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• Charmed and beauty hadron production precisely measured by all the experiments: 

• complementary features: pT and rapidity coverage, Particle Identification (PID), dedicated triggers


• Charmed and beauty meson production cross section well described by factorisation theorem: 


Heavy flavour measurements as important test of perturbative QCD calculation in pp collisions 
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Selection of the most recent 
measurements 

• Ratios of baryon-to-meson spectra in different collision systems 
• Sensitive to hadronisation mechanism at low pT

• Spectroscopy studies 
• Provide further test of theoretical models probing QCD
• Increase understanding of the nature of exotic hadrons 
• Measure the masses and widths of excited baryons

Heavy flavour measurements as important test of perturbative QCD calculation in pp collisions 
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large rapidity range
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Overview of charm and beauty meson productions

D and B meson production measured at different energies and in different systems at LHC

• Precise charm/beauty meson production cross-section measurements 

JHEP10(2013)042

PLB 796 (2019) 168

https://link.springer.com/article/10.1007/JHEP10(2013)042


large rapidity range
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forward rapidity

Overview of charm and beauty meson productions

down to zero pT

large rapidity range

wide pT range

D and B meson production measured at different energies and in different systems at LHC

• Precise charm/beauty meson production cross-section measurements 

JHEP10(2013)042

JHEP 05 (2017) 074

D+s B+s

PLB 796 (2019) 168



large rapidity range
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Success of factorisation theorem

Overview of charm and beauty meson productions
Theory predictions based on factorisation approach describe data within uncertainties


• models include NLO calculations and fragmentation fractions from production constrained at  e+e- and ep colliders 

JHEP10(2013)042

JHEP 05 (2017) 074

D+s B+s

PLB 796 (2019) 168

forward rapidity

down to zero pT

large rapidity range

wide pT range
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Charmed meson production ratios
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Universality of fragmentation functions 
in the meson sector 

• ~ flat trend vs pT 

• agreement with models
compatible in different 

systems (pp, p-Pb, Pb-Pb)

agreement with measurements 
at e+e- colliders  

Charm meson species relative abundances 
sensitive to fragmentation functions
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Charm and beauty baryon productions
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•  Λc/D0 measurements:  nice agreement at mid-rapidity among experiments
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Charm and beauty baryon productions

•  Λc/D0 measurements:  nice agreement at mid-rapidity among experiments, tension mid-forward rapidity?


pp

Pb-Pb

pp, forward

pp, mid-y

Open questions on baryon productions

PLB 803 (2020) 135328
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Charm and beauty baryon-over-meson ratios

Fragmentation fractions for 

f(Λb)/fd+fu  (Λb/B0) at low pT significantly 
higher than fs/fd+fu  (Bs/B0)
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arXiv:1902.06794 
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Charm and beauty baryon-over-meson ratios

Fragmentation fractions for 

f(Λb)/fd+fu  (Λb/B0) at low pT significantly 
higher than fs/fd+fu  (Bs/B0)
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• Recent measurements of B+c/B+ (B+c/(B++B0)):  

• c+b state, largest mass for ground state 

meson with two different flavoured quarks 
(mass Bc >> mass Λb)


• hint of not-flat pT trend, but not as 
pronounced as Λb/B0:
➡pT  trend for Baryon/Meson not related to       

particle masses?

B+c/B+

B+c/(B++B0)

Λb/B0

decreasing trend of Baryon-over-meson is a 
baryon/meson effect of large/small mass?

PRD 100, 112006 (2019) 

arXiv:1902.06794 
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Λc/D0  strongly differs wrt to e+e- measurements: loss of fragmentation functions universality for baryon production? 
- strong pT dependence shown in hadronic collision systems


- similar pT trend going from pp to p-Pb and Pb-Pb 

Open questions on 
baryon productions

Charm and beauty baryon-over-meson ratios

p-Pb
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Λc/D0  strongly differs wrt to e+e- measurements: loss of fragmentation functions universality for baryon production? 
- strong pT dependence shown in hadronic collision systems


- similar pT trend going from pp to p-Pb and Pb-Pb 
- Λc/D0 is multiplicity dependent: ratio in low multiplicity pp collisions still much larger than e+e- measurements

- hint of large Λc/D0 ratio in Pb-Pb collisions at intermediate pT: hadronisation mechanism? Different pT shape? Radial-flow push 

in Pb-Pb? 

Open questions on 
baryon productions

Charm and beauty baryon-over-meson ratios

p-Pb

Multiplicity 
Dependence

High Mult

Low 
Mult



Baryon-over-meson: theoretical model comparisons
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• Λc/D0: models tend to underestimate data

“Standard PYTHIA (Monash, standard Lund string-fragm), DIPSY (rope 
hadronization), HERWIG (cluster hadronisation) underestimate data by factor 
of ~5, and do not catch pT shape



Baryon-over-meson: theoretical model comparisons

C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy15

Colour reconnection [1] with string formation beyond leading colour (LC) 
approximation (enhanced CR mechanisms with 3-leg junction→ enhance 
baryons) 
Statistical Hadronization Model (SHM) with increased number of higher-
mass baryon states [2] 
among possible explanations for the enhancement

 [1]

 [2] RQM (Relativistic Quark Model) more baryon states wrt to PDG: 
extra18 Λc, 42 Σc, 62 Ξc,  34 Ωc  [2] M.He, R. Rapp: Phys.Lett. B795 (2019) 117-121 

J.R. Christiansen, P. Skands: JHEP 1508 (2015) 003 

• Λc/D0: models tend to underestimate data
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Baryon-over-meson: theoretical model comparisons
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Colour reconnection [1] with string formation beyond leading colour (LC) 
approximation (enhanced CR mechanisms with 3-leg junction→ enhance 
baryons) 
Statistical Hadronization Model (SHM) with increased number of higher-
mass baryon states [2] 
among possible explanations for the enhancement

Multiplicity dependence well described by CR beyond LC approximation 
No multiplicity dependence for “standard” Pythia Monash

• Λc/D0: models tend to underestimate data



Measure more massive baryon states
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Λc, Ξc, Ωc measurements also needed to 
compute the total charm cross section 

mass (MeV/c2) Quark content
Λc+ 2286 udc
Ξc+ 2467 usc
Ξc0 2471 dsc

Σc++,  Σc0 2455 uuc, ddc

ALI-PREL-344679
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Ratio of production cross section times BR of Ξcc++ → Λc+ K-π+π+ 

relative to prompt Λc production cross-section

Chin. Phys. C Vol. 44, No. 2 
(2020) 02200

arXiv:1910.11316

mass (MeV/c2) Quark content
Λc+ 2286 udc
Ξc+ 2467 usc
Ξc0 2471 dsc

Σc++,  Σc0 2455 uuc, ddc

Λc, Ξc, Ωc measurements also needed to 
compute the total charm cross section 

Doubly charmed baryon production measurement

Ξcc++ 

mass (MeV/c2) Quark content
Ξcc++ 3621 ucc

4 < pT < 15 GeV/c
pp √s = 13TeV

= (2.22 ± 0.27 ± 0.29)x10-4

2 < y < 4.5

http://arxiv.org/abs/arXiv:1910.11316
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Massive baryon states: 
 theoretical calculation comparisons
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Ξc0/D0 and Ξc+/D0 not reproduced 
by any model

Σc0,++/D0

Ξc0,+/D0

Σc0,++/D0: data catch by CR beyond LC and 
underestimated by “standard” Pythia
• Σc contributes to the larger Λc/D0 ratio in pp than in e+e-

e+e-
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Massive baryon states: 
 theoretical calculation comparisons
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Σc0,++/D0: data catch by CR beyond LC and 
underestimated by “standard” Pythia
• Σc contributes to the larger Λc/D0 ratio in pp than in e+e-

Σc0,++/Ξc0,+ reproduced by “standard” 
Pythia: due to the identical mass? 

Σc and Ξc have almost identical masses and different quark content: uuc vs usc
role of diquark production for charm “baryonisation”?
• String fragmentation scenario: suppression in e+e- due to high spin-1 diquark mass dynamics?
• Junctions: no difference in having two legs end on same-flavour quarks, same ud and dd(uu) production

Σc0,++/D0

Σc0,++/Ξc0,+ 
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Spectroscopy: new states for charm baryons
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further test of theoretical models probing QCD
increase understanding of the nature of exotic hadrons 

 Beginning of discoveries by LHCb

Five very narrow excited Ω0c states in the Ξ0c K-  spectrum  



Spectroscopy: new states for charm baryons
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Search for Ξ0c resonances: three Ξ0c baryon 
states observed in the Λc K- spectrum
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further test of theoretical models probing QCD
increase understanding of the nature of exotic hadrons 

 Beginning of discoveries by LHCb

Five very narrow excited Ω0c states in the Ξ0c K-  spectrum  

pp@13TeV

Ξ0c(2965) in vicinity of Ξ0c(2970) (already observed, but not seen in  Λc K-)
• different mass and very different width: different status? More studies required 
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Spectroscopy: new states for beauty baryons
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Four peaks consistent with excited Ω-b baryons resonances in the Ξ0b K-  spectrum  

PRL 124 (2020) 082002 Similar spectra as for Ωc in Ξ0c K-  observed in 
the beauty sector, in Ξ0b K- spectra, as expected 
from heavy quark symmetry

pp@7,8,13 TeV
90% upper limit

Possible interpretations:  
• Excited Ω-b states

• Decay of higher mass excited Ω-b state: 


 



Excited baryon production: Λb
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A number of excited Λ0b states predicted in 5.9-6.4 GeV, 
widths and production cross section unknown: 

challenging search  

Ground state Λ0b → Ψ(2S)Λ or Λ0b →  J/ΨΛ
Ground state Λ0b → Λ+c π- or Λ0b →  J/ΨpK- 
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New excited Λ0b states decaying to Λb0π+π− in pp collisions
• Λ0b states (5912), (5920): doublet of first orbital excitations in the Λ0b system Λ0b(1P)0

• Recent measurements (6146), (6152) consistent with expectations for Λ0b(1D)0 doublet
• Broad excess around 6040-6100 GeV

PLB 803 (2020) 135345

arXiv:2002.05112 
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new broad resonance-like state Λ0b(2S)0 ?

LHCb

CMS

A number of excited Λ0b states predicted in 5.9-6.4 GeV, 
widths and production cross section unknown: 

challenging search  

New excited Λ0b states decaying to Λb0π+π− in pp collisions
• Λ0b states (5912), (5920): doublet of first orbital excitations in the Λ0b system Λ0b(1P)0

• Recent measurements (6146), (6152) consistent with expectations for Λ0b(1D)0 doublet
• Broad excess around 6040-6100 GeV

arXiv:2002.05112 
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• More baryon states to be measured to further investigate 
the baryon production mechanisms:  
• new results about massive charmed baryon

• wide spectroscopy studies of beauty baryons 

• excited charmed and beauty baryon states 
•  give further hints to pQCD calculations

• Charm and beauty meson production precisely measured by the four experiments at LHC:  
• success of the factorisation theorem and universality of fragmentation fractions 


• Baryon production measurements well performed, some 
open questions to be addressed:  
• rapidity dependence?

• baryon production fully understood? 
• validity of the universality of the fragmentation 

fractions for baryons? 

➡ Heavy-flavor measurements are ideal tools to 
investigate into the hadronisation dynamics and 
baryon formation 

ALI-PREL-344669



Thanks! 
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baryon/meson ratios and colliding systems
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f(b → Λb) at Tevatron/LHC vs LEP 
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Charmed baryons and models

29C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy



10 20
)c (GeV/

T
p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

10
 / 

D
+ c

Λ

ALICE Preliminary
| < 0.5y = 5.02 TeV, |NNs

Filled markers: pp measured reference
-extrapolated reference

T
pOpen markers: pp 

Pb−10% Pb− 0

Pb−50% Pb−30
pp

ALI−PREL−321702

CMS pp, Pb-Pb

baryon/meson ratios: ALICE and CMS

30C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy

PLB 803 (2020) 135328



baryon/meson ratios vs mult across systems

31C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy

10 210 310
|<0.5η|

〉η/d
ch

Nd〈

0.2

0.4

0.6

0.8

1

 0
 / 

D
+ c

Λ

c < 8 GeV/
T

p6 < 

10 210 310

|<0.5η|
〉η/d

ch
Nd〈

0.2

0.4

0.6

0.8

1

 0
 / 

D
+ c

Λ

c < 6 GeV/
T
p4 < 

10 210 310

|<0.5η|
〉η/d

ch
Nd〈

0.2

0.4

0.6

0.8

1

 0
 / 

D
+ c

Λ

c < 4 GeV/
T
p2 < 

ALICE Preliminary

 = 13 TeVspp, 
SPD multiplicity classes

 = 5.02 TeVNNsPb Minimum Bias, −p
 = 5.02 TeVNNsPb, −Pb

V0 multiplicity classes

 
 
 
 
 

10 210 310

|<0.5η|
〉η/d

ch
Nd〈

0.2

0.4

0.6

0.8

1

 0
 / 

D
+ c

Λ

c < 24 GeV/
T
p12 < 

10 210 310

|<0.5η|
〉η/d

ch
Nd〈

0.2

0.4

0.6

0.8

1

 0
 / 

D
+ c

Λ

c < 12 GeV/
T
p8 < 

ALI−PREL−336446



C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy

Beauty meson productions
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B meson measurements addressed in different collision systems, from pp to Pb-Pb: 
• production well described by pQCD calculations

• Still challenging measurements of bottom strange baryons in Pb-Pb: will profit of large 

statistics in Run3
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non-prompt Ds

B0s

arxiv:1810.03022

LHCb-CONF-2018-004
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Charm and beauty baryon-over-meson ratios

Fragmentation fractions for 

f(Λb)/fd+fu  (Λb/B0) at low pT significantly 
higher than fs/fd+fu  (Bs/B0)
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• Λb/B pT trend similar to what 
observed for Λc/D0 (caveat: 
different rapidity range, and 
smaller Λc/D0 at forward wrt to 
mid-rapidity)

Pb-Pb

• ~flat trend of beauty-meson ratios 
vs pT, hint of a decreasing trend of 
baryon-over-meson Λb/B ratio

Λb/B0

arXiv:1902.06794 

PRD99 (2019) 052011



B+c relative cross section to B+
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B0s measurements
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Excited beauty meson production: Bc

Mass and hyperfine splitting in agreement in the two experiments

PRL 122 (2019) 232001PRL 122 (2019) 132001 

N(Bc*(2S)+) = 67 ± 10 
N(Bc+(2S)) = 51 ± 10 N(Bc*(2S)+) = 51 ± 10 

N(Bc+(2S)) = 24 ± 9 

Bc*(2S)+

Bc+(2S)



Beauty meson and baryon 
fragmentation fractions

37C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy



C. Terrevoli - LHCp 2020 29 May HF production and spectroscopy6

Charm and beauty baryon productions

Beauty baryons: Λb measurements performed by ATLAS, CMS and LHCb in pp and p-Pb collisions


Λb

PLB 714 (2012) 136
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baryon productions in CR beyond LC
J.R. Christiansen, P. Skands: JHEP 1508 (2015) 003 



Experiment uniqueness: complementarity of momentum and rapidity coverage
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• High pT, mass resolution, vertexing 
reconstruction and PID at forward rapidity


• HF reconstruction down to pT = 0

• Vertexing and tracking in a wide pT range 
• Dedicated triggers for open heavy flavor physics

• tracking, momentum and vertexing in a wide 
pT range, in |η| < 2.5

• Vertexing, tracking and PID at mid rapidity
• HF reconstruction down to pT = 0

40


