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o Charmed-baryon production in Heavy Ion (HI) collisions sensitive to  the hadronisation
processesin the QGP.

Y. Oh et al., PRC 79, 044905 (2009)

Å Enhancement of ɽc
+/ D0 (and ɽb

+/ ὄ0) ratio  
predicted in coalescence models. 

o Charm isa powerfulprobe of the Quark-Gluon-Plasma(QGP)
o Producedin hard partonicscatteringprocessesin the earlystagesof the collision

Physics motivations

Hard Probes 2018

Å Further enhancement expected if thermalised
light diquark states exist in the QGP.

o Detailed studies in small systems (pp and p-Pbcollisions) are required.
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o Measurement in pp collisions:
- Important to test predictions from pQCDand models of hadronisationin vacuum. 

o Measurement in p-Pbcollisions:
- Important to distinguish cold-nuclear-matter (CNM) effects

o Study momentum and multiplicity dependence of charm hadron production
-Enhancement of baryon/meson ratios p/ ānd ɽ/K at intermediate pT in High 
Multiplicity (HM) pp and p-Pb collisions.
- Similar to what was observed in HI collisions

mini-QGP?
influence of colour reconnection?

Physics motivations

Hard Probes 2018

Phys. Lett. B760 (2016) 720-735
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Inner Tracking System (ITS)
vertexing, tracking
μʹμ ғ 0.9

Time Projection Chamber (TPC)
Tracking, PID via dE/dx measurement

μʹμ ғ 0.9

V0
Triggerand centrality

determination
-3.8 < ́  ғ -1.7 (V0C)
2.8 < ́  ғ 5.1 (V0A)

Time-Of-Flight detector (TOF):
PID via time-of-flight measurement

μʹμ ғ лΦф

The ALICE apparatus

Hard Probes 2018
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Time-Of-Flight detector (TOF):
PID via time-of-flight measurement

μʹμ ғ 0.9

The ALICE apparatus

Data samples:

pp collisions: min. bias trigger using V0, SPD

Å w¦bL ί= 7 TeV: ~ 3x108 min. bias events, Lint = 6.0 nb-1

Å RUN II  ί= 5.02 TeV: ~ 9.8 x108 Min. Biasevents, Lint = 19.6 nb-1

p-Pbcollisions: min. bias trigger using V0, ▼ἚἚ= 5.02 TeV:

Å RUN I ~ 108 Min. Bias eventscollectedin 2013,  Lint = 48.6 ˃ b-1

Å RUN II ~ 6 x 108 Min. Bias eventscollectedin 2016,  Lint = 292 ˃ b-1

Pb-Pb collisions @ ἻἚἚ Ȣ ἢἭἤ

Å RUN II ~ 108 Min. Bias eventscollectedin 2015,  Lint = 13.4 ˃ b-1

V0
Triggerand centrality

determination
-3.8 ғ ʹ ғ -1.7 (V0C)
2.8 ғ ʹ ғ 5.1 (V0A)
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Charmed - hadron reconstruction

o Reconstruction of secondary vertex, displaced a few hundred of ˃m from primary vertex.
o Candidates selected applying topological selection and PID (using TPC and TOF) 

o Signal extractionfrom invariant mass distribution, in several pT

intervals.
Baryonɽc

+

M = 2284 MeV/c2

Quark: udc
Ŏ=̱ 60 ˃ m

5E. MENINNO Hard Probes 2018

ƞcȿpKĺƞcȿpK 0
S 

Hadronic decays
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ƞcȿpKĺƞcȿpK 0
S 

Hadronic decays

Semileptonic decays

o Wrong-Sign(WS) e-ɽ(e-ʀ-) pairssubtractedfrom Right-Sign(RS)
e+ɽ(e+ʀ-) spectra, to estimate the combinatorialbackground. 

o Unfoldingtechniqueusedto convertthe e+ɽ(e+ʀ-) 
pT  spectrum in ɽc

+ (ʀc
0)

Baryonʀc
+

M = 2471 MeV/c2

Quark: usc
Ŏ=̱ 34 ˃ m



Results
in pp and p-Pb collisions
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First measurement of ɧ production in pp collisions at ▼= 7 TeV

o PYTHIA8 with enhanced colour reconnection 
mechanisms closer to data.

o ɧ cross section x B.R.(ɧᴼὩɧʉ) 
in 1 < pT < 8 GeV/c

Results from Run 1 for ơc
0

Phys. Lett. B 781 (2018) 8-19

o Baryon/mesonɧᴼὩɧʉ /Ὀ ratio higher
than theoreticalpredictions.B.R.(ɧᴼὩɧʉ) not known, high 

uncertainty bands in the theoretical 
predictions.

PYTHIA8 Monash: P. Skandset al., Eur. Phys. J. C (2014) 74:3024
Colour reconnection (CR): J. R. Christiansen and P. Skands, JHEP 08 (2015) 003

E. MENINNO Hard Probes 2018 7

https://www.sciencedirect.com/science/article/pii/S0370269318302570?via%3Dihub


GM-VFNS, POWHEG 
(tuned on e+e- measurements) underestimate 
the measured cross section.

POWHEG
JHEP0709, 126 (2007) 

ƞc
+ cross section in pp collisions

JHEP 04 (2018) 108

GM-VFNS
Eur. Phys. J. C41, 199 (2005) 

E. MENINNO Hard Probes 2018 8

pp@7 TeV

https://link.springer.com/article/10.1007/JHEP04(2018)108
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pp@5.02 TeV (Run 2 )

New measurementin pp@5TeV in wider pT range

Important referencefor Pb-Pb and p-Pb 
collisions.

https://link.springer.com/article/10.1007/JHEP04(2018)108
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POWHEGJHEP0709, 126 (2007) 

Lansbergand Shao 
Eur. Phys. J. C77, no. 1, 1 (2017) 

Hard Probes 2018

ƞc
+ cross section in p - Pb collisions

p- Pb@5.02TeV (Run1)JHEP 04 (2018) 108

p- Pb@5.02 TeV (Run 2 )

o ɽc
+ pT-differential cross sectionunderestimatedby theoreticalmodelsin 

p-Pb (and pp) collisions
o Improvedprecisionand extendedpT range with RunII data.

https://link.springer.com/article/10.1007/JHEP04(2018)108


Results for ƞc
+/D 0

E. MENINNO Hard Probes 2018 10

o All the models underestimate our measurements.
o PYTHIA8 with enhanced colour reconnection mode closer to data.

PYTHIA8 Monash: P. Skandset al., Eur. Phys. J. C (2014) 74:3024
Colour reconnection (CR): J. R. Christiansen and P. Skands, JHEP 08 (2015) 003

DIPSY: JHEP 08 (2011) 103
HERWIG7: Eur. Phys. J. C58 (2008) 639-707

pp@7 TeVpp@5.02 TeV

New measurementin pp@5TeV
No significantdifferencesw.r.t pp@7TeV
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o All the models underestimate our measurements.
o PYTHIA8 with enhanced colour reconnection mode closer to data.

PYTHIA8 Monash: P. Skandset al., Eur. Phys. J. C (2014) 74:3024
Colour reconnection (CR): J. R. Christiansen and P. Skands, JHEP 08 (2015) 003

DIPSY: JHEP 08 (2011) 103
HERWIG7: Eur. Phys. J. C58 (2008) 639-707

pp@7 TeVpp@5.02TeV

p- Pb@5.02 TeV

o p-Pb results agree with pp ones within uncertainties.



Results for ƞc
+/D 0
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pp

p- Pb

ƞc
+/D 0 vs ƞ/K 0

S vs p/ ĺ

o Decreasing trend from pT = 4 GeV/c observed in pp and p-Pb collisions.
o Similar trend to baryon-to-meson ratio in the light-flavour sector.
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o ALICE measurements higher than LHCbin pp collisions.

ƞc
+ / D 0 ratio vs LHCb

ALICE: pp@5.02 TeV pp@7 TeV

LHCb : pp@7TeV

http://arxiv.org/abs/arXiv:1809.01404
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o ALICE measurements higher than LHCbin pp collisions.

ƞc
+ / D 0 ratio vs LHCb

LHCbarXiv:1809.01404

o ɽc
+/D0 in p-Pb collisions:
o ALICE and LHCbpoints are closer than in pp collisions
o Tendency for higher values at midrapidity than forward and backward rapidity.

LHCb : pp@7 TeV
p- Pb@5.02 TeV

ALICE: pp@5.02TeV pp@7 TeV

http://arxiv.org/abs/arXiv:1809.01404


Ὑ
Ⱦ

Ⱦ

o Compatible with 
models within 
uncertainties:

-POWHEG+PYTHIA6 with CT10NLO+EPS09 PDF - only CNM effects 
included
-POWLANG ςsmall QGP formation included

POWHEG +PYTHIA parton shower: JHEP 0709:126,2007
POWLANG:JHEP03(2016)123

E. MENINNO 13

ƞc
+ nuclear modification factor RpPb

Hard Probes 2018

o ɽc
+  RpPb

compatible with 
unity

o Compatible with 
D-meson RpPb

pp reference: 
new measurementat 5 TeV



Results
in Pb-Pb collisions
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o Analysis of ɽc
+ҦǇY0Swith topologicalcut selectionin 0-80 % centrality  

and for 6 < pT < 12 GeV/c.

E. MENINNO 15Hard Probes 2018

arXiv:1809.10922

First measurement of ƞc production in Pb - Pb 
collisions at the LHC

New on arXiv!

https://arxiv.org/abs/1809.10922
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arXiv:1809.10922

First measurement of ƞc production in Pb - Pb 
collisions at the LHC

New on arXiv!

ƞc
+ RAA

o ɽc
+  RAA in 0-80% for 6 < pT < 12 GeV/c higher(1.7̀ ) than that of D0mesons.

Reference: p-Pb data

(JHEP 04 (2018) 108)

o Suggestedhierarchyɽc
+  RAA > Ds

+  RAA > non-strange D-mesonRAA?
baryonproduction increasedby hadronisationvia coalescence

o Analysis of ɽc
+ҦpK0

Swith topologicalcut selectionin 0-80 % centrality  
and for 6 < pT < 12 GeV/c.

https://arxiv.org/abs/1809.10922
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arXiv:1809.10922

First measurement of ƞc production in Pb - Pb 
collisions at the LHC

New on arXiv!

ƞc
+ RAA

o ɽc
+  RAA in 0-80% for 6 < pT < 12 GeV/c higher(1.7̀ ) than that of D0mesons.

Reference: p-Pb data

(JHEP 04 (2018) 108)

o Suggestedhierarchyɽc
+  RAA > Ds

+  RAA > non-strange D-mesonRAA?
baryonproduction increasedby hadronisationvia coalescence

o Analysis of ɽc
+ҦǇY0Swith topologicalcut selectionin 0-80 % centrality  

and for 6 < pT < 12 GeV/c.

o Waiting for 2018 Pb-Pb run: extend pT interval, finer granularity in pT and centrality.

https://arxiv.org/abs/1809.10922
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o ɽc
+ /D0higher(2 )̀ than that in pp and p-Pb collisions.

Hard Probes 2018

o ɽc
+ /D0 results described by model calculationsincluding only coalescence.

arXiv:1809.10922

Catania: Eur.Phys.J.C(2018) 78:348 

First measurement of ƞc production in Pb - Pb 
collisions at the LHC

Shao-Song: Phys. Rev. C 97, 064915

https://arxiv.org/abs/1809.10922
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o ɽc
+ /D0higher(2 )̀ than that in pp and p-Pb collisions.

Hard Probes 2018

o ɽc
+ /D0 results described by model calculationsincluding only coalescence.

arXiv:1809.10922

o ɽc 
+/D0 in 6 < pT < 12 GeV/c similar to STAR values in 3-6 GeV/c.

First measurement of ƞc production in Pb - Pb 
collisions at the LHC

Catania: Eur.Phys.J.C(2018) 78:348 

https://arxiv.org/abs/1809.10922
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Measurements of charmed baryons with ALICE in pp and p - Pb 
collisions
o New measurements in pp@5 TeV, more pTςdifferential and covering a wider pT

range. Important reference for Pb-Pb
o Production higherthan theoreticalpredictions, tunedon e+e- measurements.

o violationof fragmentationuniversality?
o ɽc

+/ D0 in p-Pb : similar pT trend asbaryon to meson ratio observed in light flavour 
sector.

o ɽc
+  RpPbcompatible with unity, with D mesons and with models including CNM 

effects or small QGP formation. 

E. MENINNOHard Probes 2018
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ƞc  analysis in Pb- Pb collisions 

o ɽc 
+/D0 : Hint of enhancement (2 )̀ with respect to pp and p-Pb collisions.

o ɽc 
+/D0 in Pb-Pb described by modelsincluding hadronisationvia coalescence

o Still large uncertanties : Waiting for 2018 Pb- Pb data

o ɽc 
+ RAA : hint of hierarchyɽc

+  RAA> Ds
+  RAA > D0 RAA

Measurements of charmed baryons with ALICE in pp and p - Pb 
collisions
o New measurements in pp@5 TeV, more pTςdifferential and covering a wider pT

range. Important reference for Pb-Pb
o Production higherthan theoreticalpredictions, tunedon e+e- measurements.

o violationof fragmentationuniversality?
o ɽc

+/ D0 in p-Pb : similar pT trend asbaryon to meson ratio observed in light flavour 
sector.

o ɽc
+  RpPbcompatiblewith unity, with D mesons and with models including CNM 

effects or small QGP formation. 
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Backup

Hard Probes 2018
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o Charm isa verysensitive probe of the Quark-Gluon-Plasma(QGP)
o Producedin hard partonicscatteringin the earlystagesof the collisions.

Y. Oh et al., PRC 79, 044905 (2009)

o Charmed-baryon production in Heavy Ion (HI) collisions could give an insight 
into the hadronisationprocesses in the QGP.

Enhancement of ɽc
+/ D0 (and ɽb

+/ ὄ0) ratio is 
predicted in coalescence models. Further 
enhancement is expected if thermalisedlight 
diquark states exist in the QGP.

S. Plumariet al., arXiv:1712.00730

Coalescence plus fragmentation modelling: in 
the peak region quite good agreement with the 
experimental data by STAR.

Physics motivations

Hard Probes 2018
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Phys. Lett. B760 (2016) 720-735

o ALICE and CMS observed enhancement of baryon/meson ratio at intermediate pT in High 
Multiplicity (HM) pp and p-Pbcollisions.

o Similar to what was observed in HI collisions

Physics motivations

Hard Probes 2018



E. MENINNO 

o Measurement in pp collisions:
o Important to test predictions from pQCDand the models of hadronisationin vacuum. 

o Measurement in p-Pbcollisions:
o Important to distinguish cold-nuclear-matter (CNM) effects, that can 

affect the charm hadron production.

Physics motivations

Hard Probes 2018

o Baryon/meson ratio particularly sensitive to the fragmentation process.
o Differences observed in pp collisions (CDF+LHCb) with respect to e+e- collisions (LEP) in 

the beauty sector http://pdg.lbl.gov/ 2017/reviews/rpp 2017-rev-b-meson-prod-decay.pdf

Ą hint of non-universal fragmentation fractions 
for baryons in the beauty sector

http://pdg.lbl.gov/2017/reviews/rpp2017-rev-b-meson-prod-decay.pdf


Charmed - hadron reconstruction

o Reconstruction of secondary vertex, displaced a few hundred of ˃m from primary vertex.
o Candidate selected applying topological selection and PID (using TPC and TOF) 

o b c̀uts, Bayesian approach 

o Signal extractionfrom invariant mass distribution, in several pT

intervals.

o Subtractionof contribution from beauty hadrons(feed-down).

o Correctionsfor acceptanceand efficiency.

Baryonɽc
+

M = 2284 MeV/c2

Quark: udc
Ŏ=̱ 60 ˃ m

DCA

d0(positivetrack)

d0(negative track)

Positive

track

Negative
track

ʻPointingangle

Primaryvertex

SecondaryV0 vertex

Hadronic decays

E. MENINNO Hard Probes 2018

ƞcȿpK 0
S ƞcȿpKĺ



ƞc
+ȿ pK 0

S and ƞc
+ȿ pK +ĺ- signal extraction in p - Pb

E. MENINNO 

o Signalextractedvia an 
invariant-mass analysis. 

o Decaytopologyselectionand 
Multivariate approach

(BoostedDecisionTree) used. 

o Signal extracted in 1-24 GeV/c
o Wider and finer binning with 

respect to Run I.

https://arxiv.org/abs/1712.09581

Hard Probes 2018

https://arxiv.org/abs/1712.09581


ƞcȿpK 0
S analysis strategy

o K0
S candidatereconstructed from pairs of opposite-sign tracks 

forming a vertex displaced from the interaction vertex, 
according to track selection and topological cuts:

o Distance of closest approach (DCA), Cosine of pointingangle, 
pT(K

0
S daughters),d0(K

0
S daughters) , άὭὲὺ̄Ҍ̄ ҍ

DCA

d0(positivetrack)

d0(negative track)

Positive

track

Negative
track

ʻPointingangle

Primaryvertex

SecondaryV0 vertexo Proton candidatesare selected, accordingto
trackqualityselectionand PID(the mainselection, 
usingTPC and TOF) 

o Builtɽ
C
candidate, combiningK0

Sand proton candidates

o Furtherselectionto improvesignalextraction, via two methods:
o Topologicalcutson several variables (standard analysis - STD)
o Cut on multivariate discriminator (TMVA) 

ɽcҦpK0
SB.R = (1.58 ҕ0.08)%

and K0
S Ҧ ̄

+ -̄ B.R = (69.20 ҕ0.05)%

o Feed-down correction

o Efficiency and acceptance corrections

o Cross section estimate

E. MENINNOHard Probes 2018



o pKĺ candidate building
Pairsof oppositechargetracksselected. Thirdtrackaddedto build
a triplet andsecondaryvertexof the triplet estimated.
Cuts applied: high-qualitysingle trackcuts, 
cutson pT daughters, qualityof reconstructedvertex, 
DCA, cosine of ɽc pointingangle (angle betweenthe ɽc flight line 
and the momentumof the reconstructedɽc candidate), BayesianPID.

ƞcȿpKĺ analysis strategy
ɽcҦǇȲB.R = (6.35 ҕ0.33)%

o Feed-down correction

o Efficiency and acceptance corrections

o Cross section estimate

o Furtherselectionto improvesignalextraction, via two methods:
o Topologicalcutson several variables (standard analysis - STD)
o Cut on multivariate discriminator (TMVA) 

E. MENINNOHard Probes 2018



Baryonɽc
+

M = 2284 MeV/c2

Quark: udc
Ŏ=̱ 60 ˃ m

Semileptonic decays

Baryonʀc
+

M = 2471 MeV/c2

Quark: usc
Ŏ=̱ 34 ˃ m

o Subtractionof contribution from beauty hadrons
(only for ɽc

+)

o Correctionsfor acceptanceand efficiency

o Wrong-Sign(WS) e-ɽ(e-ʀ-) pairssubractedfrom Right-Sign(RS)
e+ɽ(e+ʀ-) spectra, to estimate the combinatorialbackground. 

o Unfoldingtechniqueusedto convertthe e+ɽ(e+ʀ-) 
pT  spectrum in ɽc

+ (ʀc
0)

o Subtractedcontributionsfrom:
o ɽb

0 (ʀb
0) in WS spectra

o ʀc
+ in RS spectra, for ɽc

+ analysis.

o PID for electrons using TOF and TPC.

Phys. Lett. B 781 (2018) 8-19

E. MENINNO Hard Probes 2018

Charmed - hadron reconstruction

https://www.sciencedirect.com/science/article/pii/S0370269318302570?via%3Dihub


pp@7 TeV

POWHEG
JHEP0709, 126 (2007) 

ƞc
+ cross section in pp collisions

JHEP 04 (2018) 108

GM-VFNS
Eur. Phys. J. C41, 199 (2005) 
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pp@5.02 TeV (Run 2 )

New measurementin pp@5TeV in wider pT range

Important referencefor Pb-Pb and p-Pb 
collisions.

https://link.springer.com/article/10.1007/JHEP04(2018)108


Results from Run I 

https://arxiv.org/abs/1712.09581

ɽc
+ production in pp collisionsat ▼= 7 TeVand in p-Pbcollisions at ▼╝╝= 5.02 TeV

On arXivsince 29/12/2017!

o Predictions from event generators 
PYTHIA, DIPSYand HERWIG
underpredictthe pp measurements

o Only PYTHIA8with enhanced colour 
reconnection mechanisms increases the 
ratio at about 0.3 and predicts a slightly 
decreasing trend versus pT .

Lansbergand ShaoEur. Phys. J. C77, no. 1, 1 (2017) 

o p-Pbmeasurements compared with Lansberg
and Shaomodel (tuned on LHCbpp data)

DIPSY Phys. Rev. D92, no. 9, 094010 (2015)

PYTHIA8 (Monash) Eur. Phys. J. C74, no. 8, 3024
PYTHIA8 (CR Model) JHEP 1508 (2015) 003 

JHEP very positively replied last week with very few comments

o ɽc
+ / D0 ratio higherthan previous

measurementsin e+e- and ep, and at
lower centre-of-mass energies.

E. MENINNOHard Probes 2018

https://mmm.cern.ch/owa/redir.aspx?C=2gn-IF3O8XbQ7FfQtfPJwLEyCJQutWHqQqStnaYvyJDs2Z9xvWjVCA..&URL=https://arxiv.org/abs/1712.09581

