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motivation
collectivity in small systems

Observations of signs of collective behaviour in small collision systems: is the
hydrodynamic behaviour of large systems universal, or does small enough systems
require microscopic degrees of freedom to be taken into account?
Will look at two distinct microscopic models: QCD effective kinetic theory and
the Lund string model.
Collective behaviour of interest: (elliptic) collective flow.
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microscopic models
qcd effective kinetic theory

Boltzmann equation

(∂t + v · ∇x) f(x, p, t) = −C[f(x, p, t)].

Relevant LO (in g) scattering processes1:
▶ 2 ↔ 2 elastic scattering.
▶ “1 ↔ 2” collinear radiation.

Out-of-equilibrium QGP description.
Bottom-up thermalization in large systems2.
Positive v2 in small systems (if local interactions)3.

C2↔2[f ]

C“1↔2”[f ]

1P. Arnold, G.D. Moore, and L.G. Yaffe, Journal of High Energy Physics (2003)
2R. Baier, A.H. Mueller, D. Schiff, D.T. Son, Phys. Lett. B 502 (2001)
3A. Kurkela, et al., Phys. Lett. B 783 (2018) 274 & A. Kurkela et al., JHEP 11 (2021), 216
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microscopic models
the lund string hadronization model

Core part of Pythia Monte Carlo Event Generator1.
Main physics2: qq̄ bar has linear confining potential resulting in massless,
relativistic string with tension κ ≈ 1 GeV/fm. Gluons appear as “kinks” on the
string. String can break to smaller pieces (hadrons) through new qq̄ pair tunneling
out of vacuum.
Strings have (Gaussian) transverse width. Overlap leads to shoving with repulsive
force per unit length:

f(d⊥) = gκd⊥
R2 exp(−d2

⊥/4R2).

1B. Andersson et al., Z. Phys. C 3, 223 (1980) & B. Andersson et al., Z. Phys. C 20, 317 (1983)
& B. Andersson et al., Phys. Rept. 97, 31–145 (1983)

2C. Bierlich et al., SciPost Phys. Codeb. 2022, 8 (2022)
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elliptic flow
large system - hydrodynamics

Spatial
asymmetry

Pressure
gradients

Positive azimutal
anisotropy (v2 > 0)

y

xz

y

x
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elliptic flow
small systems - hotspots

First, capture initial spatial deformation
in simplified setup: (2 and 4) hotspots.
Kinetic theory : hotspot source of
isotropically produced partons.
Strings: hotspot center of a single,
straight, quark-antiquark string.
Look at more realistic models later.

ΨR ΨR
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elliptic flow
small systems - kinetic theory

Short range isotropization (v2 > 0)

Long range isotropization (v2 < 0)
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elliptic flow
small systems - kinetic theory

Interaction time < mean free path is an assumption of kinetic theory.
tint. ∼ 1/qelastic ∼ 1/mg and rint. ∼

√
σ ∼ 1/mg, so tint. ∼ rint.

R
rint.

m.f.p. ∼ R

tint. ≪ R

tint. ≪ m.f.p.

R = rint

m.f.p. < R

tint. ∼ R

tint. ≳ m.f.p.
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elliptic flow
small systems - string shoving

No overlap (v2 = 0)

Shoving (v2 < 0)
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elliptic flow

v2

0
mult. (cent)

hydro

string

Against
the flow!
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measuring the sign of v2

Heavy-ion: final-state angular distribution proportional to

dN

dφ
∝∼ 1 + 2v2 cos[2(φ − Ψ)].

Ψ impact parameter angle. When known (model calculations) v2 determined by
average over events,

⟨v2⟩ = ⟨cos[2(φ − Ψ)]⟩.

Experiment: Ψ hard to measure, instead magnitude from

⟨cos[2(φ1 − φ2)]⟩ = ⟨v2
2{2}⟩ (̸= ⟨v2⟩2).
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measuring the sign of v2

Sign from 3-particle correlations using the directed flow, v1, of pions in the
forward region.
v2 determined to be positive with this method in the NA49 experiment at the
SPS1 and in the STAR experiment at RHIC2.
Small collision systems: v1 too small (?), Ψ unknown: sign of v2 unknown.

1NA49 collaboration, Alt, C. et al. Phys. Rev. C 68 (2003)
2STAR collaboration, Adams, J. et al. Phys. Rev. Lett. 92 (2004)
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two hotspots

Look at v2 as a function of the ratio of system size d (distance between hotspots)
to fixed interaction radius r = 2 fm.
Kinetic theory:

10 gluons per event, distributed randomly among the hotspots, with intrinsically
isotropic momentum distribution.
r radius of the fixed elastic scattering cross section σ, r =

√
σ/π.

Lund strings:
Hotspot center of a single, straight quark–antiquark string, total energy of 30 GeV.
All energy of the quark’s momentum in the z-direction, except random kick of order
1 GeV in transverse plane.
r twice the string radius.
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two hotspots

String push
perpendicular to
reaction plane

Long range
kinetic

isotropization

ΨR

ΨR

Strings not
interacting

Short range
kinetic
isotropization
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four hotspots

4 hotspots to capture elliptic deformation better.
d now vertical separation between central hotspots,
r same as previously.
Can be viewed as 6 separate 2-hotspot systems.
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four hotspots
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realistic collision systems
alpaca

ALPACA1: Lorentz Invariant parton cascade which evolves discrete parton
ensembles according to full AMY collision kernels.
Simplified Hamiltonian, particles behave as free between binary scatterings, time
ordered by frame independent τ 2 3.
Closest approach: minimize the Poincaré invariant distance

d2
ij(τ) = −

(
x2 − (xµpµ)2

p2

)
, xµ(τ) = xµ

i − xµ
j , pµ(τ) = pµ

i + pµ
j .

1A. Kurkela, R. Törnkvist, K. Zapp, Eur. Phys. J. C 84, 74 (2024)
2G. Peter, C. Noack, and D. Behrens, Phys. Rev. C 49 (1994)
3V. Börchers, J. Meyer, St. Gieseke, G. Martens, C.C. Noack, Phys. Rev. C 62 (2000)
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realistic collision systems
alpaca

Scatter/merge: black disk, interaction if min(dij) <
√

σ/π.
Splitting: analogous to radioactive decay, use similar methods.
Effective σ and splitting rate extracted from AMY collision kernels.
m2

g/q, T∗ and f extracted dynamically from surrounding partons.
For split/merge, introduce close by recoil parton and k2

⊥ to keep momenta
on-shell.
Infrared momentum cutoff pmin to regularize divergent γ.
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realistic collision systems
alpaca

CGC-like initial conditions,

f0 = A

pξ
e−

2p2
ξ

3

(
1 + ϵ

rn

Rn
0

cos(nϕx)
)

with

pξ ≡

√
p2

⊥ + ξ2p2
z

Q(x⊥) , Q(x⊥) = Q0e
− |x⊥|2

4R2
0 .

Close to pp as starting point1, then scale down R0, keep Ngluons fixed to 16.
Focus only on gluons and elastic scattering.

1A. Kurkela, et al., Phys. Lett. B 783 (2018) 274 & A. Kurkela et al., JHEP 11 (2021), 216
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realistic collision systems
alpaca
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Alpaca

Small R0: enters regime of problematically low mean free path compared to interaction
time, as well as large m2

g compared to the hard momentum scale.
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realistic collision systems
pythia - angantyr

Angantyr1: heavy-ion model for Pythia, glauber model with advanced
fluctuation treatment.
No QGP, attempts to generate collective effects by string–string interactions, e.g.
string shoving.
Look at 12C12C and 2d197Au, Woods–Saxon distribution for 197Au and 12C, and
Hulthén potential2 for 2d.
Positions (r, φ) of each string known, event plane from:

2Ψ = arctan
(

⟨r2 sin(2φ)⟩
⟨r2 cos(2φ)⟩

)
+ π.

1C. Bierlich et al., JHEP 10, 134 (2018)
2L. Hulthén, Ark. Mat. Astron. Fys. A28, No 5 (1942)
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realistic collision systems
pythia - angantyr
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No string shoving
12C12C,

√
sNN = 2.5 TeV

2d197Au,
√

sNN = 0.2 TeV
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Show that elliptic flow in small systems can have negative sign.
Transition in sign observable for certain realistic initial states.
Solid prediction for string interaction model, experimentally measured v2 > 0
would rule out model.
Kinetic theory - less clear-cut:

Depends on method of solving Boltzmann equations.
Regime of v2 < 0 formally outside region of applicability of kinetic theory — would
still inform about the nature of the interaction and how to best go beyond
Boltzmann transport.

Sign of v2 is directly linked to the relevant degrees of freedoms (strings,
gluons as well-defined quasi-particles, strong gluon fields, . . . ) and their
interactions.
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New experimental methods to measure v2 sign in small systems needed.
Cold atom systems (R, r and Ψ known) could further inform about the
applicability of kinetic theory in the small interaction-time limit.
Further development of Alpaca to get fully realistic initial conditions and
hadronization.

Thank you for listening!
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