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A Large Ion Collider Experiment Highlights and perspectives @ LHCP 2021

ALICE preparing for Run 3
Progress on installation and commissioning of LS2 upgrades

Retain unique PID capabilities & improve tracking while operating at high rates
Maximize LHC’s potential with precision measurements in nuclear collisions
• Charm and beauty baryons – in-medium thermalization, coalescence, flow and energy loss
• Precision in charmonium states – forward and midrapidity – suppression, flow, polarization, nuclei structure via UPCs
• Low-mass dileptons – chiral symmetry restoration, early temperature, space-time evolution and EOS (flow)
• NEW: comprehensive pp programme at top LHC energy ALICE-PUBLIC-2020-005 ; CERN-LHCC-2020-018 ; LHCC-G-179
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http://cds.cern.ch/record/2724925?ln=en
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Introduction to ALICE in one minute or less
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#CERN #heavy-ions #QGP #~2000people #>340papers #>10 years running
ALICE version 2.0 – coming up online this summer…
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Runs 1 and 2: 1 nb-1 of Pb-Pb collisions 
Interaction rate ~8 kHz
readout rate ≈ 1 kHz

Run 3 and Run 4: 13 nb-1 of Pb-Pb collisions
readout rate ≈ 50 kHz (Pb-Pb),  ≈ 1 MHz (pp)  
online reconstruction : all events to storage!

LS2 upgrade
• New TPC R/O planes
• New silicon tracker (ITS & MFT)
• New Fast Interaction Trigger (FIT)
• New Online/Offline system (O2)
• Upgrade readout of all other detectors

x50 statistics increase 
for most observables

> Improve tracking 
resolution at low pT

Talk on LHC & diversity
by Adriana Telesca
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ALICE LS2 Schedule – good progress - ALICE is on pace for Run 3

4

2020 2021 2022

2020 2021 2022

MAY JUN JUL AUG SEP OCT NOV DEC MAY JUN JUL AUG SEP OCT NOV DECJAN FEB MAR APR JAN FEB MAR APR

TPC 

Work on services 

TPC, beampipe, MNF

Construction, assembly, commissioning 

Install TPC, beampipe and Miniframe

FIT/MFT Install FIT-C and MFT

Installation & Test  ITS

Install FIT-A

Tests ITS/MFT/FIT standalone tests

Global Commiss.
ALICE Ready

LS2 end 1st Feb ‘22
2.5 months

Commissioning (global runs w shifts)

- ITS installation done! 

- End of barrel installation end June

- End of Muon Arm installation end of July

- global commissioning (~18 weeks) starts mid-July

Muon St. 3, 4 and 5 St. 1 St. 2

2.5 months contingency wrt the LS2 end date 1st February 2022 
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TPC with GEM chambers and new readout electronics

5

Talks by Christian Lippmann, Ernst Hellbar

Detector at P2 since August 2020 – after re-connection commissioning ongoing since December 2020 

Laser calibration

Cosmic rays

Cosmic rays dE/dx

Software development completed 
- data reconstruction on GPU

May ‘19
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ALICE 2.0 – selected subsystems

635

Muon Chambers

Station 3/4/5 completed in March. 
Good progress, team backed up by FSU 
technicians to compensate for Covid
related travel restrictions.

8/8 quadrants of Station 1 are installed. 
1/8 chambers has an issue and must be 
replaced.

Station 2 ready @ CERN. Travel 
restrictions from India require team from 
Orsay to install Station 2 in July. 

Preparations with colleagues from India 
(remote) are ongoing.

1    2      3       4  5
Re-installation of muon chambers ongoing

New Inner Tracking System (ITS2)
� improved pointing precision
� Monolithic CMOS sensors (ALPIDE)
� Smaller beampipe, 1st layer closer

Muon Forward Tracker (MFT)
� New tracker based on ALPIDE
� Improved MUON  pointing 

precision, promt vs. decay muons

ITS2, MFT, FIT

New Trigger Detectors (FIT)

2

Reconfiguration of the 
inner tracker region

OLD Setup

NEW Setup

New Inner Tracking System (ITS 2)
• Improved pointing precision
• Monolithic CMOS sensors (ALPIDE) 
• Smaller beampipe, 1st layer closer 

Muon Forward Tracker (MFT) 
•New tracker based on ALPIDE 
•Improved MUON pointing 
•precision, promt vs. decay muons 

New Trigger Detectors (FIT) 

Talk by Christian Lippmann
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OB installed !

New Inner Tracker System installed

7

Talks by Christian Lippmann, Ivan Ravasenga

The new Muon Forward Tracker

December 2016

Cosmic ray tracks – May 2019

28

Inner barrel inserted
May 2021

Outer barrel inserted
March 2021

Read more in the CERN Courier
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OB installed !

New Inner Tracker System installed

8

Talks by Christian Lippmann, Ivan Ravasenga

The new Muon Forward Tracker

December 2016

Cosmic ray tracks – May 2019

28

Inner barrel inserted
May 2021

Outer barrel inserted
March 2021

Read more in the CERN Courier

https://cerncourier.com/a/alice-tracks-new-territory/
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ALICE 2.0 – a new computing challenge
Online-offline processing software
+ new offline analysis framework

9

Talks by Christian Lippmann,
Jan Fiete Grosse-Oetringhaus,
Marten Ole Schmidt

99% on GPUs

80% on GPUs
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Physics highlights 
… focus on new results

10
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Physics of ALICE – in broad strokes

11
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Þ Study emergent QCD phenomena via nuclear collisions
• Properties of quark-gluon plasma
• Details of the parton-hadron transition in dense and dilute systems
• Explore the structure of nuclei 
Þ Must measure the baseline for Pb-Pb in pp collisions
Þ + QCD studies in pp: pQCD and h-h interactions
Þ Understand the new effects in high-multiplicity pp and pA

collisions that mimic AA

Jonah E. Bernhard arXiv:1804.06469 [nucl-th]
LHCP2020 in Paris online

A. Dainese for ALICE Collaboration

Other talks on physics by A. Ohlson, L. Havener, L. 
Cunqueiro, J. Mulligan, M. Kim, L. Barioglio, V. Vislavicius, F. 
Grosa, Simone Ragoni, Sushanta Tripathy, Dimitar Mihaylov, 
Mattia Faggin

hydrodynamization

In this talk: #femtoscopy #baryon/meson #strangeness 
#charm #dead-cone #jet-structure #jetty-v2
#quarkonia #photoproduction  

https://arxiv.org/search/nucl-th?searchtype=author&query=Bernhard%2C+J+E
https://arxiv.org/abs/1804.06469
https://indico.cern.ch/event/856696/contributions/3722342/attachments/2043949/3435880/Dainese_ALICE_LHCP2020.pdf
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proton-proton collisions

12
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Systematic study of jet substructure in pp collisions

13

New measurements for low-pT jets – unique feedback to theory – guidance for heavy-ion collisions

L. Cunqueiro

Lund jet plane – density map of splittings
– region-by-region sensitivity to perturbative and non-perturbative effects
Dreyer et al JHEP12(2018)064, Lifson et al. JHEP10(2020)170

NEW

The primary Lund plane with ALICE

ALI-PREL-479204ALI-PREL-479196 ALI-PREL-479228
ALI-PREL-479220

Soft Harder Small-angle Wide-angle

•Similarly to ATLAS measurement, model uncertainties (Herwig vs Pythia in the response and matching purity/efficiency 
corrections) is dominant 

•Perturbative reach to be extended with triggered samples

8

New at LHCP
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ALI-PREL-479220

Soft Harder Small-angle Wide-angle

•Similarly to ATLAS measurement, model uncertainties (Herwig vs Pythia in the response and matching purity/efficiency 
corrections) is dominant 

•Perturbative reach to be extended with triggered samples
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New at LHCPDR
pT2

pT1

pT1 > pT2
kT= DR pT2

The primary Lund plane with ALICE
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ALICE-PUBLIC-2021-002. 

Low jet pT range as opposed to ATLAS 
Modest perturbative reach 
Strong non-perturbative effects
kT=1 GeV; kT<=5 GeV

7

New at LHCP

• Lund plane: projections along angular (wide - narrow) or kT (hard vs. soft) axes
• Generalized angularities, jet axis, dynamical grooming talk by J. Mulligan

ALICE-PUBLIC-2021-002

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP12%25282018%2529064&v=3cc0b276
https://link.springer.com/article/10.1007/JHEP10(2020)170
https://cds.cern.ch/record/2759456?ln=en
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Systematic study of jet substructure in pp collisions
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New measurements for low-pT jets – unique feedback to theory – guidance for heavy-ion collisions

L. Cunqueiro

The primary Lund plane with ALICE
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New at LHCP

NEW

• Lund plane: projections along angular (wide - narrow) or kT (hard vs. soft) axes
• Generalized angularities, jet axis, dynamical grooming talk by J. Mulligan
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New at LHCP
The primary Lund plane with ALICE

ALI-PREL-479204ALI-PREL-479196 ALI-PREL-479228
ALI-PREL-479220

Soft Harder Small-angle Wide-angle

•Similarly to ATLAS measurement, model uncertainties (Herwig vs Pythia in the response and matching purity/efficiency 
corrections) is dominant 

•Perturbative reach to be extended with triggered samples
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New at LHCP

Harder

DR
pT2

pT1

pT1 > pT2
kT= DR pT2

Lund jet plane – density map of splittings
– region-by-region sensitivity to perturbative and non-perturbative effects
Dreyer et al JHEP12(2018)064, Lifson et al. JHEP10(2020)170

ALICE-PUBLIC-2021-002

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP12%25282018%2529064&v=3cc0b276
https://link.springer.com/article/10.1007/JHEP10(2020)170
https://cds.cern.ch/record/2759456?ln=en
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The primary Lund plane with ALICE
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New at LHCP

Systematic study of jet substructure in pp collisions
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New measurements for low-pT jets – unique feedback to theory – guidance for heavy-ion collisions

L. Cunqueiro
NEW

The primary Lund plane with ALICE

ALI-PREL-479204ALI-PREL-479196 ALI-PREL-479228
ALI-PREL-479220

Soft Harder Small-angle Wide-angle

•Similarly to ATLAS measurement, model uncertainties (Herwig vs Pythia in the response and matching purity/efficiency 
corrections) is dominant 

•Perturbative reach to be extended with triggered samples
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New at LHCP
The primary Lund plane with ALICE

ALI-PREL-479204ALI-PREL-479196 ALI-PREL-479228
ALI-PREL-479220

Soft Harder Small-angle Wide-angle

•Similarly to ATLAS measurement, model uncertainties (Herwig vs Pythia in the response and matching purity/efficiency 
corrections) is dominant 

•Perturbative reach to be extended with triggered samples

8

New at LHCP

Small angle

DR
pT2

pT1

pT1 > pT2
kT= DR pT2

Lund jet plane – density map of splittings
– region-by-region sensitivity to perturbative and non-perturbative effects
Dreyer et al JHEP12(2018)064, Lifson et al. JHEP10(2020)170

• Lund plane: projections along angular (wide - narrow) or kT (hard vs. soft) axes
• Generalized angularities, jet axis, dynamical grooming talk by J. Mulligan

ALICE-PUBLIC-2021-002

ALICE-PUBLIC-2021-002

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP12%25282018%2529064&v=3cc0b276
https://link.springer.com/article/10.1007/JHEP10(2020)170
https://cds.cern.ch/record/2759456?ln=en
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Measuring the dead-cone in radiation off a heavy quark

16

Follow heavy-quark through the primary Lund Plane & suppress hadronization effects/non-pert. (at small kT)

L. Cunqueiro

Cunqueiro, Ploskon, Phys.Rev.D 99 (2019) 7, 074027 

Eradiator=energy of the splitting  
prong at each declustering step

•Iteratively decluster jets with a fully reconstructed D0 among  
its constituents 

•Follow always the prong containing the D0 
•Register the splitting energy Eradiator and the splitting kT at 
each step 

Define: 

The deepest levels of the jet tree are splittings 
 at small angles/lower energies 
 ->most sensitive to mass and the dead cone effect

The Lund plane of heavy-quark jets: exposing a 
fundamental prediction of QCD, the dead cone

9

Principle outlined in PhysRevD.99.074027

Radiator: quark lead prong

Cunqueiro, Ploskon, Phys.Rev.D 99 (2019) 7, 074027 

Eradiator=energy of the splitting  
prong at each declustering step

•Iteratively decluster jets with a fully reconstructed D0 among  
its constituents 

•Follow always the prong containing the D0 
•Register the splitting energy Eradiator and the splitting kT at 
each step 

Define: 

The deepest levels of the jet tree are splittings 
 at small angles/lower energies 
 ->most sensitive to mass and the dead cone effect

The Lund plane of heavy-quark jets: exposing a 
fundamental prediction of QCD, the dead cone

9
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The Lund plane of heavy-quark jets: exposing a 
fundamental prediction of QCD, the dead cone

• Suppression of emissions at low angles for D0 jets as compared to inclusive jets 
• Smaller effects for higher splitting energy 
• Pink areas: parametric dead-cone areas as given by mC/<Eradiator>
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New ALICE measurement for D-tagged jets
• Radiation suppressed in the expected angular region (shaded)
• Suppression lifted as massQ << Eradiator

Outlook: b-jets

Expectation: radiation suppressed for qc < mQ/E CERN-EP-2021-107

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.99.074027&v=56822715
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Hadronization & non-perturbative effects of the underlying event; parton-hadron transition with heavy quarks
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Talk by Mattia Faggin
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• Unique measurements (at low-momenta) of Lc (also Xc and Wc)
• Cross section (fragmentation fraction) larger than expected (ee and ep) – breaking universality between collision systems
• Models with ‘high-density‘ effects in hadronization describe Lc, but not X; some support for parton coalescence picture
• Baryon/meson ratio – features similar to all flavors – characteristic for parton (re-)combination at hadronization

arXiv:2105.06335 [nucl-ex]
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Uncovering details of hadronization with strangeness
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Understanding hadronization & non-perturbative effects of the underlying event
Probing fundamental features of QCD: confinement ó parton-hadron transition with light quarks

Talk by Alice Ohlson

ALICE arXiv:2105.04890

Lambda and kaons outside and inside of jets

Baryon/meson enhancement not seen in jets – property of soft UE 
– input to modelling (hadronization / coalescence)
Precision studies in heavy-flavour jets with Run 3
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Understanding hadronization & non-perturbative effects of the underlying event
Probing fundamental features of QCD: confinement ó parton-hadron transition with light quarks

ALICE arXiv:2105.04890

Talk by Alice Ohlson, poster by Chiara De Martin

Lambda and kaons outside and inside of jets

Baryon/meson enhancement not seen in jets – property of soft UE 
– input to modelling (hadronization / coalescence)
Precision studies in heavy-flavour jets with Run 3 and Run 4

1 10
) (trig)c (GeV/

T
p

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.42
v

 = 5.02 TeV, V0A: 0-10%
NN

sp-Pb 

c > 0.5 GeV/
T,assoc

p, 2 Jet v´1.5 

c > 1  GeV/
T,assoc

p, 2 Jet v´1.5 

c > 1.5 GeV/
T,assoc

p, 2 Jet v´1.5 

0-5% Central

 = 8.16 TeV
NN

sATLAS p-Pb 

 p-Pb MBT´1.5 

c>100 GeV/
jet

T
p p-Pb ´1.5 

20-30%, Central

 = 5.02 TeV
NN

sALICE Pb-Pb 

ALICE Preliminary

ALI−PREL−367071

However, azimuthal flow (v2) seen also for jet associated particles
Not expected from limits on jet quenching / e-loss in small systems

https://arxiv.org/abs/2105.04890v1


A Large Ion Collider Experiment Highlights and perspectives @ LHCP 2021

Pb-Pb and Xe-Xe collisions

22



A Large Ion Collider Experiment Highlights and perspectives @ LHCP 2021

Kaon–proton scattering in Pb–Pb collisions at the LHC ALICE Collaboration
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Figure 3: Left: scattering parameters obtained from the Lednický–Lyuboshitz fit compared with available world
data and theoretical calculations. Statistical uncertainties are represented as bars and systematic uncertainties, if
provided, as boxes. Right: experimental femtoscopic correlation function for K�p�K+p pairs in the 30–40%
centrality interval, together with various Lednický–Lyuboshitz calculations obtained using the scattering length
parameters from Refs. [17, 18, 71–75] and the source radius from this analysis. The statistical and systematic
uncertainties of the measured data points are added in quadrature and shown as vertical bars.

and ¡ f0 = 0.92± 0.05(stat)+0.12
�0.33(syst) fm.

The obtained parameters of the scattering length are compared with the available experimental values as
well as model calculations [18, 71–75] in the left panel of Fig. 3. Numerical values of those parameters
are also provided in Tab. 1. The ALICE results are compatible with them within uncertainties2. Up until
this point, the world’s best experimental data on Kp scattering are mainly from exotic kaonic atoms,
where the interaction at the threshold is measured, and from scattering experiments. Theory predictions
and calculations are based on cEFT models.

Moreover, the Lednický–Lyuboshitz formalism is also used to compute femtoscopic correlation functions
using scattering length parameters from previous measurements and theory predictions. They are then
compared with the experimental data and the deviations in units of c2/ndf are obtained. The result of
such a procedure is shown in Fig. 3 (right), while the c2/ndf values are presented in Table 1. The Kyoto
model, which captures well the structures related to coupled channels in pp collisions, reproduces the data
trends in all measured Pb–Pb centrality intervals, confirming that the coupled channels are fundamental
in the description of small sources but have a negligible influence on correlation functions at large source
sizes [39]. However, the model still requires further development as the resulting c2/ndf= 2.8 is slightly
worse than the best calculations using the Lednický–Lyuboshitz analytical approach.

2Note that systematic uncertainties are not provided for some of the older results.
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where the interaction at the threshold is measured, and from scattering experiments. Theory predictions
and calculations are based on cEFT models.
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using scattering length parameters from previous measurements and theory predictions. They are then
compared with the experimental data and the deviations in units of c2/ndf are obtained. The result of
such a procedure is shown in Fig. 3 (right), while the c2/ndf values are presented in Table 1. The Kyoto
model, which captures well the structures related to coupled channels in pp collisions, reproduces the data
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in the description of small sources but have a negligible influence on correlation functions at large source
sizes [39]. However, the model still requires further development as the resulting c2/ndf= 2.8 is slightly
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Strong interaction among hadrons

23

Precision QCD from w/ hadron correlations – new information on neutron star EOS

Talk by Dimitar L. Mihaylov, poster by M. Urioni
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Ø Further	correlation	measurements	by	ALICE:
																	pΛ, Kp, pΞ5, pΩ, pΣ=, ΛΛ,	ppN

Phys.	Rev.	C	99	(2019)	024001	
Phys.	Rev.	Lett.	124	(2020)	092301	
Nature	588	(2020)	232–238
Phys.	Rev.	Lett.	123	(2019)	112002	
Physics	Letters	B	805	(2020)	135419	
Phys.	Lett.	B	797	(2019)	134822	
Phys.	Lett.	B	811	(2020)	135849	

Ø Correlation	function	(Koonin-Pratt	equation):
M.	A.	Lisa	et	al.	Ann.	Rev.	Nucl.	Part.	Sci.	55	(2005)	357

Ø Study	final	state	interactions	among	hadrons	&	compare	to	
first-principle	QCD	calculations	

Ø Y-Y	and	Y-N	interactions	are	essential	inputs	for	understanding	the	
Equation	of	State	(EoS)	of	neutron	stars
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Experimental evidence for an attractive p–φ interaction ALICE Collaboration
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Figure 2: The genuine p–φ correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k∗) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
Λ–K∗ (k∗ = 221.6 MeV/c) and Σ–K∗ (k∗ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ℜ( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ℑ( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ℜ( f0) deviates by 2.3σ from zero, indicating the attractiveness of the p–φ interaction in
vacuum. Notably, ℑ( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–φ interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the φ cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (−0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (−0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–φ interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm−2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/ψ strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
α = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–φ bound states with the same kind of po-
tential but α = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–φ
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–φ =

√
A, is

6

Femtoscopy:	p-+ interactions	in	pp	collisions	
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< 1,		 repulsion
= 1,			u∗→ ∞
> 1,		 attraction

Ø Correlation	function:
M.	A.	Lisa	et	al.	Ann.	Rev.	Nucl.	Part.	Sci.	55	(2005)	357
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Figure 1: The experimental p–φ correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = ∑i λiCi, where the index i
runs over all contributions. The parameters λi, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the φ candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–φ correlation function Cexp(k∗) is decomposed as

Cexp(k∗) = M×Cbkg(k∗)×
[
λp–φ ×Cp–φ (k∗)+λflat ×Cflat(k∗)

]
+λp–(K+K−)×Cp–(K+K−)(k∗), (1)

where M is a normalization constant, Cp–φ (k∗) the genuine p–φ correlation function, Cp–(K+K−)(k∗)
arises from combinatorial K+K− background, and Cbkg(k∗) = Cbaseline(k∗) +Cminijet(k∗) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k∗)≈ 1.

As seen in Table 1, the combinatorial K+K− background, referred to as p–(K+K−), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K− interactions. The sideband intervals are chosen as
0.995−1.011 GeV/c2 and 1.028−1.044 GeV/c2 to avoid threshold effects and have comparable kine-
matic properties as the φ candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual φ amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the φ resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K−)(k∗) which is absorbed by a renormalization of the
λ parameters. Since the p–(K+K−) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k∗) =Cbaseline(k∗)+Cminijet(k∗) is dominated by residual minijet contri-
butions Cminijet(k∗) of p–φ . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k∗ described by a quadratic
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Figure 2: The genuine p–φ correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k∗) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
Λ–K∗ (k∗ = 221.6 MeV/c) and Σ–K∗ (k∗ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ℜ( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ℑ( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ℜ( f0) deviates by 2.3σ from zero, indicating the attractiveness of the p–φ interaction in
vacuum. Notably, ℑ( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–φ interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the φ cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (−0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (−0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–φ interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm−2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/ψ strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
α = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–φ bound states with the same kind of po-
tential but α = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–φ
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–φ =

√
A, is
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< 1,		 repulsion
= 1,			N∗→ ∞
< 1,		 attraction

Ø Correlation	function:
M.	A.	Lisa	et	al.	Ann.	Rev.	Nucl.	Part.	Sci.	55	(2005)	357

Relative	momentum:	u∗ = z{∗6z|∗
f

Relative	distance:	}⃗∗ = }⃗?∗ − }⃗f∗

Relative	momentum:	O∗ = QR∗5QS∗
T ,		Relative	distance:	U⃗∗ = U⃗W∗ − U⃗T∗

ALICE on topic

”Femtoscopy”
• Small systems (pp) r*~1 fm – sensitive to inelastic channels
• Large systems (PbPb) r*> 3 fm – only elastic channels

• Alternative to scattering experiments; exotic atoms

arXiv:2105.05683 [nucl-ex]

K–-p correlations in Pb-Pb collisions 

New input to world-data 
Novel input to theoretical calculations 

On scattering parameter plane

https://arxiv.org/abs/2105.05683
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Xe-Xe vs Pb-Pb – system dependence of radial and elliptic flow

24

Comparing small to large system – also, different initial geometries
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arXiv:2101.03100 [nucl-ex]

Elliptic flow in transverse plane

Particle spectra shapes => very 
different behaviour for radial and 
elliptic flow

- radial flow does not depend on the 
colliding system (at similar 
charged-particle multiplicity)

- Strong dependence of v2 (radial 
flow) on geometry/system –
different at different multiplicity

measure of radial flo
w

https://arxiv.org/abs/2101.03100
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Probing QGP with heavy quarks

25

Expectation: beauty loses less energy in QGP as compared to lighter charm (dead-cone effect)

NEW

RAA = yield in AA per NN / yield in pp
RAA = 1 at high pT ó no nuclear effects

Suppression 
related to

energy loss DE 
of quarks

Two observations: 1) hint RAA(n.-p.D+
S) > RAA(p.D+

S) and 2) RAA (n.-p.D+
S) > RAA (n.-p.D0) 

• Consistent with mb > mc (RAA
non-prompt > RAA

prompt follows expectation DEb < DEc) and coalescence
• Enhanced production of B0

s from beauty hadronization via coalescence (50% of D+
s from B0

s)

TAMU
PRL 124, 042301

Enhanced B0
s from 

hadronization of b via 
coalescence

lifts RAA for s-content

Non-prompt: 
D from B

https://doi.org/10.1103/PhysRevLett.124.042301
https://doi.org/10.1103/PhysRevLett.124.042301
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Modifications of jet substructure in quark-gluon plasma

26

Follow up on groomed jet substructure in AA => subjet tagging – quark vs. gluon

Fully corrected leading subjet distributions
New measurement of jet structure 
modifications
- redistribution of energy from the 

leading subjet (at different r<R) –
collimation and z≈1 suppression

- sensitivity to quark vs. gluon jet 
in-medium energy loss?
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Cluster inclusive jets with radius , then recluster with anti-  with radius R kt r

R

r

Measurements of inclusive and leading subjet fragmentation 3

1 Introduction1

In this analysis, we consider jet substructure measurements in which we first inclusively cluster jets with2

the anti-kT jet algorithm with jet radius R, and then recluster the jet constituents with the anti-kT jet3

algorithm with jet radius r < R. We consider both the inclusive subjet population as well as the leading4

subjet population – where in both cases the initial jet finding is done inclusively.1 Note that various5

subjet observables have been previously proposed as sensitive jet quenching observables [1].6

Here, we consider the fraction of transverse momentum carried by the subjet compared to the initial jet:7

zr =
pch subjet

T

pch jet
T

.

Note that for zr > 0.5, the leading and inclusive subjet distributions are identical.8

This observable provides two compelling ways to probe jet quenching:9

1. Test universality of jet fragmentation in the QGP. Measurements of zr are directly sensitive to the10

in-medium parton-to-subjet fragmentation function Jr,med(z), and can be used to extract Jr,med(z).11

The extracted Jr,med(z) can then be compared to the independently extracted in-medium parton-12

to-jet fragmentation function, Jmed(z) [2]. In vacuum, it is expected that Jr,med(z) = Jmed(z) up to13

power corrections. However, it is unknown whether such universality holds in the QGP, and is14

closely related to factorization breaking. Measurement of zr in heavy-ion collisions will directly15

test this universality.16

2. Directly measure jet energy loss. Traditionally, the fraction of “out-of-cone” energy transport has17

been inferred by comparing jet yields in pp and Pb–Pb collisions. Recently, a more direct and18

well-defined method of measuring energy loss was proposed [3]. This can be done by comparing19

moments of the leading and inclusive subjet zr distributions, i.e. computing the fraction of jet20

energy not carried by the leading subjet. This “energy loss” observable can then be computed in21

both pp and Pb–Pb collisions, and the difference is a well-defined direct measure of energy loss in22

heavy-ion collisions, without any need to use modeling assumptions to infer the energy loss from23

yields.24

We also choose to measure zr due to recent studies of mis-tagging of jet substructure objects due to25

the heavy-ion underlying event [4]. Reclustered subjets, as compared to groomed jets, may exhibit26

improved robustness to mis-tagging effects. In Pb–Pb collisions, we perform a philosophically similar27

measurements as in Ref. [5] in the sense that we tag a substructure object event-by-event, and measure28

only in an approximately background-free part of phase space, in this case restricting zr to be sufficiently29

large (and thereby preventing us from measuring the inclusive subjet distribution).30

In pp collisions, the inclusive subjet zr distribution has been calculated at NLO+LL [6], and the leading31

subjet zr distribution (and accordingly the “energy loss”) is in progress [3]. There has not yet been any32

measurement of zr. In pp collisions, measurements of zr will test the perturbative accuracy of these ob-33

servables, including investigating the relevance of threshold resummation at large-zr and small-zr, which34

has not yet been directly observed, and testing the nonlinear leading jet function evolution equation.35

The large-zr and small-zr regions may also be useful to constrain hadronization models. Furthermore,36

inclusive subjet measurements can be used to extract the LL splitting function, and compare to similar37

extractions from groomed jet measurements of zg.38

1Note that this procedure does not involve grooming in any way. We use the term subjet to refer to a reclustered jet with
smaller radius than its initial clustering radius, and suggest to use the term “prong” (rather than “subjet”) to refer to a branch of
a clustering history used in groomed jet analyses.

We can then measure either the 
inclusive subjets or the leading subjets 

Neill, Ringer, Sato 2103.16573
Kang, Ringer, Waalewijn  JHEP 07 (2017) 064

Generally good agreement with PYTHIA
Disagreement at large-  
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hadronization?

zr

Inclusive subjets

0 0.2 0.4 0.6 0.8 1

rz

1

10

210

310

rzdσd  
je

t
σ1

 = 4.8〉 = 0.1r

subjets 
N〈

 = 2.7〉 = 0.2r

subjets 
N〈

 PreliminaryALICE
 = 5.02 TeVspp 

TkCharged jets   anti-
| < 0.5

jet
η = 0.4   | R

c < 120 GeV/
T, ch jet

p80 < 
 = 0.1r
 = 0.2r

Sys. uncertainty
PYTHIA8 Monash 2013

0 0.2 0.4 0.6 0.8 1

rz

0
0.5

1
1.5

PY
TH

IA
D

at
a

ALI-PREL-490650

Subjet fragmentation — pp

New



A Large Ion Collider Experiment Highlights and perspectives @ LHCP 2021

Suppression of botomonia in Pb-Pb collisions

27

Υ(1S) is suppressed by a factor of about three with respect to the proton-proton collisions 
Υ(2S) (first time!) at forward rapidity - a suppression stronger by about a factor 2-3 with respect to the ground state

arXiv:2011.05758 [nucl-ex]

Context: suppression vs. binding energy – Y(2S) RAA expected lower
Comparison to model calculation largely in line with data
Interesting trend reversal as a function of rapidity (CMS + ALICE data)

RAA = yield in AA per NN / yield in pp
RAA = 1 at high pT ó no nuclear effects

https://arxiv.org/abs/2011.05758
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Figure 5
Nuclear modi!cation ratios (Equation 11) as a function of x at Q2 = 10 GeV2 for the gluon PDF in 12

6C (a) and 208
82Pb (b) and for the

quark singlet PDF in 208
82Pb (c). Results are shown for the nNNPDF1.0 (green), EPPS16 (pink), and TUJU19 (light blue) analyses at

NLO (41, 42, 124). Uncertainty bands correspond to 90% con!dence levels. Abbreviations: NLO, next-to-leading order; PDF, parton
distribution function.

to increase as the atomic number A increases. The reason for the growth in uncertainties with A
can be traced back to the quantity and quality of the data, which are signi!cantly more limited
in the variety of processes and in the breadth of the kinematic coverage for nuclear PDFs than
for proton PDFs (see Figure 1). As opposed to the proton case, the up and down quark valence
distributions are fairly similar as a result of the nuclear PDF de!nition (Equation 10). Assuming
exact isospin symmetry, the visible differences then arise from the nonisoscalarity of the nucleus.
In general, the agreement between the different nuclear PDF sets is excellent for the total quark
singlet distribution presented in Figure 5, where the shape clearly displays shadowing, antishad-
owing, and EMC effects in the expected x regions. Additional comparisons of individual quark and
antiquark "avors are not made here because of the lack of "avor separation in DIS data used in
the nNNPDF1.0 and TUJU19 analyses, but such comparisons can be found in References 42 and
52. Lastly, despite containing similar data sets, the nNNPDF1.0 distributions show signi!cantly
larger uncertainties than does the TUJU19 result, especially in the small-x extrapolation region.
While this is partly due to the different uncertainty estimation techniques, it also can be attributed
to the use of a more "exible parameterization in nNNPDF1.0 (for more details, see References 41
and 124).

5.3.2. Gluon. The features of the gluon distribution in Figure 2 are also similar to those in
the proton case, apart from having larger uncertainties. However, the nuclear modi!cations to the
gluon distribution in Figure 5 are much less distinct than those for the quark singlet. While the
TUJU19 PDF set displays very clear shadowing behavior for the ratio, the larger uncertainties
for the EPPS16 and nNNPDF1.0 distributions prevent any de!nitive conclusion about nuclear
shadowing in the low-x region. Furthermore, gluon antishadowing seems to appear in different
regions of x for the different PDF analyses. For EPPS16, the gluon exhibits antishadowing in a
similar region as the quark singlet, while the TUJU19 and nNNPDF1.0 analyses display an anti-
shadowing effect at larger x. This antishadowing effect is likely an artifact of the !tting procedure
rather than an actual physical effect, as the two analyses do not include data sensitive to the gluon.
However, further investigation is required to make any conclusive statements. Lastly, there is a
noticeable difference between the gluon uncertainties in carbon compared with those in heav-
ier lead nuclei. This difference also exists for the quark distributions and arises by imposing the
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Figure 5
Nuclear modi!cation ratios (Equation 11) as a function of x at Q2 = 10 GeV2 for the gluon PDF in 12

6C (a) and 208
82Pb (b) and for the

quark singlet PDF in 208
82Pb (c). Results are shown for the nNNPDF1.0 (green), EPPS16 (pink), and TUJU19 (light blue) analyses at

NLO (41, 42, 124). Uncertainty bands correspond to 90% con!dence levels. Abbreviations: NLO, next-to-leading order; PDF, parton
distribution function.

to increase as the atomic number A increases. The reason for the growth in uncertainties with A
can be traced back to the quantity and quality of the data, which are signi!cantly more limited
in the variety of processes and in the breadth of the kinematic coverage for nuclear PDFs than
for proton PDFs (see Figure 1). As opposed to the proton case, the up and down quark valence
distributions are fairly similar as a result of the nuclear PDF de!nition (Equation 10). Assuming
exact isospin symmetry, the visible differences then arise from the nonisoscalarity of the nucleus.
In general, the agreement between the different nuclear PDF sets is excellent for the total quark
singlet distribution presented in Figure 5, where the shape clearly displays shadowing, antishad-
owing, and EMC effects in the expected x regions. Additional comparisons of individual quark and
antiquark "avors are not made here because of the lack of "avor separation in DIS data used in
the nNNPDF1.0 and TUJU19 analyses, but such comparisons can be found in References 42 and
52. Lastly, despite containing similar data sets, the nNNPDF1.0 distributions show signi!cantly
larger uncertainties than does the TUJU19 result, especially in the small-x extrapolation region.
While this is partly due to the different uncertainty estimation techniques, it also can be attributed
to the use of a more "exible parameterization in nNNPDF1.0 (for more details, see References 41
and 124).

5.3.2. Gluon. The features of the gluon distribution in Figure 2 are also similar to those in
the proton case, apart from having larger uncertainties. However, the nuclear modi!cations to the
gluon distribution in Figure 5 are much less distinct than those for the quark singlet. While the
TUJU19 PDF set displays very clear shadowing behavior for the ratio, the larger uncertainties
for the EPPS16 and nNNPDF1.0 distributions prevent any de!nitive conclusion about nuclear
shadowing in the low-x region. Furthermore, gluon antishadowing seems to appear in different
regions of x for the different PDF analyses. For EPPS16, the gluon exhibits antishadowing in a
similar region as the quark singlet, while the TUJU19 and nNNPDF1.0 analyses display an anti-
shadowing effect at larger x. This antishadowing effect is likely an artifact of the !tting procedure
rather than an actual physical effect, as the two analyses do not include data sensitive to the gluon.
However, further investigation is required to make any conclusive statements. Lastly, there is a
noticeable difference between the gluon uncertainties in carbon compared with those in heav-
ier lead nuclei. This difference also exists for the quark distributions and arises by imposing the
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Figure 5
Nuclear modi!cation ratios (Equation 11) as a function of x at Q2 = 10 GeV2 for the gluon PDF in 12

6C (a) and 208
82Pb (b) and for the

quark singlet PDF in 208
82Pb (c). Results are shown for the nNNPDF1.0 (green), EPPS16 (pink), and TUJU19 (light blue) analyses at

NLO (41, 42, 124). Uncertainty bands correspond to 90% con!dence levels. Abbreviations: NLO, next-to-leading order; PDF, parton
distribution function.

to increase as the atomic number A increases. The reason for the growth in uncertainties with A
can be traced back to the quantity and quality of the data, which are signi!cantly more limited
in the variety of processes and in the breadth of the kinematic coverage for nuclear PDFs than
for proton PDFs (see Figure 1). As opposed to the proton case, the up and down quark valence
distributions are fairly similar as a result of the nuclear PDF de!nition (Equation 10). Assuming
exact isospin symmetry, the visible differences then arise from the nonisoscalarity of the nucleus.
In general, the agreement between the different nuclear PDF sets is excellent for the total quark
singlet distribution presented in Figure 5, where the shape clearly displays shadowing, antishad-
owing, and EMC effects in the expected x regions. Additional comparisons of individual quark and
antiquark "avors are not made here because of the lack of "avor separation in DIS data used in
the nNNPDF1.0 and TUJU19 analyses, but such comparisons can be found in References 42 and
52. Lastly, despite containing similar data sets, the nNNPDF1.0 distributions show signi!cantly
larger uncertainties than does the TUJU19 result, especially in the small-x extrapolation region.
While this is partly due to the different uncertainty estimation techniques, it also can be attributed
to the use of a more "exible parameterization in nNNPDF1.0 (for more details, see References 41
and 124).

5.3.2. Gluon. The features of the gluon distribution in Figure 2 are also similar to those in
the proton case, apart from having larger uncertainties. However, the nuclear modi!cations to the
gluon distribution in Figure 5 are much less distinct than those for the quark singlet. While the
TUJU19 PDF set displays very clear shadowing behavior for the ratio, the larger uncertainties
for the EPPS16 and nNNPDF1.0 distributions prevent any de!nitive conclusion about nuclear
shadowing in the low-x region. Furthermore, gluon antishadowing seems to appear in different
regions of x for the different PDF analyses. For EPPS16, the gluon exhibits antishadowing in a
similar region as the quark singlet, while the TUJU19 and nNNPDF1.0 analyses display an anti-
shadowing effect at larger x. This antishadowing effect is likely an artifact of the !tting procedure
rather than an actual physical effect, as the two analyses do not include data sensitive to the gluon.
However, further investigation is required to make any conclusive statements. Lastly, there is a
noticeable difference between the gluon uncertainties in carbon compared with those in heav-
ier lead nuclei. This difference also exists for the quark distributions and arises by imposing the
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Nuclear modi!cation ratios (Equation 11) as a function of x at Q2 = 10 GeV2 for the gluon PDF in 12

6C (a) and 208
82Pb (b) and for the

quark singlet PDF in 208
82Pb (c). Results are shown for the nNNPDF1.0 (green), EPPS16 (pink), and TUJU19 (light blue) analyses at

NLO (41, 42, 124). Uncertainty bands correspond to 90% con!dence levels. Abbreviations: NLO, next-to-leading order; PDF, parton
distribution function.

to increase as the atomic number A increases. The reason for the growth in uncertainties with A
can be traced back to the quantity and quality of the data, which are signi!cantly more limited
in the variety of processes and in the breadth of the kinematic coverage for nuclear PDFs than
for proton PDFs (see Figure 1). As opposed to the proton case, the up and down quark valence
distributions are fairly similar as a result of the nuclear PDF de!nition (Equation 10). Assuming
exact isospin symmetry, the visible differences then arise from the nonisoscalarity of the nucleus.
In general, the agreement between the different nuclear PDF sets is excellent for the total quark
singlet distribution presented in Figure 5, where the shape clearly displays shadowing, antishad-
owing, and EMC effects in the expected x regions. Additional comparisons of individual quark and
antiquark "avors are not made here because of the lack of "avor separation in DIS data used in
the nNNPDF1.0 and TUJU19 analyses, but such comparisons can be found in References 42 and
52. Lastly, despite containing similar data sets, the nNNPDF1.0 distributions show signi!cantly
larger uncertainties than does the TUJU19 result, especially in the small-x extrapolation region.
While this is partly due to the different uncertainty estimation techniques, it also can be attributed
to the use of a more "exible parameterization in nNNPDF1.0 (for more details, see References 41
and 124).

5.3.2. Gluon. The features of the gluon distribution in Figure 2 are also similar to those in
the proton case, apart from having larger uncertainties. However, the nuclear modi!cations to the
gluon distribution in Figure 5 are much less distinct than those for the quark singlet. While the
TUJU19 PDF set displays very clear shadowing behavior for the ratio, the larger uncertainties
for the EPPS16 and nNNPDF1.0 distributions prevent any de!nitive conclusion about nuclear
shadowing in the low-x region. Furthermore, gluon antishadowing seems to appear in different
regions of x for the different PDF analyses. For EPPS16, the gluon exhibits antishadowing in a
similar region as the quark singlet, while the TUJU19 and nNNPDF1.0 analyses display an anti-
shadowing effect at larger x. This antishadowing effect is likely an artifact of the !tting procedure
rather than an actual physical effect, as the two analyses do not include data sensitive to the gluon.
However, further investigation is required to make any conclusive statements. Lastly, there is a
noticeable difference between the gluon uncertainties in carbon compared with those in heav-
ier lead nuclei. This difference also exists for the quark distributions and arises by imposing the
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Ultra-peripheral heavy-ion collisions
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Probing nuclear gluon density using photon-induced reactions

b

CŽheƌeŶƚ Jͬʗ ƉhŽƚŽƉƌŽdƵcƚiŽŶ in Pb-Pb UPC

• Probing low-x gluon PDFs in the nucleus

• Comparison with the impulse approximation (no nuclear effects) allows 
for extraction of the gluon shadowing factor: Rg ~ 0.65 at x∼10-3

• t-dependence is sensitive to transverse gluon distribution

5
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Coherent  J/ψ production cross 
section sensitive to gluon 

distribution function at (x,MJ/ψ)

New measurement probes low-x gluon nuclear PDFs
• Extracted gluon shadowing factor: Rg =0.65±0.03 at x≈10-3 

• First measurement of the t-dependence: sensitivity to transverse gluon distribution (|t|≈pT
2)

Talk by S. Ragoni
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arXiv:2101.04577 [nucl-ex]

Phys.Lett.B 817 (2021) 13628

Ann. Rev. Nucl 011720 (2020)

Caveat: J/y Q2
eff ≈ 2-3 GeV2

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

1 Introduction

Photonuclear reactions can be studied in ultra-peripheral collisions (UPCs) of heavy ions where the two
nuclei pass by with an impact parameter larger than the sum of their radii. Hadronic interactions are
suppressed and electromagnetic interactions are mediated by photons of small virtualities. The intensity
of the photon flux is growing with the squared nuclear charge of the colliding ion resulting in large
cross sections for the photoproduction of vector mesons in heavy-ion collisions. The photoproduction
process has a clear experimental signature: the decay products of vector mesons are the only signal in an
otherwise empty detector.

The physics of vector meson photoproduction is described in [1–4]. Photoproduction of vector mesons
in ion collisions can either be coherent, i.e. the photon interacts consistently with all nucleons in a nu-
cleus, or incoherent, i.e. the photon interacts with a single nucleon. Experimentally, one can distinguish
between these two production types through the typical transverse momentum of the produced vector
mesons, which is inversely proportional to the transverse size of the target. While the coherent photopro-
duction is characterized by the production of mesons with low transverse momentum (hpTi ⇠ 60 MeV/c),
the incoherent is dominated by mesons with higher values (hpTi ⇠ 500 MeV/c). In the first case, the nu-
clei usually do not dissociate, but the electromagnetic fields of ultrarelativistic heavy nuclei are strong
enough to develop other independent soft electromagnetic interactions accompanying the coherent pho-
toproduction process and resulting in the excitation of one or both of the nuclei. In the second case,
the nucleus breaks up and usually emits neutrons close to the beam rapidities which can be measured
in zero-degree calorimeters (ZDC) placed at long distances on both sides of the detector. The incoher-
ent photoproduction can also be accompanied by the excitation and dissociation of the target nucleon
resulting in even higher transverse momenta of the produced vector mesons [5].

Coherent heavy vector meson photoproduction is of particular interest because of its connection with the
gluon distribution functions (PDFs) in protons and nuclei [6]. At low Bjorken-x values, parton distribu-
tion functions are significantly suppressed in the nucleus with respect to free proton PDFs, a phenomenon
known as parton shadowing [7]. Shadowing effects are usually attributed to multiple scattering and ad-
dressed in various phenomenological approaches based on elastic Glauber-like rescatterings of hadronic
components of the photon, Glauber-Gribov inelastic rescatterings, and high-density QCD [8–13]. Be-
sides, different parameterizations of nuclear partonic distributions based on fits to existing data are avail-
able [14–17], however these parameterizations are affected by large uncertainties at low Bjorken-x values
due to the limited kinematic coverage of the available data samples.

Heavy vector meson photoproduction measurements provide a powerful tool to study poorly known
gluon shadowing effects at low x. The scale of the four-momentum transfer of the interaction is related
to the mass mV of the vector meson as Q2 ⇠ m2

V/4 corresponding to the perturbative regime in the case
of heavy charmonium states. The rapidity of the coherently produced cc̄ states is related to the Bjorken-x
of the gluons as x =

�
mV/

p
sNN

�
exp(± y), where the sign of the exponent reflects that each of the

incoming lead nuclei may act as the photon source. The gluon shadowing factor Rg(x,Q2), i.e. the ratio
of the nuclear gluon density distribution to the gluon distribution in the proton, can be evaluated via
the measurement of the nuclear suppression factor defined as the square root of the ratio of the coherent
vector meson photoproduction cross section on nuclei to the photoproduction cross section in the impulse
approximation that is based on the exclusive photoproduction measurements with the proton target [18,
19]. The square root in this definition is motivated by the fact that the coherent photoproduction cross
section is expected to scale as the square of the gluon density in leading order pQCD.

The extraction of the nuclear suppression factor in UPC measurements is complicated by the fact that
the measured vector meson cross section in UPCs is expressed as a sum of two contributions since either
of the colliding ions can serve as a photon source. At forward rapidities one contribution corresponds to
higher photon–nucleus energies while the other to lower energies resulting in ambiguities in the extrac-
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A Large Ion Collider Experiment

LS3 upgrades: forward g’s and ultimate vertexing
• ITS3: new inner barrel – 3 truly cylindrical 

MAPS layers around smaller beam pipe
– x3 less material budget
– x2 tracking precision and effic. (low pT)

• LoI approved (CERN-LHCC-2019-018); TDR in 2022  

LHCP2020, 25.05.2020                                                                               Andrea Dainese 31

• FoCal: forward e.m. calo with Si readout for 
isolated g measurement 3.2<h<5.8 in p-Pb

• Constrain nuclear PDFs down to x < 10-5

• LoI just submitted (ALICE-PUBLIC-2019-005)  

Impact on gluon 
nuclear PDFs:
Present nNNPDF
w/ FoCal pseudodata
w/ EIC pseudodata

Fully	 functional	 ALPIDE	sensor	 curved	to	R=1.8	cm

à F Grosa

Si pad / pixel readout

Strengthening vertexing – Inner Tracker 3 for Run 4

30

ITS3: Ultrathin MAPS/ALPIDE chip – detector curled ‘onto’ the beam pipe

Talks by C. Lippmann, G. Contin, S. Bufalino

… remove cooling, PCBs, mechanical support è ultra-light inner layers
LoI - CERN-LHCC-2019-018 ; LHCC-I-034

ITS3 material budget

 ALICE Upgrades | LHCP2021 | June 11th, 2021 | C. Lippmann | Page 27LOI: CERN-LHCC-2019-018

Material budget ITS2 inner-most layer

[A
LI

CE
-P

U
BL

IC
-2

01
8-

01
3]

Flexible PCB

9 sensors

Cold Plate
Space Frame

•  Only about 15% of the total material is Silicon!
•  Irregularities due to support and services

Removal of water cooling possible if power consumption below 20 mW/cm2

Removal of circuit board: Power and data buses may be integrated on chip
Removal of mechanical support: Benefit from increased stiffness of bent Si wafers

ITS2 stave structure

Material budget Si onlyin-beam performance of bent MAPS arXiv:2105.13000 [physics.ins-det]

ITS2 material

ITS3: keep 
silicon ‘only’!

https://cds.cern.ch/record/2703140?ln=en
https://arxiv.org/abs/2105.13000
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Maximizing LHC’s potential – glue at smallest-x ever - FoCal

31

Nuclear modification of gluon distributions with photons
But also jets (di-jets), J/ψ (Υ) in UPC, W, Z, event plane & centrality of nuclear collisions

Talk by Christian Lippmann

LoI - CERN-LHCC-2020-009 ; LHCC-I-036

FoCal-E: high-granularity Si-W sampling 
sandwich calorimeter for photons and π0 

FoCal-H: conventional sampling calorimeter 
for photon isolation

3.4 < h < 5.8
7 m from IP

Timeline
- LoI completed & LHCC endorsed (2020)
- Prototyping, beam tests (SPS) - 2021
- Discussions with funding agencies - ongoing
- Development of TDR by 2022
- Construction and installation by LS3

https://cds.cern.ch/record/2719928?ln=en
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ALICE version 3 – for Run 5+

32

Completely new detector system for novel physics @ LHC 2030+

Timeline
- Expression of Interest - 2019
- Conceptual work ongoing 2019/2020
- A public workshop in fall 2021
- Submit a LoI by 2021
- …
- Construction and installation by LS4

Talk by Antonio Uras, Stefania Bufalino

Antonio Uras

A
L
I
C
E

Physics Prospects for ALICE in Run 5 and Beyond

Introduction

2/17

ALICE 3: new dedicated heavy-ion experiment at the LHC, replacing ALICE 
starting of Run 5: access to novel measurements of electromagnetic and 
hadronic probes of the QGP at very low momenta

Ø Discussed at the heavy-ion town meeting 
(CERN, Oct 2018) 

Ø Expression of Interest submitted as input 
to the European Particle Physics Strategy 
Update (Granada, May 2019)

In this presentation >>> Selected material from the preliminary 
discussions on the ALICE 3 physics goals and scientific 
opportunities, and the detector concept

see also talks by G. Contin and S. Bufalino

New dedicated heavy-ion LHC experiment
• novel measurements of electromagnetic 

and hadronic probes of the QGP at very 
low momenta, but also BSM, … 

arXiv:1902.01211 [physics.ins-det]

https://arxiv.org/abs/1902.01211
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ALICE 3 – developing science case…

33

In-depth studies of deconfinement and hadronization
• Multiple charm (x3) hadrons, quarkonia, X(3872) – total charm
Next level probes of quasi-particle nature of QGP
• collisional vs. radiative energy loss with 𝑐 ̅𝑐 correlations, c-jet 

substructure, photon-jet down to very low-pT
QGP properties – T, chiral symmetry, electric conductivity
• Dileptons – mass and v2 – time evolution
• r spectral shape – sensitivity to r-a1 mixing
• Access very low-mass and pT
Details on pre-QGP / hydrodynamization stages
• Dileptons at high-masses and high pT

More under considerations: Low’s theorem photons (pT<50 MeV/c), 
NLO pQCD processes, exotic states, …, new (tau g-2, light-by-light 
scattering, dark photons, long-lived particles, magnetic monopoles)ALICE 3 | June 1st, 2021 | jkl, MvL

c

c

c

c
c ̅

c

c ̅

c ̅

c ̅

Ωccc

3

Deconfinement and hadronisation
• Hadronisation in pp, e+e- described by string fragmentation:  

local conservation of flavour and other quantum numbers


• In QGP quarks propagate over large distances:  
coalescence/thermal production


• Measurement of multi-charm states (incl. low pT — total yields) 
will allow us to gain conceptually new insights

• large enhancement expected for AA compared to pp 

through abundant charm production in AA

• formation from independently produced charm quarks  

(not explicitly probed by J/! recombination)

• vary charm density through centrality and rapidity

• understand role of coalescence for hadron formation


• Goal: probe/determine distance over which charm can travel in the QGP

1.5 2 2.5 3 3.5 4 4.5 5
Mass (GeV)

6−10

5−10

4−10

3−10

2−10

1−10

1

10

 / 
(2

J+
1)

y
/d

Nd

=5.02 TeV 0-10%NNsPb-Pb 

 =156.5 MeVcfTSHMc, 
 0.096 mb± /dy=0.532 ccσd

|y|<0.5

Observables: multiple charm hadrons, quarkonia, X(3872)
Andronic et al, arXiv:2104.12754 

triple 
double 
single
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In-depth studies of deconfinement and hadronization
• Multiple charm (x3) hadrons, quarkonia, X(3872) – total charm
Next level probes of quasi-particle nature of QGP
• collisional vs. radiative energy loss with 𝑐 ̅𝑐 correlations, c-jet 

substructure, photon-jet down to very low-pT
QGP properties – T, chiral symmetry, electric conductivity
• Dileptons – mass and v2 – time evolution
• r spectral shape – sensitivity to r-a1 mixing
• Access very low-mass and pT
Details on pre-QGP / hydrodynamization stages
• Dileptons at high-masses and high pT

More under considerations: Low’s theorem photons (pT<50 MeV/c), 
NLO pQCD processes, exotic states, …, new (tau g-2, light-by-light 
scattering, dark photons, long-lived particles, magnetic monopoles)ALICE 3 | June 1st, 2021 | jkl, MvL 4

Heavy flavour probes of the QGP
• Goal: understand medium interaction, nature of the quasi-particles in 

the QGP

• collisional vs radiative energy loss

• hard scattering off QGP constituents 


• Precision measurements of energy loss dynamics

• photon-HF-jet correlations

• (HF) jet substructure

M
 Nahrgang et al, PRC 90, 024907

DD azimuthal correlations

Clear signature of collisional 
vs radiative interactions

Observables: heavy-flavour hadrons, jets, photons

⇒ broadening of cc ̅→ DD̅ 
correlations
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In-depth studies of deconfinement and hadronization
• Multiple charm (x3) hadrons, quarkonia, X(3872) – total charm
Next level probes of quasi-particle nature of QGP
• collisional vs. radiative energy loss with 𝑐 ̅𝑐 correlations, c-jet 

substructure, photon-jet down to very low-pT
QGP properties – T, chiral symmetry, electric conductivity
• Dileptons – mass and v2 – time evolution
• r spectral shape – sensitivity to r-a1 mixing
• Access very low-mass and pT
Details on pre-QGP / hydrodynamization stages
• Dileptons at high-masses and high pT

More under considerations: Low’s theorem photons (pT<50 MeV/c), 
NLO pQCD processes, exotic states, …, new (tau g-2, light-by-light 
scattering, dark photons, long-lived particles, magnetic monopoles)

Exploring pre-equilibrium stage 

ALICE 3 | June 1st, 2021 | jkl, MvL 5

QGP properties
• Precision measurement of plasma temperature  

from dilepton spectra

• Study evolution with time 

through mass and v2


• ρ spectral shape sensitive to in-plasma  
chiral symmetry restoration (sensitive to ρ-a1 mixing)


• Measure electric conductivity  
through dielectrons at very low mass and pT

Observables: dielectrons at low masses and pT

[R.  Rapp]
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In-depth studies of deconfinement and hadronization
• Multiple charm (x3) hadrons, quarkonia, X(3872) – total charm
Next level probes of quasi-particle nature of QGP
• collisional vs. radiative energy loss with 𝑐 ̅𝑐 correlations, c-jet 

substructure, photon-jet down to very low-pT
QGP properties – T, chiral symmetry, electric conductivity
• Dileptons – mass and v2 – time evolution
• r spectral shape – sensitivity to r-a1 mixing
• Access very low-mass and pT
Details on pre-QGP / hydrodynamization stages
• Dileptons at high-masses and high pT

More under considerations: Low’s theorem photons (pT<50 MeV/c), 
NLO pQCD processes, exotic states, …, new (tau g-2, light-by-light 
scattering, dark photons, long-lived particles, magnetic monopoles)

ALICE 3 | June 1st, 2021 | jkl, MvL 6

Pre-equilibrium properties
• dilepton production dominated by

• hydrodynamic stage at low mass 

• pre-equilibrium stage at high mass


• access to pre-equilibrium dynamics  
by selecting large invariant mass,  
e.g. large impact on dilepton v2

dilepton v2

dilepton mass distribution

Cocquet, Du et al, 
arXiv:2104.07622

Kasmaei, Strickland, PRD 99

Observables: dielectrons 
at large masses and pT
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Summary

37

ALICE is well on track for Run 3
Many new results – from QGP studies to new insights into QCD
Exciting perspectives for upgrades:
• New ultra-thin inner tracker layers on track for Run 4
• Forward calorimetry – nucleon structure at smallest x in Run 4
• ALICE 3 for Run 5 and beyond - in preparation
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ALICE Speakers / ALICE featuring talks at LHCP 2021
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ALICE Posters at LHCP 2021
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Thank you!
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Extended high-energy pp programme

42

Executive Summary

A Large Ion Collider Experiment

Executive summary

• Target data samples:
– Lint = 200/pb with continuous data-taking and processing followed event skimming 

with selectivity of ~10-3, based on multiplicity or signal candidates
• e.g. compared to Run 2 sample: x20 for high-multiplicity; x3000 for measurements that were 

based on minimum bias sample 
– Lint = 3/pb at low field (0.2 T) with continuous data-taking and no event selection

• x400 compared to Run 2 sample

• Upgraded ALICE enables unique physics programme at the LHC, with full-year 
operation in pp, as done in Runs 1 and 2

• Proposed running scenario: 500 kHz interaction rate
– Requires 5 full pp years at 50% LHC efficiency (in physics periods)
– Computing capacity of O2 facility sufficient, moderate increase at Tier-0
– Aim at increasing interaction rate to 1 MHz after first year(s), to reach target within 

Run 3, if computing resources have positive outlook

LHCC meeting 01.09.2020 5

ALICE-PUBLIC-2020-005 ; CERN-LHCC-2020-018 ; LHCC-G-179

A Large Ion Collider Experiment

Summary

• ALICE extended data-taking during high-energy pp runs after LS2 will enable a 
rich and unique QCD programme

• Target data samples:
– Lint = 200/pb with continuous data-taking and processing followed event skimming 

with selectivity of ~10-3

• Highest-multiplicities ever studied in pp
• Nuclei and baryon-baryon interactions
• Rare QCD processes  

– Lint = 3/pb at low field (0.2 T) with continuous data-taking and no event selection
• Low-mass dielectron production
• Baryon-baryon interactions

LHCC meeting 01.09.2020 24
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LHCC meeting 01.09.2020 24

http://cds.cern.ch/record/2724925?ln=en
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Extended high-energy pp programme

43

Executive Summary – complementarity at the LHC
A Large Ion Collider Experiment

Comparison with other experiments

LHCC meeting 01.09.2020 14

ALICE-PUBLIC-2020-005 ; CERN-LHCC-2020-018 ; LHCC-G-179
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Probing QGP with heavy quarks
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Heavy quarks produced early – large mass – well calibrated probe
Expectation: beauty looses less energy in QGP as compared to lighter charm (dead-cone effect)
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First measurements of N-subjettiness in central Pb−Pb
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τ2/τ1 sensitivity to the rate of two-pronged jet substructure arXiv:2105.04936 [nucl-ex]

First measurements of N-subjettiness in central Pb–Pb collisions ALICE Collaboration

constituent or “ghost" that it belonged to is removed from the next iteration of pairing. In this way, the
average underlying event background is removed at a constituent level from the jets. The area-derivatives
method employs a numerical approach to account for the underlying background. The jet is populated
with “ghost" particles and the background subtracted observable of interest is redefined as an expansion
containing the observable measured in the presence of the background and its derivatives (in this work
up to the second order) with respect to the p

ch
T scale of the “ghosts", which are subtracted from the first

term. This series is then numerically solved in the limit that the “ghost" p
ch
T scale goes to zero, which

represents the case with no underlying event background. A detailed description of the methods and their
application to jet substructure observables in ALICE can be found in [13].

3.2 Suppression of combinatorial jets via hadron-jet correlations in heavy-ion collisions

In order to suppress the combinatorial jet yield in the measured sample, a data-driven method using semi-
inclusive hadron-jet correlations, is applied. First, two exclusive classes of high trigger charged hadron
pT, with 15  pT < 45 GeV/c (Signal) and 8  pT < 9 GeV/c (Reference), denoted as TT{15,45} and
TT{8,9} (where TT stands for trigger track), are considered. These intervals are similar to those used
in [8] and are chosen so as to optimise the signal-to-background ratio, as described below. The event
sample is split into two statistically independent samples for the signal and reference measurements.
Jet finding is then performed in events containing a trigger hadron, with the jets constrained to a back-
to-back (with respect to the trigger hadron) azimuthal window, Dj = jTT �jjet, which is defined such
that |p-Dj|< 0.6. This region of azimuthal phase space is chosen to account for in-medium deflections
of the recoiling parton. The same pseudorapidity window of |h | < 0.5, as described in Section 3, is
used for jet selection. The contribution of combinatorial jets found in the recoiling region of the high
transverse momentum trigger hadrons is expected to be uncorrelated to these hadrons and hence equal
for both TT classes. Therefore, subtracting the per-trigger normalised yield of jets measured in the recoil
regions of the two classes results in a combinatorial-suppressed distribution which allows for unfolding
to particle level. The two trigger classes are of sufficiently high pT so that topological, multiplicity and
flow biases induced by a trigger hadron saturate and are removed by the subtraction procedure. In this
paper the hadron-jet recoil method is applied for the first time to a jet substructure measurement, where
the subtraction involves the two-dimensional recoil yields of p

ch
T,jet and the t2/t1 substructure observable

(defined in Section 4) measured for each trigger hadron class. The subtraction procedure is given by,

Dt2/t1
recoil =

1
Ntrig,Sig

d2
N

dp
ch
T,jetdt2/t1

�����
pT,trig2TTSig

� 1
Ntrig,Ref

d2
N

dp
ch
T,jetdt2/t1

�����
pT,trig2TTRef

, (2)

where TTSig and TTRef represent TT{15,45} and TT{8,9}, respectively. The variables Ntrig,Sig and
Ntrig,Ref represent the number of trigger hadrons selected in the signal and reference classes, respectively.
It should be noted that the scale factor term found in [8], which corrects the reference trigger class yield
for effects of finite phase-space in the recoil region, is omitted. The impact of this scale factor is found
to be negligible through tests in data. This follows from the fact that this correction mostly affects the
absolute yield of the subtracted distribution and has a smaller impact on the shape of the distribution. As
the PYTHIA distributions are compared with inclusive measurements in pp collisions, only the descrip-
tions of the shapes of the distributions are validated. As the descriptions in PYTHIA of the magnitudes
of the semi-inclusive yields of the observables are not validated, the presented measurements in Pb–Pb
collisions are self normalised for comparisons to PYTHIA. As such, the scale factor correction has a
negligible impact on the results.
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“trigger” hadron
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4 N-subjettiness, aperture angle and axis definitions

This analysis measures the proportion of two-pronged jets in Pb–Pb compared to pp collisions. In order
to tag jets as being single-pronged or two-pronged, the N-subjettiness [44] observable is chosen. N-
subjettiness is a jet substructure observable, denoted by tN , which quantifies the degree to which a jet
has a N(or fewer)-pronged substructure. It is measured relative to N axes, which are the axes of the
subjets returned by unwinding the reclustering history of a given choice of reclustering algorithm by
N �1 steps, and is defined as,

tN =
1

pT,jet ⇥R
Â
k

pT,k minimum(DR1,k,DR2,k, ....,DRN,k), (3)

where k runs over the list of jet constituents. The transverse momentum, relative to the beam, of con-
stituent k is denoted as pT,k and DRS,k is the distance in the pseudorapidity-azimuthal (h-j) plane be-
tween the constituent k and the axis of subjet S. The observable is normalised by the product of the jet
resolution parameter, R, and the jet transverse momentum, pT,jet.

If the bulk of the pT,jet is correlated to at least one of the subjet axes, the jet is composed of N or fewer
well defined subjets and tN tends to zero. If a sizeable fraction of the pT,jet is not aligned with any of
the subjet axes, the jet is composed of at least N +1 subjets and tN tends to unity. The ratio of tN/tN�1
is sensitive to exactly N-prongs in a jet, as an N-pronged jet is expected to have low tN and high tN�1
values. In this way, the ratio of the two quantities is more discriminative of N-prongness in jets than
either quantity on its own.

The N-subjettiness observable was originally designed to identify boosted hadronically-decaying objects
such as W bosons and top quarks [44,45] Reconstructed jets containing a W boson exhibit a distinct two-
pronged energy flow due to the two hard subjets produced by the decay of the W boson to two quarks.
The ratio of t2/t1 can be used to discriminate these jets from quark and gluon-initiated jets, which
are primarily single-cored. In this paper the measured ratio of t2/t1, on a jet-by-jet basis, is used to
identify the two-pronged subsample of QCD jets in both pp and Pb–Pb collisions. Jets with a clear two-
pronged substructure relative to the subjet axes will have low t2 and high t1 values, resulting in a small
t2/t1 ratio. Various jet quenching mechanisms, such as medium-induced semi-hard radiation emitted at
large angles, are expected to change the rate of two-pronged QCD jets in heavy-ion collisions relative
to the vacuum [46]. Hard medium-induced radiation could be a signature of the jet interacting with
the partonic structure of the QGP, since large momentum transfers are suppressed for strongly-coupled
degrees of freedom [23]. This type of radiation could create an additional prong in the jet, transforming
the predominantly single-pronged QCD jets, into two-pronged objects. It has also been postulated that
colour coherence effects [22], arising from the finite resolving power of the medium with respect to jet
substructure, could result in a larger degree of quenching for two-pronged jets compared to single-cored
jets. This would result in a decrease in the population of two-pronged jets in Pb–Pb compared to pp
collisions.

In addition to the t2/t1 observable, the aperture angle between the two selected subjet axes in the N = 2
case, DR, is reported in pp collisions. Since the degree to which the jet substructure is two-pronged de-
pends on the angular separation of the prongs, in addition to the way the pT,jet is distributed among them,
this observable provides complementary information to t2/t1. The measurements of the DR observable
in pp collisions also provide an important baseline for measurements of this observable in heavy-ion col-
lisions, where they can be used to directly probe the angular resolving power of the medium with respect
to coloured structures.
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Þ pp Data: Important input for MC generators
Þ Pb-Pb: Hint of modification in central Pb-Pb collisions

Þ Medium induced radiation modifies the structure only slightly (consistent with measurements of zg)

Talk by J. Mulligan
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