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HYDRODYNAMICS, SMALL SYSTEMS AND JETS
2

Describe small systems using hydrodynamics?

How do jets lose energy in small systems?

And how does the medium respond?

Same parameters?
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HYDRODYNAMICS, SMALL SYSTEMS AND JETS
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Describe small systems using hydrodynamics?

How do jets lose energy in small systems?

And how does the medium respond?

Same parameters?

Investigate using hybrid simulations
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Initial Condition and Pre-equilibrium AfterburnerHydrodynamics and Energy Loss

CCAKE 2.0

Bierlich et al 2203.11601

Carson et al  PRC 105 034908 

 Scott Moreland et al PRC 92, 011901

Lin and Ko PRC 65 034904Bin Zhang et al PRC 61  067901

Baochi Fu et al  PRC 103 2, 024903

Weil et al PRC 94 054905K. Pala et al  arxiv 2511.22852 

Plumberg et al PRC 111 4, 044905

K. Pala et al  arxiv 2511.22852 

Goes-Hirayama et al PRC 113 4, 044906 

github.com/the-nuclear-confectionery/confectionery_chain

github.com/the-nuclear-confectionery/CCAKE

Particlization

https://github.com/the-nuclear-confectionery/confectionery_chain
https://github.com/the-nuclear-confectionery/CCAKE
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Initial condition

Discretize into particles

Follow each particle evolution

Smooth fields in space

2h

Smoothed Particle Hydrodynamics (SPH)

Source terms

BSQ charges and (3+1D)

Performance portability  (CPUs and GPUS)

CCAKE 2.0

A(r) = ∑
i=1

A(ri)W(ri − r, h)ΔVi

∇j A(r) = ∑
i=1

A(ri)∇jW(ri − r, h)ΔVi
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WVT - INITIAL CONDITION

NSPH ∝ ε

Fictitious force  glass-like →
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ADAPTIVE RESOLUTION
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Resolution scales with density

h = 1.2 ( 1
σ* )

D

SPH particle density

Adds a new equation

Keep track of  
dh
dt

Improvements to accuracy & efficiency
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Flat priors and 200 design points 

Freeze-out temperature

5 parameters

SMALL AND LARGE SYSTEM BAYESIAN

Feed the emulator

Normalization

Nucleon Width

Shear viscosity

Initial time

TRENTO

Soft Observables
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BQSSampler SMASHCCAKE 2.0 BQSSampler SMASHCCAKE 2.0

TRENTO

Soft Observables

clusteringα−

Four centralities

NLEFT from PRC 104 (2021) 4, L041901 

Tfo

N

η/s

σ

τ0
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JOINT RESULTS
Constant η/s No bulk viscosity No preequilibrium

Results by Surkhab Kaur Virk 

O + O  ·  charged

M,  ⟨pT⟩

v₂{2},  v₃{2}

v₂{4} / v₂{2}

Pb + Pb  ·  charged

M,  ⟨pT⟩

v₂{2},  v₃{2},  v₄{2}

Pb + Pb  ·  π,  K,  p

M,  ⟨pT⟩
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JOINT RESULTS
Constant η/s No bulk viscosity No preequilibrium

Results by Surkhab Kaur Virk 
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JOINT RESULTS
Constant η/s No bulk viscosity No preequilibrium

Include  and  (η/s)(T) (ζ/s)(T)
Results by Surkhab Kaur Virk 
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CCAKE 2.0
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MELT

TRENTO

Hard Observables

Soft Observables
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BQSSampler SMASHCCAKE 2.0 BQSSampler SMASHCCAKE 2.0

TRENTO

Soft Observables

clusteringα−
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Modular Energy Loss Treatment

Based on BBMG model

15

MELT

Massless parton at light speed

B. Betz, M.  Gyulassy JHEP 08 (2014) 090

rjet = r0
jet + t
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Jet-medium coupling

Modular Energy Loss Treatment

Based on BBMG model
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MELT

Massless parton at light speed

rjet = r0
jet + t

dE
dL

=
dP
dτ

= − κ(T) P (τ) τ T ζq Γflow
z ca

Γflow = γflow (1 − vflow ⋅ n̂jet)

Fluctuations

Free parameters but must obey
c = 2+z −a

B. Betz, M.  Gyulassy JHEP 08 (2014) 090
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Until

Modular Energy Loss Treatment

Based on BBMG model
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MELT

Massless parton at light speed

rjet = r0
jet + t

dE
dL

=
dP
dτ

= − κ(T) P (τ) τ T ζq Γflow
z ca

Tjet < 150 MeV
Ejet = 0

B. Betz, M.  Gyulassy JHEP 08 (2014) 090

( , , , )c z a q
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pQCD-like

Modular Energy Loss Treatment

Based on BBMG model

18

MELT

Massless parton at light speed

rjet = r0
jet + t

dE
dL

=
dP
dτ

= − κ(T) P (τ) τ T ζq Γflow
z ca

( , , , )c z a q

B. Betz, M.  Gyulassy JHEP 08 (2014) 090

Strongly coupled
1 →
2 →

Until Tjet < 150 MeV
Ejet = 0
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JETS IN LARGE AND SMALL SYSTEMS
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    O+O    TeVsNN = 5.36   Pb+Pb   TeVsNN = 5.02

Results by Isaac Long

Pre-Bayesian parametrization
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   Pb+Pb   TeVsNN = 5.02     O+O    TeVsNN = 5.36

JETS IN LARGE AND SMALL SYSTEMS Results by Isaac Long

Pre-Bayesian parametrization
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CCAKE 2.0
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BQSSampler SMASHCCAKE 2.0 BQSSampler SMASHCCAKE 2.0

Soft Observables

Adaptive

clusteringα−
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MELT
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CCAKE 2.0

dE
dL

=
dP
dτ

= − κ(T) Pa(τ) τz Tc ζq Γflow

jν(τ, ⃗r) =
dE
dL

W( ⃗r − ⃗rjet, hjet) uν

γ

∇μNμ
q = Jq

∇μTμν = Jν
+ DNMR Denicol et al PRD 85 114047 

Denicol et al PRD 91 039902

rjet = r0
jet + t

2hjet

Real time

JET-MEDIUM COUPLING
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JET-MEDIUM COUPLING
24

3 + 1D
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OBSERVABLES

25 KEVIN POSSENDORO PALA

O + O sNN = 5.36TeV
0 − 5%



KEVIN POSSENDORO PALA

CONCLUSION
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Different systems respond differently to parameters

New adaptive hydrodynamics

Different medium response for different parametrizations

Description and predictions using MELT

Different  for OO and PbPbη/s

Good agreement for  and flowRaa

Good agreement for the soft sector in 3 + 1D
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BACKUP
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FLUID EVOLUTION

28



KEVIN POSSENDORO PALA

https://www.exascaleproject.org/research-project/particle-based-applications/

CCAKE CENTRAL LIBRARY

▸ Exascale Computing Project (ECP) - Co-design Center for Particle Applications (COPA)

▸ ECP-COPA/Cabana used in CCAKE

▸ Performance portability

▸    - Personal Computers

▸    - Workstations

▸    - Clusters w/wo GPUs

https://www.exascaleproject.org/research-project/particle-based-applications/
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CCAKE: FREEZE-OUT SURFACE

30

▸ Surface εfo = ε(x = (x0, x1, x2, x3))

nμ =
Nμ

|NμNμ |
= −

∂μεfo(x)

|∂μεfo(x)∂μεfo(x) |

30
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CCAKE: EQUATION OF STATE

p(T, ⃗μ) =
1
2

A0T4
0 ( T

T0 )
2

+ ∑
X ( μX

μX,0 )
2

2

TABLE TANH-
CONFORMAL

CONFORMAL
DIAGONALCONFORMAL

p(T, ⃗μ) =
1
2

A0T4
0(1 + tanh( T − Tc

Ts )) ( T
T0 )

2

+ ∑
X ( μX

μX,0 )
2

2

p(T, ⃗μ) =
1
2

A0T4
0 ( T

T0 )
2

+ ∑
X ( μX

μX,0 )
4

arXiv:2405.09648

31
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SIMULATION SETUP

SMEARED AMPT CCAKE 2.0 BQSSAMPLER SMASH

MELT

OO 0-5%   =sNN 5.36TeV

1500 events
η
s = 0.14ζ

s = 1.68( 1
3 − c2s)

2
200 samples

Decays only

Esw = 0.258GeV/fm3

dE
dL

=
dP
dτ

= − κ(T )Pa(τ)τzTcζqΓflow .

(a,z,c,q)=

(0,1,3,0) 

(0,2,4,0)PYTHIA

1 “Di-jet” pair/event

150 < pT < 200GeV + No jet

pQCD-like

Strongly coupled

32
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τ = τswitch

HIJING

ZPC
Can be added dynamically

INITIAL STATE

Tμν(x1, x2, x3) = ∑
i=partons

pμ
i pν

i

p0
i

Wi( ⃗x, σ⊥, σ3)
W( ⃗xi, σ⊥, σ3) = W(x⊥

i , σ⊥)W(x3
i , σ3)

Cubic spline with support σj

SMEARED AMPT

-clustering nucleon distribution α
Summerfield et al PRC 104 (2021) 4, L041901

3333
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τ = τswitch

HIJING

ZPC
Can be added dynamically

INITIAL STATE

Tμν(x1, x2, x3) = ∑
i=partons

pμ
i pν

i

p0
i

Wi( ⃗x, σ⊥, σ3)
W( ⃗xi, σ⊥, σ3) = W(x⊥

i , σ⊥)W(x3
i , σ3)

Cubic spline with support σj

SMEARED AMPT BINARY COLLISIONS

Jet position

PYTHIA

Sample uniformly

Jet sampling
Hard Parton moving through the medium

-clustering nucleon distribution α
Summerfield et al PRC 104 (2021) 4, L041901
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τ = τswitch

HIJING

ZPC
Can be added dynamically

INITIAL STATE

Tμν(x1, x2, x3) = ∑
i=partons

pμ
i pν

i

p0
i

Wi( ⃗x, σ⊥, σ3)
W( ⃗xi, σ⊥, σ3) = W(x⊥

i , σ⊥)W(x3
i , σ3)

Cubic spline with support σj

SMEARED AMPT BINARY COLLISIONS

Jet position

PYTHIA

Sample uniformly

Jet sampling

Jet momentum/composition

Hard Parton moving through the medium

O + O sNN = 5.36TeV
0 − 5%

-clustering nucleon distribution α
Summerfield et al PRC 104 (2021) 4, L041901
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BAYESIAN SETUP

PRIORS  ·  FLAT

Tfo 130 – 170 MeV

N 100 – 200

η/s 0 – 0.3

σ 0.2 – 1.0 fm

τ 0.2 – 1.0 fm/c

DESIGN

200 design points

Centralities  0–5, 5–10, 20–30, 50–60%

OBSERVABLES

O + O  ·  charged

M,  ⟨pT⟩

v₂{2},  v₃{2}

v₂{4} / v₂{2}

Pb + Pb  ·  charged

M,  ⟨pT⟩

v₂{2},  v₃{2},  v₄{2}

Pb + Pb  ·  π,  K,  p

M,  ⟨pT⟩

EMULATOR

PCA on the observable space

One GP per principal component

LOO cross-validation

SAMPLING

Parallel-tempered ensemble MCMC

→  joint posterior

SCOPE

5 parameters  ·  2 systems

4 centrality classes

36
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JET SETUP
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JET-MEDIUM SIMULATIONS SETUP


