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High-temperature regime of QCD 
•  At high temperatures and densities, Lattice QCD indicates 

a crossover between phases (Tc ~ 154 ± 9 MeV) 
•  Quarks and gluons are no longer confined into hadrons 

but behave quasi-freely 
– Quark-Gluon Plasma (QGP) 
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QGP as the asymptotic state of QCD
Quark-Gluon-Plasma (QGP): at extreme temperatures and densities quarks 
and gluons behave quasi-free and are not anymore localised to individual 
hadrons.

Temperature T
T0 ≈ 1/40 eV

Asymptotic 
freedom: free 
quarks & gluons

bound 
quarks & 
gluons

Where is the phase 
transition?

à Lattice QCD

Critical temperature 
Tc ≈ 156 MeV

T → ∞

[PRD 90 094503 (2014)]



Heavy-ion colliders 
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Large Hadron Collider 
•  27 km circumference 
•  Pb+Pb collisions  

@ √sNN = 2.76, 5.02 TeV 
•  also p+p, p+Pb, Xe+Xe 

Relativistic Heavy Ion Collider 
•  3.8 km circumference 
•  Au+Au collisions  

@ √sNN = 7.7 – 200 GeV 
•  also p+p, p+Au, d+Au,  

3He+Au, Cu+Cu, Cu+Au,  
U+U 



Heavy-ion experiments 

Not pictured: PHOBOS, BRAHMS, HADES, NA49, NA61/SHINE 
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STAR ALICE 
CMS 

LHCb ATLAS PHENIX 



Evolution of a heavy-ion collision 
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Observables in the detector:  
spatial and momentum distributions 
of final state particles (π, K, p, Λ, Ξ, 
Ω, J/ψ, ϒ, η, ρ, γ, D, B, µ) 

Physics of the collision system: 
initial state, dynamic evolution, 
chemical and thermodynamic 
properties, interactions with 
charged probes, hadronization 



•  Centrality: amount of overlap of colliding nuclei 

 
•  Peripheral events are not  

rotationally symmetric  
→ anisotropic interaction  
region 
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Geometry of heavy ion collisions
We can control (a posteriori)  the geometry of heavy ion collisions

Centrality Variables:

• Number of nucleon-
nucleon collisions Ncoll

• Number of nucleon  
participants Npart

• Percentile of                   
hadronic cross section

CentralPeripheral

Participants
NN Collisions

~ # charged particles

Geometry of a heavy-ion collision 

symmetry plane 
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“peripheral” “central” 
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∝ particle multiplicity 



Anisotropic interaction region 
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position-space  
anisotropy 

momentum-space  
anisotropy 

anisotropic 
pressure gradients 

Elliptic Flow in  
Ultracold Lithium 

K.M. O’Hara et al., Science,  
13 Dec 2002: 2179-2182 



Anisotropic interaction region 

•  Stronger in-plane pressure 
gradients  
→ particles boosted in-plane 
more than out-of-plane 
→ particles correlated with a 
“global” symmetry plane  (rad)

plane
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Figure 2.2: The correlation of charged hadrons (2 < pT < 6 GeV/c) with the event
plane in three centrality bins [18].

an anisotropy in momentum-space [17]. As a result, more particles are observed

to be aligned with the participant planes, and fewer particles are observed out-of-

plane. This was demonstrated in the early days of RHIC in the correlation of charged

hadrons with the 2nd-harmonic event plane, shown in Fig. 2.2.

The azimuthal angular (�) distribution of the particles can be expanded in Fourier

coe�cients with respect to the azimuthal angle of the reaction plane ( RP), as shown

in Eq. (2.1), or any order participant plane ( PP,m), as in Eq. (2.2) [19]:

dN

d (�� RP)
/ 1 +

1X

n=1

2vn cos [n (�� RP)] (2.1)

dN

d (�� PP,m)
/ 1 +

1X

n=1

2vn cos [n (�� PP,m)] (2.2)

Since the QGP has a predominantly elliptical shape, which is translated to an

elliptical distribution in momentum-space by pressure gradients, as discussed above,

the cos(2(�� 2)) modulation dominates the particle distribution shown in Fig. 2.2.

Therefore the v2 parameter is dominant compared to the other vn coe�cients, in

11
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position-space  
anisotropy 

momentum-space  
anisotropy 

anisotropic 
pressure gradients 

STAR,	PRL	90	(2003)	032301	

φ − Ψplane 



Collectivity in A+A collisions 

•  QGP system expands rapidly in the longitudinal direction 
→ correlations in this direction must be established at 
early times and/or have a common global source 

•  Collectivity – many particles correlated across 
(pseudo-)rapidity due to a common source  
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φ 

η = 0 

η = 1 



Two-particle correlations in Δφ and Δη 

•  Short-range correlations 
→ jet fragmentation 
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Δφ 
Δη 

ALICE	PLB	708	(2012)	249	

see	talk	by	J.	Putschke,	Tuesday	



Two-particle correlations in Δφ and Δη 

•  Short-range correlations 
→ jet fragmentation 

•  Long-range correlations 
→ collective effects, “ridge” 
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Δφ 
Δη 

ALICE	PLB	708	(2012)	249	

see	talk	by	J.	Putschke,	Tuesday	



Anisotropic flow components vn 

•  Single particle distribution described  
by a Fourier cosine series 

dN/dφ ~ 1 + 2v1cos(φ-Ψ1)  
     + 2v2cos(2(φ-Ψ2))  
     + 2v3cos(3(φ-Ψ3))  
     + 2v4cos(4(φ-Ψ4)) +... 
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Figure 2.2: The correlation of charged hadrons (2 < pT < 6 GeV/c) with the event
plane in three centrality bins [18].
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Harmonic decomposition of two particle correlations ALICE Collaboration
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Fig. 2: (Color online) Left: C (Df) for particle pairs at |Dh |> 0.8. The Fourier harmonics for V1D to V5D
are superimposed in color. Their sum is shown as the dashed curve. The ratio of data to the n  5 sum is
shown in the lower panel. Center: Amplitude of VnD harmonics vs. n for the same p

t

T
, p

a

T
, and centrality

class. Right: VnD spectra for a variety of centrality classes. Systematic uncertainties are represented with
boxes (see section 4), and statistical uncertainties are shown as error bars.
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Fig. 3: (Color online) Left: C (Df) at |Dh | > 0.8 for higher-pT particles than in Fig. 2. The Fourier
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An example of C (Df) from central Pb–Pb collisions in the bulk-dominated regime is shown
in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in
Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible
on the away side, which becomes a progressively narrower single peak in less central colli-
sions. We emphasize that no subtraction was performed on C (Df), unlike other jet correlation
analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape
as the transverse momentum is increased. A single recoil jet peak at Df ' p appears whose
amplitude is no longer a few percent, but now a factor of 2 above unity. No significant near-side
ridge is distinguishable at this scale. The recoil jet peak persists even with the introduction of a
gap in |Dh | due to the distribution of longitudinal parton momenta in the colliding nuclei.

The features of these correlations can be parametrized at various momenta and centralities by

5

Anisotropic flow components vn 

•  Single particle distribution described  
by a Fourier cosine series 

•  Two-particle (Δφ) distribution described by Fourier series 
with coefficients vn

2  

dN/dφ ~ 1 + 2v1cos(φ-Ψ1)  
     + 2v2cos(2(φ-Ψ2))  
     + 2v3cos(3(φ-Ψ3))  
     + 2v4cos(4(φ-Ψ4)) +... 
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plane in three centrality bins [18].
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Hydrodynamic evolution of the system 
•  Measurements of v2 are described very well by 

hydrodynamic models → QGP behaves as a liquid! 

 
•  Viscosity (η/s) is near quantum lower bound  
→ QGP is the “perfect liquid” 
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Higher harmonic flow at the LHC ALICE Collaboration
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Fig. 11: The pT-differential v
sub
2 for pions, kaons and protons measured with the Scalar Product method in Pb–

Pb collisions at
p

sNN = 2.76 TeV compared to v2 measured with iEBE-VISHNU. The upper panels present the
comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between v

sub
2 from data and v2 from iEBE-VISHNU are

presented in the lower panels.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion v

sub
2 (pT) values by an average

of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes v

sub
3 and v

sub
4 for charged pions within 5%, i.e. better than v

sub
2 . Further-

more, it is seen that iEBE-VISHNU overpredicts the v
sub
2 (pT) values of K± (i.e. 10–15% deviations)

and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the v

sub
3 (pT) and v

sub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured v

sub
n

relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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sub
2 for pions, kaons and protons measured with the Scalar Product method in Pb–

Pb collisions at
p

sNN = 2.76 TeV compared to v2 measured with iEBE-VISHNU. The upper panels present the
comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between v

sub
2 from data and v2 from iEBE-VISHNU are

presented in the lower panels.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
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GeV/c in the 10–20% centrality interval the model overpredicts the pion v

sub
2 (pT) values by an average

of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes v

sub
3 and v

sub
4 for charged pions within 5%, i.e. better than v

sub
2 . Further-

more, it is seen that iEBE-VISHNU overpredicts the v
sub
2 (pT) values of K± (i.e. 10–15% deviations)

and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the v

sub
3 (pT) and v

sub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured v

sub
n

relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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Fig. 11: The pT-differential v
sub
2 for pions, kaons and protons measured with the Scalar Product method in Pb–

Pb collisions at
p

sNN = 2.76 TeV compared to v2 measured with iEBE-VISHNU. The upper panels present the
comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between v

sub
2 from data and v2 from iEBE-VISHNU are

presented in the lower panels.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion v

sub
2 (pT) values by an average

of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes v

sub
3 and v

sub
4 for charged pions within 5%, i.e. better than v

sub
2 . Further-

more, it is seen that iEBE-VISHNU overpredicts the v
sub
2 (pT) values of K± (i.e. 10–15% deviations)

and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the v

sub
3 (pT) and v

sub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured v

sub
n

relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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Higher harmonics (n > 2) 

v3 of identified particles - hydrodynamics

Higher harmonic flow coe�cients are generated by inhomogeneities in the initial nucleon
distribution

vn,n>2 are more sensitive to transport coe�cients of medium than v2
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•  Due to event-by-event fluctuations of the 
positions of nucleons, overlap region is not 
perfectly symmetric  
→ development of triangular flow v3, 
quadrangular flow v4,... 

•  Higher harmonics are sensitive to 
hydrodynamic properties and dynamics  
of the QGP 

see	talk	by	C.	Shen,	Wednesday	



Surprise! Nearside ridge in p+Pb 
•  Similar correlation structures observed in  

high-multiplicity p+Pb collisions as well! 

•  Long-range correlations → collectivity in small collision 
systems 
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Double ridge in p+Pb 
•  Subtract two-particle correlations measured in  

high-multiplicity and low-multiplicity events 

•  Jet component has been (almost) entirely removed, and an 
excess yield remains on the awayside 

•  Yields and widths of awayside ridge are nearly identical 
to nearside ridge yields and widths → “double ridge” 
structure 

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 1: The associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 60–

100% (left) and 0–20% (right) event classes.

visible features are the correlation peak near (Dj ⇡ 0,Dh ⇡ 0) for pairs of particles originating
from the same jet, and the elongated structure at Dj ⇡ p for pairs of particles back-to-back in
azimuth. These are similar to those observed in pp collisions at

p
s = 2.76 and 7 TeV. The same

features are visible in the 0–20% class. However, both the yields on the near side (|Dj|< p/2)
and the away side (p/2 < Dj < 3p/2) are higher. 1 This is illustrated in Fig. 2, where the
projections on Dj averaged over |Dh | < 1.8 are compared for different event classes and also
compared to pp collisions at 2.76 and 7 TeV. In order to facilitate the comparison, the yield at
Dj = 1.3 has been subtracted for each distribution. It is seen that the per-trigger yields in Dj
on the near side and on the away side are similar for low-multiplicity p–Pb collisions and for pp
collisions at

p
s = 7 TeV, and increase with increasing multiplicity in p–Pb collisions.

To quantify the change from low to high multiplicity event classes, we subtract the per-trigger
yield of the lowest (60–100%) from that of the higher multiplicity classes. The resulting dis-
tribution in Dj and Dh for the 0–20% event class is shown in Fig. 3 (left). A distinct excess
structure in the correlation is observed, which forms two ridges, one on the near side and one
on the away side. The ridge on the near side is qualitatively similar to the one recently re-
ported by the CMS collaboration [22]. Note, however that a quantitative comparison would not
be meaningful due to the different definition of the per-trigger yield and the different detector
acceptance and event-class definition.

On the near side, there is a peak around (Dj ⇡ 0, Dh ⇡ 0) indicating a small change of the
near-side jet yield as a function of multiplicity. The integral of this peak above the ridge within
|Dh | < 0.5 corresponds to about 5–25% of the unsubtracted near-side peak yield, depending
on pT. In order to avoid a bias on the associated yields due to the multiplicity selection and
to prevent that this remaining peak contributes to the ridge yields calculated below, the region
|Dh |< 0.8 on the near side is excluded when performing projections onto Dj . The effect of this
incomplete subtraction on the extracted observables, which if jet-related might also be present

1These definitions of near-side (|Dj|< p/2) and away-side (p/2 < Dj < 3p/2) are used throughout the letter.
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Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative

8

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 1: The associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 60–

100% (left) and 0–20% (right) event classes.

visible features are the correlation peak near (Dj ⇡ 0,Dh ⇡ 0) for pairs of particles originating
from the same jet, and the elongated structure at Dj ⇡ p for pairs of particles back-to-back in
azimuth. These are similar to those observed in pp collisions at

p
s = 2.76 and 7 TeV. The same

features are visible in the 0–20% class. However, both the yields on the near side (|Dj|< p/2)
and the away side (p/2 < Dj < 3p/2) are higher. 1 This is illustrated in Fig. 2, where the
projections on Dj averaged over |Dh | < 1.8 are compared for different event classes and also
compared to pp collisions at 2.76 and 7 TeV. In order to facilitate the comparison, the yield at
Dj = 1.3 has been subtracted for each distribution. It is seen that the per-trigger yields in Dj
on the near side and on the away side are similar for low-multiplicity p–Pb collisions and for pp
collisions at

p
s = 7 TeV, and increase with increasing multiplicity in p–Pb collisions.

To quantify the change from low to high multiplicity event classes, we subtract the per-trigger
yield of the lowest (60–100%) from that of the higher multiplicity classes. The resulting dis-
tribution in Dj and Dh for the 0–20% event class is shown in Fig. 3 (left). A distinct excess
structure in the correlation is observed, which forms two ridges, one on the near side and one
on the away side. The ridge on the near side is qualitatively similar to the one recently re-
ported by the CMS collaboration [22]. Note, however that a quantitative comparison would not
be meaningful due to the different definition of the per-trigger yield and the different detector
acceptance and event-class definition.

On the near side, there is a peak around (Dj ⇡ 0, Dh ⇡ 0) indicating a small change of the
near-side jet yield as a function of multiplicity. The integral of this peak above the ridge within
|Dh | < 0.5 corresponds to about 5–25% of the unsubtracted near-side peak yield, depending
on pT. In order to avoid a bias on the associated yields due to the multiplicity selection and
to prevent that this remaining peak contributes to the ridge yields calculated below, the region
|Dh |< 0.8 on the near side is excluded when performing projections onto Dj . The effect of this
incomplete subtraction on the extracted observables, which if jet-related might also be present

1These definitions of near-side (|Dj|< p/2) and away-side (p/2 < Dj < 3p/2) are used throughout the letter.
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Angular correlations of p , K and p in p–Pb collisions ALICE Collaboration
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Fig. 4: The Fourier coefficient v2{2PC,sub} for hadrons (black squares), pions (red triangles), kaons
(green stars) and protons (blue circles) as a function of pT from the correlation in the 0–20% multiplicity
class after subtraction of the correlation from the 60–100% multiplicity class. The data is plotted at the
average-pT for each considered pT interval and particle species under study. Error bars show statistical
uncertainties while shaded areas denote systematic uncertainties.

class and subtracting the 60–100% event class, results in qualitatively similar observations. On
average the v2 values are 15–25% lower and the statistical uncertainties are about a factor 2
larger than in the 0–20% case. For the 40–60% event class, the statistical uncertainties are too
large to draw a conclusion.

The analysis was repeated using the energy deposited in the ZNA instead of the VZERO-A to
define the event classes. The extracted v2 values are consistently lower by about 12% due to the
different event sample selected in this way. However, the presented conclusions, in particular
the observed difference of v

p
2 and v

p
2 compared between jet-dominated correlations (60–100%

event class) and double-ridge dominated correlations (0–20% event class after subtraction), are
unchanged.

6 Summary
Two-particle angular correlations of charged particles with pions, kaons and protons have been
measured in p–Pb collisions at

p
sNN = 5.02 TeV and expressed as associated yields per trigger

particle. The Fourier coefficient v2 was extracted from these correlations and studied as a func-
tion of pT and event multiplicity. In low-multiplicity collisions the pT and species dependence
of v2 resembles that observed in pp collisions at similar energy where correlations from jets
dominate the measurement. In high-multiplicity p–Pb collisions a different picture emerges,
where v

p
2 < v

p
2 is found up to about 2 GeV/c. At 3–4 GeV/c, v

p
2 is slightly larger than v

p
2 , albeit

with low significance.
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Double ridge → v2 
•  “Double ridge” structure can be quantified by fitting with 

Fourier series  
•  v2 coefficient is extracted for unidentified and identified hadrons 

 
 
•  Same mass ordering of v2 of π, K, p, K0

S, Λ is observed in p+Pb 
as in Pb+Pb 
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One of the first surprises at the LHC 

•  A long-range correlation structure was observed around 
Δφ = 0 in high-multiplicity p+p events 

•  Long-range flow-like correlations were viewed as a 
signature of QGP production... What does it mean that we 
see these structures in p+p collisions?  Hydrodynamics in 
p+p?  Or some other physical mechanism? 

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(N

offline
trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (N

offline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(N

offline
trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (N

offline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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FIG. 3. Measured v2(EP ) for midrapidity charged tracks in
0%–5% central d+Au at

p
sNN = 200 GeV using the event

plane method in Panel (a). Also shown are v2 measured in
central p+Pb collisions at

p
sNN = 5.02 TeV [2, 3, 6], and our

prior measurements with two particle correlations (v2(2p))
for d+Au collisions [16]. A polynomial fit to the current
measurement and the ratios of experimental values to the fit
are shown in the panel (b).

The v2 is measured as v2(pT ) = hcos 2(�Particle �
 Obs

2
)i/Res( Obs

2
), where the average is over particles

in the pT bin and over events. The second order event
plane direction  Obs

2
is determined using the MPC-S

(Au-going). The study of correlation strength as above
indicates that the elementary-process contribution to the
event plane v2 result is similarly small, less than 10%
fractionally out to pT = 4.5 GeV/c. The event plane res-
olution Res( Obs

2
) (⇠ 0.151±0.003) is calculated through

the standard three subevents method [28, 29], with the
other two event planes being (i) the second order event
plane determined from central-arm tracks, restricted to
low pT (0.2 GeV/c < pT < 2.0 GeV/c) to minimize
contribution from jet fragments; and (ii) the first or-
der event plane measured with spectator neutrons in the
shower-maximum detector on the Au-going side (⌘ < -
6.5) [25, 29]. The systematic uncertainties on the v2
of charged hadrons are mainly from the tracking back-
ground(2%) and pile-up e↵ects(5%), as described above,
and also from the di↵erence in v2 from di↵erent event
plane determinations. To estimate the systematic un-
certainty of the latter we compare the v2 extracted with
the MPC-S event plane with that using the south (Au-
going) beam-beam counter, and the two measurements
of v2 are consistent to within 5%. The di↵erence for v2
from the di↵erent centrality determinations as discussed
previously is less than 3%.

The v2 of charged hadrons for 0%–5% central d+Au
events with event plane methods are shown in Fig. 3(a)
as v2(EP ) for pT up to 4.5 GeV/c, along with a polyno-

mial fit through the points. Also shown are our earlier
measurement with two particle correlations (v2(2p)) and
the v2 measured in the central p+Pb collisions at LHC.
Figure 3(b) shows the ratios of all of these measurements
divided by the fitting results. The v2 from our prior mea-
surements, with subtraction of peripheral data to reduce
jet contributions, exceed the current measurement; dif-
ferences range from about 15% at pT = 1.0 GeV/c and
increases to about 50% at pT = 2.2 GeV/c. The dif-
ference is about 1.5 � for the top three points with the
largest deviations from the fit. It may be due to di↵erent
jet-like correlation being present in central and periph-
eral collisions [30]. The present measurement, without
peripheral subtraction, is performed with |�⌘| > 2.75,
far away from the near-side main jet peak. The contri-
bution from jet, which includes both near and away-side,
has been found to be less than 10% from the study of c2
shown in Fig. 2. Even if there is a 30% enhancement of
jet-like correlation from p+p to central d+Au collisions,
it will only raise from 10% to 13% our estimate of the
jet-like contribution to the v2 in central d+Au collisions.
The present v2 measurement is closer to that of p+Pb
collisions [2, 3, 6]. It is about 20% higher than that of
p+Pb at pT = 1 GeV/c, and the di↵erence decreases to
a few percent at pT > 2.0 GeV/c.
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FIG. 4. Measured v2(pT ) for identified pions and
(anti)protons, each charged combined, in 0%–5% central
d+Au collisions at RHIC. In panel (a) the data are compared
with the calculation from a viscous hydrodynamic model [31–
33], and in panel (b) the v2 data for pions and protons in
0%–20% central p+Pb collisions at LHC are shown for com-
parison [12], they are measured from pair correlations with a
peripheral event yield subtraction

Figure 4 shows the midrapidity v2(pT ) for identified
charged pions and (anti)protons, with charge signs com-
bined for each species, up to pT = 3 GeV/c using the
event plane method; the systematic uncertainties are
the same as for inclusive charged hadrons. A distinc-
tive mass-splitting can be seen. The pion v2 is higher
than the proton’s for pT < 1.5 GeV/c, as has been seen
universally in heavy-ion collisions at RHIC [34–39]. Fig-
ure 4(a) also shows calculations of viscous hydrodynamics

Soon, collectivity was seen everywhere... 
•  True multi-particle correlations across wide ranges in η 

 
•  Mass splitting in  

d+Au at RHIC 
•  v2 of muons from  

decays of heavy-flavor  
hadrons 
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Fig. 10. Left: the vsub
2 {2, |!η| > 2}, v2{4} and v2{6} values as a function of Noffline

trk for charged particles, averaged over 0.3 < pT < 3.0 GeV/c and |η| < 2.4, in pp collisions 
at √s = 13 TeV. Middle: the vsub

2 {2, |!η| > 2}, v2{4}, v2{6}, v2{8 }, and v2{LYZ} values in pPb collisions at √sNN = 5 TeV [43]. Right: the vsub
2 {2, |!η| > 2}, v2{4}, v2{6}, 

v2{8 }, and v2{LYZ} values in PbPb collisions at √sNN = 2.76 TeV [43]. The error bars correspond to the statistical uncertainties, while the shaded areas denote the systematic 
uncertainties.

physics boundaries (i.e. c2{4}/σc2{4} < −2 and c2{6}/σc2{6} > 2), 
so that the statistical uncertainties can be propagated as Gaus-
sian fluctuations [62]. The v2{4} and v2{6} results, averaged over 
0.3 < pT < 3.0 GeV/c and |η| < 2.4, for pp collisions at 

√
s = 13 TeV

are shown in the left panel of Fig. 10, as a function of event mul-
tiplicity. The v2 data obtained from long-range two-particle corre-
lations after correcting for jet correlations (vsub

2 {2, |!η| > 2}) are 
also shown for comparison.

Within experimental uncertainties, the multi-particle cumulant 
v2{4} and v2{6} values in high-multiplicity pp collisions are con-
sistent with each other, similar to what was observed previously 
in pPb and PbPb collisions [40]. This provides strong evidence for 
the collective nature of the long-range correlations observed in 
pp collisions. However, unlike for pPb and PbPb collisions where 
vsub

2 {2, |!η| > 2} values show a larger magnitude than multi-
particle cumulant v2 results, the v2 values obtained from two-, 
four-, and six-particle correlations are comparable in pp collisions 
at 

√
s = 13 TeV within uncertainties. In the context of hydrody-

namic models, the relative ratios of v2 among two- and various 
orders of multi-particle correlations provide insights to the details 
of initial-state geometry fluctuations in pp and pPb systems. As 
shown in Ref. [46], the ratio of v2{4} to vsub

2 {2, |!η| > 2} is re-
lated to the total number of fluctuating sources in the initial stage 
of a collision. The comparable magnitudes of vsub

2 {2, |!η| > 2} and 
v2{4} signals observed in pp collisions, compared to pPb collisions 
at similar multiplicities, may indicate a smaller number of initial 
fluctuating sources that drive the long-range correlations seen in 
the final state. Meanwhile, it remains to be seen whether other 
proposed mechanisms [32–34] in interpreting the long-range cor-
relations in pPb and PbPb collisions can also describe the features 
of multi-particle correlations seen in pp collisions.

6. Summary

The CMS detector has been used to measure two- and multi-
particle azimuthal correlations with K0

S , $/$ and inclusive charged 
particles over a broad pseudorapidity and transverse momentum 
range in pp collisions at 

√
s = 5, 7, and 13 TeV. With the imple-

mentation of high-multiplicity triggers during the LHC 2010 and 
2015 pp runs, the correlation data are explored over a broad par-
ticle multiplicity range. The observed long-range (|!η| > 2) cor-
relations are quantified in terms of azimuthal anisotropy Fourier 
harmonics (vn). The elliptic (v2) and triangular (v3) flow Fourier 

harmonics are extracted from long-range two-particle correlations. 
After subtracting contributions from back-to-back jet correlations 
estimated using low-multiplicity data, the v2 and v3 values are 
found to increase with multiplicity for Noffline

trk ! 100, and reach a 
relatively constant value at higher values of Noffline

trk . The pT depen-
dence of the v2 harmonics in high-multiplicity pp events is found 
to have no or very weak dependence on the collision energy. In 
low-multiplicity events, similar v2 values as a function of pT are 
observed for inclusive charged particles, K0

S and $/$, possibly re-
flecting a common back-to-back jet origin of the correlations for all 
particle species. Moving to the higher-multiplicity region, a particle 
species dependence of v2 is observed with and without correcting 
for jet correlations. For pT ! 2 GeV/c, the v2 of K0

S is found to be 
larger than that of $/$. This behavior is similar to what was pre-
viously observed for identified particles produced in pPb and AA
collisions at RHIC and the LHC. This mass ordering tends to re-
verse at higher pT values. Finally, v2 signals based on four- and 
six-particle correlations are observed for the first time in pp col-
lisions. The v2 values obtained with two-, four-, and six-particle 
correlations at 

√
s = 13 TeV are found to be comparable within un-

certainties. These observations provide strong evidence supporting 
the interpretation of a collective origin for the observed long-range 
correlations in high-multiplicity pp collisions.
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System geometry scan at RHIC 

1 August 2019 A. Ohlson (Lund U.) 23 

SONIC:	M.	Habich	et	al.,	EPJC	75	(2015)	15	



System geometry scan at RHIC 

1 August 2019 A. Ohlson (Lund U.) 24 

SONIC:	M.	Habich	et	al.,	EPJC	75	(2015)	15	



System geometry scan at RHIC 

1 August 2019 A. Ohlson (Lund U.) 25 

SONIC:	M.	Habich	et	al.,	EPJC	75	(2015)	15	



System geometry scan at RHIC 

1 August 2019 A. Ohlson (Lund U.) 26 

SONIC:	M.	Habich	et	al.,	EPJC	75	(2015)	15	



System geometry scan at RHIC 
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Hydrodynamic model (SONIC) 
translates initial geometric anisotropy 
into final momentum anisotropy 



v2 and v3 in p/d/3He+Au 

•  Clear ordering corresponding to eccentricity and 
triangularity 
  ε2 : p+Au < d+Au ≈ 3He+Au 
  ε3 : p+Au ≈ d+Au < 3He+Au 
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v2 and v3 in p/d/3He+Au 

•  Initial collision geometry clearly translates into final 
momentum-space anisotropy 

•  Does this collectivity imply hydrodynamics? 
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Model comparison 

•  “Hydrodynamic models which include QGP formation 
provide a simultaneous and quantitative description of the 
data in all three systems.” 

•  So far, other models make predictions which are not 
supported by the data 
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Summary 
•  In heavy-ion collisions:  

–  collective behavior clearly observed 
–  attributed to hydrodynamic flow of the QGP 
–  quantification leads to detailed information on the 

QGP properties: shear/bulk viscosity, etc 
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Summary 
•  In heavy-ion collisions:  

–  collective behavior clearly observed 
–  attributed to hydrodynamic flow of the QGP 
–  quantification leads to detailed information on the 

QGP properties: shear/bulk viscosity, etc 
•  In small systems (p+p and p+A):  

–  collective behavior also observed 
– many features are qualitatively and quantitatively 

similar to A+A collisions 
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Open questions 
•  Does this mean that the interpretation of vn coefficients in 

small systems is the same as in A+A (hydrodynamics)?   
•  Can theoretical models explain the full set of 

experimental data? 
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Open questions 
•  Does this mean that the interpretation of vn coefficients in 

small systems is the same as in A+A (hydrodynamics)?   
•  Can theoretical models explain the full set of 

experimental data? 
•  What does our understanding of hydrodynamic flow in 

large systems mean for our interpretation of collectivity in 
small systems? 

•  If we observe collective effects in small systems, what 
does it mean for our understanding of heavy ion 
collisions? 
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Open questions 
•  Does this mean that the interpretation of vn coefficients in 

small systems is the same as in A+A (hydrodynamics)?   
•  Can theoretical models explain the full set of 

experimental data? 
•  What does our understanding of hydrodynamic flow in 

large systems mean for our interpretation of collectivity in 
small systems? 

•  If we observe collective effects in small systems, what 
does it mean for our understanding of heavy ion 
collisions? 

•  Lots of exciting new results and lots of open questions 
means lots more interesting physics to come! 
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Thank you for your attention! 
Any questions? 

  



LHC plans (October 2018) 
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interspersed	short	light	nuclei	
(O+O,	p+O)	runs?	

https://indico.cern.ch/event/746182/	



sPHENIX plans (October 2018) 
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•  p+Au and d+Au at the same multiplicity  
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Figure 4: The v2 results for K0
S (filled squares) and L/L (filled circles) particles as a function of

pT for three multiplicity ranges obtained from minimum bias triggered PbPb sample at ps
NN

=
2.76 TeV (top row) and pPb sample at ps

NN
= 5.02 TeV (bottom row). The error bars correspond

to statistical uncertainties, while the shaded areas denote the systematic uncertainties. The
values in parentheses give the mean and standard deviation of the HF fractional cross section
for PbPb and the range of the fraction of the full multiplicity distribution included for pPb.

where the deviation grows to about 20%. In AA collisions, this approximate scaling behavior is
conjectured to be related to quark recombination [39–41], which postulates that collective flow
is developed among constituent quarks before they combine into final-state hadrons. Note that
the scaling of v2 with the number of constituent quarks was originally observed as a function
of pT, instead of KET, for the intermediate pT range of a few GeV [38], and interpreted in a
simple picture of quark coalescence [39]. However, it was later discovered that when plotted
as a function of KET in order to remove the mass difference of identified hadrons, the scaling
appears to hold over the entire kinematic range [42, 43]. However, this scaling behavior is not
expected to be exact at low pT in hydrodynamic models because of the impact of radial flow.
As the vn data tend to approach a constant value as a function of pT or KET for pT & 2 GeV, the
scaling behavior in terms of pT and KET cannot be differentiated in that regime. Therefore, the
nq-scaled vn results in this paper are presented as a function of KET/nq in order to explore the
scaling behavior over a wider kinematic range.

The particle species dependence of v2 and its scaling behavior is also studied in PbPb data over
the same multiplicity ranges as for the pPb data, as shown in Fig. 6. The mean and standard
deviation of the HF fractional cross section of the PbPb data are indicated on the plots. Qual-
itatively, a similar particle-species dependence of v2 is observed. However, the mass ordering
effect is found to be less evident in PbPb data than in pPb data for all multiplicity ranges. In
hydrodynamic models, this may indicate a stronger radial flow is developed in the pPb system
as its energy density is higher than that of a PbPb system due to having a smaller size system at
the same multiplicity. Moreover, the nq-scaled v2 data in PbPb at similar multiplicities suggest
a stronger violation of constituent quark number scaling, up to 25%, than is observed in pPb,
especially for higher KET/nq values. This is also observed in peripheral AuAu collisions at
RHIC, while the scaling applies more closely for central AuAu collisions [56].

The triangular flow harmonic, v3, of K0
S and L/L particles is also extracted in pPb and PbPb

v2 for more identified particles 
•  v2 measured for KS

0 and Λ 
from harmonic  
decomposition with large  
η gap (|Δη| > 2) 

•  Similar magnitude of v2 in  
p+Pb as in Pb+Pb, for the  
same multiplicity 
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Figure 5: Top row: the v2 results for K0
S (filled squares), L/L (filled circles), and inclusive

charged particles (open crosses) as a function of pT for four multiplicity ranges obtained from
high-multiplicity triggered pPb sample at ps

NN
= 5.02 TeV. Middle row: the v2/nq ratios for

K0
S (filled squares) and L/L (filled circles) particles as a function of KET/nq, along with a fit

to the K0
S results using a polynomial function. Bottom row: ratios of v2/nq for K0

S and L/L
particles to the fitted polynomial function as a function of KET/nq. The error bars correspond to
statistical uncertainties, while the shaded areas denote the systematic uncertainties. The values
in parentheses give the range of the fraction of the full multiplicity distribution included for
pPb.

collisions, as shown in Fig. 7. Due to limited statistical precision, only the result in the multiplic-
ity range 185  N

offline
trk < 350 is presented. A similar species dependence of v3 to that of v2 is

observed and, within the statistical uncertainties, the v3 values scaled by the constituent quark
number for K0

S and L/L particles match at the level of 20% over the full KET/nq range. To
date, no calculations of the quark number scaling of triangular flow, v3, have been performed
in the parton recombination model.

7 Summary

Measurements of two-particle correlations with an identified K0
S or L/L trigger particle have

been presented over a broad transverse momentum and pseudorapidity range in pPb collisions
at ps

NN
= 5.02 TeV and PbPb collisions at ps

NN
= 2.76 TeV. With the implementation of a high-

multiplicity trigger during the LHC 2013 pPb run, the identified particle correlation data in pPb
collisions are explored over a broad particle multiplicity range, comparable to that covered by
50–100% centrality PbPb collisions. The long-range (|Dh| > 2) correlations are quantified in
terms of azimuthal anisotropy Fourier harmonics (vn) motivated by hydrodynamic models. In
low-multiplicity pPb and PbPb events, similar v2 values of K0

S and L/L particles are observed,
which likely originate from back-to-back jet correlations. For higher event multiplicities, a
particle species dependence of v2(pT) and v3(pT) is observed. For pT . 2 GeV, the values
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Strangeness enhancement 
•  Integrated yield of strange mesons and baryons obtained 

from Tsallis fits, compared to pions 

Nature	Physics	13	(2017)	535	
arXiv:1606.07424	
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•  Enhancement observed with 
increasing strange quark content 

•  In heavy-ion collisions, strangeness 
enhancement was interpreted as a 
signature of QGP creation, now 
understood as lifting of strangeness 
canonical suppression 
→ common mechanism in pp 
collisions? 

•  Current Monte Carlo models cannot 
quantitatively describe the data 

Ω = sss 

Ξ- = dss 

Λ = uds 



Strangeness enhancement 

•  baryon/meson ratio constant 
with multiplicity → 
observed enhancement not a 
mass effect 

Nature	Physics	13	(2017)	535	
arXiv:1606.07424	
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•  ratio to integrated (INEL > 0) 
class can be described by a 
common function, scaling with 
number of strange quarks 

NATURE PHYSICS DOI: 10.1038/NPHYS4111 LETTERS
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Figure 3 | Particle yield ratios ⇤/K0
S = (⇤+⇤)/2K0

S and
p/⇡ = (p+p)/(⇡+ +⇡�) as a function of hdNch/d⌘i. The yield ratios are
measured in the rapidity interval |y|<0.5. The error bars show the
statistical uncertainty, whereas the empty and dark-shaded boxes show the
total systematic uncertainty and the contribution uncorrelated across
multiplicity bins, respectively. The values are compared to calculations from
MC models30–32 in pp collisions at

p
s=7 TeV and to results obtained in

p–Pb collisions at the LHC10. The indicated uncertainties all represent
standard deviations.

high multiplicity, the yield ratios reach values similar to the ones
observed in Pb–Pb collisions, where no significant changewithmul-
tiplicity is observed beyond an initial slight rise. Note that the final-
state average charged-particle density hdNch/d⌘i, which changes by
over three orders of magnitude from low-multiplicity pp to central
Pb–Pb, will in general be related to di�erent underlying physics in
the various reaction systems. For example, under the assumption
that the initial reaction volume in both pp and p–Pb is determined
mostly by the size of the proton, hdNch/d⌘i could be used as a proxy
for the initial energy density. In Pb–Pb collisions, on the other hand,
both the overlap area as well as the energy density could increase
with hdNch/d⌘i. Nonetheless, it is a non-trivial observation that
particle ratios in pp and p–Pb are identical at the same dNch/d⌘,
representing an indication that the final-state particle density might
indeed be a good scaling variable between these two systems.

Figure 3 shows that the yield ratios ⇤/K 0
S = (⇤+⇤)/2K 0

S and
p/⇡ = (p+ p)/(⇡+ +⇡�) do not change significantly with multi-
plicity, demonstrating that the observed enhanced production rates
of strange hadrons with respect to pions is not due to the di�erence
in the hadron masses. The results in Figs 2 and 3 are compared to
calculations from MC models commonly used for pp collisions at
the LHC: PYTHIA830, EPOS LHC31 and DIPSY32. The kinematic
domain and the multiplicity selections are the same for MC and
data, namely, dividing the INEL> 0 sample into event classes based
on the total charged-particle multiplicity in the forward region.
The observation of a multiplicity-dependent enhancement of the
production of strange hadrons along with the constant production
of protons relative to pions cannot be simultaneously reproduced
by any of the MC models commonly used at the LHC. The model
which describes the data best, DIPSY, is a model where interaction
between gluonic strings is allowed to form ‘colour ropes’ which are
expected to produce more strange particles and baryons.

To illustrate the evolution of the production of strange hadrons
with multiplicity, Fig. 4 presents the yield ratios to pions divided
by the values measured in the inclusive INEL > 0 pp sample, both
for pp and p–Pb collisions. The observed multiplicity-dependent
enhancement with respect to the INEL > 0 sample follows a hier-
archy determined by the hadron strangeness. We have attempted
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Figure 4 | Particle yield ratios to pions normalized to the values measured
in the inclusive INEL > 0 pp sample. The results are shown for pp and
p–Pb collisions, both normalized to the inclusive INEL > 0 pp sample. The
error bars show the statistical uncertainty. The common systematic
uncertainties cancel in the double ratio. The empty boxes represent the
remaining uncorrelated uncertainties. The lines represent a simultaneous fit
of the results with the empirical scaling formula in equation (1). The
indicated uncertainties all represent standard deviations.

to describe the observed strangeness hierarchy by fitting the data
presented in Fig. 4 and the empirical function of the form

(h/⇡)

(h/⇡)
pp
INEL>0

=1+a Sb log

" hdNch/d⌘i
hdNch/d⌘ippINEL>0

#

(1)

where S is the number of strange or anti-strange valence quarks
in the hadron, (h/⇡)ppINEL>0 and hdNch/d⌘ippINEL>0 are the measured
hadron-to-pion ratio and the charged-particle multiplicity density
in INEL > 0 pp collisions, respectively, and a and b are free
parameters. The fit describes the data well, yielding a= 0.083±
0.006, b=1.67±0.09, with a � 2/ndf of 0.66.

In summary, we have presented the multiplicity dependence of
the production of primary strange (K 0

S , ⇤, ⇤) and multi-strange
(⌅�, ⌅

+, ⌦�, ⌦
+) hadrons in pp collisions at

p
s = 7 TeV.

The results are obtained as a function of hdNch/d⌘i measured at
midrapidity for event classes selected on the basis of the total charge
deposited in the forward region. The pT spectra become harder as
themultiplicity increases. Themass andmultiplicity dependences of
the spectral shapes are reminiscent of the patterns seen in p–Pb and
Pb–Pb collisions at the LHC, which can be understood assuming a
collective expansion of the system in the final state. The data show
for the first time in pp collisions that the pT-integrated yields of
strange and multi-strange particles relative to pions increase signif-
icantly with multiplicity. These particle ratios are similar to those
found in p–Pb collisions at the samemultiplicity densities11. The ob-
served enhancement increases with strangeness content rather than
with mass or baryon number of the hadron. Such behaviour cannot
be reproduced by any of theMCmodels commonly used, suggesting
that further developments are needed to obtain a complete micro-
scopic understanding of strangeness production, and indicating the
presence of a phenomenon novel in high-multiplicity pp collisions.
The evolution of strangeness enhancement seen at the LHC steadily
increases as a function of hdNch/d⌘i from low-multiplicity pp
to high multiplicity p–Pb and reaches the values observed in
Pb–Pb collisions. This may point towards a common underlying
physics mechanism which gradually compensates the strangeness
suppression in fragmentation. Further studies extending to
higher multiplicity in small systems are essential, as they would
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