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Physics motivation 

Ds mesons and charm baryons are sensitive probes to study 

charm-quark hadronisation in pp, p-A and A-A collisions 

Quark fragmentation in pQCD calculations (e.g. FONLL, GM-VFNS) is 

modeled on experimental data in e+e- collisions, assuming that it does 

not depend on the collision system 

Baryon production mechanism in string models still debated 

Role of quark recombination in  

    charm quark hadronization in the QGP 

 
 

Crucial to measure all the lower-mass charm hadrons to 

determine the total charm production cross section 

 Idea reference for charmonium production studies 

Essential ingredient for models aimed at describing J/y production via 

(re)combination 
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Charm production cross section 
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ALICE, PRC 94 (2016) 054908 Current determination at 

LHC based on D0 (D+ and 

D*+) measurements and 

fragmentation fractions 

f(c→D) from e+e- collisions 

Assumed to be the same in 

pp collisions 

Gladilin, EPJ C75 (2015) 19 



Charm in ALICE 



Charmed hadron reconstruction 
Lower-mass states of 
charged hadrons decay 
weakly 
 Lifetimes ~ 0.5-1 ps 

 ct ~ 60-300 mm 

Decay vertices displaced 

by hundreds of mm from the 
interaction point 
 Can be resolved for D 

mesons 

More challenging for baryons 
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Charmed hadron reconstruction 

Hadronic decay modes allow full 
reconstruction for charmed hadrons 
BR ~ few %, kaons in the final state 

Semileptonic decay modes for 
baryons 
Missing neutrino energy 
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Meson Hadronic and semileptonic decays BR 

D0 D0K
-
p+ 3.93% 

D
+ 

D
+
K

-
p+p+ 9.46% 

Ds
+ 

Ds
+
fp+K+K-p+ 2.27% 

c
+ 

c
+
pK

-
p+ (non-resonant or via D++, (1520) K*(892)0) 6.35% 

c
+pK0

S 1.58% 

c
+e+ne 3.6% 

c
0 c

0e+
-
ne Unknown 



Charm with ALICE 
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K p K 

TPC 

Tracking, |h|<0.9 

PID with dE/dx 



Charm with ALICE 
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Charm with ALICE 
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Charm with ALICE 
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K p K 

TOF 

PID with time 

of flight 
TPC 

Tracking, |h|<0.9 

PID with dE/dx 

ITS 

Tracking, |h|<0.9 

Vertexing 

V0  
-3.7<h<-1.7, 2.8<h<5.1 

Trigger, centrality 



Hadronic decays 

Analysis strategy 
Invariant mass analysis of fully 

reconstructed decay topologies 
displaced from the primary vertex 

Combinatorial background 
reduced using: 
Geometrical selections on 

displaced decay-vertex topology 

For Ds→fp cut on K+K
-
 invariant 

mass 

PID of decay products 

Feed down from B hadron 
decays (10-15 % after cuts) 
subtracted using pQCD 
(FONLL) predictions  
For Pb-Pb (p-Pb): hypothesis on 

RAA (RpA) of D from B  
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30-50% Pb-Pb √sNN=5.02 TeV 

Ds→KKp 



c
+ in hadronic decays 

Two decay modes 
Important cross 

check because 
affected by 
different sources of 
systematic 
uncertainties 

Two analysis 
techniques 
Classical cuts 

(STD) and 
multivariate 
analysis (MVA) 
with BDT 
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p-Pb √sNN=5.02 TeV 

c→pKp 

c→pKp 

c→pK0
S 

c→pK0
S 



Semileptonic decays: technique 
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c
+ and 0

c candidates defined 
from e+ and e+- pairs (and 
charge conjugates) 
Electron identification with TPC+TOF 

 ‘Photonic’ electrons removed with  
invariant mass technique (e+e

-
 pairs) 

Subtract background contribution 
Estimated from wrong-sign (e

-
 and 

e
-


-
) pairs 

Corrected for b (b) contribution in 
WS spectra 
 <10% (<2%) correction for c (c) 

For c, corrected for c
0,+ contribution 

in WS spectra 

Correct for missing neutrino 
momentum via unfolding 

Correct for B feed-down 
contribution in the raw yield 

0
c→en 

pp √s=7 TeV 



c from semileptonic decay 

Signal (right sign) 
candidates: 
e+ pairs and charge 

conjugates 

Background from wrong 
sign candidates: 
e

-
 pairs and charge 

conjugates 

Corrections applied for: 
b contribution in WS 

spectra 
 <10% correction 

c
0,+ contribution in WS 

spectra 

Missing neutrino 
momentum 

B feed-down (based on 
FONLL) 
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pp √s=7 TeV 



Cross section 
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Correction factor for 

acceptance and efficiency  

-> from simulation 

Raw yield 
Fraction of prompt hadrons 

in the raw yield  

-> from FONLL+simulation 

Integrated 

luminosity 

System / √s / Year Lint
 

pp @ 7 TeV (2010) 6 nb-1 

p-Pb @ 5 TeV (2013) 50 mb-1 

p-Pb @ 5 TeV (2016) 300 mb-1 

Pb-Pb @ 5 TeV (2015)  13 mb-1 



pp collisions at √s = 7 TeV 



Hadronization in pp collisions 
Measurements of charm quark fragmentation in 

different collision systems and energies agree 

within uncertainties 

 Measurements in pp collisions by ALICE (D’s) and 

LHCb (D’s and c) agree with e+e- and ep 

 Supports assumption that charm quark fragmentation 

is independent of the production process 

 

But also arguments in string-based hadronization 

models for differences between pp and e+e- 

 Leading color approximation good for e+e- collisions 

 MPI in pp collisions -> several possible string 

configurations at hadronization -> string formation 

beyond the leading colour 

 Colour reconnections 

 String junctions as additional sources of baryons 

Better description of the measured /K0
S ratios in 

pp collisions at the LHC 
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 Lisovyi et al., EPJC 76 (2016) 397 

Christiansen, Skands, JHEP 08 (2015) 003 



D-meson cross sections 

pT-differential cross sections of D0, D+, D*+ and Ds mesons 

described within uncertainties by pQCD calculations 

For D0, D+ and D*+ similar observation also at √s=2.76, 5 and 13 TeV 
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D0 vs. FONLL D+ vs. GM-VFNS Ds
+ vs. GM-VFNS 

ALICE, EPJ C77 (2017) 550 



D-meson production ratios 

Production ratios of Ds relative to non-strange D mesons 
compatible with results in e+e- and ep interactions 
Fragmentation fractions in pQCD calculations tuned on e+e- data 
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ALICE, EPJ C77 (2017) 550 



c
+ cross section 

Agreement among the results 
from the three decay channels 

c
+ pT-differential cross 

section underestimated by 
pQCD calculations which 
describe D meson production 
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c
+ vs. forward rapidity (LHCb) 

GM-VFNS describes data at 
forward y and underestimates 
at mid rapidity 
NOTE: fragmentation fractions 

in GM-VFNS tuned on e+e- data 
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2<y<4.5 

|y|<0.5 

 LHCb, NucPhys B871 (2013) 1 



c
0 cross section 

First measurement of c
0 at the LHC 

Branching ratio unknown 
Theory predictions range  

    from 0.3% to 3.2% 

22 

Perez-Marcial et al., PRD40 (1989) 2955  

Singleton, PRD43 (1991) 2939 

Cheng, Tseng, PRD53 (1996) 1457 



Baryon-to-meson ratios 

c
+/D0 and c

0/D0 ratios larger than model predictions 
 PYTHIA8 CR Mode 0 (with string formation beyond the leading-colour 

approximation and specific tuning of the colour reconnection parameters) 
closer to data 

c
+/D0 ratios compatible in pp and p-Pb collisions 
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Christiansen, Skands, JHEP 08 (2015) 003 



Prospects for pp collisions 

The large data samples of pp collisions at √s=13 TeV collected 

in 2016-2018 will allow for 

More precise measurements of c and Ds production and c/D 

ratios as compared to existing results at √s=7 TeV (from 2010 

sample) 

Measurement of the Ds/D and c/D ratios in high-multiplicity events 

 High multiplicity -> many MPI: test for the string-based models in an 

environment with higher colour/energy densities 

 

 

Handles to disentangle genuine (= pressure-driven) 

hydrodynamic collective flow effects (as implemented in 

EPOS) from Color Reconnection effects (which can mimic flow 

effects to some extent)? 
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Pierog at al., Phys.Rev. C92 (2015) 034906 

Christiansen, Skands, JHEP 08 (2015) 003 



p-Pb collisions at √sNN = 5 TeV 



Nuclear modification factor 

RpPb compatible with unity for all hadron species 

 Indication for small cold-nuclear matter effects on charm production 

RpPb of Ds
+ and c

+ compatible with the average of non-strange D 
mesons 
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Average of D0, D+ and D*+ 

Ds
+ 

Average of D0, D+ and D*+ 

c
+ 

2016 p-Pb 

sample 

2013 p-Pb 

sample 



D-meson production ratios 

Ratios of D-meson pT-differential cross sections in p-Pb 
collisions compatible with those in pp collisions 
 Indication for absence of significant modifications in charm 

hadronization in p-Pb relative to pp 
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Baryon-to-meson ratios 

c
+/D0 ratio in p-Pb collisions compatible the one observed in 

pp collisions 

c
+/D0 ratio slightly larger than the one at forward rapidity 

(LHCb)  
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-1<y<0 

1.5<y<4 

 LHCb-CONF-2017-005 



Prospects for p-Pb collisions 

The large data sample of p-Pb collisions at 

√sNN=5 TeV collected in 2016 will allow for 

More precise measurements of c production and 

c/D ratios as compared to existing results (from 2013 

sample) 

Determination of the Ds/D ratios in multiplicity (event 

activity) intervals 

Bridge the multiplicity gap to Pb-Pb collisions 

29 



Pb-Pb collisions at √sNN = 5 TeV 



Hot-and-dense medium effects 
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Interaction of heavy quarks with 

the QCD medium constituents 

Energy loss: 

Elastic collisions with the medium 

constituents (-> collisional energy loss) 

Gluon radiation 

Momentum gain due to the “push” 

from medium collective expansion 

Do low-pT heavy quarks thermalize in 

the medium? 

In-medium hadronization 

Hadronization via (re)combination of 

the charm quark with a (light) quark 

from the medium ? 

E 

E-DE 



Hadronization via recombination 
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Hadronization via charm quark (re)combination 
with light quarks from the medium (coalescence) 
expected to modify the relative abundances of 
D-meson and charm baryon species 
Momentum distributions also affected/modified 

Enhanced production of baryons relative to 
mesons 
 Sensitive also to the existence of [ud] diquarks in the 

QGP 

 Hadronic medium has significant impact on c/D
0 

 

 
 

Strange quarks abundant in the QGP -> enhance 
Ds yield relative to non strange D mesons 

 

Oh et al., PRC79 (2009) 044905 

 Lee et al., PRL100 (2008) 222301 

Ghosh at al., PRD 90 (2014) 054018 

Kuznetsova, Rafelski, EPJ C51 (2007) 113 

Andronic et al., PLB659 (2008) 149 



Charm hadron abundances 
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Hadronization via recombination expected to modify the 
charm hadron abundances relative to pp case 

Particle e+e- PYTHIA Thermal 

model 

Coalescence  

(w/o diquark) 

Coalescence 

(with diquark) 

f(c→D0) 0.542 0.607 0.435 0.348 0.282 

f(c→D+) 0.225 0.196 0.205 0.113 0.091 

f(c→Ds
+) 0.092 0.121 0.179 0.113 0.123 

f(c→c
+) 0.057 0.076 0.118 0.288 0.378 

Ratio e+e- PYTHIA Thermal 

model 

Coalescence 

(w/o diquark) 

Coalescence  

(with diquark) 

D+/D0 0.41 0.32 0.47 0.32 0.32 

Ds
+/D0 0.17 0.20 0.41 0.32 0.44 

c
+/D0 0.11 0.13 0.27 0.83 1.34 

Oh et al, PRC79 (2009) 044905 



Side note 
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Assessing the role of recombination in hadronization relevant also 
for the interpretation of non-strange D meson RAA 
Enhancement of Ds/D and c/D reduces the fraction of c quarks that 

hadronize into D0 and D+ 

Relevant for 
 Comparison of D-meson and pion RAA 

 Comparison of D and B RAA  

 Comparison of D-meson RAA with models 

ALICE, JHEP1603 (2016) 081 

ALICE, JHEP 1511 (2015) 205 



Ds nuclear modification factor 
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ALICE, JHEP 03 (2016) 082 

Hint for less suppression of Ds than non-strange D at intermediate pT 

 Expected if recombination with abundant strange quarks plays a role in charm 
hadronization 

 Similar observation at √sNN=2.76 TeV, and by STAR in Au-Au at √sNN=200 GeV 

0-10% Pb-Pb 30-50% Pb-Pb 60-80% Pb-Pb 

STAR, arXiv:1704.04364 



Ds nuclear modification factor 

36 

Hint for less suppression of Ds than non-strange D at intermediate pT 

 Expected if recombination with abundant strange quarks plays a role in charm 
hadronization 

Qualitatively (and to some extent quantitatively) described by transport 
models (TAMU, PHSD) 

0-10% Pb-Pb 60-80% Pb-Pb 30-50% Pb-Pb 



D-meson production ratios 
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Hint for enhanced Ds/D in Pb-Pb as compared to pp collisions 

 Expected if recombination with abundant strange quarks plays a role in charm 
hadronization 

 No evident centrality dependence 

Larger statistics needed to conclude on recombination effects 



Ds elliptic flow 

38 

Different v2 of non-strange D and Ds 
mesons predicted by TAMU 
transport model 

Due to different coupling of Ds and D 
with the hadronic medium after 
hadronization 

Could allow to disentangle the different 
transport properties of QGP and 
hadronic media 

ALICE, arXiv:1707.01005 

He, Fries, Rapp, PRL 110 (2013) 112301 

First measurement of 
Ds v2  

Compatible with non-
strange D-meson v2 
within uncertainties 



Prospects for charmed baryons 
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Preliminary result from STAR for pT>3 GeV/c 
suggests large c enhancement 

First measurement with ALICE with the 
complete Run-2 Pb-Pb samples (2018) 

Precise measurement in a wide pT range in 
Run-3 after ALICE upgrades 

 

Oh et al., PRC79 (2009) 044905 

 Lee et al., PRL100 (2008) 222301 

Ghosh at al., PRD 90 (2014) 054018 

Sensitive probe of 
hadronization mechanism 
and of diquarks in the QGP 

STAR, arXiv:1704.04364 



Conclusions 
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Hadrochemistry in the heavy-flavour sector has the potential 
to bring crucial insight in the hadronization mechanism 

 In pp collisions to disentangle different effect in the non-perturbative 

charm-quark fragmentation 

 E.g. string-based models such as Lund hadronization in PYTHIA 

 In Pb-Pb collisions to quantify the role of recombination in 

hadronization in the QGP and as a sensitive test for the existence 

diquark states in the QGP 
 

First measurements by ALICE at the LHC and STAR at RHIC 

showed intriguing results 

Conclusions currently limited by statistical precision of the data 

Big step forward expected when analyzing the full pp, p-Pb and Pb-

Pb data samples of LHC Run 2 (2018) 

Major step towards a “precision era” for heavy flavour in Run3 (from 

2020) with the upgrade of the ALICE detector 



Backup 


