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Reminder: Fragmentation Models

Peter Skands  2Monash U.

๏Hard process (e.g., dijets) ➤ hard factorisation scale QUV ~ pTjet 

๏Parton Showers: perturbative bremsstrahlung down to QIR ~ 1 GeV 
๏Hadronisation: confinement (+ hadron decays) at QHAD ~ QIR

P. Skands Introduction to QCD
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Figure 32: Iterative selection of flavours and momenta in the Lund string-fragmentation
model.

the absolute highest rapidity that can be reached, by a pion traveling exactly along the string
direction and taking all of the endpoint quark’s energy, is ymax = ln(2Eq/m⇡). I.e., the rapidity
region covered by a fragmenting string scales logarithmically with the energy, and since the
density of hadrons produced per unit rapidity is roughly constant (modulo endpoint effects),
the average number of hadrons produced by string fragmentation likewise scales logarithmi-
cally with energy.

The iterative selection of flavours, p?, and z values is illustrated in figure 32. A parton
produced in a hard process at some high scale QUV emerges from the parton shower, at the
hadronisation scale QIR, with 3-momentum ~p = (~p?0, p+), where the “+” on the third com-
ponent denotes “light-cone” momentum, p± = E ± pz. Next, an adjacent dd̄ pair from the
vacuum is created, with relative transverse momenta ±p?1. The fragmenting quark combines
with the d̄ from the breakup to form a ⇡

+, which carries off a fraction z1 of the total lightcone
momentum p+. The next hadron carries off a fraction z2 of the remaining momentum, etc.

5.2 Soft Hadron-Hadron Processes

The total hadron-hadron (hh) cross section is around 100 mb at LHC energies [178], growing
slowly with the CM energy, �tot(s) / s

0.096 [179]. There are essentially four types of physics
processes, which together make up �tot:

1. Elastic scattering: hh ! hh;

2. Single diffractive dissociation: hh ! h+gap+X, with “gap” denoting an empty rapidity
region, and X anything that is not the original beam particle;

3. Double diffractive dissociation: hh ! X + gap + X (both hadrons “blow up”);

4. Inelastic non-diffractive scattering: everything else.

In principle, higher “multi-gap” diffractive components may be defined as well, the most im-
portant one being central diffraction: hh ! h + gap + X + gap + h, see the discussion of
diffraction in section 5.2.1 below.
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Perturbative  
main parameter αs

Different “tunes” use 
different αseff(mZ) values 

Monash : 0.1365 
A14: 0.129

Non-Perturbative  
Fragmentation Function (at QHAD)  

๏Spectrum = combination of αs choice & non-perturbative parameters

+ flavour / pT / … parameters, hadron decay tables



Flavour Composition in the Lund Model
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๏Starting point: isolated string in 1+1 dimensions 
•Tension κ ~ 1 GeV/fm ~ 0.2 GeV2 
•String breaks by Schwinger mechanism 

๏+ Spin-splitting in hadron multiplets V/P ≠ 3 

๏

Schwinger  
Tunneling

Massless endpoint
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<latexit sha1_base64="aAal5nrmGppvCXvPlbYJdVuONyw="></latexit>

ρ/π StringFlav:mesonUDvector = 0.50
K*/K StringFlav:mesonSvector = 0.55

D*/D StringFlav:mesonCvector = 0.88
B*/B StringFlav:mesonBvector = 2.2

Note: model parameters are for primary hadrons ≠ measured ratios (feed-down)
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ρ/π StringFlav:mesonUDvector = 0.50
K*/K StringFlav:mesonSvector = 0.55

D*/D StringFlav:mesonCvector = 0.88
B*/B StringFlav:mesonBvector = 2.2

Note: model parameters are for primary hadrons ≠ measured ratios (feed-down)

Rookie Mistake: for D*/D in the Monash tune
I took the D and D* rates from separate sources ➤ wrong ratio  
Should be higher ~ 1.25 - 1.5 to agree with measured values

Thanks to D. Bardhan 
for pointing to this

mq

๏arXiv:1404.5630



Heavy-Flavour Endpoint Quarks
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๏Same starting point as for massless endpoints 
•Tension κ ~ 1 GeV/fm ~ 0.2 GeV2 
•String breaks by Schwinger mechanism 

•Same parameters govern Ds/D, Bs/B, Λc/D, Λb/B ➜ Interesting to check if 
Ds/D, Bs/B affected in same way in same environments where we see 
strangeness enhancements in light-quark sector: multiplicity dependence 

๏Massive endpoints have v < c ➜ smaller string space-time area: 
•➜ Modified (“Lund-Bowler”) FF: 

•
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• (Note: Peterson etc strictly speaking 
incompatible with causality in string picture)

๏ with rb~rc~1 

•

StringZ:rFactB = 0.855



Constraints : B Spectra
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๏Main constraint: xB spectra of weakly decaying B hadrons in Z decays
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๏for details see arXiv:1404.5630 (section 2.3)



+ B-tagged Event Shapes & Jet Rates
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๏IR safe: sensitive to αs and b mass effects in shower + hadronisation

๏for details see arXiv:1404.5630 (section 2.3)
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LHC: Top Decays ➤ In-situ controlled B-Jet Sample?
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๏Yesterday: 25th anniversary of the top quark discovery
March 2nd 

1995

t→bW provides a clean 
high-statistics reference 

sample, with a well-
defined initial b-quark 

energy (in top CM) very 
similar to Z → bb.

Compare B FF(x) and B hadron flavour ratios to those for inclusive b-jets, 
incl. any dependence on UE level (measured away from the top jets)

Note: finite top width ➜ “collective effects” may be suppressed in top
(“early” vs “late” resonance decays)



Some Comments on b fragmentation “tuning”
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๏Note: Monash uses “large" TimeShower:alphaSvalue = 0.1365 
•Regarded at least in part as making up for NLO K-factor for ee→3 jets 
(baseline Pythia only accurate to LO for 3 jets). 
•Consistent with 3-flavour ΛQCD ~ 0.35 GeV (since we use 1-loop running) 

๏Not guaranteed to be universal.  
•LHC studies tend to prefer lower effective values of αs 
•E.g., A14 uses TimeShower:alphaSvalue = 0.129 (could be reinterpreted via 
CMW to MSbar alphaS(mZ) ~ 0.12 so consistent with world average.) 
•(but I would then also change to 2-loop running to preserve ΛQCD value) 

๏E.g., a lower  αs ➜ less perturbative radiation ➜ harder xb(QIR) 
•➜ Would need to retune non-perturbative parameters (e.g., rb) at LEP 
•Problem: most LEP measurements are inclusive (including 3-jet events) 

๏ ➜ Would need 3-jet NLO merging to ensure correct 3-jet admixture. 



๏No “C-tagged” data from LEP (that I am aware of) 
•Monash tune only used a single D* spectrum (ALEPH) ➜ rc
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Figure 11: The inclusive D⇤ spectrum in hadronic Z decays [55]. Left: Monash 2013 tune com-
pared with default PYTHIA 8 and the Fischer tune. Right: comparison with HERWIG (dashed) and
SHERPA (dotted), from MCPLOTS [25]. Note that the plot in the left-hand pane is normalized to
unity, while the one in the right-hand pane is normalized to the number of hadronic Z decays.

Monash tune gives a significant improvement in the soft region of the jet-broadening parameters in
b-tagged events, while no significant changes are observed for the other event shapes. These small
improvements are presumably a direct consequence of the softening of the b fragmentation function;
it is now less likely to find an isolated ultra-hard B hadron.

We round off the discussion of heavy-quark fragmentation by noting that a similarly comprehen-
sive study of charm-quark fragmentation would be desirable. However, charm-quark tagged multi-
plicity and event-shape data is not available to our knowledge, and most of the D meson spectra on
HEPDATA concern only specific decay chains (hence depend on the decay modeling), and/or are lim-
ited to restricted fiducial regions (limiting their generality). Experimentally, the cleanest measurement
is obtained from D⇤ decays, and an inclusive momentum spectrum for D⇤ mesons has been measured
by ALEPH [55]. From this distribution, shown in fig. 11, we determine a value for rc of:

StringZ:rFactC = 1.32

We note that the low-x part of the D⇤ spectrum originates from g ! cc̄ shower splittings, while
the high-x tail represents prompt D⇤ production from leading charm in Z ! cc̄ (see [55] for a nice
figure illustrating this). The intermediate range contains a large component of feed-down from b ! c
decays, hence this distribution is also indirectly sensitive to the b-quark sector. The previous default
tune had a harder spectrum for both b- and c-fragmentation, leading to an overestimate of the high-x
part of the D⇤ distribution. The undershooting at low xD⇤ values, which remains unchanged in the
Monash tune, most likely indicates an underproduction of g ! cc̄ branchings in the shower. We note
that such an underproduction may also be reflected in the LHC data on D⇤ production, see e.g. [65].
We return to this issue in the discussion of identified particles at LHC, section 3.5.
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Constraints : Charm
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From ee to pp: multiple parton interactions (MPI)
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Rapidity

Nch density grows linearly with NMPI

Simple, clean, factorized picture …

Leading NC: each parton-parton 
interaction scatters ‘new’ colours 

→ incoherent addition of colours 

  1 or 2 strings per MPI



Anticipated already in first Pythia MPI model (Sjöstrand & van Zijl, 1987) 

Tevatron <Nch> and <ΣpT> in “Transverse” UE region 
Required ~ 100% CR (Rick Field, “Tune A”, 2002)

“CR” parameter = probability for MPI to just generate “kinks” on 
hard-process colour structure, rather than new strings of their own

!

WRONG!

+ Many new measurements and discoveries from LHC (& RHIC) 
(e.g., CMS ridge, ALICE strangeness vs Nch, …)

➤ Not a small effect, then …



The MPI are all within a proton radius of each other (in pp)
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Rapidity

Colour 
Ropes? QGP?

SU(3) Coherence 
Colour Reconnections?

String-String 
potentials & 
interactions?

Fertile ground for model building

Hadron rescatterings?

The picture today

Nch density still main indicator of <nMPI>



Brief Summary of “New” Theory Models in Pythia
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๏QCD-inspired CR  
•Stochastically sample subleading-NC connections according to SU(3) weights and 
choose among possibilities (incl colour-ϵ ones) based on string-length minimisation. 
•➤ some flow effects & additional baryons (incl multiply-heavy); no extra strangeness 

๏Ropes & Shoving 
•Ropes: allow QCD charges to combine into higher representations: 6, 10, 15, 21, 28, … 
with higher string tensions (Casimir scaling) ➤ more strangeness & more baryons 
•Shoving: explicit dynamical model of repulsion between different strings/ropes ➤ flow 

๏Thermodynamical String fragmentation 
๏+ Much ongoing work …  

•Hadronic Rescattering (Sjöstrand+Utheim) 
•HI extensions (Angantyr, PISTA)        & extensions with UrQMD (Bierlich et al.)  
•Interacting Strings: momentum-space alternative to ropes+shoving (Duncan+Skands) 
•Back to basics: fragmentation of a single string: early / out-of-equilibrium, and thermal 
effects. Time-varying string tension out soon. + other variants? E.g., UCLA model?

Christiansen, Skands, JHEP 1508 (2015) 003 

Bierlich, Gustafson, Lönnblad, Tarasov, JHEP 1503 (2015) 148 
Bierlich, Gustafson, Lönnblad, PLB 779 (2018) 58

Fischer, Sjöstrand, JHEP 1701 (2017) 140 

ColourReconnection:mode = 1



Some Suggestions for New Measurements
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๏Want to disentangle <pT>, <strangeness>, <baryons>, <Nch> 

•E.g., CR and “flow” increase <pT> without (directly) affecting <ϛ> 
•“Baryonic” CR can increase <ℬ> 
•Higher tensions/temperatures: correlated <pT>, <ϛ>, and <ℬ> 

๏Some Simple Questions: 
•How local are the <ϛ> and <ℬ> enhancement mechanisms? 

๏ How far in phase space is nearest anti-strange / anti-baryon?  
๏ For different values of Nch density, pTB or pT(b-jet), and ϛ density 
๏ E.g., heavy-flavour tag, say Bs ➤ know the endpoint flavour ➤ look for 

nearest anti-strange quark.  
๏ What is the distance in pT? in rapidity (along z / along b-jet)? in ΔR? 

•How do the HF fractions depend on event multiplicity?

•<ϛ> •<ℬ>•  (\varsigma)



Heavy-Flavour Baryons
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๏Example: QCD-inspired CR 
•Allows “junction reconnections”, e.g.: 

๏Generically expect dependence on 
multiplicity ➤ Measure <B/M>(Nch) ? 

•(Should be true for ropes, hydro, … too) 
•+ baryon-antibaryon rapidity dependence?

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
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n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1
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⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1
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⌃0
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⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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ColourReconnection:mode = 1 = 0
Christiansen, Skands, JHEP 1508 (2015) 003 

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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(d) Type IV: zipper-style junction reconnection

Figure 7: The four different allowed reconnection types. Type I (a) is the ordinary string reconnection.
Type II (b) is the formation of a connected junction antijunction pair. Type III (c) is the formation of
junction and antijunction, which are not directly connected. Type IV (d) is similar to type II except
that it allows for gluons to be added between the two junctions.

15

For the parameters used in that study,  
Λc/D+ increased by factor 2 

Λb/B+ by factor 3 
+ potentially larger changes for Σc,b(*)



Heavy-Flavour Baryons

Peter Skands  17Monash U.

๏Example: QCD-inspired CR 
•Allows “junction reconnections”, e.g.: 

๏Generically expect dependence on 
multiplicity ➤ Measure <B/M>(Nch) ? 

•(Should be true for ropes, hydro, … too) 
•+ baryon-antibaryon rapidity dependence?

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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ColourReconnection:mode = 1 = 0
Christiansen, Skands, JHEP 1508 (2015) 003 

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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(d) Type IV: zipper-style junction reconnection

Figure 7: The four different allowed reconnection types. Type I (a) is the ordinary string reconnection.
Type II (b) is the formation of a connected junction antijunction pair. Type III (c) is the formation of
junction and antijunction, which are not directly connected. Type IV (d) is similar to type II except
that it allows for gluons to be added between the two junctions.
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For the parameters used in that study,  
Λc/D+ increased by factor 2 

Λb/B+ by factor 3 
+ potentially larger changes for Σc,b(*)
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ti
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Hadronization: fragmentation and coalescenceHadronization: fragmentation and coalescence

Proton to pion ratio Enhancement:

In vacuum from fragmentation 
functions the ratio is small Dq→ p(z )

Dq→π (z)
< 0.25

Elliptic flow splitting:

For pT>2 GeV Both hydro and fragmentation 

predicts similar v2 for pions and protons

R. J. Fries, V. Greco, P. Sorensen 
Ann.Rev.Nucl.Part.Sci. 58 (2008) 177

Another hadronization mechanism is by coalescence

QM2018

Quite surprising …

QM2018

Alice coll. Zampolli 
SQM2019

S. Plumari, yesterday

Also: CMS 1906.03322

Fragmentation fraction ratio
❖ Fragmentation functions measured with B mesons : 

12

 

R ∝ fs
fu

∝ n co rr(B0
s → J/ψϕ)

n co rr(B+ → J/ψK+ )

• 4.8 σ evidence is seen for an fs/fu 
dependence on the collision energy.

•fs/fu is observed to depend on the B 
meson transverse momentum. 

arXiv:1910.09934

• fΛb/(fd+fu) is observed to depend on pT

•No rapidity dependance observed.
•pp@13TeV results are consistent with 

previous results pp@7 TeV.

arXiv:1902.06794

fΛb

fu + fd
∝ n co rr(Λ0

b)
n co rr(B̄0) + n co rr(B−)

fs
fu + fd

∝ n co rr(B̄0
s)

n co rr(B̄0) + n co rr(B−)

fs
fd

∝ n co rr(B0
s → D−

s π+ )
n co rr(B0 → (D−K+ |D−π+ )

• fs/fd is observed to depend linearly 
with pT (> 3%).

•No rapidity dependance observed.

arXiv:1910.09934
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Heavy-Flavour Baryons

Peter Skands  18Monash U.

๏Example: QCD-inspired CR 
•Allows “junction reconnections”, e.g.: 

๏Generically expect dependence on 
multiplicity ➤ Measure <B/M>(Nch) ? 

•(Should be true for ropes, hydro, … too) 
•+ baryon-antibaryon rapidity dependence?

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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ColourReconnection:mode = 1 = 0
Christiansen, Skands, JHEP 1508 (2015) 003 

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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(c) Type III: baryon-style junction reconnection
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(d) Type IV: zipper-style junction reconnection

Figure 7: The four different allowed reconnection types. Type I (a) is the ordinary string reconnection.
Type II (b) is the formation of a connected junction antijunction pair. Type III (c) is the formation of
junction and antijunction, which are not directly connected. Type IV (d) is similar to type II except
that it allows for gluons to be added between the two junctions.

15

For the parameters used in that study,  
Λc/D+ increased by factor 2 

Λb/B+ by factor 3 
+ potentially larger changes for Σc,b(*)

First step, e.g., ALICE D meson associated track multiplicities in arXiv:1910.14403

  

R
a
ti

o

Hadronization: fragmentation and coalescenceHadronization: fragmentation and coalescence

Proton to pion ratio Enhancement:

In vacuum from fragmentation 
functions the ratio is small Dq→ p(z )

Dq→π (z)
< 0.25

Elliptic flow splitting:

For pT>2 GeV Both hydro and fragmentation 

predicts similar v2 for pions and protons

R. J. Fries, V. Greco, P. Sorensen 
Ann.Rev.Nucl.Part.Sci. 58 (2008) 177

Another hadronization mechanism is by coalescence

QM2018

Quite surprising …

QM2018

Alice coll. Zampolli 
SQM2019

From S. Plumari, yesterday

Also: CMS 1906.03322



(Some) LHCb measurements

Peter Skands  19Monash U.

๏Bs/B+ vs event kinematics 
•From Bs → J/ψ φ  &  B+ → J/ψ K+ 
•No dependence on pLB, ηB 
•Decreasing trend with pTB  
•Would be highly interesting to 
see vs event multiplicity / 
associated track multiplicity 

๏Ds asymmetry (S. Klaver, Moriond 2018) 

•Strong pT dependence in Pythia, 
not seen in data 

๏ High pT ➤ Coherence effect?

Ds production asymmetry at 7-8 TeV

•  
  

• Various processes can cause production asymmetries, for the  
system this is not caused by the proton’s valence quarks 

•   

10
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Figure 3: E�ciency-corrected B0
s ! J/ � and B+ ! J/ K+ yield ratios (R) in bins of (a)

pBT , (b) pBL and (c) ⌘B. The ratios are scaled to match the measured fs/fd value (horizontal
blue lines, the ±1� interval is indicated by the dashed blue lines) at the positions indicated by
the vertical gray lines. The red dashed lines denote the results of the exponential fits used to
estimate the statistical significances of the variations (see text).
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• Comparison is made with Pythia 8 with LHCb tuning 

• Pythia shows a strong dependence on pT, whereas our 
measurement does not → can be used to tune Pythia  

• Values are integrated assuming flat acceptance:
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Multiply Heavy Hadrons?

Peter Skands  20Monash U.

๏Heavy flavours produced 
perturbatively, not in 
string/cluster breakups;  

•So why would multiply heavy 
hadrons be interesting as 
soft probes? 
•Because they also probe the 
confinement field in unique 
ways (colour-ϵijk) 

๏E.g., the Ξcc has been 
measured 

•Does its rate vary with 
associated track density?

Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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Particle New CR model (Npar/Nevents) Old CR model
string junction all Npar/Nevents (all)

⇡+ 2.5 · 101 0 2.5 · 101 2.4 · 101
p 2.5 1.4 3.8 3.2
n 2.4 1.3 3.7 3.2

�++ 6.1 · 10�1 4.5 · 10�1 1.1 8.9 · 10�1

�+ 6.0 · 10�1 4.0 · 10�1 1.0 8.6 · 10�1

�0 5.5 · 10�1 4.0 · 10�1 9.4 · 10�1 7.9 · 10�1

�� 4.7 · 10�1 4.4 · 10�1 9.1 · 10�1 7.1 · 10�1

K+ 5.2 0 5.2 5.1
⇤ 4.7 · 10�1 3.9 · 10�1 8.6 · 10�1 6.5 · 10�1

⌃+ 3.4 · 10�1 4.2 · 10�1 7.6 · 10�1 5.1 · 10�1

⌃0 3.5 · 10�1 4.5 · 10�1 7.9 · 10�1 5.1 · 10�1

⌃� 3.2 · 10�1 4.2 · 10�1 7.4 · 10�1 4.9 · 10�1

⌃⇤+ 9.6 · 10�2 8.9 · 10�2 1.9 · 10�1 1.5 · 10�1

⌃⇤0 9.2 · 10�2 7.7 · 10�2 1.7 · 10�1 1.4 · 10�1

⌃⇤� 8.3 · 10�2 8.7 · 10�2 1.7 · 10�1 1.3 · 10�1

⌅� 6.9 · 10�2 1.1 · 10�1 1.8 · 10�1 1.1 · 10�1

⌦� 2.0 · 10�3 1.3 · 10�2 1.5 · 10�2 3.9 · 10�3

D+ 5.3 · 10�2 0 5.3 · 10�2 6.5 · 10�2

⇤+
c 4.0 · 10�3 7.9 · 10�3 1.2 · 10�2 6.6 · 10�3

⌃++
c 2.7 · 10�4 1.3 · 10�2 1.3 · 10�2 5.4 · 10�4

⌃+
c 2.5 · 10�4 1.5 · 10�2 1.5 · 10�2 5.2 · 10�4

⌃0
c 2.5 · 10�4 1.3 · 10�2 1.3 · 10�2 5.1 · 10�4

⌃⇤++
c 5.1 · 10�4 1.7 · 10�3 2.2 · 10�3 9.5 · 10�4

⌃⇤+
c 4.9 · 10�4 1.9 · 10�3 2.4 · 10�3 9.4 · 10�4

⌃⇤0
c 4.8 · 10�4 1.7 · 10�3 2.2 · 10�3 9.1 · 10�4

ccq7 0 2.1 · 10�4 2.1 · 10�4 1.0 · 10�7

B+ 1.6 · 10�3 0 1.6 · 10�3 2.3 · 10�3

⇤0
b 1.9 · 10�4 6.3 · 10�4 8.2 · 10�4 3.9 · 10�4

⌃+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

⌃⇤+
b 1.1 · 10�5 9.3 · 10�4 9.5 · 10�4 3.1 · 10�5

⌃⇤0
b 1.2 · 10�5 1.0 · 10�3 1.0 · 10�3 3.7 · 10�5

⌃⇤�
b 1.1 · 10�5 9.3 · 10�4 9.4 · 10�4 3.2 · 10�5

bcq7 0 1.8 · 10�5 1.8 · 10�5 0
bbq7 0 1.1 · 10�6 1.1 · 10�6 0

Table 1: Primary particle and antiparticle production of identified hadrons. Ten million ND events
were simulated and all particles and antiparticles were counted. Hadron decays were switched off to
only look at the primary production.
7Double heavy baryons where the last q can be any quark.
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ColourReconnection:mode = 1 = 0
Christiansen, Skands, JHEP 1508 (2015) 003 

Note: the baryon “predictions” depend on poorly constrained model parameters; highlight measurement sensitivity

LHCb-PAPER-2019-037



To discuss: observables to tell apart …

Peter Skands  21Monash U.

๏CR: longitudinal (1D) strings + transverse boosts: flow-like effects 
•No <ϛ> enhancement; low velocity dispersions relative to common boosts 
•Additional tracers: multiply heavy baryons (will at least ➤ constraints!) 

๏Ropes etc: longitudinal (1D) strings with higher effective tensions 
•Strangeness enhancement + higher <pT>, but still “1D”  
•➤ rank ordering, const dN/dy? 

๏Shoving etc.: Longitudinal strings with transverse repulsions 
•1D “rank” still relevant for <ℬ>, <ϛ>, and (local) pT conservation ➤ 
correlations? 
•+ higher tensions? Is <pT> correlated or anti-correlated with <ϛ>, <ℬ> ? 

๏Thermal/Statistical systems: 3D systems with higher effective T 
•Very high dispersions, 3D.  
•Quantum number and pT conservation not ordered in “rank” at all?
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What a strange world we live in, said Alice [to the queen of hearts]

PE T E R  SK A N D S "23

๏We wanted to know if “violent” collision 
events produced higher-strength fields. 
๏Smoking gun would be a higher fraction 
of strange particles being produced  

•(higher-strength fields ⟹ more energy per 
“space-time volume” ⟹ easier to produce 
higher-mass quark-antiquark pairs) 

๏Jackpot!  

•
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Strangeness 1

Strangeness 1

Strangeness 2

Strangeness 3

D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics

Relative Strangeness 
Production
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• Quantified via strange to non-strange 
integrated particle ratios vs d"#$/d&

• Significant enhancement of strange 
and multi-strange particle production 

• MC predictions do not describe this 
observation satisfactorily

5

ALICE, arXiv:1606.07424
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[1] Comput. Phys. Commun. 178 (2008) 852–867
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)

[1]
[2]

[3]

•Now working on models in which nearby 
fragmenting fields interact with each other. 
•Interactions between QCD strings! 
•Higher tensions + repulsion effects ➤ 
modifications in high-density environments 
•(Competing idea: the whole thing turns into 
a near-perfect liquid which gets heated up.)



D meson associated tracks (ALICE)

Peter Skands  24Monash U.

Prompt D meson-charged particle correlations in pp, p–Pb at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 8: The average of the azimuthal-correlation functions of D0, D+, and D⇤+ mesons with associated par-
ticles, after the subtraction of the baseline, in pp collisions at

p
s = 5.02 TeV, compared to predictions from the

PYTHIA, POWHEG+PYTHIA6, POWHEG LO+PYTHIA6, HERWIG, and EPOS 3 event generators with var-
ious configurations (see text for details). The functions are shown for 3 < p

D
T < 5 GeV/c, 5 < p

D
T < 8 GeV/c,

8 < p
D
T < 16 GeV/c, and 16 < p

D
T < 24 GeV/c (from left to right) and p
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T > 0.3 GeV/c, 0.3 < p
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T < 1 GeV/c,
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T < 2 GeV/c, and 2 < p

assoc
T < 3 GeV/c (from top to bottom). Statistical and Dj-dependent systematic

uncertainties are shown as vertical error bars and boxes, respectively, while the Dj-independent uncertainties are
written as text. The uncertainties from the subtraction of the baseline are displayed as boxes at Dj > p .

also for the understanding of the dependence of heavy-flavour production on the charged-particle multi-
plicity measured in the same rapidity window of the heavy-flavour signals [65]. Disentangling the role of
jet-biases from effects related to genuine global event properties is fundamental for properly interpreting
the measured trends, especially their pT dependence [66].

A more detailed investigation can be performed by quantifying the peak yields and widths extracted from
the fit to the correlation functions. In Fig. 9, the comparison of near-side peak yields and widths from data
and simulation is shown, as a function of the D-meson pT, for p

assoc
T > 0.3 GeV/c and for the three p

assoc
T

sub-ranges analysed, in pp collisions at
p

s = 5.02 TeV. In the top row (third row down), the absolute
value of the yields (widths) are displayed, while the second (fourth) row down reports the ratios of the
yields (widths) to those obtained with POWHEG+PYTHIA6, which reduces the visual impact of the sta-
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Figure 2: Examples of the fit to the D-meson average azimuthal-correlation function, for 5 < p
D
T < 8 GeV/c,

p
assoc
T > 0.3 GeV/c in pp collisions (left), and for 8 < p

D
T < 16 GeV/c, 1 < p

assoc
T < 2 GeV/c in p–Pb collisions

(right). The statistical uncertainties are shown as vertical error bars. The fit function described in Eq. 3 is shown
as a red solid curve. Its different terms are shown separately: near-side generalised Gaussian function, away-side
Gaussian function, and baseline constant term. The scale uncertainty (see Sec. 4) is also reported for completeness.

An uncertainty ranging from 1 to 3%, depending on p
D
T and on the D-meson species, was assigned in

both pp and p–Pb collisions for the possible dependence of the shape of background correlation function
on the invariant-mass value of the trigger D meson. This source of uncertainty was determined by
evaluating C̃(Dj,Dh)sidebands, defining a different invariant-mass sideband range, and also considering,
for D0 and D+ mesons, only the left or only the right sideband for the evaluation of C̃(Dj,Dh)sidebands.
No significant dependence on Dj was obtained for this uncertainty.

A systematic effect originating from the correction of the D-meson reconstruction efficiency, due to pos-
sible differences of the topological variable distributions between Monte Carlo and data, was evaluated
by repeating the analysis applying tighter and looser topological selections on the D-meson candidates.
An uncertainty up to 2.5% (2%), increasing for smaller p

D
T values, was assigned in pp (p–Pb) colli-

sions. No significant dependence on Dj was observed. The same uncertainty was estimated for the three
D-meson species.

The systematic uncertainty originating from the evaluation of the associated track reconstruction effi-
ciency was estimated by varying the quality selection criteria applied to the reconstructed tracks, re-
moving the request of at least two associated clusters in the ITS, or requiring a hit on at least one of
the two SPD layers, or varying the request on the number of space points reconstructed in the TPC. An
uncertainty up to 4.5% (3%), was assessed for pp (p–Pb) collisions. No significant trend in Dj was
observed.

The uncertainty on the evaluation of the residual contamination from secondary tracks was determined
by repeating the analysis varying the selection on the DCA in the xy plane from 0.1 to 1 cm, and re-
evaluating the purity of associated primary particles for each variation. This resulted in a 2% (3%) max-
imum systematic uncertainty on the azimuthal-correlation functions in pp (p–Pb) collisions, decreasing
with increasing p

assoc
T and with negligible Dj dependence.

The uncertainty on the subtraction of the beauty feed-down contribution was quantified by generating
the templates of feed-down azimuthal-correlation functions with different event generators (PYTHIA6
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Abstract

The measurement of the azimuthal-correlation function of prompt D mesons with charged particles
in pp collisions at

p
s = 5.02 TeV and p–Pb collisions at

p
sNN = 5.02 TeV with the ALICE detector

at the LHC is reported. The D0, D+, and D⇤+ mesons, together with their charge conjugates, were
reconstructed at midrapidity in the transverse momentum interval 3 < pT < 24 GeV/c and correlated
with charged particles having pT > 0.3 GeV/c and pseudorapidity |h | < 0.8. The properties of the
correlation peaks appearing in the near- and away-side regions (for Dj ⇡ 0 and Dj ⇡ p , respec-
tively) were extracted via a fit to the azimuthal correlation functions. The shape of the correlation
functions and the near- and away-side peak features are found to be consistent in pp and p–Pb colli-
sions, showing no modifications due to nuclear effects within uncertainties. The results are compared
with predictions from Monte Carlo simulations performed with the PYTHIA, POWHEG+PYTHIA,
HERWIG, and EPOS 3 event generators.
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Figure 9: Measurements of near-side associated peak yields (top row) and widths (third row down) in pp collisions
at

p
s = 5.02 TeV, compared to predictions by the PYTHIA, POWHEG+PYTHIA6, POWHEG LO+PYTHIA6,

HERWIG, and EPOS 3 event generators with various configurations (see text for details). The ratios of yield
(width) values with respect to the predictions by POWHEG+PYTHIA6 are shown in the second (fourth) row
down. Results are presented as a function of the D-meson pT, for p

assoc
T > 0.3 GeV/c, 0.3 < p

assoc
T < 1 GeV/c,

1 < p
assoc
T < 2 GeV/c, and 2 < p

assoc
T < 3 GeV/c (from left to right). Statistical and systematic uncertainties are

shown as vertical error bars and boxes, respectively.

tistical fluctuations of the data points. As already visible from Fig. 8, EPOS 3 predicts the largest values
of the near-side yields, followed by POWHEG+PYTHIA6, while POWHEG LO+PYTHIA6 shows about
10% lower yields with respect to the version with NLO accuracy. The latter difference could be explained
by a different relative contribution of the NLO production mechanisms, in particular the gluon splitting,
present already at the level of the hard scattering for POWHEG+PYTHIA6. PYTHIA8 provides near-
side yield values comparable to those of POWHEG LO+PYTHIA6, while PYTHIA6 yields are slightly
lower. HERWIG expectations for near-side yields are the lowest, except for the 0.3 < p

assoc
T < 1 GeV/c

range, where they are comparable to PYTHIA8 expectations. POWHEG+PYTHIA6 and POWHEG
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Figure 10: Measurements of away-side associated peak yields (top row) and widths (third row down) in
pp collisions at

p
s = 5.02 TeV, compared to predictions by the PYTHIA, POWHEG+PYTHIA6, POWHEG

LO+PYTHIA6, and HERWIG event generators with various configurations (see text for details). The ratios of
yield (width) values with respect to the predictions by POWHEG+PYTHIA6 are shown in the second (fourth) row
down. Results are presented as a function of the D-meson pT, for p

assoc
T > 0.3 GeV/c, 0.3 < p

assoc
T < 1 GeV/c,

1 < p
assoc
T < 2 GeV/c, and 2 < p

assoc
T < 3 GeV/c (from left to right). Statistical and systematic uncertainties are

shown as vertical error bars and boxes, respectively.

and POWHEG+PYTHIA6 tend to underpredict data values, with the first three models catching well the
p

D
T dependence, while POWHEG+PYTHIA6 also predicting a different behaviour against p

D
T .

The baseline-subtracted azimuthal-correlation functions of D mesons with associated particles measured
in p–Pb collisions were compared to simulations from PYTHIA6, PYTHIA8, and POWHEG+PYTHIA6
event generators. The only modifications of the configuration of these models with respect to that used
in pp collisions consisted of a rapidity shift of the centre-of-mass system and, for POWHEG+PYTHIA6,
a nuclear correction for the parton distribution functions [68], which induced negligible effects on the
model expectations. The comparison between these models and the results from p–Pb collision yielded
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model expectations. The comparison between these models and the results from p–Pb collision yielded

20

Prompt D meson-charged particle correlations in pp, p–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

ALICE

As
so

cia
te

d 
yie

ld

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

Away side
c > 0.3 GeV/assoc

T
p c < 1 GeV/assoc

T
p0.3 < 

PYTHIA6, Perugia 2011
PYTHIA8, Tune 4C

 = 5.02 TeVspp, 
c < 2 GeV/assoc

T
p1 < 

HERWIG 7
POWHEG+PYTHIA6
POWHEG LO+PYTHIA6

c < 3 GeV/assoc
T
p2 < 

| < 1η∆| < 0.5, |cms
Dy|

PO
W

HE
G

+P
YT

HI
A6

Ra
tio

 o
f y

ie
ld

s 
to

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Pe
ak

 w
id

th
 (r

ad
)

0

0.2

0.4

0.6

0.8

1

)c (GeV/
T
pD-meson 

0 5 10 15 20 25

PO
W

HE
G

+P
YT

HI
A6

Ra
tio

 o
f w

id
th

s 
to

0.4

0.6

0.8
1

1.2

1.4

1.6

)c (GeV/
T
pD-meson 

0 5 10 15 20 25
)c (GeV/

T
pD-meson 

0 5 10 15 20 25
)c (GeV/

T
pD-meson 

0 5 10 15 20 25

Figure 10: Measurements of away-side associated peak yields (top row) and widths (third row down) in
pp collisions at

p
s = 5.02 TeV, compared to predictions by the PYTHIA, POWHEG+PYTHIA6, POWHEG

LO+PYTHIA6, and HERWIG event generators with various configurations (see text for details). The ratios of
yield (width) values with respect to the predictions by POWHEG+PYTHIA6 are shown in the second (fourth) row
down. Results are presented as a function of the D-meson pT, for p

assoc
T > 0.3 GeV/c, 0.3 < p

assoc
T < 1 GeV/c,

1 < p
assoc
T < 2 GeV/c, and 2 < p

assoc
T < 3 GeV/c (from left to right). Statistical and systematic uncertainties are

shown as vertical error bars and boxes, respectively.

and POWHEG+PYTHIA6 tend to underpredict data values, with the first three models catching well the
p

D
T dependence, while POWHEG+PYTHIA6 also predicting a different behaviour against p

D
T .

The baseline-subtracted azimuthal-correlation functions of D mesons with associated particles measured
in p–Pb collisions were compared to simulations from PYTHIA6, PYTHIA8, and POWHEG+PYTHIA6
event generators. The only modifications of the configuration of these models with respect to that used
in pp collisions consisted of a rapidity shift of the centre-of-mass system and, for POWHEG+PYTHIA6,
a nuclear correction for the parton distribution functions [68], which induced negligible effects on the
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Figure 11: Measurements of azimuthal-correlation function baseline height in pp collisions at
p

s = 5.02 TeV,
compared to predictions by the PYTHIA, POWHEG+PYTHIA6, POWHEG LO+PYTHIA6, HERWIG, and EPOS
3 event generators with various configurations in the top row (see text for details). The ratios of baselines with
respect to predictions by POWHEG+PYTHIA6 are shown in the bottom row. Results are presented as a function
of the D-meson pT, for p

assoc
T > 0.3 GeV/c, 0.3 < p

assoc
T < 1 GeV/c, 1 < p

assoc
T < 2 GeV/c, and 2 < p

assoc
T < 3 GeV/c

(from left to right). Statistical and systematic uncertainties are shown as vertical error bars and boxes, respectively.

very similar conclusions as those discussed for pp collisions, not only in terms of an overall agreement
between data and models, but also for the differences previously mentioned for specific observables and
kinematic ranges. This was expected, given the overall agreement of measurements in the two collision
systems as discussed in Sec. 5.1, where additional cold-nuclear-matter effects, not included in the models,
could also be present.
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very similar conclusions as those discussed for pp collisions, not only in terms of an overall agreement
between data and models, but also for the differences previously mentioned for specific observables and
kinematic ranges. This was expected, given the overall agreement of measurements in the two collision
systems as discussed in Sec. 5.1, where additional cold-nuclear-matter effects, not included in the models,
could also be present.
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very similar conclusions as those discussed for pp collisions, not only in terms of an overall agreement
between data and models, but also for the differences previously mentioned for specific observables and
kinematic ranges. This was expected, given the overall agreement of measurements in the two collision
systems as discussed in Sec. 5.1, where additional cold-nuclear-matter effects, not included in the models,
could also be present.
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Figure 7: (Color online) Comparison of the K⇤0 (left) and f (right) pT spectra measured in inelastic pp
collisions with those obtained from PYTHIA8 (Monash tune) [7], PHOJET [8, 9] and EPOS-LHC ??.
The bottom plots show the ratios of the pT spectra from the models to the measured pT spectra by ALICE.
The total fractional uncertainties from data are shown as shaded boxes.

f meson completely. These pp results will serve as baseline for the measurements in p–Pb and Pb–Pb
collisions.
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K⇤(892)0
and f(1020) production at midrapidity in pp collisions at

p
s = 8

TeV

ALICE Collaboration⇤

Abstract

The production of K⇤(892)0 and f(1020) in pp collisions at
p

s = 8 TeV were measured using Run 1
data collected by the ALICE collaboration at the LHC. The pT-differential yields d2

N/dydpT in the
range 0 < pT < 20 GeV/c for K⇤0 and 0.4 < pT < 16 GeV/c for f have been measured at midrapidity
|y| < 0.5. Moreover, improved measurements of the K⇤0(892) and f(1020) at

p
s = 7 TeV are

presented. The collision energy dependence of pT distributions, pT-integrated yields and particle
ratios in inelastic pp collisions are examined. The results are also compared with different collision
systems. The values of the particle ratios are measured to be similar to those found at other LHC
energies. In pp collisions a hardening of the particle spectra is observed with increasing energy, but at
the same time it is also observed that the relative particle abundances are independent of the collision
energy. The pT-differential yields of K⇤0 and f in pp collisions at

p
s = 8 TeV are compared with the

expectations of different Monte Carlo event generators.

⇤See Appendix A for the list of collaboration members
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Figure 6: (Color online) Particle ratio f / K⇤0 presented for pp collisions [12, 25, 27, 28] as a function
of the collision energy. Bars (when present) represent statistical uncertainties. Boxes represent the total
systematic uncertainties or the total uncertainties for cases when separate statistical uncertainties were
not reported.

state partonic system consists of longitudinal flux tubes which fragment into string segments. The high
energy density string segments form the so-called “core” region, which evolves hydrodynamically to
form the bulk part of the system in the final state. The low-density region is known as the “corona”,
which expands and breaks via the production of quark-antiquark pairs and hadronises using the vacuum
string fragmentation. Recent data from LHC have been used already to tune the EPOS-LHC model [6].

Figure 7 shows a comparison of the K⇤0 (left) and f (right) pT spectra in inelastic pp collisions with
PYTHIA8, PHOJET and EPOS-LHC. The bottom panels show the ratios of the pT spectra from models
to the measured pT spectra by ALICE. The total fractional uncertainties from the real data, including
both statistical and systematic uncertainties are shown as shaded boxes. PYTHIA 8 overestimates the pT
spectra for K⇤0 at very low pT but describes in the intermediate-pT region, which approaches the experi-
mental data at high pT. For the f meson, PYTHIA 8 under predicts the yields from the experimental data
by about a factor of two. PHOJET has a softer pT spectrum for K⇤0 and it explains the data above pT >
4 GeV/c. For the f meson, PHOJET predicts the yields similarly as PHYTHIA 8 at low pT, while it ap-
proaches the experimental data at higher pT. For the K⇤0, EPOS-LHC describes the pT spectra at low pT
and overestimates the data above 4 GeV/c. For the f meson when PYTHIA and PHOJET fail to describe
the pT-spectra, the EPOS-LHC model approaches to the data at low pT and deviates monotonically from
it with increasing pT.

5 Conclusions

The measurements are presented for K⇤0 and f production at midrapidity in inelastic pp collisions atp
s = 8 TeV in the range 0 < pT < 20 GeV/c for K⇤0 and 0.4 < pT < 16 GeV/c for f . Also, updated

measurements at
p

s = 7 TeV are presented, which improve the results previously published in [12]. In
comparison to other LHC energies, a hardening of the pT spectra is observed with an increasing collision
energy. The K⇤0/p and f/p ratios are independent of collision energy within systematic uncertainties.
This indicates that there is no strangeness enhancement in inelastic pp collisions as the collision energy
is increased. Similar behavior is observed for the K⇤0/K and f/K ratios as a function of collision
energy. Also, no energy dependence of the f /K⇤0 ratio in minimum bias pp collisions at LHC energies is
observed, which suggests there is no energy dependence of the chemistry of the system. None of the MC
models seem to explain the K⇤0 spectra in complete pT region whereas PHOJET and PYTHIA describe
the data for intermediate and high-pT regions. However, the MC models fail to explain the pT spectra of
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Figure 4: (Color online) Particle ratios of K⇤0/p (left) and f/p (right) are presented for pp collisions as a
function of the collision energy. Bars (when present) represent statistical uncertainties. Boxes represent
the total systematic uncertainties or the total uncertainties for cases when separate statistical uncertainties
were not reported. [10–12, 25, 27–32]
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Figure 5: (Color online) Particle ratios of K⇤0/K (left) and f /K (right) are presented for pp, high-
multiplicity p–Pb, central d–Au, and central A–A collisions [10–12, 27–30, 32–41] as a function of the
collision energy. Bars (when present) represent statistical uncertainties. Boxes represent the total sys-
tematic uncertainties or the total uncertainties for cases when separate statistical uncertainties were not
reported. The value given by a grand-canonical thermal model with a chemical freeze-out temperature
of 156 MeV [26] is also shown.

4.4 Comparison to models

QCD-inspired MC event generators like PYTHIA 8 [7], PHOJET [8, 9] and EPOS-LHC [6] are used
to study multi-particle production, which is predominantly a soft, non-perturbative process. The mea-
surements are compared with the MC model predictions. PYTHIA 8 and PHOJET use the Lund string
fragmentation model [42] for the hadronisation of light and heavy quarks. We compare our data with
the Monash 2013 tune [7] for PYTHIA 8, which is an updated parameter set for the Lund hadronisation
compared to previous tunes. To describe the non-perturbative phenomena (soft/semi-hard processes), PY-
THIA 8 includes multiple parton�parton interactions while PHOJET uses the Dual Parton Model [43].
For hard scatterings, particle production in both models is based on perturbative QCD and only consider
two particle scatterings. For multiple scatterings, the EPOS-LHC model invokes Gribov’s Reggeon Field
Theory [44], which features a collective hadronisation via the core-corona mechanism [45]. The final
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Figure 4: (Color online) Particle ratios of K⇤0/p (left) and f/p (right) are presented for pp collisions as a
function of the collision energy. Bars (when present) represent statistical uncertainties. Boxes represent
the total systematic uncertainties or the total uncertainties for cases when separate statistical uncertainties
were not reported. [10–12, 25, 27–32]
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Figure 5: (Color online) Particle ratios of K⇤0/K (left) and f /K (right) are presented for pp, high-
multiplicity p–Pb, central d–Au, and central A–A collisions [10–12, 27–30, 32–41] as a function of the
collision energy. Bars (when present) represent statistical uncertainties. Boxes represent the total sys-
tematic uncertainties or the total uncertainties for cases when separate statistical uncertainties were not
reported. The value given by a grand-canonical thermal model with a chemical freeze-out temperature
of 156 MeV [26] is also shown.

4.4 Comparison to models

QCD-inspired MC event generators like PYTHIA 8 [7], PHOJET [8, 9] and EPOS-LHC [6] are used
to study multi-particle production, which is predominantly a soft, non-perturbative process. The mea-
surements are compared with the MC model predictions. PYTHIA 8 and PHOJET use the Lund string
fragmentation model [42] for the hadronisation of light and heavy quarks. We compare our data with
the Monash 2013 tune [7] for PYTHIA 8, which is an updated parameter set for the Lund hadronisation
compared to previous tunes. To describe the non-perturbative phenomena (soft/semi-hard processes), PY-
THIA 8 includes multiple parton�parton interactions while PHOJET uses the Dual Parton Model [43].
For hard scatterings, particle production in both models is based on perturbative QCD and only consider
two particle scatterings. For multiple scatterings, the EPOS-LHC model invokes Gribov’s Reggeon Field
Theory [44], which features a collective hadronisation via the core-corona mechanism [45]. The final
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Figure 2: (Color online) Mean transverse momenta hpTi of K⇤0 and � as functions of hdNch/dhi|h |<0.5. Results
are shown for pp collisions at

p
s = 13 and 7 TeV [13], as well as for p–Pb collisions at

p
sNN = 5.02 TeV [9]. The

measurements in pp collisions at
p

s = 13 TeV are also compared to values from common event generators [28,
33, 58, 59]. Bars represent statistical uncertainties, open boxes represent total systematic uncertainties, and shaded
boxes show the systematic uncertainties that are uncorrelated between multiplicity classes (negligible for p–Pb).

to the extrapolation in class I (X) is 1% (4.4%). The K⇤0 is measured down to pT = 0 and no low-pT
extrapolation is needed. In both cases, the extrapolated yield at high pT is negligible. The systematic
uncertainties on the yield and hpTi are obtained by varying the criteria used in the default analysis. To
investigate whether the changes in the yield dN/dy and hpTi are correlated across different multiplicity
bins, the effect of changing each criterion is simultaneously evaluated for both the minimum bias event
class and each individual multiplicity class. The multiplicity-correlated and uncorrelated components of
the systematic uncertainties are separated, with the latter being plotted as shaded boxes in Figs. 2-5.

The mean transverse momenta hpTi for K⇤0 and � are shown in Fig. 2 as functions of hdNch/dhi|h |<0.5
and compared with other ALICE measurements and results from model calculations. The hpTi values in
pp collisions at

p
s = 7 TeV [13] and 13 TeV follow approximately the same trend. The hpTi values of

K⇤0 and � rise slightly faster as a function of hdNch/dhi|h |<0.5 in pp collisions than in p–Pb collisions
for hdNch/dhi|h |<0.5 & 5; the hpTi values in pp and p–Pb collisions both rise faster than those in Pb–Pb
collisions as discussed in [9, 13]. The measured hpTi values are compared with five different model
calculations: PYTHIA6 (Perugia 2011 tune) [58], PYTHIA8 (Monash 2013 tune, both with and without
color reconnection) [59], EPOS-LHC [33], and DIPSY [28]. PYTHIA8 without color reconnection
provides an almost constant hpTi as hdNch/dhi|h |<0.5 increases; this is a very different behavior with
respect to the trends measured by ALICE and given by the other model calculations. Turning color
reconnection on in PYTHIA8 gives better qualitative agreement with the measurements, although the
calculation still somewhat underestimates the hpTi values for hadrons containing strange quarks (K0

S,
K⇤0, �, L, X, and W) [14]. Color reconnection in PYTHIA8 introduces a flow-like effect, resulting in
an increase in hpTi values with increasing multiplicity without assuming the formation of a medium that
could flow [50]. PYTHIA 6 provides a good description of the hpTi values for �, but underestimates
hpTi for K⇤0. The hpTi values predicted by EPOS-LHC are consistent with the measured values for �,
but slightly below the values for K⇤0. Among the model results obtained for the present work, EPOS-
LHC gives the best agreement with the measured data. DIPSY gives a larger increase in hpTi from low to
high hdNch/dhi|h |<0.5 than is actually observed; this discrepancy is greater for the � and is also observed
for other strange hadrons [14].
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as a function of hdNch/dhi|h |<0.5 [14]. The values for
X�+X+ are shifted horizontally for visibility. Bars
represent statistical uncertainties, open boxes repre-
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show the systematic uncertainties that are uncorrelated
between multiplicity classes.

The values of hpTi for K⇤0 and � are compared with those for K0
S and strange baryons in the same

collision system in Fig. 3. In central A–A collisions, a mass ordering of the hpTi values is observed;
particles with similar masses (e.g., K⇤0, p, and �) have similar hpTi [9, 46]. This behavior has been
interpreted as evidence that radial flow could be a dominant factor in determining the shapes of hadron
pT spectra in central A–A collisions. However, this mass ordering breaks down for peripheral Pb–Pb
collisions, as well as p–Pb and pp collisions (see Fig. 7 in [11] and measurements reported in [13, 14]).
In pp collisions at

p
s = 13 TeV, the hpTi values for K⇤0 and � are greater than those for the more

massive L for the same multiplicity classes. The hpTi values for � even approach those for X, despite
the aproximately 30% larger mass of the X. This could be a manifestation of differences between the
pT spectra of mesons and baryons or different behavior for resonances in comparison to the longer lived
particles. In [13], the Boltzmann-Gibbs blast-wave model was used to predict the pT spectra of light-
flavor hadrons based on a combined fit of ⇡±, K±, and (anti)proton pT spectra. This study suggested
that strange hadrons (K0

S, L, X, and W) and other light-flavor hadrons might participate in a common
radial flow, even in pp collisions, but that K⇤0 and � do not follow this common radial expansion (for
details of this study, see [13]). The same behavior could result in the violation of mass ordering for
hpTi seen at

p
s = 13 TeV. A deviation of the hpTi values of short-lived resonances above the trend for

other hadrons could in principle be explained by re-scattering of the resonance-decay daughters during
the hadronic phase of the collision, which is expected to be most important at low pT [36]. However,
the strongest re-scattering phenomena occur in central A–A collisions, where no deviation from mass
ordering is observed. In addition, such effects would be stronger for the shorter lived K⇤0 than for the �,
which decays predominantly outside the hadronic phase (even in central A–A collisions) and should be
minimally affected by re-scattering. On the other hand, the observed violation of mass ordering could be
due to differences between baryon and meson pT spectra. Baryon-to-meson ratios such as p/⇡ and L/K0

S
are observed [8, 13] to be enhanced at intermediate pT (⇠ 3 GeV/c), even in pp and p–Pb collisions, while
similar enhancement is not observed in meson-to-meson ratios like K/⇡. Differences between baryons
and mesons have also been observed in the mT spectra of hadrons measured at RHIC energies [65, 66].
For mT & 1 GeV/c, meson mT spectra follow one common trend, while baryons follow a different, more
steeply falling trend as a function of mT. Such differences between the shapes of baryon and meson
spectra may result in mesons having larger hpTi values than baryons with comparable masses. The
breakdown of mass ordering, with hpT(p)i< hpT(K⇤0)i ⇡ hpT(L)i< hpT(�)i ⇡ hpT(X)i, is a common
feature of the models shown in Fig. 2. This behavior may be a consequence of hadron production via
fragmentation at high pT or mT; meson formation requires only the production of a quark-antiquark pair,
while baryon formation requires a diquark-antidiquark pair [65].
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Figure 5: (Color online) Ratios of pT-integrated particle yields K⇤0/K, �/K, and X/� in pp collisions atp
s = 13 TeV as functions of hdNch/dhi|h |<0.5 [14]. These measurements are compared with data from p–Pb

collisions at
p

sNN = 5.02 TeV [9, 10] and Pb–Pb collisions at
p

sNN = 2.76 TeV [43, 44], as well as results from
common event generators [28, 33, 58, 59] and a Canonical Statistical Model calculation [13].

overestimates the �/K ratio, but is closer to the measured values than PYTHIA, which significantly un-
derestimates �/K. While PYTHIA6 and DIPSY underestimate the �/K ratio, both results exhibit small
increases with increasing multiplicity, which is qualitatively similar to the measured trend. In addition,
Fig. 5 also includes the results of a canonical statistical model (CSM) calculation [13] with a chemical
freeze-out temperature of 156 MeV; this calculation does not describe the behavior of the measured �/K
ratio for the hdNch/dhi|h |<0.5 range spanned by the ALICE pp measurements.

In addition to comparing the yields of � and kaons, it may be instructive to compare X and �. These
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Multiplicity dependence of K*(892)
0

and �(1020)

production in pp collisions at
p

s = 13 TeV

ALICE Collaboration⇤

Abstract

Measurements of identified hadrons as a function of the charged-particle multiplicity in pp collisions
enable a search for the onset of collective effects in small collision systems. With such measurements,
it is possible to study the mechanisms that determine the shapes of hadron transverse momentum (pT)
spectra, to search for possible modifications of the yields of short-lived hadronic resonances due to
scattering effects in the hadron-gas phase, and to investigate different explanations for the multiplicity
evolution of strangeness production provided by phenomenological models. In this paper, these
topics are addressed through measurements of the K⇤(892)0 and �(1020) mesons at midrapidity in
pp collisions at

p
s = 13 TeV as a function of the charged-particle multiplicity. The results include

the pT spectra, pT-integrated yields, mean transverse momenta, and the ratios of the yields of these
resonances to those of longer-lived hadrons. Comparisons with results from other collision systems
and energies, as well as predictions from phenomenological models, are also discussed.

⇤See Appendix A for the list of collaboration members
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overestimates the �/K ratio, but is closer to the measured values than PYTHIA, which significantly un-
derestimates �/K. While PYTHIA6 and DIPSY underestimate the �/K ratio, both results exhibit small
increases with increasing multiplicity, which is qualitatively similar to the measured trend. In addition,
Fig. 5 also includes the results of a canonical statistical model (CSM) calculation [13] with a chemical
freeze-out temperature of 156 MeV; this calculation does not describe the behavior of the measured �/K
ratio for the hdNch/dhi|h |<0.5 range spanned by the ALICE pp measurements.

In addition to comparing the yields of � and kaons, it may be instructive to compare X and �. These
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