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What’s special about heavy quarks
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• Heavy-ion (HI) collisions at LHC energies 
✤ QGP phase expected (lifetime ~ O(10 fm/c)) 

• QGP tomography with heavy quarks: efficient probes for understanding the 
transport properties of the medium 
✤ Early production in hard-scattering processes with high Q2 , transported 

through the full system evolution 

✤ Production cross sections calculable with perturbative QCD  
✤ Traversing the medium while interacting with its constituents  
✤ Hard fragmentation ➜ measured hadron properties closer to parton onesThe Little Bang

! "

U. Heinz HIM 2013, 6/28/2013 2(65)

NOTE: Heavy flavours not only give information about 
the QGP phase, but also about the hadronization 
phase (i.e. to study hadronization mechanisms like 
fragmentation vs recombination -Ds,…)

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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QGP	tomography	with	heavy	quarks	
 
•  Early	produc9on	in	hard-scaKering	processes	with	high	Q2			
•  Produc9on	cross	sec9ons	calculable	with	pQCD	
•  Strongly	interac9ng	with	the	medium		

•  Hard	fragmenta9on	➜	measured	meson	proper9es	closer	to	parton	ones	
	

Study	parton	interac9on	with	the	medium		
•  energy	loss	via	radia<ve	(“gluon	Bremsstrahlung”)	
				 	 	 	 				collisional	processes	

Ø  path	length	and	medium	density		

Ø  color	charge		(Casimir	factor)	
Ø  quark	mass		(e.g.	from	dead-cone	effect)	

	

“Calibrated	probes”	of	the	medium	

at all pT for charm and beauty  
(large masses >> ΛQCD) 

 

€ 

ΔEg > ΔEu,d ,s > ΔEc > ΔEb} 
l  medium	modifica<on	to	HF	hadron	forma<on	

l  	hadroniza9on	via	quark	coalescence			

l  	par9cipa9on	in	collec9ve	mo9on	➜	azimuthal	anisotropy	of	produced	par9cle	

“Calibrated probes"  
of the medium
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pp	and	p-Pb	collisions	

pp	collisions	
pT-differen9al	cross	sec9ons	à	Test	predic9ons	based	on	pQCD	calcula9ons	

	 	 	 	 	 	à	Reference	for	Pb-Pb	collisions		
	

p-Pb	collisions	
Measure	effects,	not	due	to	QGP	forma9on,	that	can	modify	the	yield	of	
hard	probes	in	nuclear	collisions:	

•  Nuclear	modifica9on	of	the	PDFs	
Ø  shadowing	at	low	Bjorken-x	is	the	dominant	effect	at			

LHC	energies	
Ø  gluon	satura9on?		

H.Fujii	and	K.Watanabe,	Nucl.Phys.A915(2013)	1	
	
•  kT-broadening		

Due	to	mul9ple	collisions	of	the	parton	before	the	hard	scaKering	
	
•  energy	loss	in	cold	nuclear	maKer	

	
Other	final-state	effects?	(e.g.	from	system	collec9vity/hydro)	
 

	
	

  

K. J. Eskola et al: JHEP04(2009)065 
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• pp collisions 
✤ Testing ground for perturbative QCD calculations  
✤ Relevant production mechanisms on the parton level 
‣LO: gluon fusion, quark-antiquark annihilation 
‣NLO: gluon splitting, flavor excitation 

✤ Multi Parton Interactions (MPI) 
✤ Reference for p-Pb and Pb-Pb collisions

What we learn from small systems: pp and p-Pb collisions

RAA suppression: a QCD medium effect?"
!  The observed suppression can have a contribution from 

initial-state effects, not related to the hot QCD medium 
!  High parton density in high-energy nuclei leads to reduction/

saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 

GSI seminar, 27.11.13                                                 Andrea Dainese" 41"

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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pp	and	p-Pb	collisions,	more	differen9al	

measurements	
	

HF	produc<on	vs.	mul<plicity	in	pp	and	p-Pb	collisions	
• 	Interplay	between	hard	and	sok	processes	in	par9cle	produc9on	
• 	Study	the	role	of	mul9-parton	interac9ons	(MPI)	in	the	heavy-flavour	sector	

• 	Inves9gate	a	possible	centrality	dependent	of	the	modifica9on	of	the	p
T
	spectra	in	

p-Pb	w.r.t.	pp	collisions	

Azimuthal	correla<on	of	D	meson	with	charged	par<cles	in	pp	and	p-Pb	collisions	
• 	Sensi9ve	to	charm	quark	fragmenta9on	proper9es	à	address	charm	jet	proper9es	

• 	Modifica9on	of	angular	correla9ons	in	p-Pb	w.r.t.	pp	collisions?	

•  may	arise	from	both	ini9al	and	final-state	effects	

• 	Reference	for	future	Pb-Pb	measurements	à	complementary	informa9on	to	R
AA
	

and	v
2
	measurements	to	study	in-medium	energy	loss	(e.g.	path-length	dependence)	

		

 
  

ALICE, PLB719 (2013) 29-41 D"meson"as"“trigger”"par0cle"

D"meson"as"“trigger”"par0cle"

Near%
side%

Away%side%

Underlying"event"
Hadron-hadron	correla9ons:	“double-ridge”	

in	high-mul9plicity	p-Pb	collisions	

charged particles: 
long range correlation 

• p-Pb collisions 
✤ Quantify cold nuclear matter effects: measure effects, not 

due to QGP formation, that can modify the yield of hard 
probes in nuclear collisions 
‣nuclear modification of Parton Distribution Functions 

(shadowing, gluon saturation) 
‣kT broadening via multiple of the parton before the hard 

scattering 
‣energy loss in cold nuclear matter  

✤ Final-state effects? (e.g. from system collectivitiy/hydro) 
✤ Reference for Pb-Pb collisions

Phys.Lett. B719 (2013) 29-41
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ALI−PUB−42097
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D vs multiplicity - Physics motivation

What has been observed for heavy flavours:

!
• Multiparton Interactions (MPIs) at the LHC? 
!
!
!

!

➣ NA27 (pp collisions at √s = 28 GeV): events with charm have 
larger charged particle multiplicity NA27 Coll. Z.Phys.C41:191

➣ LHCb: double charm production agrees better with models 
including double parton scattering J. High Energy Phys., 06 (2012) 141!

➣ ALICE: approximately linear increase of J/ψ yield as a 
function of multiplicity arXiv:1202.2816 [hep-ex]!

poster: 
E.Leogrande

R.Russo

!
➣particle production in high-energy pp collisions at the LHC 

expected to have a substantial contribution from MPIs 
➣CMS: studies on jet and underlying event ➞ better 

agreement with models including MPIsEur. Phys. J. C 73 (2013) 2674!

!
!
➣ALICE minijet analysis in pp ➞ increase of MPIs with 
charged particle multiplicity JHEP 09 (2013) 049!

Physics observables with different sensitivity

MinJung Kweon, Inha University ICNFP2015, August, 28 20

Heavy flavours 
Results in Pb-Pb collisions

Expectation from radiative energy loss: 'Eg > 'Eu,d,s > 'Ec > 'Eb  
Could be reflected in an hierarchy of RAA: RAA(B) > RAA(D) > RAA(S) 

Hierarchy in energy loss? 

38 
Centrality 

D meson and 

J/\←B (from 

CMS) RAA vs. 

centrality in pT 

ranges tuned 

to have  

<pT(D)>  ≈  
<pT(B)> 

-> clear indication 

for RAA(B) > RAA(D) 

 

->consistent with 

the expectation  

��������'Ec > 'Eb  

	CMS-PAS-HIN-12-014 

D. Caffarri, Wed  9:00 

A. Rossi, Mon 14:50 

CentralPeripheral
from 100%                                   to 0%

Dense/hot partonic 
medium effect

Why%Heavy9Flavour%in%AA%collisions?%%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%%5%%

HF%in%Pb9Pb%collisions%
Study$the$interac0on$of$heavy$quarks$with$the$medium$via:$$
!  Energy%loss%%%

$ %Colour9charge%dependence$
$
$

$ $Quark9mass%dependence$
% % % %ΔE(light)%>ΔE(c)%>%ΔE(b)%%"%%RAA%(π)%<%RAA%(D)%<%RAA%(B)%%%

$
$
$
!  Collec`vity%in%the%QGP%%

% %Ini0al$spa0al$anisotropy$$"$$momentum$anisotropy$of$par0cles$
$ $Charm$hadron$v2$"$charm$quarks$par0cipate$in$the$collec0ve$

$$$$$$$$$$$$$$expansion$of$the$QGP? $Energy$loss$path$length$dependence?$

ΔE ∝CR
gg CR = 3 
qg CR = 4 / 3Y.L.%Dokshitzer,%et%al.,%J.%Phys.%G%17,%1602%(1991);%%

Y.L.%Dokshitzer%and%D.E.%Kharzeev,%Phys.%Leh.%B%519,%199%(2001).%

RAA =
dNAA / dpT

Ncoll × dNpp / dpT
=

dNAA / dpT
TAA × dσ pp / dpT

?%

HP13%Cape%Town,%6/11/2013%

R. Averbeck, 32 Inha University, 2015/02/24 

●  in-medium energy loss leads to RAA < 1 
● QCD-based models with in-medium radiative                                

or collisional energy loss (Dokshitzer, Kharzeev, PLB 519(2001)199; 
Armesto et al., PRD 69(2004)114003; Djordjevic et al., NPA 783(2007)493)  

! ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) 
! RAA(light hadrons) < RAA(c) < RAA(b), but with caveats: 

●  different shapes of the pT distributions in pp collisions 
●  different fragmentation functions 
●  role of soft particle production at low pT 

  
 

Nuclear modification factor RAA 
RAA = 1: binary scaling 
RAA ≠ 1: medium effect  

Azimuthal%anisotropy%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%28%%

! Ini0al$spa0al$anisotropy$$"$$momentum$anisotropy$of$par0cle$emission$
$
!  The$anisotropy$is$quan0fied$via$a$Fourier$expansion$in$azimuthal$angle$

(ϕ)$with$respect$to$the$reac0on$plane$(ΨRP)$$$

! Different$methods$have$been$considered$
to$evaluate$the$ellip0c$flow$v2:$$
! Event$Plane$$
! 2Dpar0cle$cumulants$(QC,$SP$methods)$
! 4Dpar0cle$cumulants$(only$for$muons)$$$

dN
dϕ

=
N0

2π
(1+ 2v1 cos(ϕ −ΨRP )+ 2v2 cos[2(ϕ −ΨRP )]+...)

HP13%Cape%Town,%6/11/2013%

Binary scaling based on the Glauber Model

Initial spatial anisotropy                                momentum 
anisotropy of particle emission 

The anisotropy is quantified via a Fourier expansion in 
azimuthal angle (   ) with respect to the reaction plane (ΨRP) 

via re-scatterings 

Anisotropic flow: v2

MinJung Kweon, Inha University International conference on Flavor Physics and Mass Generation

Anisotropic transverse flow: v2

Initial spatial anisotropy → momentum anisotropy of particle emission

The anisotropy is quantified via a Fourier expansion in azimuthal angle (φ) with 
respect to the reaction plane (ΨRP)

9

Azimuthal%anisotropy%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%28%%
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! Event$Plane$$
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dN
dϕ

=
N0

2π
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HP13%Cape%Town,%6/11/2013%

Elliptic flow in Au and Pb collisions

20

elliptic flow in Au and Pb collisions 
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hydrodynamic behavior continues at LHC energies 

centrality 20-30% PRL 105 (2010) 252302 

28 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 

hydrodynamic behavior continues at LHC energies

Azimuthal anisotropy 
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• Due to their large mass, c and b quarks 
should take longer time (= more re-scatterings) 
to be influenced by the collective expansion of 
the medium

• v2(b) < v2(c)
• Uniqueness of heavy quarks: cannot be 
destroyed and/or created in the medium

• Transported through the full system 
evolution

Nuclear modification factor

⇒ must measure observables with different sensitivity to the various ingredients 

HF production vs. multiplicity in pp and p-Pb collisions  
✤ Interplay between hard and soft processes in particle production 
✤ Study the role of multi-parton interactions (MPI) in the heavy-flavour 

sector  
✤ Investigate a possible centrality dependence of the modification of 

the the pT spectra in p-Pb w.r.t. pp collisions

the reaction plane (ψRP)                       
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Heavy-flavour reconstruction in ALICE

Bormio Winter Meeting, 26/01/18 Jeremy Wilkinson 4 / 21

ALICE: A Large Ion Collider ExperimentALICE: A Large Ion Collider Experiment
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ALICE: A Large Ion Collider ExperimentALICE: A Large Ion Collider Experiment
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Heavy-flavour reconstruction in ALICEALICE detector

Central Barrel (|h|<0.9)
2p tracking & PID

ITS
TPC
TOF

Forward detectors 
Trigger, centrality, timing

4

Yosuke WatanabeMIAMI2017

Charm hadrons in |y| < 0.5
D0→K-p+, D*+→D0p+, D+ →K-p+p+, Ds

+ → f(K+K-)p+

Lc
+ → pK-p+, pK0

s, e+Lne, Xc
0 →e+X-ne

Leptons from heavy-flavor hadron decay
Electrons in |y|<0.9
Muons in 2.5 < y < 4

Muon arm (2.5 < h < 4)
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D mesons in pp collisions
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QM17A. Barbano

D0 cross section in pp at √s = 7 TeV
Towards RAA: the pp reference
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ALI−PUB−125443

• New analysis of 2010 pp data at √s = 7 TeV 
(D0,D+,D*+,D+s) [arXiv:1702.00766]

• Lint = 6 nb-1

• Extended pT coverage w.r.t. previous analysis
• Systematic uncertainty reduced by a factor 2!

D meson production cross section measured at several 
collision energies (D0,D+,D*+,D+s)

• D0 -mesons measured down to pT = 0 using non-topological 
analysis; allows full mid-rapidity cross section to be 
measured without extrapolation 

• pQCD-based theoretical calculations reproduce the data  
• Data much more precise than theoretical calculations

[1] Eur.Phys.J. C77 (2017) 550

Lint = 6 nb-1

D mesons in pp
5

� D-meson production cross section measured at several collision energies
� D0, D+, D*+

� D0 is measured down to zero pT at 7 TeV
� Consistent with pQCD calculations

� Theoretical uncertainties are much larger than those on data

D0 pp √s = 7 TeV D0 pp √s = 13 TeVD0 pp √s = 5 TeV

Yosuke WatanabeMIAMI2017

Bormio Winter Meeting, 26/01/18 Jeremy Wilkinson 7 / 21

D mesons in pp collisionsD mesons in pp collisions

● D mesons measured in pp collisions at √s = 7, 8 & 13 TeV
● D0 mesons measured down to p

T
 = 0 using non-topological analysis; 

allows full mid-rapidity cross section to be measured without 
extrapolation

● Described within uncertainties by pQCD calculations at all energies

[1]

[1]: Eur. Phys. J. C77 (2017) 550

D0,√s = 7 TeVD0,√s = 5 TeV D*+,√s = 8 TeV

Bormio Winter Meeting, 26/01/18 Jeremy Wilkinson 7 / 21

D mesons in pp collisionsD mesons in pp collisions

● D mesons measured in pp collisions at √s = 7, 8 & 13 TeV
● D0 mesons measured down to p

T
 = 0 using non-topological analysis; 

allows full mid-rapidity cross section to be measured without 
extrapolation

● Described within uncertainties by pQCD calculations at all energies

[1]

[1]: Eur. Phys. J. C77 (2017) 550

D+,√s = 13 TeV

[1]
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Heavy-flavour leptons in pp collisions
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Heavy-flavor leptons in pp
6

� Beauty is main component from pT > ~5 GeV/c
� Precise data to constrain charm and beauty production over a wide rapidity interval 
� Similar agreement with FONLL is found in the two rapidity intervals

e pp √s = 13 TeV m pp √s = 8 TeV

Yosuke WatanabeMIAMI2017

Heavy-flavor leptons in pp
6

� Beauty is main component from pT > ~5 GeV/c
� Precise data to constrain charm and beauty production over a wide rapidity interval 
� Similar agreement with FONLL is found in the two rapidity intervals

e pp √s = 13 TeV m pp √s = 8 TeV

Yosuke WatanabeMIAMI2017

HFe,√s = 13 TeV HFμ,√s = 8 TeV

• Beauty is the main component from pT > ~5 GeV/c  

• Precise data to constrain charm and beauty production over a wide rapidity interval  

• Similar agreement with FONLL is found in the two rapidity intervals 
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 Total charm cross section
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Total	charm	cross	sec9on	
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ALI−PUB−106053

arXiv:1605.07569	

Factor	~2	reduc9on	on	systema9c	uncertainty	Factor ~2 reduction on systematic uncertainty 

〉partN〈
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-e+ e→ ψInclusive J/

c > 0.15  GeV/
T
p| < 0.8,  y|

Transport (TM1, Du and Rapp)
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)
Co-movers (E. Ferreiro)

ALI−PREL−118507

Transport and statistical models 
have large uncertainties 
(shadowing+open charm cross 
section)

Important to 
constraint model!

Phys. Rev. C 94, 054908 (2016) 
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Multiplicity dependence of heavy-flavour production
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D vs multiplicity - Physics motivation

What has been observed for heavy flavours:

!
• Multiparton Interactions (MPIs) at the LHC? 
!
!
!

!

➣ NA27 (pp collisions at √s = 28 GeV): events with charm have 
larger charged particle multiplicity NA27 Coll. Z.Phys.C41:191

➣ LHCb: double charm production agrees better with models 
including double parton scattering J. High Energy Phys., 06 (2012) 141!

➣ ALICE: approximately linear increase of J/ψ yield as a 
function of multiplicity arXiv:1202.2816 [hep-ex]!

poster: 
E.Leogrande

R.Russo

!
➣particle production in high-energy pp collisions at the LHC 

expected to have a substantial contribution from MPIs 
➣CMS: studies on jet and underlying event ➞ better 

agreement with models including MPIsEur. Phys. J. C 73 (2013) 2674!

!
!
➣ALICE minijet analysis in pp ➞ increase of MPIs with 
charged particle multiplicity JHEP 09 (2013) 049!

For heavy flavours: 
‣ LHCb: double charm production 
agrees better with models including 
double parton scattering
J. High Energy Phys., 06 (2012) 141

Particle production in pp 
collisions at the LHC shows 
a better agreement with 
models including Multi-
Parton Interactions (MPIs)

Eur. Phys. J. C 73 (2013) 2674

• D-meson, non-prompt J/ψ  yields increase with charged-particle multiplicity          
→ presence of MPIs and contribution on the harder scale?

due to MPIs?

MPIs involving only light quarks and gluons, or for heavy-flavour production? 

JHEP09 (2015) 148

charged particle multiplicity

D-mesons

Non-prompt J/ψ

pp
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10

D vs multiplicity - Physics motivation

What has been observed for heavy flavours:

!
• Multiparton Interactions (MPIs) at the LHC? 
!
!
!

!

➣ NA27 (pp collisions at √s = 28 GeV): events with charm have 
larger charged particle multiplicity NA27 Coll. Z.Phys.C41:191

➣ LHCb: double charm production agrees better with models 
including double parton scattering J. High Energy Phys., 06 (2012) 141!

➣ ALICE: approximately linear increase of J/ψ yield as a 
function of multiplicity arXiv:1202.2816 [hep-ex]!

poster: 
E.Leogrande

R.Russo

!
➣particle production in high-energy pp collisions at the LHC 

expected to have a substantial contribution from MPIs 
➣CMS: studies on jet and underlying event ➞ better 

agreement with models including MPIsEur. Phys. J. C 73 (2013) 2674!

!
!
➣ALICE minijet analysis in pp ➞ increase of MPIs with 
charged particle multiplicity JHEP 09 (2013) 049!

For heavy flavours: 
‣ LHCb: double charm production 
agrees better with models including 
double parton scattering
J. High Energy Phys., 06 (2012) 141

Particle production in pp 
collisions at the LHC shows 
a better agreement with 
models including Multi-
Parton Interactions (MPIs)

Eur. Phys. J. C 73 (2013) 2674

• D-meson, non-prompt J/ψ  yields increase with charged-particle multiplicity          
→ presence of MPI and contribution on the harder scale?

due to MPIs?

MPIs involving only light quarks and gluons, or for heavy-flavour production? 
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JHEP09 (2015) 148

Same behavior for open and hidden charm production 
→ this behaviour is most likely related to the cc and bb production processes, 
but not significantly influenced by hadronisation!

- -

pp

Multiplicity dependence of heavy-flavour production
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D-meson yields vs. multipicity: comparison with models (pp)

13

• Percolation (Ferreiro, Pajares, PRC 86 (2012) 034903)  
Particle production via exchange of colour 
sources between projectile and target (close to 
MPI scenario) → Faster than linear increase  

• EPOS 3.099 (Werner et al., PRC 89 (2014) 064903) 
‣Gribov-Regge multiple-scattering formalism  
‣ Saturation scale to model non-linear effects  
‣ Number of MPI directly related to multiplicity    
→ slightly faster than linear  
‣With hydrodynamical evolution applied to the 

core of the collision→faster than linear 
increase 

• PYTHIA 8 (Sjostrand et al., Comput. Phys. Commun. 
178 (2008) 852)  
‣ Sok-QCD tune  
‣ Colour reconnection  
‣MPI 

pp
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Figure 10. Average D-meson relative yield as a function of the relative charged-particle multiplicity
at central rapidity in different pT intervals. The systematic uncertainties on the data normalisation
(+6%/− 3%), on the (dNch/dη)

/
⟨dNch/dη⟩ values (±6%), and on the feed down contribution are

not shown in this figure. Different calculations are presented: PYTHIA 8.157 [30, 31], EPOS 3
with and without hydro [71, 72] and a pT-integrated percolation model [41, 73]. The coloured lines
represent the calculation curves, whereas the shaded bands represent their statistical uncertainties
at given values of (dNch/dη)

/
⟨dNch/dη⟩. The diagonal (dashed) line is shown to guide the eye.

and the EPOS 3 [71, 72] event generators, and of percolation calculations [41, 73] are

represented by the red dotted line, green dashed or long-dashed and dotted line, and the

blue dot-dashed line, respectively. The description of the PYTHIA 8 setup was discussed

in section 7.1. Figure 11 presents pT-integrated non-prompt J/ψ results together with

PYTHIA 8 [30, 31] calculations. The percolation model assumes that high-energy hadronic

collisions are driven by the exchange of colour sources between the projectile and target in

the collision [41, 73]. These colour sources have a finite spatial extension and can interact.

In a high-density environment, the coherence among the sources leads to a reduction of their

effective number. The source transverse mass determines its transverse size (∝ 1/mT), and

allows to distinguish between soft (light) and hard (heavy) sources. As a consequence, at

high densities the total charged-particle multiplicity, which originates from soft sources, is

reduced. In contrast, hard particle production is less affected due to the smaller transverse

– 27 –

JHEP09 (2015) 148

charged particle multiplicity

D-mesons
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Charm jet in pp and p-Pb collisions

14

Charm jet in pp (and p-Pb)
9

� Charm jets tagged by the presence of a fully reconstructed D meson

� D-jet spectrum measured from pT = 5 GeV/c to 30 GeV/c
� Described by POWHEG+PYTHIA6 (Perugia 2011 tune) simulation within uncertainty

� Data uncertainty smaller than theoretical ones

pp √s = 7 TeV p-Pb √sNN = 5 TeV

Yosuke WatanabeMIAMI2017

Charm jet in pp (and p-Pb)
9

� Charm jets tagged by the presence of a fully reconstructed D meson

� D-jet spectrum measured from pT = 5 GeV/c to 30 GeV/c
� Described by POWHEG+PYTHIA6 (Perugia 2011 tune) simulation within uncertainty

� Data uncertainty smaller than theoretical ones

pp √s = 7 TeV p-Pb √sNN = 5 TeV

Yosuke WatanabeMIAMI2017

• Charm jets tagged by the presence of a fully reconstructed D meson  
• D-jet spectrum measured from pT = 5 GeV/c to 30 GeV/c  
• Described by POWHEG+PYTHIA6 (Perugia 2011 tune) simulation within uncertainty 
‣ Data uncertainty smaller than theoretical ones 

pp, √s = 7 TeV p-Pb,√sNN = 5 TeV
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 Λc+ & Ξc0  in pp and p-Pb collisions

15

Lc
+ in pp (and p-Pb)

10

� Study charm hadronization mechanisms using baryons
� Lc

+ cross section underestimated by theory in pp and p-Pb collisions
� x 2-3 higher than GM-VFNS 
� Up to x 20 higher than POWHEG+PYTHIA6 

Measured using 3 decay channels 
(hadronic + semileptonic) in pp
Measured using 2 decay channels 
(hadronic) in p-Pb

pp √s = 7 TeV p-Pb √sNN = 5 TeV

Yosuke WatanabeMIAMI2017

Λc+ pp,√s = 7 TeV Λc+ p-Pb,√sNN = 5 TeV

- Measured using 3 decay channels 
(hadronic + semileptonic) in pp 

- Measured using 2 decay channels 
(hadronic) in p-Pb

• Study charm hadronization mechanisms using baryons 
• Λc+ cross section underestimated by theory in pp and p-Pb collisions  
‣ x 2-3 higher than GM-VFNS  

‣ Up to x 20 higher than POWHEG+PYTHIA6 
• Ξc0 baryon in pp collisions at √s = 7 TeV, using semileptonic decay channel (Ξc0 → e+Ξ-νe) 
‣ First measurement of Ξc0 baryon production at the LHC 

Ξ0
c production in pp collisions at

√
s = 7 TeV ALICE Collaboration

Relative systematic uncertainty (%) in the measured pT intervals (GeV/c)
Source 1–2 2–3.2 3.2–4.4 4.4–6 6–8

Raw yield 5 5 5 5 5
(A× ε) 30 22 16 13 14

pν
T 29 8 6 7 10

Normalisation 3.5

Table 1: Summary of systematic uncertainties on the pT-differential cross section of Ξ0
c → e+Ξ−νe for

5 pT intervals. The uncertainty on the missing neutrino momentum is denoted as pν
T in the table.

is evaluated by varying the prior distribution to the Bayesian unfolding and by using different unfolding
techniques, such as the χ2 minimisation method [58, 59] and the Singular Value Decomposition (SVD)
method [60]. The RMS deviation of the results, ranging between 4% and 29% depending on pT, is
assigned as a systematic uncertainty. A systematic uncertainty of 3% is also assigned due to the imperfect
knowledge of the Ξ0

c-baryon pT distributions used as input for the efficiency calculation and the unfolding
procedure from the simulation. It is estimated from the difference induced in the result by adding an
additional step in the iterative procedure described above to obtain the input pT distributions. These
systematic uncertainties add up to an uncertainty ranging between 6% and 29% depending on pT.

Finally, the results have a 3.5% normalisation systematic uncertainty arising from the uncertainty in the
determination of the minimum-bias trigger cross section in pp collisions at

√
s = 7 TeV [41].

The pT-differential cross section of Ξ0
c baryons multiplied by the branching ratio into e+Ξ−νe is shown

in Figure 4 for the pT interval 1 < pT < 8 GeV/c at mid-rapidity, |y| < 0.5. The error bars and boxes
represent the statistical and systematic uncertainties, respectively. The feed down contribution from Ξb,
e. g. Ξ−

b → Ξ0
cπ− [61], is not subtracted due to the lack of knowledge of the absolute branching ratios of

Ξb → Ξ0
c +X .
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Fig. 4: Inclusive Ξ0
c-baryon pT-differential production cross section multiplied by the branching ratio

into e+Ξ−νe, as a function of pT for |y| < 0.5, in pp collisions at
√

s = 7 TeV. The error bars and boxes
represent the statistical and systematic uncertainties, respectively. The contribution from Ξb decays is
not subtracted.

The ratio of the pT-differential cross section of Ξ0
c baryons to that of D0 mesons [21] is shown in Figure 5.

The pT intervals of the cross-section measurements are combined to have the same pT bin boundaries

8

Ξc0 pp,√s = 7 TeV
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Baryon-to-meson ratio
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• Λc+/D0  in pp and p-Pb collisions compatible within uncertainties 
• Λc+/D0  ratio higher than expectation from MC  

‣ Enhanced color reconnection mode [1] in PYTHIA 8 closer to data  

• Ξc0/D0  in pp collisions  

‣ Bands represent the range of the currently available theoretical predictions of 
the branching ratio → Experimental values are awaited! 

Baryon-to-meson ratio
11

� Lc
+/D0 in pp and p-Pb collisions compatible within uncertainties

� Lc
+/D0 ratio higher than expectation from MC

� Enhanced color  reconnection mode [1] in PYTHIA 8 closer to data

� First Xc
0 production measurement at LHC: Xc

0 → e+X-ne

� Bands represent the range of the currently available theoretical prediction of the 
branching ratio → Experimental values are awaited!

pp √s = 7 TeVpp √s = 7 TeV, p-Pb √sNN = 5 TeV

Yosuke WatanabeMIAMI2017 [1] J. Christiansen, P. Skands JHEP 08 (2015) 003
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D-meson, Λc+, charm and beauty electron RpPb

17

D meson, Lc baryon (RpPb)
13

� RpPb ~ 1
� Consistent with models with 

cold-nuclear-matter effects

D p-Pb √sNN = 5 TeV

Yosuke WatanabeMIAMI2017

ALICE-PUBLIC-2017-008

Lc p-Pb √sNN = 5 TeV

� RpPb ~ 1
� Consistent with D-meson RpPb

J. ADAM et al. PHYSICAL REVIEW C 94, 054908 (2016)
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FIG. 17. Nuclear modification factor RpPb of prompt D mesons in p-Pb collisions at
√

sNN = 5.02 TeV: average RpPb of D0, D+, and D∗+

mesons in the interval 1 < pT < 24 GeV/c [49], shown together with the D0 RpPb in 0 < pT < 1 GeV/c. In the left-hand panel, the data are
compared with results of theoretical calculations including only CNM effects: CGC [27], NLO pQCD [76] with EPS09 nPDFs [20], a LO
pQCD calculation with CNM effects (Vitev et al.) [86] and a calculation based on incoherent multiple scatterings (Kang et al.) [87]. In the
right-hand panel, the results of the Duke [47] and POWLANG [48] transport models are compared to the measured D-meson RpPb.

for the lowest pT interval is about 50% and does not allow
us to draw a conclusion. However, the analysis technique
without decay-vertex reconstruction, applied on future larger
data samples, should provide access to the physics-rich range
down to pT = 0. In the right-hand panel of Fig. 17, the data are
compared to the results of two transport model calculations,
Duke [47] and POWLANG [48], both of them assuming that a
quark-gluon plasma is formed in p-Pb collisions. Both models
are based on the Langevin approach for the transport of heavy
quarks through an expanding deconfined medium described by
relativistic viscous hydrodynamics. The Duke model includes
both collisional and radiative energy loss. The POWLANG
model considers only collisional processes with two choices
for the transport coefficients, based on hard-thermal-loop
and lattice-QCD (lQCD) calculations, respectively. In both
approaches the D-meson nuclear modification factor shows a
structure with a maximum at pT ≈ 2.5 GeV/c, possibly fol-
lowed by a moderate (<20%–30%) suppression at higher pT,
resulting from the interplay of CNM effects and interactions
of charm quarks with the radially expanding medium. The
precision of the measured D-meson RpPb does not allow us
to discriminate between scenarios with only CNM effects or
hot medium effects in addition, even though the data seem to
disfavor a suppression larger than 15%–20% in the interval
5 < pT < 10 GeV/c.

The pT-integrated nuclear modification factor of prompt
D0 mesons in −0.96 < ycms < 0.04 was computed using the
dσ prompt D0

/dy values for pp and p-Pb collisions reported in
Eqs. (8) and (13) and using FONLL to scale the pp cross
section to the center-of-mass energy and rapidity interval of
the p-Pb measurement. The result is

R
prompt D0

pPb (pT > 0, −0.96 < ycms < 0.04)

= 0.89 ± 0.11 (stat.)+0.13
−0.18 (syst.). (18)

VI. SUMMARY

We have presented a comprehensive set of results on charm
production in p-Pb and pp collisions, complementing the
measurements reported in Refs. [49,50]. The production cross
sections of the prompt charmed mesons D0, D+, D∗+, and
D+

s in p-Pb collisions at a center-of-mass energy per nucleon
pair

√
sNN = 5.02 TeV were measured as a function of pT in

the rapidity interval −0.96 < ycms < 0.04. The pT-differential
production cross sections, obtained with an analysis method
based on the selection of decay topologies displaced from the
interaction vertex, were reported in the transverse-momentum
range 1 < pT < 24 GeV/c for D0, D+, and D∗+ mesons
and in the range 2 < pT < 12 GeV/c for D+

s mesons. The
ratios of the cross sections of the four D-meson species were
determined as a function of pT and were found to be compatible
with those measured in pp collisions at

√
s = 7 TeV in the

rapidity interval |ycms| < 0.5.
The production cross sections of the nonstrange D mesons,

D0, D+, and D∗+, were also measured in p-Pb collisions as
a function of rapidity in three pT intervals. No significant
rapidity dependence was observed in the range −1.26 <
ycms < 0.34.

In addition, employing an analysis technique that does not
use the reconstruction of the D0 decay vertex, the prompt D0

production cross section was measured down to pT = 0 in
pp collisions at

√
s = 7 TeV and p-Pb collisions at

√
sNN =

5.02 TeV. The results of the two different analysis techniques,
with and without decay-vertex reconstruction, were found
to be compatible in the common pT range. The analysis
without decay-vertex reconstruction provides a more precise
measurement of the D0 cross section for pT < 2 GeV/c.
This allowed a determination of the total (pT integrated)
D0 production cross section, dσ/dy, at midrapidity, which
is not affected by uncertainties owing to the extrapolation

054908-22

86 ALICE Collaboration / Physics Letters B 754 (2016) 81–93

Fig. 4. The pT-differential invariant cross section of electrons from heavy-flavour 
hadron decays in minimum-bias p–Pb collisions at √sNN = 5.02 TeV. The pp refer-
ence obtained via the interpolation method is shown, not scaled by A, for compar-
ison. The statistical uncertainties are indicated for both spectra by error bars, the 
systematic uncertainties are shown as boxes.

this scaling was used to calculate the interpolated data points. The 
statistical uncertainties of the spectra at 

√
s = 2.76 TeV and 

√
s =

7 TeV were added in quadrature with weights according to the √
s interpolation. The weighted correlated systematic uncertainties 

(tracking, matching and eID) of the spectra at 
√

s = 2.76 TeV and √
s = 7 TeV were added linearly, while the weighted uncorrelated 

uncertainties (ITS layer conditions, unfolding and cocktail system-
atics) were added in quadrature. The weights were determined 
according to the 

√
s interpolation. The uncorrelated and correlated 

uncertainties were then added in quadrature.
The systematic uncertainty of the bin-by-bin interpolation pro-

cedure was added in quadrature to the previous ones. It was esti-
mated by using a linear or exponential dependence on 

√
s instead 

of a power law. The ratios of the resulting pT spectra to the base-
line pp reference were used to estimate a systematic uncertainty 
of + 5

−10%.
The resulting pp reference cross section is well described by 

FONLL calculations. The systematic uncertainties of the normalisa-
tions related to the determination of the minimum-bias nucleon–
nucleon cross sections of the input spectra were likewise inter-
polated, yielding a normalisation uncertainty of 2.3% for the pp 
reference spectrum, assuming that they are uncorrelated.

5. Results

The pT-differential invariant cross section of electrons from 
heavy-flavour hadron decays in the rapidity range −1.065 <
ycms < 0.135 for p–Pb collisions at √sNN = 5.02 TeV is shown in 
Fig. 4 and compared with the pp reference cross section. The ver-
tical bars represent the statistical uncertainties, while the boxes 
indicate the systematic uncertainties. The systematic uncertain-
ties of the p–Pb cross section are smaller than those of the pp 
cross section, in particular at low transverse momentum, mainly 
as a consequence of the estimation of the electron background 
via the invariant mass technique. For the pp analysis, the back-
ground was subtracted via the cocktail method. At low pT, the 
electrons mainly originate from charm-hadron decays, while for 
pT ≥ 4 GeV/c beauty-hadron decays are the dominant source in 
pp collisions [46].

Fig. 5. Nuclear modification factor RpPb of electrons from heavy-flavour hadron de-
cays as a function of transverse momentum for minimum-bias p–Pb collisions at √

sNN = 5.02 TeV, compared with theoretical models [25,27,45,48,75], as described 
in the text. The vertical bars represent the statistical uncertainties, and the boxes 
indicate the systematic uncertainties. The systematic uncertainty from the normali-
sation, common to all points, is shown as a filled box at high pT.

The nuclear modification factor RpPb of electrons from heavy-
flavour hadron decays as a function of transverse momentum is 
shown in Fig. 5. The statistical and systematic uncertainties of the 
spectra in p–Pb and pp were propagated as independent uncer-
tainties. The normalisation uncertainties of the pp reference and 
the p–Pb spectrum were added in quadrature and are shown as a 
filled box at high transverse momentum in Fig. 5.

The RpPb is consistent with unity within uncertainties over the 
whole pT range of the measurement. The production of electrons 
from heavy-flavour hadron decays is thus consistent with binary 
collision scaling of the reference spectrum for pp collisions at the 
same centre-of-mass energy. The suppression of the yield of heavy-
flavour production in Pb–Pb collisions at high-pT is therefore a 
final state effect induced by the produced hot medium.

Given the large systematic uncertainties, our measurement is 
also compatible with an enhancement in the transverse momen-
tum interval 1 < pT < 6 GeV/c as seen at mid-rapidity in d–Au 
collisions at √sNN = 200 GeV [42]. Such an enhancement might be 
caused by radial flow as suggested by studies on the mean pT as a 
function of the identified particle multiplicity [68].

The data are described within the uncertainties by pQCD cal-
culations including initial-state effects (FONLL [75] + EPS09NLO
[48] nuclear shadowing parametrisation). The results suggest that 
initial-state effects are small at high transverse momentum in 
Pb–Pb collisions. Calculations by Sharma et al. which include CNM 
energy loss, nuclear shadowing and coherent multiple scattering 
at the partonic level also describe the data [27]. Calculations based 
on incoherent multiple scatterings by Kang et al. predict an en-
hancement at low pT [25]. The formation of a hydrodynamically 
expanding medium and consequently flow of charm and beauty 
quarks are expected to result in an enhancement in the nuclear 
modification factor RpPb [45]. To quantify the possible effect on 
RpPb, a blast wave calculation with parameters extracted from fits 
to the pT spectra of light-flavour hadrons [68] measured in p–Pb 
collisions was employed. The model calculation agrees with the 
data. However, the present uncertainties of the measurement do 
not allow us to discriminate among the aforementioned theoreti-
cal approaches.
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Figure 7. Nuclear modification factors RpPb (left) and RPbPb (right) of electrons from beauty-
hadron decays in comparison with different theoretical predictions [17, 18, 29–31, 57, 84, 90–97], see
text for details. The vertical bars represent the statistical uncertainties, while the boxes indicate
the systematic uncertainties. The normalisation uncertainty, common to all points, is shown as a
filled box at high pT for both collision systems.

central Pb-Pb collisions increase, for pT ≤ 3 GeV/c, with sizeable uncertainties of 30–45%.

In the interval 3 < pT < 6 GeV/c, the RPbPb is about 0.7 with a systematic uncertainty

of about 30%; in 6 < pT < 8 GeV/c the ratio is 0.48 with an uncertainty of about 25%.

In the latter transverse momentum range the suppression with respect to RPbPb = 1 is a

3.3σ effect taking into account the statistical and systematic uncertainties.

A comparison of the RPbPb of electrons from beauty-hadron decays with the one from

charm- and beauty-hadron decays is shown in figure 6 (right) for the 20% most central

Pb-Pb collisions. For the latter RPbPb, the pT-differential invariant yields of electrons from

charm- and beauty-hadron decays published in [89] for the centrality classes 0–10% and

10–20% were combined. For the pp reference in the momentum range up to pT ≤ 12 GeV/c,

the corresponding invariant cross section measurement at
√
s = 2.76TeV [24], which has

uncertainties of about 20%, was used. For pT ≥ 12 GeV/c, the ATLAS measurement [72]

at
√
s = 7TeV was extrapolated to

√
s = 2.76TeV applying a FONLL pQCD-driven

√
s-

scaling analogous to the method described in section 6. The uncertainty of the pp reference

in this momentum range is about 15%. As expected, the results agree within uncertainties

at high pT, where the beauty contribution is larger than the charm contribution [24].

In the pT interval 3 < pT < 6 GeV/c, the suppression of the RPbPb for electrons from

beauty-hadron decays is about 1.2σ less. This difference is consistent with the ordering

of charm and beauty suppression seen in the prompt D meson and J/ψ from B meson

comparison [34, 40, 41].

Within uncertainties, the RpPb is described by pQCD calculations including modifi-

cations of the parton distribution functions (FONLL [29–31] + EPS09NLO [90] nuclear

PDFs) as shown in figure 7 (left). The data and the calculation suggest that cold nuclear

matter effects are small at high transverse momentum. Recent measurements of long-range
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D, √sNN = 5 TeV [1] c,b→e, √sNN = 5 TeV [2] b→e, √sNN = 5 TeV [3]

Λc+, √sNN = 5 TeV 
• D meson, Λc+, charm and beauty electron RpPb 

compatible with unity within uncertainties  
• Data are described by models including initial-

state and cold nuclear matter effects  
• Need larger samples of both p-Pb and pp 

collisions at 5 TeV for constraining models at 
low pT  where predictions differentiate.
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Heavy-flavour decay leptons in p-Pb collisionsHeavy-flavour decay leptons in p-Pb collisions

● Electrons from beauty decays: R
pPb

 consistent with unity and models

→ No significant cold nuclear matter effects seen for either charm or 
beauty

[JHEP 07 (2017) 052]
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The double ridge also observed in heavy-flavour sector! 
The mechanism (CGC? Hydro?) that generates it affects also heavy flavor?

Heavy-flavour electron-hadron correlations
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HF decay electron-hadron azimuthal correlations in p-Pb
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Removal of jet peak via subtraction of multiplicity classes: (0-20%) - (60-100%)  
Heavy-flavour → hard-scattering processes involving massive quarks 
Long range correlation featuring a double ridge structure observed for              
1 < pTe < 2 GeV/c, 0.5 < pTh < 2 GeV/c 

The double ridge also observed in heavy-flavour sector!  
The mechanism (CGC? Hydro?) that generates it affects also HF

Multiplicity class: 

(0-20%) - (60-100%)

 p-Pb @√sNN = 5.02 TeV

poster by E. Pereira de Oliveira FilhoResembles the structure observed in 
Pb-Pb collisions that is interpreted in 
terms of collective flow

Heavy-flavor electron v2 in p-Pb
22

� Analysis of electron-hadron azimuthal correlation in 0-20% events 
with highest multiplicity
� Jet contribution estimated and subtracted with peripheral events

� Positive v2, almost comparable to charged particles
� Initial-state effects, collective effects? 

Yosuke WatanabeMIAMI2017

e p-Pb √sNN = 5.02 TeV

• Analysis of electron-hadron azimuthal 
correlation in 0-20% events with 
highest multiplicity  
‣ Jet contribution estimated and 

subtracted with peripheral events
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Heavy-flavour electron-hadron correlations and v2
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Heavy-flavor electron v2 in p-Pb
22

� Analysis of electron-hadron azimuthal correlation in 0-20% events 
with highest multiplicity
� Jet contribution estimated and subtracted with peripheral events

� Positive v2, almost comparable to charged particles
� Initial-state effects, collective effects? 

Yosuke WatanabeMIAMI2017

e p-Pb √sNN = 5.02 TeV

• Analysis of electron-hadron azimuthal 
correlation in 0-20% events with 
highest multiplicity  
‣ Jet contribution estimated and 

subtracted with peripheral events

Heavy-flavor electron v2 in p-Pb
22

� Analysis of electron-hadron azimuthal correlation in 0-20% events 
with highest multiplicity
� Jet contribution estimated and subtracted with peripheral events

� Positive v2, almost comparable to charged particles
� Initial-state effects, collective effects? 

Yosuke WatanabeMIAMI2017

e p-Pb √sNN = 5.02 TeV

• Positive v2, almost comparable with 
the charged-particles (decay particles 
vs hadrons: not same pT)  
‣Initial-state effects, collective 

effects? 
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Summary and plans for Run2 and beyond

20

  Summary  
• Open heavy-flavour production in pp collisions described by perturbative QCD  

• First measurement of Λc+
 (at mid-rapidity) and Ξc0

  at the LHC: baryon-to-meson ratio 
underpredicted by models  

• In p-Pb collisions, nuclear modification factor consistent with unity  
• In p-Pb collisions, positive v2 of heavy-flavour decay electrons  

  Outlook  
• Improve precision of multiplicity-differential studies in pp and p-Pb collisions  
• Improved pp reference at 5.02 TeV will allow refinements to RpPb  
• New measurements of Λc, Ξc0 production in pp collisions at 5 and 13 TeV, in p-Pb  

collisions (run 2, x6 more statistics) 
• Measurements of charm- and beauty-jet properties in pp and p-Pb collisions (ongoing) 

Run3: Long-shutdown 2 → Detector upgrade 
• New ITS, addition of MFT → improve spatial resolution at impact point at mid- and 

forward rapidity 
• New readout for several subdetectors  
→ tremendous improvement for reconstructing charm and beauty signals (including Ds, 
Λc, non- prompt J/ψ at mid and forward rapidity, B meson, Λb) down to very low pT  
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Thank you for your attention!
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Figure 7: The c jet cross section (top) and RpA (bottom) as a function of c jet pT for 5.02 TeV
pPb and pp data. Statistical uncertainties are solid black lines, while systematic uncertainties
are shown as filled colored boxes. Integrated luminosity uncertainties for pp and pPb data are
shown as filled boxes around unity.
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L+
c production in ALICE ALICE Collaboration
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Fig. 11: The L+
c /D0 ratio measured in pp and p–Pb collisions by ALICE as a function of pT (left) and as a function

of y for 2 < pT < 8 GeV/c (right). The measurements from pp collisions are compared with different event
generators (quoted tunes for PYTHIA and DIPSY taken respectively from [17] and [18]). The p–Pb measurement
as a function of pT is also compared with calculations from Lansberg and Shao [94]. The predictions from event
generators as a function of y are also compared with the LHCb measurement [52, 97].

6.3 Lc-baryon nuclear modification factor in p–Pb collisions at psNN = 5.02 TeV

The nuclear modification factor RpPb of Lc baryons was calculated from the results presented in Sec. 6.1
by dividing the pT-differential prompt production cross section in p–Pb collisions at

p
sNN = 5.02 TeV

by that in pp collisions corrected for the different centre-of-mass energy and rapidity coverage of the pp
and p–Pb measurements and multiplied by the mass number A = 208.

In particular, the cross section in pp collisions measured at
p

s = 7 TeV and |y| < 0.5 was scaled in
each pT interval to

p
s = 5.02 TeV and �0.96 < y < 0.04 using a factor f

p
s,y

FONLL calculated with FONLL
perturbative QCD calculations [4], following a similar procedure to the D-meson RpPb measurement [27]:

RpPb =
1
A

ds5TeV
pPb /dpT

f
p

s,y
FONLL(pT) ·ds7TeV

pp /dpT

✓
f
p

s,y
FONLL(pT) =

ds5TeV
FONLL/dpT

ds7TeV
FONLL/dpT

◆
, (7)

with FONLL cross sections calculated at 7 TeV in |y|< 0.5, and at 5.02 TeV in �0.96 < y < 0.04. The
uncertainties on the scaling factor are calculated by consistently varying the charm-quark mass, the PDF,
and the factorisation and renormalisation scales in the calculations at the two energies.

The fragmentation function of charm quarks into Lc baryons is not well known. However, it has been
verified that changing the fragmentation function does not change the scaling factor significantly: the
f
p

s,y
FONLL values obtained from FONLL calculations for D0, D+ and D⇤+ vary by less than 1%. For

this reason, the D+ production cross section ratio from FONLL was chosen for the central values of
f
p

s,y
FONLL(pT), and the uncertainty was estimated by varying the fragmentation function. The bare c-quark

cross section from FONLL defines the upper uncertainty of the scaling factor, as the “hardest” fragmen-
tation case, where it is assumed that all the momentum of the c quark is carried by the Lc. The c-quark
cross section from FONLL, convolved with a fragmentation function modelled using the Peterson pa-
rameterisation [99] with e = 0.1, defines the lower uncertainty of the scaling factor as the “softest” case.
For both limits, the associated uncertainties from FONLL were included. These two scenarios were cho-
sen to encompass the values reported by the PDG review for charm- and beauty-quark fragmentation for
different models of hard radiation [12]. It has also been verified that the L+

c / D0 ratio obtained using
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Ξ0
c production in pp collisions at

√
s = 7 TeV ALICE Collaboration

for Ξ0
c and D0. The systematic uncertainty in a merged pT interval is defined by propagating the yield

extraction uncertainties of the D0 measurement as uncorrelated among pT intervals and all the other
uncertainties of the D0 and Ξ0

c measurements as correlated. The systematic uncertainty on the Ξ0
c/D0

ratio is calculated treating all the uncertainties on the Ξ0
c and D0 cross sections as uncorrelated, except

for the normalisation uncertainty that cancels out in the ratio. The ratio integrated in the transverse
momentum interval 1 < pT < 8 GeV/c is found to be (7.0±1.5(stat)±2.6(syst))×10−3.
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Fig. 5: Ratio of the pT-differential cross sections of Ξ0
c baryons (multiplied by the branching ratio into

e+Ξ−νe) and D0 mesons [21] as a function of pT for |y| < 0.5, in pp collisions at
√

s = 7 TeV. The
error bars and boxes represent the statistical and systematic uncertainties, respectively. Predictions from
theoretical models, (a) PYTHIA 8 with different tunes [28, 62] (b) DIPSY [63] and HERWIG 7 [64], are
shown as shaded bands representing the range of the currently available theoretical predictions for the
branching ratio of the considered Ξ0

c decay mode.

In Figure 5(a), the measured transverse momentum dependence of the Ξ0
c/D0 ratio is compared with

predictions from the PYTHIA 8.211 event generator [51, 65]. PYTHIA 8 uses 2 → 2 processes followed
by a leading-logarithmic pT-ordered parton shower for the charm quark pair production and the hadro-
nisation is treated with the Lund string model [66]. The figure shows the results obtained with different
tunes of hadronisation: the Monash 2013 tune [62] and the Mode 0 tune from [28]. The latter is based
on a model for the hadronisation of multi-parton systems, which includes string formation beyond the
leading-colour approximation and is implemented in PYTHIA 8 with specific tuning of the colour recon-
nection parameters. As compared to the Monash 2013 tune, this model provides a better description of
the measured baryon-to-meson ratios in the light-flavour sector. Two other tunes (Mode 2 and Mode
3) provided in Ref. [28] give similar Ξ0

c/D0 ratios as Mode 0. In Figure 5(b), the measured ratio is

9


