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Outline
• Electromagnetic Probes 
‣ low mass dielectrons 

‣ photons


• Jets 
‣ γ–jet correlations

‣ jet quenching & structure


• Heavy Flavour 
‣ heavy-flavour jets

‣ baryons

‣ directed flow


• Quarkonia 
‣ new pp reference

‣ flow

‣ in small systems 
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New result!
New reference! Run-2 pp at √s = 5 TeV



ALICE Data

• LHC Run-2 nearing completion


• One month from now: last Pb–Pb campaign of Run 2, aiming at total Lint ~1 nb−1 

• Last year: sizeable pp reference sample at √s = 5 TeV → improved RAA for hard probes 

• Significant detector upgrades during LS2
3Torsten Dahms – Hard Probes 2018

System Year √sNN (TeV) Lint

Pb–Pb
2010–2011 2.76 ~75 µb−1

2015 5.02 ~250 µb−1


upcoming: 2018 5.02 ~750 µb−1

Xe–Xe 2017 5.44 ~0.3 µb−1

p–Pb 2013 5.02 ~15 nb−1

2016 5.02, 8.16 ~3 nb−1, ~25 nb−1

pp
2009–2013 0.9, 2.76 ~200 µb−1, ~100 nb−1

7, 8 ~1.5 pb−1, ~2.5 pb−1

2015, 2017 5.02 ~1.3 pb−1

2015–2018 13 ~35 pb−1



Electromagnetic Probes
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ALI-DER-162265

Low-Mass Dielectrons
• Emitted from all stages of the collisions w/o 

strong final-state interactions

‣ search for signals of thermal radiation and chiral-

symmetry restoration (ρ modification) 
‣ hidden behind ordinary signal from hadron decays 

(not to mention combinatorial background)


• Published results in pp at √s = 7 and 13 TeV 
and Pb–Pb at √sNN = 2.76 TeV 

• Data consistent with cocktail expectation

• Measure charm and beauty cross sections in pp

‣ major background for any low-mass measurement


• Not yet sensitive to quantify the presence of 
an enhancement in Pb–Pb 

• New results in Pb–Pb at √sNN = 5 TeV 
‣ charm is not described by PYTHIA×Ncoll

‣ improved description when adding shadowing (EPPS16)

5Torsten Dahms – Hard Probes 2018

ALICE, JHEP 09 (2018) 64 
arXiv:1805.04407 (submitted to PLB), 
arXiv:1807.00923 (submitted to PRC)

New result!

A. Caliva, Wed, 12h05
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ALICE, JHEP 09 (2018) 64 
arXiv:1805.04407 (submitted to PLB), 
arXiv:1807.00923 (submitted to PRC)
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A. Caliva, Wed, 12h05
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Low-Mass Dielectrons
• Emitted from all stages of the collisions w/o 

strong final-state interactions

‣ search for signals of thermal radiation and chiral-

symmetry restoration (ρ modification) 
‣ hidden behind ordinary signal from hadron decays 

(not to mention combinatorial background)


• Published results in pp at √s = 7 and 13 TeV 
and Pb–Pb at √sNN = 2.76 TeV 

• Data consistent with cocktail expectation

• Measure charm and beauty cross sections in pp

‣ major background for any low-mass measurement


• Not yet sensitive to quantify the presence of 
an enhancement in Pb–Pb 

• New results in Pb–Pb at √sNN = 5 TeV 
‣ charm is not described by PYTHIA×Ncoll

‣ improved description when adding shadowing (EPPS16)
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ALICE, JHEP 09 (2018) 64 
arXiv:1805.04407 (submitted to PLB), 
arXiv:1807.00923 (submitted to PRC)

New result!

A. Caliva, Wed, 12h05
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ALI−PUB−143449

Direct Photons in pp and  p–Pb
• Average of three independent measurements

‣ EMCal, PHOS, Photon Conversions

• Systematics limited

• Large uncertainties from hadron-decay 
background

6Torsten Dahms – Hard Probes 2018

ALICE, arXiv:1803.09857 (submitted to PRC)

N. Schmidt, Wed, 10h
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Direct Photons in pp and  p–Pb
• Average of three independent measurements

‣ EMCal, PHOS, Photon Conversions

• Systematics limited

• Large uncertainties from hadron-decay 
background

• New: multiplicity dependence in p–Pb

• Limits consistent with NLO pQCD 
in pp and p–Pb

‣ pQCD scaled by Ncoll

‣ p–Pb data not yet sensitive to nPDF effects
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Direct Photons in Pb–Pb
• Clear direct photon signal in Pb–Pb at √sNN = 2.76 TeV


• Consistent with models of thermal radiation from 
QGP


• Large uncertainties on v2 
→ no direct-photon puzzle at the LHC (yet?)

7Torsten Dahms – Hard Probes 2018
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Jets



γ–Jet Correlations in pp and p–Pb at √sNN = 5 TeV

• Unique access to low-Q2 and low-xBj region


• As expected: no significant differences between pp and p–Pb in 
‣ fragmentation function 

‣ angular correlations 

‣ jet yield


• Reference for Pb-Pb measurement
9Torsten Dahms – Hard Probes 2018

jet

γ Δ𝜑

Fragmentation Function Azimuthal Correlation Per-trigger Jet Yield

New result!

M. Arratia, Tue, 16h25



Inclusive Jets: Quenching in Pb–Pb at √sNN = 5 TeV

• Jet quenching measured down to pT,jet = 40 GeV/c


• New: measured with jet radii up to R = 0.4 

• R dependence probes the angular distribution of medium-induced radiation 
‣ Hint of tension with most models at low pT

10Torsten Dahms – Hard Probes 2018

New reference! Run-2 pp at √s = 5 TeV

New result!

J. Mulligan, Wed, 11h05

(model references in backup)



30 < pTjet < 40 GeV/c 160 < pTjet < 180 GeV/c

New result!

• Study QCD 1→2 splitting function in pp 
‣ momentum fraction zg carried hard jet component 

after removing soft jets with momentum fraction z


• No dependence on jet pT (as expected) 
‣ probe now high-pT jets (180 GeV/c)


• Depends on jet cone radius at low pT  
→ points to non-perturbative effects 

• Studied out to R = 0.5

Jet Structure: Splitting Function

11Torsten Dahms – Hard Probes 2018
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FIG. 1. Jet pT spectrum from the CMS Open Data compared
to three parton shower generators. Indicated is the pT >
150 GeV cut used in later analyses.

limitation of the 2010 CMS Open Data release is that it
does not come accompanied by detector-simulated Monte
Carlo samples, though this issue has been partially ad-
dressed in the 2011 CMS Open Data release [82]. Even
without a detector simulation, we can improve the ro-
bustness of our analysis by using a charged-particle sub-
set of PFCs with better angular resolution. Overall, this
study highlights the fantastic performance of CMS’s par-
ticle flow algorithm and the exciting physics opportuni-
ties made possible by this public data release.

Our analysis is based on 31.8 pb�1 [83, 84] of data
collected using the Jet Primary Dataset [76], which con-
tains events selected by single-jet triggers, di-jet triggers,
as well as some quad-jet and HT triggers. We use the
HLT Jet30U/50U/70U/100U/140U triggers for this analy-
sis, which gives us near 100% e�ciency to select single
jets with transverse momentum pT > 85 GeV. All jets in
our analysis are clustered using the anti-kt jet clustering
algorithm [85] with radius parameter R = 0.5; we vali-
dated that the anti-kt jets reported by CMS in the AOD
format agree with those found by directly clustering the
PFCs with FastJet 3.1.3 [86]. To gain a more trans-
parent understanding of the CMS data, we converted the
AOD file format into our own text-based MIT Open Data
(MOD) file format. Information about the MOD format
as well as a broader suite of jet substructure analyses will
be presented in a companion paper [87]. The substruc-
ture results shown here use the RecursiveTools 1.0.0
package from FastJet contrib 1.019 [88].

To validate initial jet reconstruction, Fig. 1 shows the
pT spectrum of the hardest jet in the event, with a pseu-
dorapidity cut of |⌘| < 2.4 and transverse momentum cut
of pT > 85 GeV. This spectrum is obtained after apply-
ing the “loose” jet quality criteria provided by CMS as
well as rescaling the jet pT by the provided JEC factors.

zg

1�zg

✓g

FIG. 2. Schematic of the soft drop algorithm, which removes
angular-ordered branches whose momentum fraction z is be-
low zcut✓

� . The final groomed kinematics are indicated by
the g subscript.

For comparison, we show the same spectrum obtained
from three parton shower generators with their default
settings: Pythia 8.219 [89], Herwig 7.0.3 [90], and
Sherpa 2.2.1 [91]. The qualitative agreement between
all four samples is excellent. Note that this spectrum is
obtained after combining five di↵erent CMS triggers with
prescale factors that changed over the course of the 2010
run. No kinks are observed at the transitions between the
various triggers, giving us confidence that we can derive
jet spectra using the trigger and prescale values provided
in the AOD files.

We now turn to an analysis of the 2-prong substruc-
ture of the hardest jet, imposing a further cut of pT >
150 GeV in order to avoid the large prescale factors
present in the HLT Jet30U/50U triggers. To partially ac-
count for the finite energy resolution and e�ciency of
the CMS detector, we only consider PFCs within the
hardest jet above pmin

T = 1 GeV. Moreover, because
charged particles have better angular resolution than
neutral ones, our analysis will be only based on charged
particles with associated tracks; we refer the reader to
ref. [87] for substructure analyses with both charged and
neutral PFCs. The charged PFCs are reclustered with
the Cambridge/Aachen (C/A) algorithm [92, 93] to form
an angular-ordered clustering tree. We then apply the
soft drop declustering procedure [68] in Fig. 2, which re-
cursively declusters the C/A tree, removing the softer pT

branch until 2-prong substructure is found which satisfies

z > zcut✓
� , z ⌘ min[pT1, pT2]

pT1 + pT2
, ✓ =

R12

R
. (2)

Here, pT1 and pT2 are the transverse momenta of the two
branches of the C/A tree, and R12 =

p
(y12)2 + (�12)2

is their relative rapidity-azimuth distance. Throughout
our analysis, we take the momentum fraction cut and
angular exponent to be

zcut = 0.1, � = 0, (3)

such that soft drop acts like the modified mass drop tag-
ger (mMDT) [69] with µ = 1. The values of z and ✓
obtained after soft drop are referred to as zg and ✓g,

A. Larkoski et al., arXiv:1704.05066
z =

min(pT, 1; pT, 2)

pT, 1 + pT, 2
> zcut

✓
�R12

R0

◆�
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here: zcut = 0.1, β = 0

M. Fasel, Wed, 9h40



ALI-PREL-148221

• Study QCD 1→2 splitting function in pp 
‣ momentum fraction zg carried hard jet component 

after removing soft jets with momentum fraction z


• No dependence on jet pT (as expected) 
‣ probe now high-pT jets (180 GeV/c)


• Depends on jet cone radius at low pT  
→ points to non-perturbative effects 

• Studied out to R = 0.5

Jet Structure: Splitting Function
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FIG. 1. Jet pT spectrum from the CMS Open Data compared
to three parton shower generators. Indicated is the pT >
150 GeV cut used in later analyses.

limitation of the 2010 CMS Open Data release is that it
does not come accompanied by detector-simulated Monte
Carlo samples, though this issue has been partially ad-
dressed in the 2011 CMS Open Data release [82]. Even
without a detector simulation, we can improve the ro-
bustness of our analysis by using a charged-particle sub-
set of PFCs with better angular resolution. Overall, this
study highlights the fantastic performance of CMS’s par-
ticle flow algorithm and the exciting physics opportuni-
ties made possible by this public data release.

Our analysis is based on 31.8 pb�1 [83, 84] of data
collected using the Jet Primary Dataset [76], which con-
tains events selected by single-jet triggers, di-jet triggers,
as well as some quad-jet and HT triggers. We use the
HLT Jet30U/50U/70U/100U/140U triggers for this analy-
sis, which gives us near 100% e�ciency to select single
jets with transverse momentum pT > 85 GeV. All jets in
our analysis are clustered using the anti-kt jet clustering
algorithm [85] with radius parameter R = 0.5; we vali-
dated that the anti-kt jets reported by CMS in the AOD
format agree with those found by directly clustering the
PFCs with FastJet 3.1.3 [86]. To gain a more trans-
parent understanding of the CMS data, we converted the
AOD file format into our own text-based MIT Open Data
(MOD) file format. Information about the MOD format
as well as a broader suite of jet substructure analyses will
be presented in a companion paper [87]. The substruc-
ture results shown here use the RecursiveTools 1.0.0
package from FastJet contrib 1.019 [88].

To validate initial jet reconstruction, Fig. 1 shows the
pT spectrum of the hardest jet in the event, with a pseu-
dorapidity cut of |⌘| < 2.4 and transverse momentum cut
of pT > 85 GeV. This spectrum is obtained after apply-
ing the “loose” jet quality criteria provided by CMS as
well as rescaling the jet pT by the provided JEC factors.

zg

1�zg

✓g

FIG. 2. Schematic of the soft drop algorithm, which removes
angular-ordered branches whose momentum fraction z is be-
low zcut✓

� . The final groomed kinematics are indicated by
the g subscript.

For comparison, we show the same spectrum obtained
from three parton shower generators with their default
settings: Pythia 8.219 [89], Herwig 7.0.3 [90], and
Sherpa 2.2.1 [91]. The qualitative agreement between
all four samples is excellent. Note that this spectrum is
obtained after combining five di↵erent CMS triggers with
prescale factors that changed over the course of the 2010
run. No kinks are observed at the transitions between the
various triggers, giving us confidence that we can derive
jet spectra using the trigger and prescale values provided
in the AOD files.

We now turn to an analysis of the 2-prong substruc-
ture of the hardest jet, imposing a further cut of pT >
150 GeV in order to avoid the large prescale factors
present in the HLT Jet30U/50U triggers. To partially ac-
count for the finite energy resolution and e�ciency of
the CMS detector, we only consider PFCs within the
hardest jet above pmin

T = 1 GeV. Moreover, because
charged particles have better angular resolution than
neutral ones, our analysis will be only based on charged
particles with associated tracks; we refer the reader to
ref. [87] for substructure analyses with both charged and
neutral PFCs. The charged PFCs are reclustered with
the Cambridge/Aachen (C/A) algorithm [92, 93] to form
an angular-ordered clustering tree. We then apply the
soft drop declustering procedure [68] in Fig. 2, which re-
cursively declusters the C/A tree, removing the softer pT

branch until 2-prong substructure is found which satisfies

z > zcut✓
� , z ⌘ min[pT1, pT2]

pT1 + pT2
, ✓ =

R12

R
. (2)

Here, pT1 and pT2 are the transverse momenta of the two
branches of the C/A tree, and R12 =

p
(y12)2 + (�12)2

is their relative rapidity-azimuth distance. Throughout
our analysis, we take the momentum fraction cut and
angular exponent to be

zcut = 0.1, � = 0, (3)

such that soft drop acts like the modified mass drop tag-
ger (mMDT) [69] with µ = 1. The values of z and ✓
obtained after soft drop are referred to as zg and ✓g,

A. Larkoski et al., arXiv:1704.05066
z =

min(pT, 1; pT, 2)

pT, 1 + pT, 2
> zcut

✓
�R12

R0

◆�
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here: zcut = 0.1, β = 0

M. Fasel, Wed, 9h40



Jet Structure: Sub-jets in pp and Pb–Pb
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sub-jet

sub-jet

N. Zardoshti, Thu, 14h40

⌧N =

P
i pT,i min(�R1,i, �R2,i, . . . �RN,i)

R
P

i pT,i
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New result!

C/A reclustering

• Study number of sub-jets within jets

‣ Quantify how pronounced N prongs are in a jet 


‣ τN → 0: N or less cores

‣ τN → 1: at least N+1 cores

‣ τ2/τ1 → 0: jet has 2 prongs



Jet Structure: Sub-jets in pp and Pb–Pb
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sub-jet

sub-jet

N. Zardoshti, Thu, 14h40

⌧N =

P
i pT,i min(�R1,i, �R2,i, . . . �RN,i)

R
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i pT,i
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kT reclustering

New result!

C/A reclustering

• Study number of sub-jets within jets

‣ Quantify how pronounced N prongs are in a jet 


‣ τN → 0: N or less cores

‣ τN → 1: at least N+1 cores

‣ τ2/τ1 → 0: jet has 2 prongs

• Different structures probed by different 
reclustering algorithms (e.g. C/A or kT)

• Splitting of sub-jets in pp described by PYTHIA 
• use PYTHIA for energy extrapolation: 7 TeV → 2.76 TeV



Jet Structure: Sub-jets in pp and Pb–Pb

12Torsten Dahms – Hard Probes 2018

sub-jet

sub-jet

N. Zardoshti, Thu, 14h40

⌧N =

P
i pT,i min(�R1,i, �R2,i, . . . �RN,i)

R
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i pT,i
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kT reclustering

New result!

C/A reclustering

• Study number of sub-jets within jets

‣ Quantify how pronounced N prongs are in a jet 


‣ τN → 0: N or less cores

‣ τN → 1: at least N+1 cores

‣ τ2/τ1 → 0: jet has 2 prongs

• Different structures probed by different 
reclustering algorithms (e.g. C/A or kT)

• Splitting of sub-jets in pp described by PYTHIA 
• use PYTHIA for energy extrapolation: 7 TeV → 2.76 TeV

• Very similar sub-jet structure in Pb–Pb 
→ In-medium jet core remains vacuum-like 
‣ more pp data needed to quantify 
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Particle ID in Jets: Deuterons

• Are deuterons created in jets? 
‣ e.g. by coalescence of protons and neutrons

‣ directly linked to baryon production in jets 

• If yes, should observe a correlation of 
deuterons with other hadrons in jet


• High-pT deuterons show angular correlation 
with high-pT hadrons in pp at √s = 13 TeV 
‣ indication that deuterons are also produced in jets 

(and not only non-composite hadrons)
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New result!
Deuteron–Hadron Correlations
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• Identify heavy flavour jets via:

‣ electrons from semileptonic HF decays

‣ fully reconstructed D0 meson

• Charged HF jets well reproduced by POWHEG 
(NLO event generator)
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‣ fully reconstructed D0 meson

• Charged HF jets well reproduced by POWHEG 
(NLO event generator)

• No suppression of D-tagged jets in p–Pb
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• Identify heavy flavour jets via:

‣ electrons from semileptonic HF decays

‣ fully reconstructed D0 meson

• Charged HF jets well reproduced by POWHEG 
(NLO event generator)

• No suppression of D-tagged jets in p–Pb

• Clear suppression of D-tagged jets in Pb–Pb 
‣ comparable to D-meson suppression
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o Hint for Λc
+  RAA in 0-80% larger than D-meson RAA in 0-10 % centrality class.

Suggested hierarchy Λc
+  RAA > Ds

+  RAA > non-strange D-meson RAA > pion RAA ?

o Analysis for 0-80 % centrality  and for 6 < pT < 12 GeV/c
o Waiting for 2018 Pb-Pb run: extend pT interval, more differential 

measurements in pT and centrality.

The first LHC measurement of Λc in HI collisions

E. MENINNO 17Hard Probes 2018

Λc

E. Meninno, Thu, 11h05

• Pb–Pb: indication of Λc/D larger than in pp
‣ suggests coalescence contributes to hadronisation in Pb–Pb
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Figure 1: Invariant-mass distributions for the Lc (left) and D0 (right) candidates in the momentum interval
6 < pT < 12 GeV/c and for the 0–80% centrality class. The dashed curves represent the fit to the background,
while the solid curves represent the total fit function.

(the sign of the impact parameter is defined as positive when the angle between the Lc flight line and the115

momentum vector is smaller than 90�).116

The D0 candidates were reconstructed by combining pairs of tracks with the proper charge sign combi-117

nation and selected in the interval 6 < pT < 12 GeV/c using the same criteria described in Ref. [17] for118

the interval 6 < pT < 7 GeV/c in the 10% most central Pb–Pb collisions.119

After all selections, the acceptance in rapidity for Lc and D0 candidates drops steeply to zero for |y|> 0.8120

in the pT interval used for the analysis. Therefore, a fiducial acceptance cut |y| < 0.8 was applied as121

described in Refs. [11] and [17].122

The Lc and D0 raw yields were extracted by fitting the invariant mass distributions of the candidates123

passing the selection criteria. The fit functions consist of a Gaussian to describe the signal and an124

exponential to describe the background. In the case of the Lc, the width of the Gaussian was fixed to125

the value obtained from Monte Carlo simulations. The stability of the Lc signal extraction was verified126

by fitting the invariant mass distribution after the subtraction of the background evaluated with an event-127

mixing technique and no discrepancy between the two approaches was observed. For the D0-meson128

yield, the contribution of signal candidates with the wrong K–p mass assignment (reflections) to the129

invariant-mass distribution was taken into account by including an additional term, parameterised from130

simulations with a double-Gaussian shape, in the fit function [26].131

The invariant mass distributions of the selected Lc and D0 candidates are shown in Fig. 1.132

The prompt L+
c (D0) production yield was calculated as133

dNL+
c (D0)

prompt

dpT

������
|y|<0.5

=
1
2

1
cDy

1
DpT

fprompt ·Nraw||y|<0.8

(Acc⇥ e)prompt ·BR ·Nevt
, (1)

where Nraw is the raw yield (sum of particles and antiparticles) in the transverse momentum interval134

of width DpT, fprompt is the fraction of prompt Lc (D0) in the raw yield, (Acc⇥ e) is the product of135

acceptance and reconstruction efficiency for prompt Lc (D0), BR is the branching ratio of the considered136
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Figure 2: L+
c /D0 ratio as a function of pT in 0–80% most central Pb–Pb collisions compared with the mea-

surements in pp and p–Pb collisions [11] (left), and model calculations [7] (right). Statistical and systematic
uncertainties are presented as vertical bars and boxes, respectively.

Systematic uncertainties on the efficiencies can also arise from possible differences in the distributions204

and resolutions of selection variables between data and simulation. The systematic effect induced by205

these imperfections was estimated by repeating the analysis varying the main selection criteria for206

the candidates. The efficiencies determined from the simulations depend also on the generated pT207

distributions of the Lc and the D0. The central values of the correction factors were obtained by re-208

weighting the Lc and D0 distributions generated by PYTHIA as described above. For the D0, the209

efficiencies calculated with and without the pT weights are compatible and therefore no uncertainty210

was assigned. For the Lc, the systematic uncertainty was defined by considering the variation of the211

efficiencies determined with different generated pT shapes. The new Lc pT shape was calculated by212

multiplying the measured D0 pT distribution with the L+
c /D0 ratios predicted by the models [6] and213

[40].214

Finally, the efficiencies in the centrality class 0–80% depend on the centrality weights used to combine215

the efficiencies in the smaller centrality classes. The stability of the efficiencies against the variation of216

the centrality weights was tested by recalculating the efficiencies without weighting for hNcolli and, for217

the Lc, using as an alternative centrality weight the product L/K0
S · hNcolli, where the ratio L/K0

S is taken218

from Ref. [8].219

The systematic uncertainty on the subtraction of feed-down from beauty-hadron decays was estimated220

by varying (i) the pT-differential cross section of feed-down Lc (D0) from FONLL calculations within221

the theoretical uncertainties (see Ref. [11] for details on the Lc and Ref. [32] for the D0) and (ii) the ratio222

of prompt and feed-down RAA as described above.223

The production yields of Lc and D0 also have a global systematic uncertainty due to the branching ratio.224

3 Results225

The yield of prompt L+
c baryons measured in Pb–Pb collisions at

p
sNN = 5.02 TeV in the 0–80%226

centrality class in |y|< 0.5 and 6 < pT < 12 GeV/c is NL+
c = (2.1±0.4 (stat.)+0.3
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• Pb–Pb: indication of Λc/D larger than in pp
‣ suggests coalescence contributes to hadronisation in Pb–Pb
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while the solid curves represent the total fit function.

(the sign of the impact parameter is defined as positive when the angle between the Lc flight line and the115

momentum vector is smaller than 90�).116

The D0 candidates were reconstructed by combining pairs of tracks with the proper charge sign combi-117

nation and selected in the interval 6 < pT < 12 GeV/c using the same criteria described in Ref. [17] for118

the interval 6 < pT < 7 GeV/c in the 10% most central Pb–Pb collisions.119

After all selections, the acceptance in rapidity for Lc and D0 candidates drops steeply to zero for |y|> 0.8120

in the pT interval used for the analysis. Therefore, a fiducial acceptance cut |y| < 0.8 was applied as121

described in Refs. [11] and [17].122

The Lc and D0 raw yields were extracted by fitting the invariant mass distributions of the candidates123

passing the selection criteria. The fit functions consist of a Gaussian to describe the signal and an124

exponential to describe the background. In the case of the Lc, the width of the Gaussian was fixed to125

the value obtained from Monte Carlo simulations. The stability of the Lc signal extraction was verified126

by fitting the invariant mass distribution after the subtraction of the background evaluated with an event-127

mixing technique and no discrepancy between the two approaches was observed. For the D0-meson128

yield, the contribution of signal candidates with the wrong K–p mass assignment (reflections) to the129

invariant-mass distribution was taken into account by including an additional term, parameterised from130

simulations with a double-Gaussian shape, in the fit function [26].131

The invariant mass distributions of the selected Lc and D0 candidates are shown in Fig. 1.132

The prompt L+
c (D0) production yield was calculated as133
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of width DpT, fprompt is the fraction of prompt Lc (D0) in the raw yield, (Acc⇥ e) is the product of135
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Figure 2: L+
c /D0 ratio as a function of pT in 0–80% most central Pb–Pb collisions compared with the mea-

surements in pp and p–Pb collisions [11] (left), and model calculations [7] (right). Statistical and systematic
uncertainties are presented as vertical bars and boxes, respectively.

Systematic uncertainties on the efficiencies can also arise from possible differences in the distributions204

and resolutions of selection variables between data and simulation. The systematic effect induced by205

these imperfections was estimated by repeating the analysis varying the main selection criteria for206

the candidates. The efficiencies determined from the simulations depend also on the generated pT207

distributions of the Lc and the D0. The central values of the correction factors were obtained by re-208

weighting the Lc and D0 distributions generated by PYTHIA as described above. For the D0, the209

efficiencies calculated with and without the pT weights are compatible and therefore no uncertainty210

was assigned. For the Lc, the systematic uncertainty was defined by considering the variation of the211

efficiencies determined with different generated pT shapes. The new Lc pT shape was calculated by212

multiplying the measured D0 pT distribution with the L+
c /D0 ratios predicted by the models [6] and213

[40].214

Finally, the efficiencies in the centrality class 0–80% depend on the centrality weights used to combine215

the efficiencies in the smaller centrality classes. The stability of the efficiencies against the variation of216

the centrality weights was tested by recalculating the efficiencies without weighting for hNcolli and, for217

the Lc, using as an alternative centrality weight the product L/K0
S · hNcolli, where the ratio L/K0

S is taken218

from Ref. [8].219

The systematic uncertainty on the subtraction of feed-down from beauty-hadron decays was estimated220

by varying (i) the pT-differential cross section of feed-down Lc (D0) from FONLL calculations within221

the theoretical uncertainties (see Ref. [11] for details on the Lc and Ref. [32] for the D0) and (ii) the ratio222

of prompt and feed-down RAA as described above.223
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(the sign of the impact parameter is defined as positive when the angle between the Lc flight line and the115

momentum vector is smaller than 90�).116

The D0 candidates were reconstructed by combining pairs of tracks with the proper charge sign combi-117

nation and selected in the interval 6 < pT < 12 GeV/c using the same criteria described in Ref. [17] for118

the interval 6 < pT < 7 GeV/c in the 10% most central Pb–Pb collisions.119

After all selections, the acceptance in rapidity for Lc and D0 candidates drops steeply to zero for |y|> 0.8120

in the pT interval used for the analysis. Therefore, a fiducial acceptance cut |y| < 0.8 was applied as121

described in Refs. [11] and [17].122

The Lc and D0 raw yields were extracted by fitting the invariant mass distributions of the candidates123

passing the selection criteria. The fit functions consist of a Gaussian to describe the signal and an124

exponential to describe the background. In the case of the Lc, the width of the Gaussian was fixed to125

the value obtained from Monte Carlo simulations. The stability of the Lc signal extraction was verified126

by fitting the invariant mass distribution after the subtraction of the background evaluated with an event-127

mixing technique and no discrepancy between the two approaches was observed. For the D0-meson128

yield, the contribution of signal candidates with the wrong K–p mass assignment (reflections) to the129

invariant-mass distribution was taken into account by including an additional term, parameterised from130

simulations with a double-Gaussian shape, in the fit function [26].131

The invariant mass distributions of the selected Lc and D0 candidates are shown in Fig. 1.132
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c (D0) production yield was calculated as133

dNL+
c (D0)

prompt

dpT

������
|y|<0.5

=
1
2

1
cDy

1
DpT

fprompt ·Nraw||y|<0.8

(Acc⇥ e)prompt ·BR ·Nevt
, (1)

where Nraw is the raw yield (sum of particles and antiparticles) in the transverse momentum interval134

of width DpT, fprompt is the fraction of prompt Lc (D0) in the raw yield, (Acc⇥ e) is the product of135
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Figure 2: L+
c /D0 ratio as a function of pT in 0–80% most central Pb–Pb collisions compared with the mea-

surements in pp and p–Pb collisions [11] (left), and model calculations [7] (right). Statistical and systematic
uncertainties are presented as vertical bars and boxes, respectively.

Systematic uncertainties on the efficiencies can also arise from possible differences in the distributions204

and resolutions of selection variables between data and simulation. The systematic effect induced by205

these imperfections was estimated by repeating the analysis varying the main selection criteria for206

the candidates. The efficiencies determined from the simulations depend also on the generated pT207

distributions of the Lc and the D0. The central values of the correction factors were obtained by re-208

weighting the Lc and D0 distributions generated by PYTHIA as described above. For the D0, the209

efficiencies calculated with and without the pT weights are compatible and therefore no uncertainty210

was assigned. For the Lc, the systematic uncertainty was defined by considering the variation of the211

efficiencies determined with different generated pT shapes. The new Lc pT shape was calculated by212

multiplying the measured D0 pT distribution with the L+
c /D0 ratios predicted by the models [6] and213

[40].214

Finally, the efficiencies in the centrality class 0–80% depend on the centrality weights used to combine215

the efficiencies in the smaller centrality classes. The stability of the efficiencies against the variation of216

the centrality weights was tested by recalculating the efficiencies without weighting for hNcolli and, for217

the Lc, using as an alternative centrality weight the product L/K0
S · hNcolli, where the ratio L/K0

S is taken218

from Ref. [8].219

The systematic uncertainty on the subtraction of feed-down from beauty-hadron decays was estimated220

by varying (i) the pT-differential cross section of feed-down Lc (D0) from FONLL calculations within221

the theoretical uncertainties (see Ref. [11] for details on the Lc and Ref. [32] for the D0) and (ii) the ratio222

of prompt and feed-down RAA as described above.223

The production yields of Lc and D0 also have a global systematic uncertainty due to the branching ratio.224

3 Results225

The yield of prompt L+
c baryons measured in Pb–Pb collisions at
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• Pb–Pb: indication of Λc/D larger than in pp
‣ suggests coalescence contributes to hadronisation in Pb–Pb

• pp: Λc (and Ξc) productions higher than expected 
(based on e+e− data from LEP)
‣ p–Pb: no significant difference to pp for Λc/D 
‣ impact on total charm cross section estimates

L+
c production in Pb–Pb collisions at

p
sNN = 5.02 TeV ALICE Collaboration

)2c) (GeV/
S

0(pKM

2.2 2.25 2.3 2.35 2.4

2
c

E
n

tr
ie

s 
/ 

5
.0

 M
e

V
/

13

14

15

310×

2c 0.003 GeV/± = 2.286 µ

, fixed to MC2c = 0.014 GeV/σ

 407 ±) = 2299 σ3±S(

 + c.c.
S

0
 pK→ 

+
cΛ

c < 12 GeV/
T

p6 < ALICE

 = 5.02 TeVNNsPb, −80% Pb−0

)2c) (GeV/π(KM

1.75 1.8 1.85 1.9 1.95 2

2
c

E
n

tr
ie

s 
/ 

5
.0

 M
e

V
/

0.5

1.0

1.5

2.0

2.5
310×

2c 0.0003 GeV/± = 1.8678 µ
2c 0.0003 GeV/± = 0.0187 σ

 175 ±) = 10822 σ3±S(

 + c.c.+π− K→ 
0

D

c < 12 GeV/
T

p6 < ALICE

 = 5.02 TeVNNsPb, −80% Pb−0

Figure 1: Invariant-mass distributions for the Lc (left) and D0 (right) candidates in the momentum interval
6 < pT < 12 GeV/c and for the 0–80% centrality class. The dashed curves represent the fit to the background,
while the solid curves represent the total fit function.

(the sign of the impact parameter is defined as positive when the angle between the Lc flight line and the115

momentum vector is smaller than 90�).116

The D0 candidates were reconstructed by combining pairs of tracks with the proper charge sign combi-117

nation and selected in the interval 6 < pT < 12 GeV/c using the same criteria described in Ref. [17] for118

the interval 6 < pT < 7 GeV/c in the 10% most central Pb–Pb collisions.119

After all selections, the acceptance in rapidity for Lc and D0 candidates drops steeply to zero for |y|> 0.8120

in the pT interval used for the analysis. Therefore, a fiducial acceptance cut |y| < 0.8 was applied as121

described in Refs. [11] and [17].122

The Lc and D0 raw yields were extracted by fitting the invariant mass distributions of the candidates123

passing the selection criteria. The fit functions consist of a Gaussian to describe the signal and an124

exponential to describe the background. In the case of the Lc, the width of the Gaussian was fixed to125

the value obtained from Monte Carlo simulations. The stability of the Lc signal extraction was verified126

by fitting the invariant mass distribution after the subtraction of the background evaluated with an event-127

mixing technique and no discrepancy between the two approaches was observed. For the D0-meson128

yield, the contribution of signal candidates with the wrong K–p mass assignment (reflections) to the129

invariant-mass distribution was taken into account by including an additional term, parameterised from130

simulations with a double-Gaussian shape, in the fit function [26].131

The invariant mass distributions of the selected Lc and D0 candidates are shown in Fig. 1.132

The prompt L+
c (D0) production yield was calculated as133

dNL+
c (D0)

prompt

dpT

������
|y|<0.5

=
1
2

1
cDy

1
DpT

fprompt ·Nraw||y|<0.8

(Acc⇥ e)prompt ·BR ·Nevt
, (1)

where Nraw is the raw yield (sum of particles and antiparticles) in the transverse momentum interval134

of width DpT, fprompt is the fraction of prompt Lc (D0) in the raw yield, (Acc⇥ e) is the product of135

acceptance and reconstruction efficiency for prompt Lc (D0), BR is the branching ratio of the considered136
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Figure 2: L+
c /D0 ratio as a function of pT in 0–80% most central Pb–Pb collisions compared with the mea-

surements in pp and p–Pb collisions [11] (left), and model calculations [7] (right). Statistical and systematic
uncertainties are presented as vertical bars and boxes, respectively.

Systematic uncertainties on the efficiencies can also arise from possible differences in the distributions204

and resolutions of selection variables between data and simulation. The systematic effect induced by205

these imperfections was estimated by repeating the analysis varying the main selection criteria for206

the candidates. The efficiencies determined from the simulations depend also on the generated pT207

distributions of the Lc and the D0. The central values of the correction factors were obtained by re-208

weighting the Lc and D0 distributions generated by PYTHIA as described above. For the D0, the209

efficiencies calculated with and without the pT weights are compatible and therefore no uncertainty210

was assigned. For the Lc, the systematic uncertainty was defined by considering the variation of the211

efficiencies determined with different generated pT shapes. The new Lc pT shape was calculated by212

multiplying the measured D0 pT distribution with the L+
c /D0 ratios predicted by the models [6] and213

[40].214

Finally, the efficiencies in the centrality class 0–80% depend on the centrality weights used to combine215

the efficiencies in the smaller centrality classes. The stability of the efficiencies against the variation of216

the centrality weights was tested by recalculating the efficiencies without weighting for hNcolli and, for217

the Lc, using as an alternative centrality weight the product L/K0
S · hNcolli, where the ratio L/K0

S is taken218

from Ref. [8].219

The systematic uncertainty on the subtraction of feed-down from beauty-hadron decays was estimated220

by varying (i) the pT-differential cross section of feed-down Lc (D0) from FONLL calculations within221

the theoretical uncertainties (see Ref. [11] for details on the Lc and Ref. [32] for the D0) and (ii) the ratio222

of prompt and feed-down RAA as described above.223

The production yields of Lc and D0 also have a global systematic uncertainty due to the branching ratio.224

3 Results225

The yield of prompt L+
c baryons measured in Pb–Pb collisions at

p
sNN = 5.02 TeV in the 0–80%226

centrality class in |y|< 0.5 and 6 < pT < 12 GeV/c is NL+
c = (2.1±0.4 (stat.)+0.3

�0.4 (syst.))⇥10�2.227
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• Pb–Pb: indication of Λc/D larger than in pp
‣ suggests coalescence contributes to hadronisation in Pb–Pb

• pp: Λc (and Ξc) productions higher than expected 
(based on e+e− data from LEP)
‣ p–Pb: no significant difference to pp for Λc/D 
‣ impact on total charm cross section estimates
‣ new pp data at √s = 5 TeV with improved precision
‣ similar effect as observed for light hadrons
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(the sign of the impact parameter is defined as positive when the angle between the Lc flight line and the115

momentum vector is smaller than 90�).116

The D0 candidates were reconstructed by combining pairs of tracks with the proper charge sign combi-117

nation and selected in the interval 6 < pT < 12 GeV/c using the same criteria described in Ref. [17] for118

the interval 6 < pT < 7 GeV/c in the 10% most central Pb–Pb collisions.119

After all selections, the acceptance in rapidity for Lc and D0 candidates drops steeply to zero for |y|> 0.8120

in the pT interval used for the analysis. Therefore, a fiducial acceptance cut |y| < 0.8 was applied as121

described in Refs. [11] and [17].122

The Lc and D0 raw yields were extracted by fitting the invariant mass distributions of the candidates123

passing the selection criteria. The fit functions consist of a Gaussian to describe the signal and an124

exponential to describe the background. In the case of the Lc, the width of the Gaussian was fixed to125

the value obtained from Monte Carlo simulations. The stability of the Lc signal extraction was verified126

by fitting the invariant mass distribution after the subtraction of the background evaluated with an event-127

mixing technique and no discrepancy between the two approaches was observed. For the D0-meson128

yield, the contribution of signal candidates with the wrong K–p mass assignment (reflections) to the129

invariant-mass distribution was taken into account by including an additional term, parameterised from130

simulations with a double-Gaussian shape, in the fit function [26].131

The invariant mass distributions of the selected Lc and D0 candidates are shown in Fig. 1.132

The prompt L+
c (D0) production yield was calculated as133

dNL+
c (D0)

prompt

dpT

������
|y|<0.5

=
1
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1
cDy

1
DpT

fprompt ·Nraw||y|<0.8

(Acc⇥ e)prompt ·BR ·Nevt
, (1)

where Nraw is the raw yield (sum of particles and antiparticles) in the transverse momentum interval134

of width DpT, fprompt is the fraction of prompt Lc (D0) in the raw yield, (Acc⇥ e) is the product of135

acceptance and reconstruction efficiency for prompt Lc (D0), BR is the branching ratio of the considered136
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The Event-shape engineering (ESE) 
technique relies on the classification 
of events at a certain centrality 
according to the magnitude of the 
second-harmonic reduced flow vector:

60% smallest q2TPC

20% largest q2TPC

D-meson v2 for different q2 samples: investigate correlation 
between flow coefficients of D mesons and soft hadrons  
D-meson pT spectra for different q2 samples: study interplay 
between elliptic flow and radial flow (at low/intermediate pT) 
and in-medium energy loss (high pT)

arXiv label

TO BE APPROVED

,q2 = | ⃗Q2 | / M ⃗Q2 =
M

∑
j=1

ei2φj

⟨v2⟩small−q2
< ⟨v2⟩unb

⟨v2⟩large−q2
> ⟨v2⟩unb

D Mesons & Event-Shape-Engineering
• ESE to distinguish different initial state 

geometries for same impact parameter

‣ second-harmonic reduced flow vector
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The Event-shape engineering (ESE) 
technique relies on the classification 
of events at a certain centrality 
according to the magnitude of the 
second-harmonic reduced flow vector:

60% smallest q2TPC

20% largest q2TPC

D-meson v2 for different q2 samples: investigate correlation 
between flow coefficients of D mesons and soft hadrons  
D-meson pT spectra for different q2 samples: study interplay 
between elliptic flow and radial flow (at low/intermediate pT) 
and in-medium energy loss (high pT)

arXiv label

TO BE APPROVED

,q2 = | ⃗Q2 | / M ⃗Q2 =
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∑
j=1

ei2φj

⟨v2⟩small−q2
< ⟨v2⟩unb

⟨v2⟩large−q2
> ⟨v2⟩unb

D Mesons & Event-Shape-Engineering
• ESE to distinguish different initial state 

geometries for same impact parameter

‣ second-harmonic reduced flow vector

• Ordering of D v2 with q2 in Pb–Pb at √sNN = 5 TeV 
heavy flavour v2 follows shape fluctuations
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“International Conference on Hard Probes of Electromagnetism in High-Energy Nuclear Collisions”

D-Meson Directed Flow

• Strong magnetic field created by passing 
charged nuclei


• Charm quarks produced at time of max. B 
field


• Charm quark relaxation time comparable to 
QGP life time

‣  much larger than that of light quarks


• B field induces C-odd directed flow v1 

• Two effects: B and E fields with opposite 
signs 
‣ time order of maxima of B and E is important

‣ prediction: B field effect dominates
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Charge-dependent directed flow
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Asymmetry between the same same and opposite 
impact-parameter direction 
Charge-dependent v1 can be used to study the 
magnetic field created in heavy-ion collisions 

Charm quark is an ideal probe 
➡ formation time is comparable to the 
time scale when the magnetic field 
reaches its maximum value  
➡ relaxation time is similar to the            
QGP lifetime

PLB 768 (2017) 260-264
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D-Meson Directed Flow
• Light hadrons: observe positive slope of Δv1
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F. Grosa, Tue, 11h25
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D-Meson Directed Flow
• Light hadrons: observe positive slope of Δv1

• Indication of positive slope of Δv1 with rapidity 
(significance of 2.7σ)
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New result!

F. Grosa, Tue, 11h25
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D-Meson Directed Flow
• Light hadrons: observe positive slope of Δv1

• Indication of positive slope of Δv1 with rapidity 
(significance of 2.7σ)

• Same trend as for light hadrons but O(103)× stronger
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New result!

F. Grosa, Tue, 11h25
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D-Meson Directed Flow
• Light hadrons: observe positive slope of Δv1

• Indication of positive slope of Δv1 with rapidity 
(significance of 2.7σ)

• Same trend as for light hadrons but O(103)× stronger

• Opposite from theory expectation 
→ is charm produced when induced 
E field dominates over B field?

• More data this year will help to 
confirm effect
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ALI-PREL-307073

�v1 = v1(D
0)� v1(D

0
)

<latexit sha1_base64="AzW9ewZ4toNNSHatjiKuN4Cd/Gc=">AAACJHicbVDLSgMxFM3UV62vqks3wSLowjIjim6EQrtwWcE+oFNLJr3V0MyD5E6hDP0S9/6HW3Ungm78FjNtQW09kHA4596b3ONFUmi07U8rs7C4tLySXc2trW9sbuW3d+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6Hh9cup3xiA0iIMbnAYQdtnd4HoCc7QSJ38mVsBiYwOOg69TO/DxFU+rYxu7SN6PBbc0AxI5/84nXzBLtpj0HniTEmBTFHt5D/cbshjHwLkkmndcuwI2wlTKLiEUc6NNUSM99kdtAwNmA+6nYzXG9EDo3RpL1TmBEjH6u+OhPlaD33PVPoM7/Wsl4r/ea0YexftRARRjBDwyUO9WFIMaZoV7QoFHOXQEMaVMH+l/J4pxtEkmjtA0JgzUTizi8+T+knRMfz6tFAqT0PJkj2yTw6JQ85JiVyRKqkRTh7IE3kmL9aj9Wq9We+T0ow17dklf2B9fQMYM6Hf</latexit><latexit sha1_base64="AzW9ewZ4toNNSHatjiKuN4Cd/Gc=">AAACJHicbVDLSgMxFM3UV62vqks3wSLowjIjim6EQrtwWcE+oFNLJr3V0MyD5E6hDP0S9/6HW3Ungm78FjNtQW09kHA4596b3ONFUmi07U8rs7C4tLySXc2trW9sbuW3d+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6Hh9cup3xiA0iIMbnAYQdtnd4HoCc7QSJ38mVsBiYwOOg69TO/DxFU+rYxu7SN6PBbc0AxI5/84nXzBLtpj0HniTEmBTFHt5D/cbshjHwLkkmndcuwI2wlTKLiEUc6NNUSM99kdtAwNmA+6nYzXG9EDo3RpL1TmBEjH6u+OhPlaD33PVPoM7/Wsl4r/ea0YexftRARRjBDwyUO9WFIMaZoV7QoFHOXQEMaVMH+l/J4pxtEkmjtA0JgzUTizi8+T+knRMfz6tFAqT0PJkj2yTw6JQ85JiVyRKqkRTh7IE3kmL9aj9Wq9We+T0ow17dklf2B9fQMYM6Hf</latexit><latexit sha1_base64="AzW9ewZ4toNNSHatjiKuN4Cd/Gc=">AAACJHicbVDLSgMxFM3UV62vqks3wSLowjIjim6EQrtwWcE+oFNLJr3V0MyD5E6hDP0S9/6HW3Ungm78FjNtQW09kHA4596b3ONFUmi07U8rs7C4tLySXc2trW9sbuW3d+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6Hh9cup3xiA0iIMbnAYQdtnd4HoCc7QSJ38mVsBiYwOOg69TO/DxFU+rYxu7SN6PBbc0AxI5/84nXzBLtpj0HniTEmBTFHt5D/cbshjHwLkkmndcuwI2wlTKLiEUc6NNUSM99kdtAwNmA+6nYzXG9EDo3RpL1TmBEjH6u+OhPlaD33PVPoM7/Wsl4r/ea0YexftRARRjBDwyUO9WFIMaZoV7QoFHOXQEMaVMH+l/J4pxtEkmjtA0JgzUTizi8+T+knRMfz6tFAqT0PJkj2yTw6JQ85JiVyRKqkRTh7IE3kmL9aj9Wq9We+T0ow17dklf2B9fQMYM6Hf</latexit><latexit sha1_base64="AzW9ewZ4toNNSHatjiKuN4Cd/Gc=">AAACJHicbVDLSgMxFM3UV62vqks3wSLowjIjim6EQrtwWcE+oFNLJr3V0MyD5E6hDP0S9/6HW3Ungm78FjNtQW09kHA4596b3ONFUmi07U8rs7C4tLySXc2trW9sbuW3d+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6Hh9cup3xiA0iIMbnAYQdtnd4HoCc7QSJ38mVsBiYwOOg69TO/DxFU+rYxu7SN6PBbc0AxI5/84nXzBLtpj0HniTEmBTFHt5D/cbshjHwLkkmndcuwI2wlTKLiEUc6NNUSM99kdtAwNmA+6nYzXG9EDo3RpL1TmBEjH6u+OhPlaD33PVPoM7/Wsl4r/ea0YexftRARRjBDwyUO9WFIMaZoV7QoFHOXQEMaVMH+l/J4pxtEkmjtA0JgzUTizi8+T+knRMfz6tFAqT0PJkj2yTw6JQ85JiVyRKqkRTh7IE3kmL9aj9Wq9We+T0ow17dklf2B9fQMYM6Hf</latexit>

New result!

F. Grosa, Tue, 11h25



5 10 15 20 25
)c (GeV/

T
p

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

AA
R

data
MC@sHQ+EPOS2
PHSD
Djordjevic

ALICE Preliminary
 = 5.02 TeVNNs0-10% Pb-Pb, 

 e→ c) →b (

ALI−PREL−308498

Beauty Suppression in Pb–Pb

• New: electrons from beauty decays out to pT = 26 GeV/c 
‣ separation from light and charm hadrons decays via template fit of impact parameter


• Suppression well described by models that include mass dependent energy loss
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Z. Zhang, Tue, 15h

New result!
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New reference! Run-2 pp at √s = 5 TeV

J/ψ RAA and Elliptic Flow
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• Updated RAA at midrapidity based on 
measured pp reference at √s = 5 TeV

• Clear signs of (re)generation: 
‣ in central collisions: J/ψ at midrapidity less 

suppressed than at forward rapidity

‣ low-pT J/ψ less suppressed than high pT

ALICE, PRL 119 (2017) 242301
M. Köhler, Wed, 9h20
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• Updated RAA at midrapidity based on 
measured pp reference at √s = 5 TeV

• Clear signs of (re)generation: 
‣ in central collisions: J/ψ at midrapidity less 

suppressed than at forward rapidity

‣ low-pT J/ψ less suppressed than high pT

• Sizeable J/ψ v2
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• Updated RAA at midrapidity based on 
measured pp reference at √s = 5 TeV

• Clear signs of (re)generation: 
‣ in central collisions: J/ψ at midrapidity less 

suppressed than at forward rapidity

‣ low-pT J/ψ less suppressed than high pT

• Sizeable J/ψ v2

• First evidence for v3 > 0! 
‣ pT-integrated significance 3.7σ

‣ ordering: v3/v2(J/ψ) < v3/v2(h±)

• Further corroborates the significant 
contribution of (re)generation as 
source of J/ψ production in Pb–Pb )c (GeV/
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• Updated RAA at midrapidity based on 
measured pp reference at √s = 5 TeV

• Clear signs of (re)generation: 
‣ in central collisions: J/ψ at midrapidity less 

suppressed than at forward rapidity

‣ low-pT J/ψ less suppressed than high pT

• Sizeable J/ψ v2

• First evidence for v3 > 0! 
‣ pT-integrated significance 3.7σ

‣ ordering: v3/v2(J/ψ) < v3/v2(h±)

• Further corroborates the significant 
contribution of (re)generation as 
source of J/ψ production in Pb–Pb )c (GeV/
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Photoproduction of J/ψ in peripheral Pb–Pb collisions
• Low-pT excess of J/ψ in peripheral Pb–Pb 

collisions with nuclear overlap, so far seen at 

‣ forward rapidity at √sNN = 2.76 TeV

‣ midrapidity at √sNN = 5 TeV

‣ consistent with calculations of J/ψ photoproduction

23Torsten Dahms – Hard Probes 2018

L. Massacrier, Tue, 9h40
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Photoproduction of J/ψ in peripheral Pb–Pb collisions
• Low-pT excess of J/ψ in peripheral Pb–Pb 

collisions with nuclear overlap, so far seen at 

‣ forward rapidity at √sNN = 2.76 TeV

‣ midrapidity at √sNN = 5 TeV

‣ consistent with calculations of J/ψ photoproduction

• New results at forward rapidity at √sNN = 5 TeV 
‣ also described by model calculations of photoproduction

• A new probe for colour screening in QGP? 
‣ formed very early in the collision

‣ passes through the QGP

‣ (re)generation insignificant at very low pT

23Torsten Dahms – Hard Probes 2018ALI-PREL-309953

New result!

L. Massacrier, Tue, 9h40
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Multiplicity

Quarkonia in small systems
• Faster than linear scaling with multiplicity 

for J/ψ at midrapidity in pp at √s = 13 TeV 
‣ i.e. w/o rapidity gap between signal and multiplicity 

estimator
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D. Thakur, Tue, 16h45
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Multiplicity

Quarkonia in small systems
• Faster than linear scaling with multiplicity 

for J/ψ at midrapidity in pp at √s = 13 TeV 
‣ i.e. w/o rapidity gap between signal and multiplicity 

estimator

• Introducing a rapidity gap: significantly 
reduces deviation from linear multiplicity 
scaling

• Sign of autocorrelation (e.g. jet bias) 
w/o rapidity gap between signal and 
multiplicity estimator
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New result!

D. Thakur, Tue, 16h45



J/ψ → e+e− J/ψ → μ+μ− 
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Multiplicity

Quarkonia in small systems
• Faster than linear scaling with multiplicity 

for J/ψ at midrapidity in pp at √s = 13 TeV 
‣ i.e. w/o rapidity gap between signal and multiplicity 

estimator

• Introducing a rapidity gap: significantly 
reduces deviation from linear multiplicity 
scaling

• Sign of autocorrelation (e.g. jet bias) 
w/o rapidity gap between signal and 
multiplicity estimator

• Also measured ϒ(1S) and ϒ(2S) vs multiplicity
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Upgrades



ALICE Upgrades: Run-3 and beyond

• Major detector upgrades during the LHC Long Shutdown 2 

‣ Focus on low-pT and non-triggerable probes, e.g. low-mass dielectrons 
→ continuous readout of 50 kHz Pb–Pb collisions: TPC, Muon arm, Fast 
Interaction Trigger 

‣ Improve low-pT tracking and vertexing for e.g. Λc: Inner Tracking System 
(ALPIDE: pixels based on CMOS MAPS technology) 

‣ Secondary-vertex reconstruction at forward rapidity: 
Muon Forward Tracker 

• And beyond: FOCAL…
26Torsten Dahms – Hard Probes 2018

GEM-TPC ITS MFT

10 × TPC drift tim
e (= 1 ms)

30 kHz Pb-Pb Collisions

• MC events overlaid on cluster level, using realistic bunch crossing structure
• Time is scaled linearly onto the z-position.
• Tracks/Clusters from different collisions are shown in different colors.© David Rohr

L0 L1 L2

OROC

Th. Peitzmann, Tue, 11h05

C. Bedda, Thu, 9h



ALICE Talks
1. Jack Otwinowski: “ALICE results on the production of charged particles in pp, p-Pb, Xe-Xe and Pb-Pb collisions at the LHC”, Tue, 9h00

2. Laure Massacrier: “Coherent J/psi photo-production in Pb–Pb collisions with nuclear overlap with ALICE at the LHC”, Tue, 9h40

3. Dmitry Peresunko: “Neutral-meson production in ALICE”, Tue, 10h45

4. Thomas Peitzmann: “Forward photon measurements with ALICE at the LHC as a probe for low-x gluons”, Tue, 11h05

5. Fabrizio Grosa: “Measurement of D-meson nuclear modification factor and flow in Pb-Pb collisions with ALICE at the LHC”, Tue, 11h25

6. Shreyasi Acharya: “Event-multiplicity and event-shape dependence of open heavy-flavour production in pp collisions with ALICE at the LHC” Tue, 12h05

7. Brennan Schaefer: “Jet Associated Deuteron Production in pp collisions at 13 TeV with ALICE at the LHC”, Tue, 12h05

8. Zuman Zhang: “Measurements of heavy-flavour decay leptons production in Pb–Pb and Xe–Xe collisions with ALICE at the LHC”, Tue, 15h00

9. Antoine Lardeux: “ALICE results on quarkonium production in p-Pb collisions”, Tue, 15h40

10. Miguel Arratia: “Isolated photon + hadron and jet correlation in p–Pb and pp collisions with ALICE”, Tue, 16h25

11. Dhananjaya Thakur: “Quarkonium production as a function of charged particle multiplicity in pp and p-Pb collisions measured by ALICE at the LHC”, Tue, 16h45

12. Cristina Terrevoli: “Open-heavy-flavour production and elliptic flow in p–Pb collisions at the LHC with ALICE”, Tue, 17h05

13. Jaime Norman: “hadron+jet measurements in Pb-Pb collisions at √sNN = 5.02 TeV with ALICE”, Tue, 17h25

14. Hyeonjoong Kim: “Using di-hadron correlations to investigate jet modifications in Pb–Pb collisions with ALICE”, Tue, 17h45

15. Markus Köhler: “Quarkonium production in Pb–Pb and Xe–Xe collisions with ALICE at the LHC”, Wed, 9h20

16. Markus Fasel: “Jet substructure measurements in pp collisions at √s = 13 TeV with ALICE”, Wed, 9h40

17. Amal Sarkar: “Measuring electroweak boson production in p–Pb and Pb–Pb collisions at √sNN = 5.02 TeV with ALICE at LHC”, Wed, 9h40

18. Nicolas Schmidt: “Direct photon production and flow at low transverse momenta in pp, p–Pb and Pb–Pb collisions”, Wed, 10h00

19. James Mulligan: “Inclusive jet measurements in pp and Pb-Pb collisions with ALICE”, Wed, 11h05

20. Alberto Caliva: “Low-mass dilepton measurements with ALICE at the LHC”, Wed, 12h05

21. Sandeep Dudi: “Identified particle production in p-Pb collisions at 8.16 TeV with ALICE at the LHC”, Wed, 12h05

22. Cristina Bedda: “Enhanced hard-probes measurements in the 2020s with the ALICE Upgrade”, Thu, 9h00 

23. Elisa Meninno: “Charm baryon production in pp, p–Pb and Pb–Pb collisions with ALICE at the LHC”, Thu, 11h05

24. Salvatore Aiola: “Measurements of heavy-flavour correlations and jets with ALICE at the LHC”, Thu, 11h45

25. Nima Zardoshti: “Exploring the phase space of jet splittings at ALICE in pp and Pb–Pb collisions using jet shapes and grooming techniques”, Thu, 14h40
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Posters
1. Sebastian Scheid: “Direct-photon and heavy-flavour production in proton--proton collisions at √s = 7 TeV” (ID 188)

2. Erin Gauger: “Nuclear modification factor of beauty-decay electrons in Pb–Pb collisions at √sNN = 5.02 TeV with 

ALICE” (ID 192)

3. Alexander Borissov: “Σ0 and Σ0 production in pp Collisions at √s =7 TeV” (ID 207)

4. Antonio Uras: “Low-mass dimuon measurements in pp and Pb-Pb collisions with ALICE at the LHC” (ID 231) 

5. Rathijit Biswas: “Measurement of charged jet cross-section and properties in proton–proton collisions at 2.76 TeV 

with ALICE” (ID 289)

6. Andrea Dubla: “Magnetic fields and directed flow of D mesons in heavy-ion collisions with the ALICE detector” (ID 

290)

7. Marcelo Munhoz: “Measurement of electrons from heavy-flavour hadron decays as a function of centrality in p–Pb 

collisions at √sNN = 5.02 TeV” (ID 305)

8. Patrick Huhn: “Data-driven particle composition correction of tracking efficiency for charged particles with 

ALICE” (ID 323)

9. Ran Xu: “Isolated photon–charged hadron correlation in pp collisions at 13 TeV” (ID 348)

10. Yongzhen Hou: “Multiplicity dependent charged jet production in pp collisions at 13 TeV with ALICE” (ID 349)

11. Ritsuya Hosokawa: “Measurement of jet radial profile through jet-hadron correlation in Pb–Pb collisions at 

5.02 TeV” (ID 375)

12. Artem Isakov: “Performance of b jet-tagging algorithm in ALICE” (ID 596)
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Summary
• New results on hard and electromagnetic probes in heavy-ion collisions


• Benefitting from high-statistics pp reference at √s = 5 TeV


• Moving towards connecting hard and soft probes 
‣ jet structure and ID

‣ heavy-flavour baryon production

‣ event-shape-engineering with open and hidden heavy flavour

‣ J/ψ v3

‣ quarkonia vs multiplicity in small systems

‣ first look at low-mass dielectrons, more in Run 3
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Backup
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Event Shape Engineering

• Comparison of v2 with event shape engineering for light and heavy flavour
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New result!



Heavy Flavour Directed Flow
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gluons which are not directly affected by the elec-
tromagnetic interaction and their initial momentum
distributions is quite different from that of CQs. All
these aspects cause a further significant reduction in
the transverse flow of light hadrons which will be
discussed in a future work.
In this context it is also important to mention that

initially the charm quarks are in a non-equilibrium
stage and due to the scatterings with the medium ex-
perience a significant acceleration in the first fm/c.
Such an accelation is proportional to the drag co-
efficient and it can reach values similar to the lon-
gitudinal expansion rate 1/τ at τ0 for values of the
drag corresponding to τeq = 1/Γ ≃ 0.5 fm/c. From
Fig.3 we see that in such a case the strong longitudi-
nal acceleration implies a nearly complete damping
of the transverse kick that would be induced by the
magnetic field.
A last aspect we want to point out is that certainly

the strength of the electromagnetic field is important
to have a sizeable transverse flow, but the underly-
ing dynamics is more subtle. In Fig. 4 we display
the v1(y) that is generated if we switch off artifi-
cially the electric field and keep the action of the
magnetic field on (Hall drift only). We notice that
in such a situation the v1(y) (black lines) generated
is much larger than the one displayed in Fig.2. We
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FIG. 4: (Color online) - Black (Magenta) line shows
the variation of v1(y) with y generated by the drift due
to Hall effect(By ̸= 0, Ex = 0) (generated by Fara-
day effect (Ex ̸= 0, By = 0) in Pb + Pb collision at√
sNN = 2.76 TeV for b = 9 fm for pT > 1GeV. The

v1(y) for charm (anti-charm) is denoted by the solid
(dashed) line.

observe also that when only the electric field is con-
sidered the effect of the Faraday current generates
v1 with opposite sign but a magnitude similar to

the Hall drift. The v1(y) in Fig.2 even if not exactly
equal to the difference between the Hall drift and
the Faraday current calculated separately, as in Fig.
4, differs from it only by at most 5 − 10%. We un-
derstand that the value of v1 is not only decided by
the magnitude of the fields, but depends critically on
the balance between E⃗ and B⃗ fields. In particular,
the magnitude of the magnetic Hall drift, depending
on the absolute magnitude of By, is large at the for-
mation time of the CQs. This entails a dominance
of the Hall drift that is kept till the end of the evolu-
tion. Instead light quarks likely fail to feel the pres-
ence of the early high magnitude of By > Ex due to
their late formation. In fact, looking at Fig.1 (lower
panel) and Fig. 4 it is straightforward to envisage
that if the charged particles would be produced at
t ≃ 1 fm/c or if the simulation of the dynamics starts
at similar times then the electric and magnetic field
nearly compensate their effects, consequently v1(y)
with smaller magnitude, see also Fig.3.
One may also wonder what can be expected for

bottom quarks. Granted they have a factor of 2
smaller coupling to the e.m field due to the charge
±1/3, the larger mass leads to a significant damp-
ing of the Lorentz Force proportional to p/Ep. A
preliminary calculation shows that this determines
a nearly exact balance between the Hall drift and
Faraday current resulting in a v1 that is about 4-5
times smaller the charm quark one, but its value crit-
ically depends on the details of the drag coefficient,
initial time τ0 and pT distribution, that currently un-
der scrutiny and will be presented in a future work.
We have also checked the impact of the electro-

magnetic field on RAA(pT ) and v2(pT ) and found
that the former are not altered by the electromag-
netic force; while an effect of the B-field on v2 can
come indirectly from the anisotropy induced in the
bulk as conjectured in [41].
In summary, the present study suggests that v1

of CQs can be considered as an efficient probe to
characterize the evolving magnetic field produced
in ultra-relativistic HIC. The time evolution of the
field is determined by the electrical conductivity of
QGP created in such collisions. Our central focus
has been to show that the electromagnetic field can
generate a sizable v1 for CQs and hence for D me-
son, thanks to several concurring favorable effects
for this to happen. The formation time of CQs is of
about τform ∼ 0.1 fm/c that is when the intensity

of the B⃗ field is maximum, even more important
aspect is that the dynamics at time t <∼ 1.0 fm/c
is governed by the opposite action of Ex and By

provides significant amount of net flow. Further-
more, the CQs, due to their large relaxation time
in contrast to light quarks, are capable of retaining

3

+ z direction can be obtained as:

eE+
x (τ, η, x⊥,φ) = eB+

y (τ, η, x⊥,φ) coth(Yb − η) ,(6)

which again has to be convoluted with the transverse
charge distribution ρ±(x⊥) as for the magnetic field.
The other components of the electromagnetic field
averaged over initial conditions will vanish or be-
come quite small as in the case of the x-component
of the electric field Ez in the region between the
two colliding beams where the plasma is formed.
However, it is has been shown in [49] that the large
fluctuations in event by event central collisions (not
of interest here) can generate other components of
the fields with magnitudes comparable but generally
smaller than to By and Ex. Also the positive (neg-
ative) direction of the By-field here is conventional
and in the experiments an event-by-event analysis
has to be done to find a non vanishing flow. Fur-
thermore, in principle one should also include the
electromagnetic field generated by the participant
protons, however, it has been shown in [51] that its
magnitude is sub dominant especially in the initial
stage that plays the leading role for the directed flow
considered here.
In Fig. 1 (upper panel) we display the time evo-

lution of the magnetic field B = By êy at x⃗⊥ = 0
for various η for Pb + Pb at

√
sNN = 2.76TeV for

b = 9.5 fm with σel = 0.023 fm−1 . The electric
field vanishes at this position due to symmetry. An
important factor for sizable directed flow is certainly
the fact that CQs are produced in the early stage. In
fact in this region the By reduces by about an order
of magnitude between t = 0.1 fm/c to t = 1 fm/c. In
Fig. 1 (lower panel) we depict the time dependence
of both By (black line) and electric field E = Ex êx
(red line) at x⊥ = 0 and η = 1.0. We note that
for t < 1 fm/c there is a large difference between
the By and Ex, although they become equal at later
time. We will see that this plays an important role
in determining the sign and the size of v1.
The dynamics of the CQs, with charge q and mo-

mentum p, is governed by the Langevin equation in
the presence of electromagnetic field, given by

ẋ (t) =
p

E
(7)

ṗ (t) = −Γp (t) + F (t) + Fext (t) , (8)

where the first term represents the dissipative force
and the second term represents the fluctuating force
F (t) regulated by the diffusion coefficient D. The
third term in Eq. 8 represents the external Lorentz
force due to the electric and magnetic fields. We
study the evolution with a standard white noise
ansatz for F (t), i.e ⟨F (t)⟩ = 0 and ⟨F (t) Ḟ (t′)⟩ =
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FIG. 1: (Color online) - Time dependence of By and
Ex fields for σel = 0.023 fm−1 in Pb + Pb collisions at√
sNN = 2.76 TeV for b = 9.5 fm at x⊥ = 0. Upper panel:

eBy for different space rapidities η; Lower panel: time
evolution of both the magnetic field eBy (black ) and the
electric field eEx (red) at forward rapidity η = 1.0.

Dδ (t− t′). The ensemble ⟨...⟩ denotes the averaging
of many trajectories for p each consisting of differ-
ent realizations of F at each time step. To solve
the Langevin equation for an expanding system one
needs to move to the local rest frame of the back-
ground fluid [3, 5], where an element moving with
velocity v with respect to the laboratory frame will
be subjected to both E′ and B′ as determined by
Lorentz transformations. The Fext in the fluid rest
frame will be

Fext = qE′ +
q

Ep
(p×B′) (9)

where Ep =
√

p2 +M2 is the energy of the heavy
quark with momentum p.
In Fig. 2 we show the resulting directed flow v1

as a function of the rapidity of charm black (solid
line) and anti-charm quarks (dashed line). We can

S. Das et al., PLB 768 (2017) 260



References for Jet-RAA Models
• LBT: Y. He et al.,in arXiv:1809.02525 and PRC 91 (2015) 054908


• SCETG: H. Li et al., arXiv:1801.00008 and Z.-B. Kang, PLB 769 (2017) 242

• Hybrid: J. Casalderrey-Solana et al., JHEP 10 (2014) 19; JHEP 03 (2016) 53; JHEP 03 (2017) 135 

and D. Pablos et al., JHEP 03 (2018) 10


• JEWEL (generated internally, R. Hosokawa): K. Zapp et al. JHEP 03 (2013) 80; JHEP 07 (2017) 
141 and EPJ C 76 (2016) 695

33Torsten Dahms – Hard Probes 2018


