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#62-measurement-of-the-transver
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#34-multiplicity-dependence-of
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#96-measurement-of-non-prompt-r
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#96-measurement-of-non-prompt-r
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#55-measurement-of-xi_c0-via-th
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#77-open-heavy-flavour-producti
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#50-quarkonium-production-and-f
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#84-first-results-of-dielectron
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#270-topological-separation-of
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#109-measurement-of-neutral-mes
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#174-pipi-and-kk-photoproductio
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#174-pipi-and-kk-photoproductio
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#42-rmjpsi-photoproduction-and
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#72-particle-yield-modification
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#72-particle-yield-modification
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#105-measurement-of-omega-meson
https://wwuindico.uni-muenster.de/event/1409/timetable/?view=standard#52-measurement-of-omega-mesons
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ALICE results
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The ALICE experiment:
A journey through QCD
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Summary

Novel jet 
observables

Identified 
particles in jets

 in p-Pb collisions 
 in  collisions

γ, W
J/ψ γA

low-x content 
of nucleus

Microscopic: 
 jets, HF, quarkonium

Macroscopic: 
vorticityT, B,

New clues to understand many-body dynamics of QCD

Heavy flavor 
hadronization


