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Anisotropic flow in small systems

 ‣ Compelling evidence that final state anisotropy is driven by initial state geometry 

‣ What is the mechanism of the coordinate-momentum anisotropy        
transmutation?�3
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FIG. 4. | Measured vn(pT ) in three collision systems compared to two hydrodynamical models. a, Measured vn(pT )
in the 0-5% most central p+Au collisions compared to hydrodynamical models. b, Measured vn(pT ) in the 0-5% most central
d+Au collisions compared to hydrodynamical models. c, Measured vn(pT ) in the 0-5% most central 3He+Au compared to
hydrodynamical models. Each point in a-c represents an average over pT bins of width 0.2 GeV/c to 0.5 GeV/c; black circles
are v2, black diamonds are v3. Each model curve in a-c represents a hydrodynamic prediction of vn. The solid red is sonic;
the dashed blue line is iEBE-VISHNU.

elliptic and triangular flow ordering eliminates this am-
biguity.

In summary, we have shown azimuthal particle cor-
relations in three di↵erent small-system collisions with
di↵erent intrinsic initial geometries. The simultaneous
constraints of v2 and v3 in p/d/3He+Au collisions defini-
tively demonstrate that the vn’s are correlated to the ini-
tial geometry, removing any ambiguity related to event
multiplicity or initial geometry models. We find that
the ordering of the v2 and v3 between the three systems
is inconsistent with that expected from initial-state mo-
mentum correlation models, ruling this out as the dom-
inant mechanism behind the observed collectivity. Fur-
ther, we find that hydrodynamical models which include
QGP formation provide a simultaneous and quantitative
description of the data in all three systems.
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FIG. 1. | Average system eccentricities from a Monte Carlo Glauber model and hydrodynamic evolution of
small systems. a, Average second (third) order spatial eccentricities, "2 ("3), shown as columns for small impact parameter
p+Au (red), d+Au (blue), and 3He+Au (black) collisions as calculated from a MC Glauber model. The second and third order
spatial eccentricities correspond to ellipticity and triangularity respectively as depicted by the shapes inset in the bars. b, Hy-
drodynamic evolution of a characteristic head-on p+Au (top), d+Au (middle), and 3He+Au (bottom) collision at

p
sNN = 200

GeV as calculated by sonic, where the p/d/3He completely overlap with the Au nucleus. From left to right each row gives the
temperature distribution of the nuclear matter at four time points following the initial collision at t = 0. The arrows depict
the velocity field, with the length of the longest arrow plotted corresponding to � = 0.82.

This ordering assumes that hydrodynamics can e�ciently
translate the initial geometric "n into dynamical vn,
which in turn requires a small value for the specific shear
viscosity.

There exist a class of alternative explanations where
vn is not generated via flow, but rather is created at the
earliest time in the collision process as described by so-
called initial-state momentum correlation models. They
produce a mimic flow signal where the initial collision
generates color flux tubes that have a preference to emit
particles back-to-back in azimuth [19, 20]. These color
flux tubes, also referred to as domains, have a trans-
verse size relative to the collision axis less than the color-
correlation length of order 0.1-0.2 fm. In the case where
individual domains are resolved, a collision system with
a larger overall area but the same characteristic domain
size (for example d+Au and 3He+Au compared with
p+Au and p+p) should have a weaker correlation because
the di↵erent domains are separated and do not commu-
nicate [21, 22]. An instructive analogy is a ferromag-
net with many domains: if the domains are separated
and disconnected, the overall magnetic field is weakened
by the cancellation of e↵ects from the random orienta-
tion in the di↵erent domains. The RMS diameter of the
deuteron is 4.2 fm, and so in d+Au collisions the two hot

spots are much further apart than the characteristic do-
main size. A straightforward prediction is then that the
v2 and v3 coe�cients should be ordered

vp+Au
n > vd+Au

n > v
3He+Au
n , (4)

in contradistinction to the hydrodynamic flow prediction.
An experimental realization of the proposed geome-

try scan has been under way since 2014 at RHIC. Col-
lisions of 3He+Au, p+Au, and d+Au at

p
sNN = 200

GeV were recorded in 2014, 2015, and 2016, respectively.
The PHENIX experiment observed elliptic anisotropies
in the azimuthal distributions of the charged particles
produced in all three systems [23–25], as well as trian-
gular anisotropies in 3He+Au collisions [25]. This Letter
completes this set of elliptic and triangular flow measure-
ments from PHENIX in all three systems and explores
the relation between the strength of the measured vn and
the initial-state geometry.
The vn measurements reported here are determined

using the event plane method [26] for charged hadrons
in the midrapidity region covering |⌘| < 0.35, where ⌘ is
the particle pseudorapidity,

⌘ ⌘ � ln

✓
tan

✓

2

◆
, (5)
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Coordinate-momentum anisotropy transmutation possibilities 
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Hydrodynamics String shoving Escape mechanism
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FIG. 1. | Average system eccentricities from a Monte Carlo Glauber model and hydrodynamic evolution of
small systems. a, Average second (third) order spatial eccentricities, "2 ("3), shown as columns for small impact parameter
p+Au (red), d+Au (blue), and 3He+Au (black) collisions as calculated from a MC Glauber model. The second and third order
spatial eccentricities correspond to ellipticity and triangularity respectively as depicted by the shapes inset in the bars. b, Hy-
drodynamic evolution of a characteristic head-on p+Au (top), d+Au (middle), and 3He+Au (bottom) collision at

p
sNN = 200

GeV as calculated by sonic, where the p/d/3He completely overlap with the Au nucleus. From left to right each row gives the
temperature distribution of the nuclear matter at four time points following the initial collision at t = 0. The arrows depict
the velocity field, with the length of the longest arrow plotted corresponding to � = 0.82.

This ordering assumes that hydrodynamics can e�ciently
translate the initial geometric "n into dynamical vn,
which in turn requires a small value for the specific shear
viscosity.

There exist a class of alternative explanations where
vn is not generated via flow, but rather is created at the
earliest time in the collision process as described by so-
called initial-state momentum correlation models. They
produce a mimic flow signal where the initial collision
generates color flux tubes that have a preference to emit
particles back-to-back in azimuth [19, 20]. These color
flux tubes, also referred to as domains, have a trans-
verse size relative to the collision axis less than the color-
correlation length of order 0.1-0.2 fm. In the case where
individual domains are resolved, a collision system with
a larger overall area but the same characteristic domain
size (for example d+Au and 3He+Au compared with
p+Au and p+p) should have a weaker correlation because
the di↵erent domains are separated and do not commu-
nicate [21, 22]. An instructive analogy is a ferromag-
net with many domains: if the domains are separated
and disconnected, the overall magnetic field is weakened
by the cancellation of e↵ects from the random orienta-
tion in the di↵erent domains. The RMS diameter of the
deuteron is 4.2 fm, and so in d+Au collisions the two hot

spots are much further apart than the characteristic do-
main size. A straightforward prediction is then that the
v2 and v3 coe�cients should be ordered

vp+Au
n > vd+Au

n > v
3He+Au
n , (4)

in contradistinction to the hydrodynamic flow prediction.
An experimental realization of the proposed geome-

try scan has been under way since 2014 at RHIC. Col-
lisions of 3He+Au, p+Au, and d+Au at

p
sNN = 200

GeV were recorded in 2014, 2015, and 2016, respectively.
The PHENIX experiment observed elliptic anisotropies
in the azimuthal distributions of the charged particles
produced in all three systems [23–25], as well as trian-
gular anisotropies in 3He+Au collisions [25]. This Letter
completes this set of elliptic and triangular flow measure-
ments from PHENIX in all three systems and explores
the relation between the strength of the measured vn and
the initial-state geometry.
The vn measurements reported here are determined

using the event plane method [26] for charged hadrons
in the midrapidity region covering |⌘| < 0.35, where ⌘ is
the particle pseudorapidity,
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Howcanwediscriminatebetween
a (cold)dense colourfieldoroverlapping strings

anda (hot)quark-gluonplasma
Gösta Gustafson
gosta@thep.lu.se

In coll. with L. Lönnblad, C. Bierlich, H. Shah, and S. Chakraborty

�`2 Z:S@HBF2 2z2+ib Dmbi �M 2z2+i Q7 ?B;? 2M2`;v /2MbBiv\
Overlapping strings/ropes and a hot plasma give very similar results for standard observables. In a series of papers we have invesƟgated the effects of string-string
interacƟon and strong colour fields.

GQM; `�M;2 +Q``2H�iBQMb @ `B/;2
Overlapping strings give higher energy density. A large energy density gradient
gives a high transverse pressure, and long range angular correlaƟons, see ref.
[1].

The figure shows angular correlaƟons for pp collisions at 7 TeV from ref. [1] in
four centrality intervals. The model has a tunable parameter, g, and for (the
reasonable) value g = 4, the model gives a ridge similar to data from CMS [2].

What is very essenƟal is boost invariance. The strings and the glasma are
stretched between the projecƟle and target remnants. They are naturally ap-
proximately boost invariant.
Models assuming a boost invariant hot plasma oŌen refer to Bjorken [3]
and/or KajanƟe–McLerran [4]. Bjorken does not give a dynamical moƟvaƟon
for boost invariance. He only says that since the observed hadron distribu-
Ɵon is boost invariant, this must also be the case for the iniƟal condiƟons.
KajanƟe–McLerran actually obtain a result which is not boost invariant.
The glasma is oŌen assumed to be transformed into a (boost invariant) plasma.
It is, however, not obvious, what mechanism can cause such a transformaƟon.

ai`�M;2M2bb 2M?�M+2K2Mi
Overlapping strings forming stronger colour fields (ropes) give an enhanced
s/u raƟo, see ref. [5]. The effect is similar to the one in a hot plasma.
(Baryon enhancement is, however, moremodel dependent for both ropes and
plasma.)

The figure shows data for strange hadron producƟon vs central mulƟplicity
from ALICE [6], compared with results from the rope model in ref. [5].

C2i [m2M+?BM;
Weizsäcker–Williams formulaƟon of bremsstrahlung:
A boosted electromagneƟc field acts as a flow of virtul quanta: photons. In
QCD this formalism gives BFKL evoluƟon in transverse coordinate space.

A high-energy parton moving through a dense field (a glasma or a collecƟon
of ropes) will scaƩer in a way similar to scaƩering against gluons in a plasma.
Jet quenching will probably also be affected by the type of string interacƟon
causing the ridge.
QuanƟtaƟve esƟmates are not yet ready.

aQK2 [m2biBQMb iQ #2 �Mbr2`2/
i) What observable can disƟnguish between cold strings/ropes and a hot plasma?

ii) What is the relaƟon between dense strings/ropes and glasma?

Is a rope just a quanƟzed version of the classical glasma field?

The strings are due to colour exchange between colliding partons, while the glasma is caused by the non-Abelian feature of colliding colour fields.

Are these two features different views of the same phenomenon?

iii) What is the moƟvaƟon for boost invariant iniƟal condiƟons in the formaƟon of a quark-gluon plasma?

Is there a natural mechanism turning a glasma into a plasma?

1. C Bierlich, G. Gustafson, and L. Lönnblad, Phys.LeƩ. B779 (2018) 58
2. V. Khachatryan et al. (CMS), JHEP 09, 091 (2010), arXiv:1009.4122
3. J. Bjorken, Phys.Rev. D27 (1983) 140
4. K. KajanƟe and L D. McLerran, Nucl.Phys. B214 (1983) 261-284
5. C. Bierlich, G. Gustafson, L. Lönnblad, and A. Tarasov, JHEP 1503 (2015) 148, arXiv:1412.6259
6. S. Acharya et al. (ALICE), arXiv:1908.01861
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 ‣ Measurements of higher order flow harmonics in pp and p-Pb 

‣ Systematic comparison of hydrodynamic and stringy harmonic flow in small 
systems�5

New anisotropic flow measurements and calculations?
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Fig. 1: Multiplicity dependence of vn{k} for pp, p–Pb, Xe–Xe and Pb–Pb collisions. Statistical uncertainties are
shown as vertical lines and systematic uncertainties as filled boxes (coloured online). Data are compared with
PYTHIA 8 [50] simulations (solid lines) of pp collisions at

p
s = 13 TeV and IP-Glasma+MUSIC+UrQMD [29,

51] calculations of pp, p–Pb, Pb–Pb collisions at psNN = 5.02 TeV and Xe–Xe collisions at psNN = 5.44 TeV
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served in the flow dominated collision systems (Pb–Pb and Xe–Xe) as a result of the medium response
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 ‣ Coalescence calculations describe baryon and meson vn and ratios at mid pT 
✓Increasing contribution from jets induces turn over 

‣ What other mechanisms cause vn to turn over?�6

Anisotropic flow at mid pT

Dilute-dense gluons
Previous CGC results showed good description of size hierarchy

Unit conversion mistake in numerics found, affecting all momenta

Hierarchy now inverted, magnitudes of vn can’t describe PHENIX results 
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Dilute-dense CGC solver 
publicly available:  
https://github.com/

markfmace/
DiluteDenseGluons

!23

Previous ordering only exists for pT<0.5 GeV
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MODEL AND SET-UP

The number of constituent quark (NCQ) scaling of identified hadrons 
are important observables to probe the partonic degree of freedom in the 
created small system.  In this work, we focus on the coalescence model 
calculations for the NCQ scaling of 𝒗𝒗𝟐𝟐 at intermediate 𝒑𝒑𝑻𝑻 for the high 
multiplicity p+Pb collisions, which includes thermal-thermal, thermal-
jet and jet-jet partons recombinations, using the thermal partons from 
hydrodynamics and jet partons after the energy loss of the Linear 
Boltzmann Transport (LBT) model. Such coalescence model calculations 
have also been smoothly connected with the low 𝒑𝒑𝑻𝑻 hydrodynamic 
calculation and high 𝒑𝒑𝑻𝑻 jet fragmentation. Within such combined 
framework, we present a nice description of the spectra and elliptic flow 
over the 𝒑𝒑𝑻𝑻 range from 0 to 6 GeV, and obtain the approximately NCQ 
scaling at intermediate 𝒑𝒑𝑻𝑻 as measured in experiment. We also switch off 
the coalescence process of partons and find that without such 
coalescence, one can not describe the differential elliptic flow and related 
NCQ scaling at intermediate 𝒑𝒑𝑻𝑻.  Such comparison calculations also 
demonstrate the importance of the partonic degree of freedom and 
indicate the possible formation of QGP in the high multiplicity p+Pb
collisions.

ABSTRACT

1Department of Physics, Peking Univerisity, Bejing, China      
2Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOE), Central China Normal University, Wuhan, China

3Cyclotron Institute and Department of Physics and Astronomy, Texas A&M University, USA 

Wenbin Zhao1, Guangyou Qin2, Che-Ming Ko3, Huichao Song1

Probing the partonic degree of freedom in high multiplicity 
p+Pb √𝒔𝒔 = 5.02 TeV collisions

INTRODUCTION

RESULTS

-- L𝐨𝐨𝐨𝐨 𝒑𝒑𝑻𝑻: hydrodynamics dominates;
-- Intermediate  𝒑𝒑𝑻𝑻: coalescence  and fragmentation; 
-- High 𝒑𝒑𝑻𝑻 : Fragmentation dominates.

Coalescence hadrons: Thermal-thermal coalescence  dominates. 
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-- Hydro.+Coal.+Frag. nicely describe 𝒗𝒗𝟐𝟐 𝒑𝒑𝑻𝑻 of 𝝅𝝅, K and P from 0 to 6 GeV. 
-- Hydro.+ Coal. + Frag.  can get the approximately NCQ scaling of pion, 

kaon and proton at intermediate  𝐩𝐩𝐓𝐓 as the data shows. 
-- Without coalescence process, hydro. + fragmentation underestimates the  

measured 𝒗𝒗𝟐𝟐(𝐩𝐩𝐓𝐓) greatly, and violates NCQ scaling at intermediate 𝒑𝒑𝑻𝑻. 

CONCLUSIONS
-- Coalescence is necessary in high multiplicity p+Pb collisions. One needs

combine hydro, coal. and frag. together to describe the spectra and 
𝒗𝒗𝟐𝟐(𝐩𝐩𝐓𝐓) as well as get the approximately NCQ scaling.

-- This implies the existence of the partonic degree of freedom in the high
multiplicity p+Pb collisions. 
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hydro. mini- jet

mini-jet

hydro.

-- Hydrodynamics: works at low 𝐩𝐩𝐓𝐓 , but fails at intermediate and high 𝐩𝐩𝐓𝐓.
-- Mini-jet: can't generate enough flow at low and intermediate 𝐩𝐩𝐓𝐓
-- At intermediate 𝐩𝐩𝐓𝐓: one need to combine soft and hard parts. 

Pure hydrodynamics or mini-jet can’t describe the data.

0 𝑷𝑷𝑻𝑻

Hydro. Coalescence,Fragmentation Fragmentation

3 GeV 5 GeV

Nice description of spectra and the P/π from 0 to 6 GeV

Nice description of  data. Coalescence is a must to describe data.-- Thermal hadrons: generated by hydro. with Cooper-Frye. 
Meson: 𝑷𝑷𝑻𝑻< 𝟐𝟐𝑷𝑷𝟏𝟏 GeV;  baryon: 𝑷𝑷𝑻𝑻< 𝟑𝟑𝑷𝑷𝟏𝟏GeV.

-- Coalescence hadrons: generated by coalescence process.
Input:

Coalescence:

with meson’s and baryon’s excited states up to 10,  including thermal-
thermal, thermal-hard and hard-hard coalescence. 
We set 𝑷𝑷𝟏𝟏 =1.6 GeV, 𝑷𝑷𝟐𝟐=2.6 GeV.

-- Fragmentation process: the remnant hard quarks feed to fragmentation 
in Pythia8. 

-- All hadrons feed to the UrQMD model. 
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𝒅𝒅𝟑𝟑𝑷𝑷𝑩𝑩
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𝑾𝑾𝑩𝑩 𝒚𝒚,𝒌𝒌 𝜹𝜹𝟑𝟑(𝑷𝑷𝑴𝑴 − 𝒑𝒑𝟏𝟏 − 𝒑𝒑𝟐𝟐 − 𝒑𝒑𝟑𝟑)
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𝒅𝒅𝟑𝟑𝑷𝑷𝑴𝑴
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𝒂𝒂. Thermal partons generated by hydro. with 𝑷𝑷𝟏𝟏 < 𝑷𝑷𝑻𝑻 < 4 GeV.
𝒃𝒃.Hard partons originally generated by PYTHIA8,  then suffered with

energy loss by LBT with 𝜶𝜶=0.15. Get the hard parton with 𝑷𝑷𝑻𝑻 > 𝑷𝑷𝟐𝟐.

https://twiki.cern.ch/twiki/bin/view/ALICE/PWGCF_QM2018Abstracts


 ‣ Strong evidence of faster expansion in pp & p-Pb compared to Pb-Pb 

‣ Leads to smaller systems freezing out with smaller radii 
�7

Radial flow in small systems
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‣ Do heavy flavor particles exhibit same radial flow as light particles? 
✓E.g. Investigate blast wave fits on light flavors and their “predictions” for 

heavy flavor spectra�8

Radial flow in small systems
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‣ What is the mechanism and how are produced strange quarks distributed 
in phase space? �9

Strangeness enhancement

Study of strangeness enhancement in small systems through ⌅�hadron
correlations in pp collisions at 13 TeV

Jonatan Adolfsson

Lund University

Introduction

The aim of this analysis is to understand

strangeness enhancement in small systems. This is

studied through correlations between the ⌅ baryon

(= ssd) and other hadrons. Since strangeness is

a conserved quantity in strong interactions, and

the net strangeness of normal matter is zero, the

formation of strange quarks must be balanced by

antiquarks. In PYTHIA, this is achieved through

string breakings, resulting in direct correlations

with other strange hadrons, e.g.:
I kaons: K+ = s̄u, K� = sū, K 0 = linear

combinations of s̄d and sd̄ ,
I � mesons: �0 = ss̄,

I ⇤ baryons: ⇤0 = uds, ⇤
0
= ūd̄ s̄,

I other ⌅ baryons: ⌅� = ssd , ⌅
+
= s̄ s̄ d̄ , and

I ⌦ baryons: ⌦� = sss, ⌦
+
= s̄ s̄ s̄,

but less so with non-strange hadrons, in particular:

I pions: ⇡+ = ud̄ , ⇡� = ūd ,
⇡0 = (uū + dd̄)/

p
2, and

I protons: p = uud , p = ūūd̄ .
Any correlations with these should originate from
the underlying event and be due to charge and
baryon number conservation etc.

Yields of various strange baryons as a function of multi-
plicity, for di↵erent collision systems, along with theoretical
predictions. DIPSY is based on rope hadronisation, and is
used for the development of Angantyr. ALICE Collabora-

tion. Nature Phys. 13 (2017) 535-539.

Since PYTHIA underestimates strangeness pro-
duction, other models have been developed to
solve this. One such approach is rope hadronisa-
tion, which is implemented in the Angantyr plugin
to PYTHIA. Here, strings are clustered into ropes,
forming multicolour states, which yields more mul-
tistrange hadrons.

To study the strangeness production mechanism,
one can either look at global (changes in spec-
tra) or local correlations (direct correlations). In
these poster, results from standard PYTHIA are
compared with results where rope hadronisation is
enabled.

Simulation of strings of various colours partly overlapping
in space, yielding more cofigurations of hadrons, and in par-
ticular multistrange ones. C. Bierlich. QCD Challenges at

the LHC: from pp to AA [conference presentation]. Taxco,

Mexico. (2016).

Global correlations

The plots below show how the spectra, relative to same-sign pions, change if triggering on
a ⌅ baryon. Since this changes the multiplicity of the event, the results are also compared
to multiplicity-weighted minimum-bias spectra.
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⇤ baryons:

5 10
0

0.1

0.2

0.3

π
 / 

Λ

without   with    rope hadronisation

minimum bias

multiplicity weighted

-triggered eventsΞsame-baryon number 

-triggered eventsΞopposite-baryon number 

5 10
 (GeV/c)

T
p

1

2

3

ra
tio

 

Local correlations, method

These are measured by calculating the correlation function between ⌅ triggers and associated
hadrons, which is defined as:

C(�y ,�') =
d
2
N

d�'d�y
.

In this poster, projection onto �' and �y are shown, the latter both on the near side
(�⇡/2 < �'  ⇡/2) and the away side (⇡/2 < �'  3⇡/2).

Local correlations, results

⌅� ⇡ correlations:
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⌅� K correlations:
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⌅� p correlations:
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⌅� ⇤ correlations:
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Summary and conclusions

Correlations between the ⌅ baryon and other hadrons are compared between PYTHIA 8 with

and without rope hadronisation enabled. Main features when including rope hadronisation:
I Larger overall strangeness yields.
I ⇤ spectra weaker in ⌅-triggered events.
I Weaker ⌅� ⇤ correlations on the near side.

I Enhancement of opposite-sign ⌅� K correlations on both sides of the event.
I Double ratio of ⌅� K correlations compared to ⌅� ⇡ weaker.
I Di↵erence between opposite- and same-baryon number ⌅� p correlations on the away

side.
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The aim of this analysis is to understand

strangeness enhancement in small systems. This is

studied through correlations between the ⌅ baryon

(= ssd) and other hadrons. Since strangeness is

a conserved quantity in strong interactions, and

the net strangeness of normal matter is zero, the

formation of strange quarks must be balanced by

antiquarks. In PYTHIA, this is achieved through

string breakings, resulting in direct correlations

with other strange hadrons, e.g.:
I kaons: K+ = s̄u, K� = sū, K 0 = linear

combinations of s̄d and sd̄ ,
I � mesons: �0 = ss̄,

I ⇤ baryons: ⇤0 = uds, ⇤
0
= ūd̄ s̄,

I other ⌅ baryons: ⌅� = ssd , ⌅
+
= s̄ s̄ d̄ , and

I ⌦ baryons: ⌦� = sss, ⌦
+
= s̄ s̄ s̄,

but less so with non-strange hadrons, in particular:

I pions: ⇡+ = ud̄ , ⇡� = ūd ,
⇡0 = (uū + dd̄)/

p
2, and

I protons: p = uud , p = ūūd̄ .
Any correlations with these should originate from
the underlying event and be due to charge and
baryon number conservation etc.

Yields of various strange baryons as a function of multi-
plicity, for di↵erent collision systems, along with theoretical
predictions. DIPSY is based on rope hadronisation, and is
used for the development of Angantyr. ALICE Collabora-

tion. Nature Phys. 13 (2017) 535-539.

Since PYTHIA underestimates strangeness pro-
duction, other models have been developed to
solve this. One such approach is rope hadronisa-
tion, which is implemented in the Angantyr plugin
to PYTHIA. Here, strings are clustered into ropes,
forming multicolour states, which yields more mul-
tistrange hadrons.

To study the strangeness production mechanism,
one can either look at global (changes in spec-
tra) or local correlations (direct correlations). In
these poster, results from standard PYTHIA are
compared with results where rope hadronisation is
enabled.

Simulation of strings of various colours partly overlapping
in space, yielding more cofigurations of hadrons, and in par-
ticular multistrange ones. C. Bierlich. QCD Challenges at

the LHC: from pp to AA [conference presentation]. Taxco,

Mexico. (2016).

Global correlations

The plots below show how the spectra, relative to same-sign pions, change if triggering on
a ⌅ baryon. Since this changes the multiplicity of the event, the results are also compared
to multiplicity-weighted minimum-bias spectra.
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Protons:
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Local correlations, method

These are measured by calculating the correlation function between ⌅ triggers and associated
hadrons, which is defined as:

C(�y ,�') =
d
2
N

d�'d�y
.

In this poster, projection onto �' and �y are shown, the latter both on the near side
(�⇡/2 < �'  ⇡/2) and the away side (⇡/2 < �'  3⇡/2).

Local correlations, results
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⌅� K correlations:

0 2 4

0.12

0.14

0.16

0.18

0.2

0.22

0.24-K
ΞC   w/o  with  rope hadronisation

same sign

opposite sign

ϕΔProjection in 

0 2 4

ϕΔ

1

1.5

op
po

si
te

/s
am

e 
si

gn 1− 0.5− 0 0.5 1

0.12

0.14

0.16

0.18

0.2

0.22-K
ΞC

y, near sideΔProjection in 

1− 0.5− 0 0.5 1

 yΔ

1

1.2

1.4

1.6

op
po

si
te

/s
am

e 
si

gn 1− 0.5− 0 0.5 1

0.13

0.14

0.15

-K
ΞC

y, away sideΔProjection in 

1− 0.5− 0 0.5 1

 yΔ

1

1.05

1.1

1.15

op
po

si
te

/s
am

e 
si

gn

⌅� p correlations:

0 2 4
0.05

0.06

0.07

0.08

0.09

0.1

0.11-p
ΞC

  w/o  with  rope hadronisation

same baryon number

opposite baryon number

ϕΔProjection in 

0 2 4

ϕΔ

1

1.1

1.2

op
po

si
te

/s
am

e 
ba

ry
on

 n
um

be
r 1− 0.5− 0 0.5 1

0.05

0.06

0.07

0.08

0.09

0.1

-p
ΞC

y, near sideΔProjection in 

1− 0.5− 0 0.5 1

 yΔ

1

1.1

1.2

op
po

si
te

/s
am

e 
ba

ry
on

 n
um

be
r 1− 0.5− 0 0.5 1

0.06

0.07

0.08

0.09

0.1-p
ΞC

y, away sideΔProjection in 

1− 0.5− 0 0.5 1

 yΔ

0.95

1

1.05

op
po

si
te

/s
am

e 
ba

ry
on

 n
um

be
r

⌅� ⇤ correlations:

0 2 4

0.02

0.04

0.06

0.08

0.1

Λ-
ΞC   w/o  with  rope hadronisation

same baryon number

opposite baryon number

ϕΔProjection in 

0 2 4

ϕΔ

0

5

10

op
po

si
te

/s
am

e 
ba

ry
on

 n
um

be
r 1− 0.5− 0 0.5 1

0.02

0.04

0.06

0.08Λ-
ΞC

y, near sideΔProjection in 

1− 0.5− 0 0.5 1

 yΔ

0

5

op
po

si
te

/s
am

e 
ba

ry
on

 n
um

be
r 1− 0.5− 0 0.5 1

0.01

0.015

0.02

Λ-
ΞC

y, away sideΔProjection in 

1− 0.5− 0 0.5 1

 yΔ

1

1.1

1.2

op
po

si
te

/s
am

e 
ba

ry
on

 n
um

be
r

C⌅�K (OS)/C⌅�K (SS)

C⌅�⇡ (OS)/C⌅�⇡ (SS)

(to probe non-baryonic
strangeness correlations):

1− 0 1 2 3 4
ϕΔ

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7
ϕΔProjection in 

rope hadronisation excluded

rope hadronisation included

ϕΔProjection in 

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 yΔ

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

y, near sideΔProjection in y, near sideΔProjection in 

C⌅�⇤ (OB)/C⌅�⇤ (SB)

C⌅�p (OB)/C⌅�p (SB)

(to probe baryonic
strangeness correlations):

1− 0 1 2 3 4
ϕΔ

1

2

3

4

5

6

7

8

9

ϕΔProjection in 

rope hadronisation excluded

rope hadronisation included

ϕΔProjection in 

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 yΔ

1

2

3

4

5

6

7

8

y, near sideΔProjection in y, near sideΔProjection in 

C⌅�p (OB)/C⌅�p (SB)

C⌅�⇡ (OS)/C⌅�⇡ (SS)

(to probe baryon number
correlations):

1− 0 1 2 3 4
ϕΔ

0.9

0.95

1

1.05

1.1

1.15 ϕΔProjection in 
rope hadronisation excluded

rope hadronisation included

ϕΔProjection in 

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 yΔ

0.9

0.95

1

1.05

1.1

1.15
y, near sideΔProjection in y, near sideΔProjection in 

Summary and conclusions

Correlations between the ⌅ baryon and other hadrons are compared between PYTHIA 8 with

and without rope hadronisation enabled. Main features when including rope hadronisation:
I Larger overall strangeness yields.
I ⇤ spectra weaker in ⌅-triggered events.
I Weaker ⌅� ⇤ correlations on the near side.

I Enhancement of opposite-sign ⌅� K correlations on both sides of the event.
I Double ratio of ⌅� K correlations compared to ⌅� ⇡ weaker.
I Di↵erence between opposite- and same-baryon number ⌅� p correlations on the away

side.

https://twiki.cern.ch/twiki/bin/view/ALICE/PWGCF_QM2018Abstracts


 

‣ Effect likely small → more precise and novel measurements needed
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Searches for jet quenching in small systems
Charged-particle spectra and nuclear modification factors ALICE Collaboration
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Figure 7: Left: Nuclear modification factors measured by ALICE in central (0–5%) and peripheral (70–80%)
Pb–Pb collisions and in p–Pb collisions at

p
sNN = 5.02 TeV. Right: A comparison of the nuclear modification

factors for central (0-5%) Pb–Pb and p–Pb collisions measured by ALICE and CMS [11, 14]. In both figures, the
pT-dependent systematic uncertainties are shown as boxes around data points. The normalization uncertainties are
shown as boxes around unity.

Pb–Pb collisions at the LHC. The calculations by Andrés et al. [62] use the jet quenching formalism of
quenching weights. This approach consists of fitting a K factor, defined as K ⌘ q̂/2e3/4, that quantifies
departure of this parameter from the perturbative estimate, q̂ideal ⇠ 2e3/4 [63], where the local energy
density e is taken from a hydrodynamical model of the medium. The K factor is the only free parameter
in the fit of nuclear modification factors. Without including new data at

p
sNN = 5.02 TeV in the fit pro-

cedure, they predict a ⇠ 15% larger suppression at
p

sNN = 5.02 TeV as compared to
p

sNN = 2.76 TeV,
assuming the same value of K as the one obtained from the fit to the data at the lower energy.

All models presented here describe the main features of the data. The models by Vitev et al., Djordjevic
et al. and CUJET 3.0 give quantitatively good description of the data. The model by Bianchi et al. is
consistent with data within 1.5s while that by Andrés et al. underestimates the data at high pT. However,
one should note that this comparison is made between unbinned theory calculations and binned data in
relatively large pT bins, which might introduce additional uncertainty.

4 Summary

In summary, we measured the primary charged particle pT spectra in pp and Pb–Pb collisions at
p

sNN =
5.02 TeV. We also reanalyzed the data collected in pp and Pb–Pb collisions at

p
sNN = 2.76 TeV as

well as in p–Pb collisions at
p

sNN = 5.02 TeV with the revised techniques. Thanks to an improved
reconstruction, track selection and data-driven efficiency correction procedure we were able to reduce
the systematic uncertainties by a factor of ⇠ 2 as compared to previously published ALICE results. The
measured spectra were used to determine the nuclear modification factors RpPb and RAA. The nuclear
modification factor in p–Pb collisions is consistent with unity at high pT, showing that the strong sup-
pression observed in Pb–Pb is not due to CNM effects but rather due to final state partonic energy loss
in the hot and dense QGP created in Pb–Pb collisions. This suppression is weak in peripheral collisions
and increases with centrality reaching a value of RAA = 0.13 at pT = 6–7 GeV, indicating an increasing
parton energy loss with centrality. This suppression is found to be similar at

p
sNN = 2.76 and 5.02 TeV,

despite the much harder pT spectrum at the top energy, which may indicate a stronger parton energy loss
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Figure 17: Comparison of the shapes of the v2(pT) in the 13 TeV pp and 5.02 TeV p+Pb data. The pp v2 has been
scaled by a factor of 1.51 along the y-axis in order to match the maximum of the v2 in the two data sets. The results
are for 0.5<pb

T <5 GeVand Nrec
ch �60. The error bars indicate statistical uncertainties.

though the p+Pb v2 and v4 increase with Nrec
ch . The v4/v22 ratio is observed to be 50% larger in the pp data

than in the p+Pb data. Naively, this would indicate a larger non-linear contribution to v4 in pp collisions
compared to p+Pb collisions.
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Heavy flavor flow and RpPb  
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Fig. 2: Nuclear modification factor of muons from heavy-flavour hadron decays as a function of pT for p–Pb

collisions at
√

sNN = 5.02 TeV at forward rapidity (2.03< ycms < 3.53, top) and backward rapidity (−4.46< ycms <

−2.96, bottom) compared to model predictions [70–72]. Statistical uncertainties (bars), systematic uncertainties

(open boxes), and normalisation uncertainties (filled box at R
µ±←HF
pPb = 1) are shown. Filled (open) symbols refer to

the pp reference obtained from an energy and rapidity scaling to the measurement at
√

s = 7 TeV (an extrapolation

based on FONLL calculations).
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‣ Heavy flavor flow and RpPb follow similar trends as light hadrons 
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Heavy flavor flow and RpPb  

‣ Hydro+transport model predict D0 flow and mild RAA suppression for small systems 

‣ Same cross check should be made with jet quenching models for light         
hadrons

4

and 30–50% centralities. As discussed above, we find that when we hold "2 ⇠ const. in the 30–50%
centrality class the influence of the smaller system size plays a dramatic role in Fig. 3. It is quite
clear that in small systems D mesons v2 is significantly suppressed across all pT. Nevertheless,
what is somewhat surprising is that v2{2}(pT) of OO collisions is roughly equivalent to v2{2}(pT)
of ArAr collisions.

Now that we have shown that the system size suppresses D meson v2 when the eccentricities
are held fixed, we can understand the results in the 0–10% centrality class in Fig. 3 where the v2
is roughly equivalent regardless of system size. Additionally, the v2 in ArAr and OO collisions is
larger in central collisions than in mid-central collisions. Returning to Fig. 2 we know that for
central collisions as the system size decreases the eccentricities increase. Thus, there are now two
competing factors that can contribute to the final v2: a suppression e↵ect from decreasing the
system size and an enhancement e↵ect from increasing eccentricities. In Fig. 3 when we see that
all curves are very similar in 0–10% centrality it simply is because these two competing e↵ects
roughly cancel each other out. This implies that in the CMS pPb D mesons data likely there is
a large enough eccentricity such that v2 does not vanish completely due to shrinking system size
(although it may be that some initial flow could also influence D meson v2 [89], we have not yet
explored this possibility).

Another interesting consequence from Fig. 3 is that v2 between pT = 2–5GeV shows some
sensitivity to the deformation present in the 129Xe nucleus. Using a prolate nucleus we find that
there is an enhancement in this regime compared to a spherical nucleus. This is a surprising result
since 0–10% is quite a wide centrality bin whereas in the soft sector the large deformation e↵ects
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FIG. 1. D0 meson RAA for PbPb, XeXe with spherical and prolate initial nuclei, ArAr, and OO collisions
at the LHC top energies in 0–10% (top) and 30–50% (bottom) centrality classes.
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FIG. 2. "2{2} (left) and "3{2} (right) versus radius for PbPb, XeXe, ArAr, and OO collisions at the LHC
top energies in 0–10% and 30–50% centrality classes.

100 101

p

v 2
{2
}

16

40

129

129

208

0 & T = 160

100 101

p

v 2
{2
}

16

40

129

129

208

0 & T = 160

FIG. 3. D0 meson v2{2} for PbPb, XeXe with spherical and prolate initial nuclei, ArAr, and OO collisions
at the LHC top energies in 0–10% (top) and 30–50% (bottom) centrality classes.

come from primarily ultracentral collisions [54, 59, 90–98].
We also explore these e↵ects on v3{2}(pT) in Fig. 4 and find that v3 is more sensitive to system

size e↵ects i.e. v3 is more consistently suppressed in small systems in both centrality classes, even
when there is a significant increase in "3. Additionally, we find that the approximate universality
of v3{2}(pT) across centralities in PbPb collisions (see also [50, 85]) is not observed in smaller
systems. This approximate universality can then be explained by a balance between the variations
in path length and eccentricity with centrality. The di↵erent response of v2 and v3 to system size

arXiv:1907.03308
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Summary of proposals in light systems

‣ Experiment
✓More orders of vn in pp and p-Pb 
✓Two-particle correlations with strange hadrons   

‣ Theory
✓Higher harmonic flow using string mechanisms 
✓Hydro predictions for two particle correlations with strangeness 
✓Blast wave predictions for heavy-flavor spectra 
✓Simultaneously predictions of light hadron vn and RAA at high pT 

https://twiki.cern.ch/twiki/bin/view/ALICE/PWGCF_QM2018Abstracts

