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§ The	enhanced	production	of	strangeness	relative	to	u
and	d quarks	was	one	of	the	first	proposed	signatures	
of	QGP	formation

- Thermal	strangeness	equilibration	in	a	QGP	regime	can	
be	achieved	due	to	gluon	fusion	processes

→ Strangeness	enhancement

J.	Rafelski and	B.	Müller,	PRL48,	1066	(1982)
P.	Koch,	B.	Müller,	J.	Rafelski,	Phys.	Rep.	142,	167	(1986)
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§ The	enhanced	production	of	strangeness	relative	to	u
and	d quarks	was	one	of	the	first	proposed	signatures	
of	QGP	formation

- Thermal	strangeness	equilibration	in	a	QGP	regime	can	
be	achieved	due	to	gluon	fusion	processes

→ Strangeness	enhancement

J.	Rafelski and	B.	Müller,	PRL48,	1066	(1982)
P.	Koch,	B.	Müller,	J.	Rafelski,	Phys.	Rep.	142,	167	(1986)

§ In	small	systems,	multi-strange	baryons	should	be	highly	suppressed
- Conservation	laws	must	be	implemented	locally	– Canonical	Formulation
- The	canonical	conservation	of	quantum	numbers	severely	reduces	the	phase	space	available	

for	particle	production
S.	Hamieh,	K.	Redlich,	A.	Tounsi,	Phys.	Lett.	B	486	(2000)	61

A.	Tounsi,	K.	Redlich,	arXiv:hep-ph/0111159

→ Strangeness	canonical	suppression (in	a	hadronic equilibrium	thermal	model)
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→ Strangeness	enhancement	in	A-A
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Phys.	Lett.	B	728	(2014)	216–227

Glauber Model	calculations
Npart→ number	of	participants	nucleons

mapped	onto	centrality	intervals	expressed	as	
percentages	of	the	cross	section
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Stronger	for	lower	
energy	experiments!

Why?
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SPS

RHIC
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Phys.	Lett.	B	728	(2014)	216–227

Stronger	for	lower	
energy	experiments!

Why?

Possible	explanation: the	enhancement	in	A-A	actually	comes	from	a	suppression	in	pp,	
which	is	more	important	for	lower	energies
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→ Strangeness	enhancement: hyperon-to-pion	ratio
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§ Clear	increase	of	strange	hadron	production	relative	to	
pions is	observed	in	A-A	collisions	as	a	function	of	the	
collision	centrality

pp

Phys.	Lett.	B	728	(2014)	216–227



Introduction	and	Motivation

R.D.	de	Souza		|		29th	Rencontres	de	Blois		|		28	May	- 2	Jun,	2017 10

→ Strangeness	enhancement: hyperon-to-pion	ratio

〉
part

N〈
1 10 210

H
yp

e
ro

n
-t

o
-p

io
n
 r

a
tio

-410

-310

π/Ξ

π/Ω

ALICE Pb-Pb at 2.76 TeV

ALICE pp at 7 TeV

ALICE pp at 900 GeV

STAR Au-Au, pp at 200 GeV

ALICE Pb-Pb at 2.76 TeV

ALICE pp at 7 TeV

STAR Au-Au, pp at 200 GeV

(c)

ALI−PUB−78357

§ Clear	increase	of	strange	hadron	production	relative	to	
pions is	observed	in	A-A	collisions	as	a	function	of	the	
collision	centrality

§ The	ratios	saturate	towards	central	A-A	collisions	(larger	
systems),	matching	with	predictions	from	thermal	
approaches	using	Grand-Canonical	(GC)	formulation

pp

Phys.	Lett.	B	728	(2014)	216–227
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§ The	strangeness	production	relative	to	pions in	pp	
collisions	is	larger	at	the	LHC

pp

Phys.	Lett.	B	728	(2014)	216–227
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§ Clear	increase	of	strange	hadron	production	relative	to	
pions is	observed	in	A-A	collisions	as	a	function	of	the	
collision	centrality

§ The	ratios	saturate	towards	central	A-A	collisions	(larger	
systems),	matching	with	predictions	from	thermal	
approaches	using	Grand-Canonical	(GC)	formulation

§ The	strangeness	production	relative	to	pions in	pp	
collisions	is	larger	at	the	LHC

pp

Can	we	further	explore	the	transition	between	
pp	and	A-A	collisions?

Phys.	Lett.	B	728	(2014)	216–227
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Pb-Pb 2.76	TeV

→ Strangeness	enhancement:	multiplicity	dependence

§ Hyperon-to-pion	ratio	as	a	
function	of	the	average	
charged	multiplicity	density
d𝑁$%/d𝜂 at	midrapidity
( 𝜂 < 0.5)

pp	7	TeV
In	the	following	slides,	we	
will	use	the	multiplicity	

density	at	midrapidity as	a	
proxy	for	the	system	size
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Pb-Pb 2.76	TeV

→ Strangeness	enhancement:	multiplicity	dependence

p-Pb 5.02	TeV

§ Hyperon-to-pion	ratio	as	a	
function	of	the	average	
charged	multiplicity	density
d𝑁$%/d𝜂 at	midrapidity
( 𝜂 < 0.5)

§ p-Pb results:																										
(PLB	758	(2016)	389-401)

- Consistent	with	pp at	low	
multiplicities	and	with						
Pb-Pb at	high	multiplicities

pp	7	TeV
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Pb-Pb 2.76	TeV

→ Strangeness	enhancement:	multiplicity	dependence

pp	7	TeV

p-Pb 5.02	TeV
?

àWhat	about	multiplicity	dependence	in	pp?
à Is	hadrochemistry independent	of	 𝒔� ?

§ Hyperon-to-pion	ratio	as	a	
function	of	the	average	
charged	multiplicity	density
d𝑁$%/d𝜂 at	midrapidity
( 𝜂 < 0.5)

§ p-Pb results:																										
(PLB	758	(2016)	389-401)

- Consistent	with	pp at	low	
multiplicities	and	with						
Pb-Pb at	high	multiplicities
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Optimized	for	charged	particle	
tracking	and	hadron	identification ALICE

ATLAS LHCb

CMS

Large	Hadron	Collider

Dedicated	experiment	to	study	QGP	propertiesè

42	countries,	174	institutes,	over	1500	members
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ITS (|η|<0.9)
- 6	Layers	of	silicon	detectors
- Trigger,	tracking,	vertex,	PID	(dE/dx)

Particle	Identification: 𝜋,	𝐾 and	𝑝è
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V0A V0C

ITS (|η|<0.9)
- 6	Layers	of	silicon	detectors
- Trigger,	tracking,	vertex,	PID	(dE/dx)

TPC (|η|<0.9)
- Gas-filled	ionization	detection	volume
- Tracking,	vertex,	PID	(dE/dx)

V0	[V0A	(2.8<η<5.1)	&	V0C	(-3.7<η<-1.7)]
- Forward	arrays	of	scintillators
- Trigger,	beam	gas	rejection
-Multiplicity	estimator

TOF (|η|<0.9)
- Multi-gap	resistive	plate	chambers
- PID

Multiplicity	Selectionè

§ Event	selection	based	on	total	charge	deposited	
in	the	V0A and	V0C detectors	("V0M")

§ 〈𝒅𝑵𝐜𝐡/𝒅𝜼〉 estimated	as	the	average	number	
of	primary	charged	tracks	in	 𝜼 < 𝟎. 𝟓

Forward	Multiplicity	Estimator
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§ V0M	Multiplicity	Classes:
→ 10	multiplicity	classes

𝑰 → 𝐝𝑵𝐜𝐡/𝐝𝜼 ≈ 𝟑. 𝟓× 𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎

𝑿 → 𝐝𝑵𝐜𝐡/𝐝𝜼 ≈ 𝟎. 𝟒× 𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎

...

𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎 ≈ 𝟔. 𝟎
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§ V0M	Multiplicity	Classes:
→ 10	multiplicity	classes

𝑰 → 𝐝𝑵𝐜𝐡/𝐝𝜼 ≈ 𝟑. 𝟓× 𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎

𝑿 → 𝐝𝑵𝐜𝐡/𝐝𝜼 ≈ 𝟎. 𝟒× 𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎

...

𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎 ≈ 𝟔. 𝟎

§ Spectra	get	harder	with	increasing	
multiplicity
(similar	to	A-A	collisions)
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§ V0M	Multiplicity	Classes:
→ 10	multiplicity	classes

𝑰 → 𝐝𝑵𝐜𝐡/𝐝𝜼 ≈ 𝟑. 𝟓× 𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎

𝑿 → 𝐝𝑵𝐜𝐡/𝐝𝜼 ≈ 𝟎. 𝟒× 𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎

...

𝐝𝑵𝐜𝐡/𝐝𝜼 𝐈𝐍𝐄𝐋F𝟎 ≈ 𝟔. 𝟎

§ Spectra	get	harder	with	increasing	
multiplicity
(similar	to	A-A	collisions)

§ Extrapolation	to	low-pT for	computing	
integrated	yields
→ Lévy-Tsallis fit	to	data																													

(dashed	lines	in	the	plot)
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▸ Consistent	pattern	observed	between pp,	
p-Pb and Pb-Pb

Nature Physics (2017) doi:10.1038/nphys4111

At	fixed	final	state	multiplicity,	
identical	particle	chemistry	is	
observed	independent	of	the	

system	geometry
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▸ Consistent	pattern	observed	between pp,	
p-Pb and Pb-Pb

▸ Significant	enhancement of	strange	to	
non-strange	hadron	production	in	pp

Nature Physics (2017) doi:10.1038/nphys4111
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Nature Physics (2017) doi:10.1038/nphys4111

▸ Consistent	pattern	observed	between pp,	
p-Pb and Pb-Pb

▸ Significant	enhancement of	strange	to	
non-strange	hadron	production	in	pp

▸ MC	models	fail	to	describe	the	data

− PYTHIA8	(Color	Reconnection)	completely	
misses	the	behavior	of	the	data	
(independent	of	switching	ON	or	OFF	CR	mechanism)

− DIPSY	(Color	Ropes)	cannot	
simultaneously	reproduce	the	observed	
enhancement	for	all	four	strange	hadrons	
(overpredicts the	protons	– see	next	slide	→)

− EPOS	LHC	(Core-corona	approach)	only	
qualitatively	describes	the	trend
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Nature Physics (2017) doi:10.1038/nphys4111

▸ The	enhancement	is	strangeness	rather	than	mass	related
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𝛀
(sss)

𝚵
(dss)

𝚲
(uds)

𝐩
(uud)

Nature Physics (2017) doi:10.1038/nphys4111 CERN Courier (May 19, 2017)

▸ The	enhancement	is	strangeness	rather	than	mass	related

▸ And	it	is	proportional	to	the	strangeness	content	of	the	hadron
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àMultiplicity	is	the	only	driving	quantity!

à Preliminary	results	from	pp	collisions	at	13	TeV
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§ Enhancement	of	strange	hadron	production	is	observed	towards	high	
multiplicity	pp	events	

– Observed	enhancement	of	massive	hadrons	is	due	to	strangeness – and	not	due	to	mass
– QCD	inspired	MC	generators	fail	to	describe	the	observed	enhancement	of	strange	hadrons
– Color	Reconnection	(PYTHIA)?	Color	Ropes	(DIPSY)?	Collective	Radial	Expansion	(EPOS)?

Nature Physics (2017) doi:10.1038/nphys4111
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§ Enhancement	of	strange	hadron	production	is	observed	towards	high	
multiplicity	pp	events	

– Observed	enhancement	of	massive	hadrons	is	due	to	strangeness – and	not	due	to	mass
– QCD	inspired	MC	generators	fail	to	describe	the	observed	enhancement	of	strange	hadrons
– Color	Reconnection	(PYTHIA)?	Color	Ropes	(DIPSY)?	Collective	Radial	Expansion	(EPOS)?

§ Results	from	high	multiplicity	pp	collisions	at	the	LHC	are	revealing	many	
interesting	features	(even	unexpected	for	such	small	systems)

– Ridge	at	Δ𝜙=0	à collective	flow	of	an	expanding	QGP?
– Common	hydrodynamic	origin	for	Pb-Pb,	p-Pb and	pp?

Nature Physics (2017) doi:10.1038/nphys4111
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§ Enhancement	of	strange	hadron	production	is	observed	towards	high	
multiplicity	pp	events	

– Observed	enhancement	of	massive	hadrons	is	due	to	strangeness – and	not	due	to	mass
– QCD	inspired	MC	generators	fail	to	describe	the	observed	enhancement	of	strange	hadrons
– Color	Reconnection	(PYTHIA)?	Color	Ropes	(DIPSY)?	Collective	Radial	Expansion	(EPOS)?

§ Results	from	high	multiplicity	pp	collisions	at	the	LHC	are	revealing	many	
interesting	features	(even	unexpected	for	such	small	systems)

– Ridge	at	Δ𝜙=0	à collective	flow	of	an	expanding	QGP?
– Common	hydrodynamic	origin	for	Pb-Pb,	p-Pb and	pp?

§ Is	the	QGP	formed	in	collisions	of	small	systems?
– The	study	of	hadrochemistry across	different	colliding	system	is	a																																															

powerful	tool	to	investigate	the	thermal	properties	of	QCD	matter
– We	can’t	remove	the	question	mark	yet,	but	we	have	added	another																																																						

piece	in	puzzle

Nature Physics (2017) doi:10.1038/nphys4111
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§ Enhancement	of	strange	hadron	production	is	observed	towards	high	
multiplicity	pp	events	

– Observed	enhancement	of	massive	hadrons	is	due	to	strangeness – and	not	due	to	mass
– QCD	inspired	MC	generators	fail	to	describe	the	observed	enhancement	of	strange	hadrons
– Color	Reconnection	(PYTHIA)?	Color	Ropes	(DIPSY)?	Collective	Radial	Expansion	(EPOS)?

§ Results	from	high	multiplicity	pp	collisions	at	the	LHC	are	revealing	many	
interesting	features	(even	unexpected	for	such	small	systems)

– Ridge	at	Δ𝜙=0	à collective	flow	of	an	expanding	QGP?
– Common	hydrodynamic	origin	for	Pb-Pb,	p-Pb and	pp?

§ Is	the	QGP	formed	in	collisions	of	small	systems?
– The	study	of	hadrochemistry across	different	colliding	system	is	a																																															

powerful	tool	to	investigate	the	thermal	properties	of	QCD	matter
– We	can’t	remove	the	question	mark	yet,	but	we	have	added	another																																																						

piece	in	puzzle

Nature Physics (2017) doi:10.1038/nphys4111
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The	ALICE	Experiment

R.D.	de	Souza		|		29th	Rencontres	de	Blois		|		28	May	- 2	Jun,	2017 36

Forward	Multiplicity	Estimatorè

§ Using	mid-rapidity	multiplicity	estimators	may	introduce	self-correlation	biases,	in	
particular	towards	charged	particles

§ For	instance,	it	can	be	verified	in	simulations	that	the	integrated	yield	ratio	of	charged	
to	neutral	kaons	deviates	from	unity	when	selecting	with	mid-rapidity	estimators

Why	is	this	important?

(~20-30%	difference) (produced	in	equal	amounts)

MC	Studies: Estimator	
Biases

- PYTHIA	Perugia-2011
(Tune	350)

- pp	7	TeV

- 𝐾±,𝐾ST test
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𝜋, 𝐾ST, Λ, Ξ Ω
V0M
Class

𝝈
𝝈VWXYFT

𝐝𝑵𝐜𝐡
𝐝𝜼

V0M
Class

𝝈
𝝈VWXYFT

𝐝𝑵𝐜𝐡
𝐝𝜼

I 0-0.95% 21.3±0.6
I+II 0.0-4.7% 17.5±0.5

II 0.95-4.7% 16.5±0.5

III 4.7-9.5% 13.5±0.4
III+IV 4.7-14% 12.5±0.4

IV 9.5-14% 11.5±0.3

V 14-19% 10.1±0.3
V+VI 14-28% 8.99±0.27

VI 19-28% 8.45±0.25

VII 28-38% 6.72±0.21
VII+VIII 28-48% 6.06±0.19

VIII 38-48% 5.40±0.17

IX 48-68% 3.90±0.14
IX+X 48-100% 2.89±0.14

X 68-100% 2.26±0.12

Fractions	of	the	INEL>0 cross-section:

- pp	at	7	TeV vs	multiplicity
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à Preliminary	results	from	pp	collisions	at	13	TeV

higher	collision	energy	à higher	<pT>



Developments	in	microscopic	modeling
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6 ALICE Collaboration
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Fig. 3: Average transverse momentum ⟨pT⟩ as a function of charged-particle multiplicity Nch measured in pp
(upper panel), p–Pb (middle panel), and Pb–Pb (lower panel) collisions in comparison to model calculations. The
data are compared to calculations with the DPMJET, HIJING, AMPT, and EPOS Monte Carlo event generators.
For pp collisions, calculations with PYTHIA 8 [42] with tune 4C are shownwith and without the color reconnection
(CR) mechanism. The lines show calculations in a Glauber Monte Carlo approach (see text).

The data are compared to the geometrical scaling recently proposed in [54] (and refs. therein) within
the color-glass condensate model [55]. In this picture, the ⟨pT⟩ is a universal function of the ratio of
the multiplicity density and the transverse area of the collision, ST, calculated within the color-glass
model [14]. A reasonable agreement was found between this model and CMS data [56]. Employing
the parametrizations of ST for pp and p–Pb proposed in [54], the scaling plot in Fig. 4 is obtained. The
ALICE pp data as well as the p–Pb data at low and intermediate multiplicities are compatible with the
proposed scaling. As already noted above while discussing Fig. 2 and Fig. 3, the behavior of p–Pb data at
high multiplicities, Nch ! 14, shows a departure from the pp values and cannot be described by a binary
collision superposition of pp data. The deviation from scaling visible in Fig. 4 for (Nch/ST)1/2 ! 1.2 is
related to these observations.

In summary, we have presented the average transverse momentum ⟨pT⟩ in dependence of the charged-
particle multiplicity Nch measured in p–Pb collisions at

√sNN = 5.02 TeV, in pp collisions at collision
energies of

√
s = 0.9, 2.76, and 7 TeV and in peripheral Pb–Pb collisions at √sNN = 2.76 TeV in the

kinematic range 0.15 < pT < 10.0 GeV/c and |η | < 0.3. In pp and p–Pb collisions, a strong increase
of ⟨pT⟩ with Nch is observed, which is understood, in models of pp collisions, as an effect of color
reconnections between strings produced in multiple parton interactions. Whether the same mechanism is
at work in p–Pb collisions, in particular for incoherent proton-nucleon interactions, is an open question.
The EPOS model describes the p–Pb data assuming collective flow; it remains to be further studied if
initial state effects are compatible with the data. The ⟨pT⟩ values in Pb–Pb collisions, instead, indicate a

Nch

0 20 40 60 80 100Multiplicity Dependence of p±, K±, K0
S

, p(p) and L(L̄) in p–Pb Collisions ALICE Collaboration

〉
T

β〈
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

 (G
eV

)
ki

n
T

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

 = 5.02 TeVNNsALICE, p-Pb, 
V0A Multiplicity Classes (Pb-side)

 = 2.76 TeVNNsALICE, Pb-Pb, 
 = 7 TeV (with Color Reconnection)sPYTHIA8, 
 = 7 TeV (without Color Reconnection)sPYTHIA8, 

Fig. 6: (color online) Results of blast-wave fits, compared to Pb–Pb data and MC simulations from PYTHIA8 with
and without color reconnection. Charged-particle multiplicity increases from left to right. Uncertainties from the
global fit are shown as correlation ellipses.

the number of clusters in the first ITS layers reveal very similar trends. In the cases where the largest
deviation is observed, the p/p ratio is essentially the same in 0-5% events and it is ⇠ 15% higher at
pT ⇠ 3 GeV/c in the 60-80% class. Part of this difference is due to the mild correlation of events at for-
ward and central rapidity: the lowest multiplicity class selected with ZNA leads to a larger multiplicity
at midrapidity than the corresponding class selected with the VZERO-A.

4 Discussion

In heavy-ion collisions, the flattening of transverse momentum distribution and its mass ordering find
their natural explanation in the collective radial expansion of the system [56]. This picture can be tested
in a blast-wave framework with a simultaneous fit to all particles for each multiplicity bin. This param-
eterization assumes a locally thermalized medium, expanding collectively with a common velocity field
and undergoing an instantaneous common freeze-out. The blast-wave functional form is given by [11]

1
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dpT
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rdr mT I0
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where the velocity profile r is described by

r = tanh�1 bT = tanh�1
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r
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⌘
n

b
s

!
. (2)

Here, mT =
q

p

2
T +m

2 is the transverse mass, I0 and K1 are the modified Bessel functions, r is the radial
distance from the center of the fireball in the transverse plane, R is the radius of the fireball, bT(r) is the
transverse expansion velocity, b

s

is the transverse expansion velocity at the surface, n is the exponent of
the velocity profile and Tkin is the kinetic freeze-out temperature. The free parameters in the fit are Tkin,
b

s

, n and a normalization parameter.

In contrast with the individual fits discussed above, the simultaneous fit to all particle species under
consideration can provide insight on the (common) kinetic freeze-out properties of the system. It has

14

𝒑𝑻 as	a	function	of	
multiplicity

radial	flow

B.	Abelev et	al.	(ALICE),	PLB	727	(2013)	371

B.	Abelev et	al.	(ALICE),	PLB	728	(2013)	25

Multi-Parton	Interactions	(MPI)	and	Color	Reconnection	(CR)	mechanisms:
4 epiphany˙gg printed on December 1, 2013

(a) (b) (c)

Fig. 2. (a) In a hard gluon-gluon subcollision the outgoing gluons will be colour-
connected to the projectile and target remnants. Initial state radiation may give
extra gluon kinks, which are ordered in rapidity. (b) A second hard scattering
would naively be expected to give two new strings connected to the remnants. (c)
In the fits to data the gluons are colour reconnected, so that the total string length
becomes as short as possible.

fluctuations in multiplicity and impact parameter distributions are more
difficult to include in a momentum space formalism.

3. Eikonal formalism

A formalism in transverse coordinate space is very suitable for describing
rescattering and multiple collisions. In a process where a particle undergoes
successive interactions with transverse momenta k⊥i, the resulting trans-
verse momentum k⊥ =

∑

k⊥i is given by a convolution of the different
interactions. As the Fourier transform of a convolution is given by a simple
product, we see that in impact parameter space the multiple interactions
are described by a product of the S-matrix elements for the individual in-
teractions:

S(b) = S1(b)S2(b)S3(b). (1)

Thus for Si = e−ηi(b) we find S = e−
∑

ηi .

3.1. Weizsäcker-Williams method of virtual quanta

A Coulomb field which is boosted is contracted to a flat pancake, with
a dominantly transverse electric field

E⊥ ∼ g
r

r2
, (2)

and an orthogonal transverse magnetic field with the same magnitude. Here
r is the (two-dimensional) distance between the position of the central
charge and the point of observation (see fig. 3). The pulse will be very

a) In	a	hard	gluon-gluon	subcollision,	the	
outgoing	gluons	will	be	color-connected	to	
the	projectile	and	target	remnants.	Initial	
state	radiation	may	give	extra	gluon	kinks,	
which	are	ordered	in	rapidity

b) A	second	hard	scattering	would	naively	be	
expected	to	give	two	new	strings	connected	
to	the	remnants

c) In	the	fits	to	data,	the	gluons	are	color	
reconnected,	so	that	the	total	string	length	
becomes	as	short	as	possible


