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SMASH
o

Simulating Many Accelerated Strongly-interacting Hadrons (SMASH)

® Relativistic hadronic transport
(Boltzmann eq.):

POufi + miFYR f; = Cly

® |nteractions:
» Collision criterion: b, < \/o/7

P> Processes: elastic, resonance decays,

string excitation
® Energy dependence:

> Low +/s: resonances
» High /s: strings (Pythia)

PB+PB at Ejyp = 40 AGeV

i
ash
Py t=-25fm

Schematic: SMASH cascade with resonances and

strings.
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SMASH
[ ]

SMASH+vVHLLE hybrid approach

SMASH-VHLLE-Hybrid SMASH-VHLLE-Hybrid . SMASH-VHLLE-Hybrid
e Au-Au @ Vsyy =17.3 GeV,

Au-Au @ /sy =17.3 GeV, b=0 fm AUAU @ Vs =17.3GeV, b=01m .-

Time: t=-1.45 fm i Time: t=3.55 fm Afterburner (SMASH)  Time: t=9.80 fm

® SMASH: pre-equilibrium + hadronic afterburner
VHLLE: 341D viscous hydrodynamics (hot/dense stage)
Cooper—Frye particlization for switching

The visualizations are taken from
https://smash-transport.github.io/movies-hybrid.html

Reference: SMASH hybrid approach [1]
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SMASH
0

Resonance Spectral Function

® Resonances are propagated as finite-lifetime degrees of freedom.

® Their mass distribution is described by a relativistic Breit-Wigner form:

m?2T(m)
(% = m3)2 + T (m)?

A(m) =

® mg: pole mass, I'(m): mass-dependent total width.

® Ensures proper normalization of the spectral shape in transport calculations.
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SMASH

oe

Mass-Dependent Widths (Manley et al.)

® Partial decay widths depend on the available phase space and thus vary with the
resonance mass:

pab(nl)

IjR plm ::jFO
—a+ ( ) R—a+b pab(m[))

® pap(m): two-body phase-space factor including the spectral functions of the
daughter particles:

1Py
m

pap(m) = / dme dimy Ag(ma) Ay(my) 22 By (15| R) 72, (m)

By, Blatt—Weisskopf barrier factor, L: orbital angular momentum, R: interaction radius, F,3: form factor.

® Each resonance is therefore defined by its pole mass, width and branching ratios

— all of which determine its contribution to observables.
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Resonances & Genetic Algorithms

Exploring uncertainties through evolutionary optimization



Systematically Optimize Resonance Parameters

Why Study Resonance Parameter Stability?

® Resonances are characterized by many parameters — pole masses, total width and
branching ratios.

® These quantities often have large experimental uncertainties. For example,
according to the PDG, the N(1900) resonance has bounds on its decay mode
A + K ranging from 2% to 20%.

® With many overlapping resonances contributing to a given observable, such
uncertainties can accumulate and propagate in non-trivial ways.

® Understanding the impact of these parameter variations is essential for
interpreting observables sensitive to resonance dynamics.
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Systematically Optimize Resonance Parameters
L]

Emulation of Resonance Contributions

e Full transport runs for rare (strange) channels are CPU expensive.
® Idea: emulate results using resonance and string cross sections.
Effective cross section:

N I'n+—d
Od+i = Ostring—d+i T § ON* T
.
N* N

Mean branching ratio:

(Pt} = 3 Jam A Tt

N = [ dm A(m) ensures normalization. For 2 — 1 reactions (e.g. 7p — N ™), m = /s is fixed.
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Systematically Optimize Resonance Parameters
[ o]

Parameter bounds

Resonance Mode Upper Lower SMASH-3.1

N(1650) AK 15.0 5.0 4.0

N(1710) AK 250 5.0 13.0 Rosonance Mass|GeV] Width[GeV] Mass[GeV] Width[GeV]
\1(1720) AK 190 40 5.0 SMASH-3.1 SMASH-3.1 ~ Bounds Bounds
383;3; AR o0 a0 N(1440) 1440 0350 136138 0150205
N(1895) AK 230 30 180 N(1520) 1515 0.110  1.505-1.515 0.105-0.12
N(1900) AK 200 20 20 N(1535)  1.530 0.150 15152 0.08-0.13
N(1990) AK 61 59 30 N(1650)  1.650 0125 165168 0.1-0.17
N(2060) AK 200 100 10 N(1675)  1.675 0.145 165166 0.12:0.15
N(2080) AK 20 10 05 N(1680)  1.685 0120  1.66-1.68 0.11-0.135
N(2100) AK 1.0 0.0 1.0 N(1700) 1.720 0.200 1.65-1.75 0.1-0.3
N(2250) AK 30 10 02 N(1710) 1710 0140 165175 0.08-0.16
N(1710) LK 10 00 10 N(1720)  1.720 0250 166171 01503
N(1875) K 1l 03 4.0 N(1875)  1.875 0.250  1.85-1.95 0.1-0.22
N(1880) LK 240 100 100 N(1880)  1.880 0.400 1.82-1.9  0.18-0.28
N(1895) TK 200 60 110 N(1895) 1.895 0.120 1.89-1.93  0.08-0.14
N(1900) TK 70 30 3.0 N(1900) 1.900 0.200 1.9-1.94  0.09-0.16
N(1990) K Lo 00 3.0 N(1990) 1.990 0.500 1.9-2.1 0.2-0.4
X((ﬁggg)) § }li ?g é-g ‘l‘g N(2060)  2.100 0400 202213 0.35-0.43

- - - N(2080)  2.000 0350  1851.92 0.12:0.25

283;3; 3K oo 20 a0 N(2100) 2100 0260 205215 024034
A(1930) SK 10 00 10 N(2120)  2.120 0300 205215 0.2-0.36
A(1950) SK o5 03 05 N(2190)  2.180 0400 195215 0305
N(2080) Né 10 00 10 N(2220)  2.220 0400 21322
N(2100) Né 10 00 1o N(2250)  2.250 0.470 2.1-2.2
N(2120) N6 10 00 1o A(1620)  1.610 0130 159-1.61
N(2190) Né 10 00 10 A(1700)  1.710 0.300  1.64-1.69
N(2220) Né 10 00 10 A(1900)  1.860 0.250 1.83-1.9
N(2250) N¢ 10 00 1.0 A(1905)  1.880 0.330 1.75-1.8
N(1880) N ao(980) 50 1.0 2.0 A(1910)  1.900 0.300 1819
A(1920) Nao(980) 10 0.0 1.0 A(1920)  1.920 0300 185195
N(2080) N fo(980) 10 0.0 0.1 A(1930)  1.950 0300  1.82-1.88
N(2190) N fo(980) 10 0.0 0.1 A(1950)  1.930 0280  187-1.89 0.22-0.26
N(2220) N fo(980) 10 0.0 0.1
N(2250) N fo(980) 10 0.0 0.1
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Systematically Optimize Resonance Parameters
oe

Parameter Stability: Motivation for a Systematic Approach

® Vary resonance parameters within PDG bounds and emulate exclusive strange

cross sections.

e Compare mean +1o bands to data from [2-13] for different channels.
® Some channels are better constrained while some are not = need a systematic

treatment.

P Kit3

— Ssimulated Mean
Simulated Std Dev
@ Experimental Data

18 2.0 22 2.4 26 28 3.0

V5 [GeV]

7~ p — KT 4 X7: data often several o away from
the band.

p+p = K*+p+A

—— Simulated Mean
0.10 Simulated Std Dev
# Experimental Data

L

3 4 5
Vs [GeV]

pp — KT 4+ p+ A: data mostly within the 1o band.
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Systematically Optimize Resonance Parameters
[ Jele}

Genetic Algorithm: Concept & Implementation

Goal: Optimize resonance parameters to reproduce experimental cross sections.

® Population-based evolutionary search — robust against noise and local minima.

Steps per generation:

@ Evaluate fitness of all parameter sets.

@ Select the top 50% for reproduction.

© Apply crossover: random uniform mixing of parent parameters.
@ Apply mutation: each parameter has a 10% chance to randomize.

® Repeat until convergence or fixed number of generations.

Advantage: Embarrassingly parallel — each candidate can run on a separate
CPU.
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Systematically Optimize Resonance Parameters
(o] lo}

Results: After Genetic Fitting

® Genetic algorithm tuned resonance masses, widths, and branching ratios.
® pp channels remain similar; 7p reactions show clear improvement.

® Fitted parameters reproduce experimental data more consistently.

n-+p-Kr+I- p+p-=K+p+A

—— SMASH-3.1 0.07 —— SMASH-3.1
030 — Genetic — Genetic

®  Experimental Data X eV W Experimental Data

E 0.15
)

0.10

0.05

0.00

16 18 2.0 22 2.4 2.6 2.8 3.0 3 4 5 6 7
V5 [GeV] V5 [GeV]

7~ p— KT 4+ X~ improved fit after GA. pp — KT 4+ p+ A: stable.
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Systematically Optimize Resonance Parameters
ooe

Conclusion: Genetic Algorithm Fitting

® The genetic algorithm systematically optimized resonance parameters within PDG
bounds.

® Significant improvement for p channels; overall better consistency with
experimental data.

® Parameters included in SMASH 3.2 release.

® Demonstrates that stochastic optimization provides a robust and efficient
approach for transport model tuning.

Full results published in:

Systematic Optimization of Resonance Parameters in a Transport Approach
C.B. Rosenkvist and H. Elfner,
Phys. Rev. C112 (2025) 014911
inspirehep.net/literature/2897898 — arXiv:2503.05504 [hep-ph]
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Color Ropes in Hadronization

Overlapping strings = enhanced color field strength = Strangeness enhancement



String Interactions

@0000

Collectivity from Nucleon—Nucleon Interactions

® Strangeness enhancement is a classic
QGP signature in A+A collisions.

® Hydro+transport (core—corona) models
reproduce this behavior well.

® Yet similar collective trends appear in
high-multiplicity pp events
(ALICE [14]).

Ratio of yields to (z"+77)

® = Suggests collectivity may already
emerge in NN interactions, possibly
driven by string dynamics.

ALICE
® pp5=7TeV
O p-PbySyy = 5.02 TeV
] Pb-Pbsy=276TeV
—— PYTHIA8

(@Ney/dnly o5
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String Interactions
(o] Telele]

Color flux tubes (Strings)

® The linear part of the ¢¢ potential,
V(r) = kr, is modeled as a
relativistic massless string with
tension k ~ 1 GeV/fm.

® As the quarks separate, this string
stores potential energy.

® When stretched, it breaks via the
Schwinger mechanism, creating new

qq pairs:
dN, m(my + pp)
x exp|—————=
d?pr K

quark anti-quark

— 0O —

«— )string ./1_0_,
breaki
/ reaking

Schematic: A string breaking into hadrons.

17/33



String Interactions
(e]e] Tele]

Two views on collectivity from strings

Two notable approaches are being developed, focusing on microscopic dynamics vs.
macroscopic description:

Microscopic (Pythia/Lund)[15] Macroscopic (Percolation)[16]
e SU(3) based color reconnection ® String density in overlap region
(string recombination) = baryons #strings/(transverse overlap region)
e String shoving(repulsive interactions) e (Critical density of strings =
= flow / ridge spanning cluster
® Rope hadronization(overlapping e Defines T, ¢, s,m/s (QCD-Lattice like
color fields) = strangeness EoS)

® Extended to Heavy-ion via Angantyr

Microscopic: string-by-string dynamics — Macroscopic: emergent cluster picture )
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String Interactions
00000

Overlapping strings = higher k = more s5

) ) ) o n=20 Ney=50 R a5
® Qverlap = higher effective tension £ a o2g0% ||
Keff > K o N
® Strangeness suppression fo 'Q' "n ‘éi
. . é 2 } ) 2
(Schwinger mechanism) aa , ® v
E o | Ner28 - | Nev=so0 Nep=119
e, [ °
_ m(mi—m? ) I ': s yo
() = exp| - ey %
HELY B T
® Exam ple values: "o m b tm b m by () Nen = 2395

p(k =1 GeV/fm) ~ 0.08
p(k =3 GeV/fm) ~ 0.43

String tension vs. system size and centrality, obtained

with Angantyr in [17]
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String Interactions
0000e

Main Idea: Implementing String Interactions

® Represent strings as pre-hadronic particles with a finite lifetime and finite volume at
fragmentation.

® Propagate these strings dynamically.

Model local string overlap by counting strings per cell in SMASH.

® Qverlaps = modified effective tension and altered fragmentation pattern.

Aim: study how string interactions generate collectivity and compare to SMASH+hydro.
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String Interactions
[ leJele]e]

String Stopping

® SMASH: baryon stopping arises
from unformed hadron — a=-12

. . . 40 4 — a=-0.4
interactions and leading baryon }I pO-5% | 0T,
a=12

dynamics. 20 T NA49 0-5%
® With string transport: strings

replace unformed hadrons and
no leading baryon at collision
time.

dN/dy

101

e Consequence: strings escaping
the medium before fragmenting ol
= no stopping. 4 3 2 1 0 1 2 3 a4

® Remedy: allow string—hadron
scatterings that excite hadrons
to strings, sampled as
dN/dM o« M~—“.

Proton rapidity in Pb+Pb, 158 AGeV
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String Interactions
(o] Jelele]

String Counting

® Use the SMASH interaction grid,;
evaluate per cell.

® Accumulate string volume in the cell:

Vstrings = Zz Vi N cell.
® Define overlap probability:

Prope = min(l, Vstrings/‘/::ell)-

® Sample prope to draw the rope
multiplicity (number of strings
merging) per cell.

Grid with multiple string volumes (overlaps visible)
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String Interactions
00e00

Rope Formation: Random Walk in SU(3)

® Overlapping strings form a SU(3) multiplet

{p. ¢}

® Adding a triplet {1,0} gives:

SU(3) random walk of coherent triplets/antitriplets

— (p+q)
*lo

{p,a} ®{1,0} = {p+1,4q},

{p—1,q+1} or {p,q—1}

with weight BT e S R
Total charges M=m +n

N(p,q)=i(p+1)(g+1)(p+q+2) Random walk in SU(3) multiplets.
® Repeated steps = random walk; final {p, ¢}
sets rope tension through Casmir scaling

Based on Bierlich et al. (2014), inspired by Biro et al. (1984). 2333



String Interactions
(ele]e] Jo]

Rope Tension from Casimir Scaling

e Casimir scaling: The potential grows with the quadratic Casimir C. Since Cs is
defined only up to a normalization, we normalize it to the triplet {1,0}, i.e. the
tension of a single string.

® Following Bierlich et al. we define the rope tension as:

02(]9’ Q)

1 2 2
=1 3p + 3¢),
Co(1,0) i (0* +pg+q° +3p+3q)

which expresses the relative strength of the rope tension for a representation
{p,q}-

e Effective tension in a string break: Since fragmentation proceeds via tunneling,
the relevant quantity is the released tension:

Reff = Kbefore — Kafter ({p, Q} — {p/7 q/})-

Lattice QCD supports Casimir scaling at the ~5% level up to 1fm [18].
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String Interactions
0000e

: What Are We Doing with Strings?

® Treat Lund strings as explicit objects with finite lifetime and fragmentation volume.

® Allow string—hadron scatterings so that strings do not simply escape (restores baryon
stopping).

® In each SMASH cell, count the local string content and sample a rope multiplicity.

® This rope multiplicity sets the effective tension in that cell (via the SU(3) random walk
and Casimir scaling).

® Fragment strings with this cell-dependent tension = modified Schwinger suppression and
enhanced strangeness.
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String Interactions
L]

Centrality Dependence of Yields and (my)

— qunen N+ E°@40 AGeV A+3°@158 AGeV = — ey N+ 2°@40 AGeV A+3°@158 AGeV
©33] =" SMASH-VHLLE g 600 = = SMASH-VHLLE =600
il = SMASH-rope l2a = = SMASH-rope

f24, & NA4Y 0450 & Nad9 _i Laso
= -7 e IE3007 4 i—ﬁ—""—‘}-— — I300
g 169 e - A —~ 4$x£:;;::::::::;
8- s e _ . r8 g 1507 F150
ohezmZi P e it T o
A+35°@40 AGeV A+35°@158 AGeV A+ 5°@40 AGeV A+35°@158 AGeV
osol 13.2 600+ r600
0.45] t2.4 4504 + ; % __ L ras0
- -l = - — - "
ol p B R T T e
- - e L e L
0.154 _ ;@__;2;_,’ /’.,’_ 0.8 150 150
0.00-F+==F——— ; r— : 0.0 0 ———————— ——
=~ @40 AGeV =~ @158 AGeV =~ @40 AGeV =~ @158 AGeV
F3.2 600- r600
2.44
_ 24 4504 F450
—~
167 pg _,/{’ H.6 300 PR SR S s s S X1
| _2" - — _//‘_—_;”-_//__—_——-Aﬁ
0.8 - P —"" 0.8 150 k150
- — T -
0.0 oW — : ~Lo.0 0 — —
80 160 240 320 400 80 160 240 320 400 60 120 180 240 300 360 60 120 180 240 300 360
(Nw) (Nw)
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String Interactions
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Excitation Function: K /7 Ratios vs. \/Syn

® K /7 excitation function
probes changes in the
effective degrees of freedom

® Confront data with
SMASH+vVHLLE including
dynamical fluidization [19]

= SMASH
- SMASH+Rope

SMASH+VHLLe
— &n=0.6, tr=0.4

Experimental Data
* STAR
e E866
NA49

® Test sensitivity to ‘ ‘ ‘ ‘ ‘ ‘ ‘
2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0

pre-hadronic (string / rope) Vo [GeV]
dynamics

Is pre-thermal strangeness production important?

Can rope formation and fluidization work consistently together?
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String Interactions

Conclusions and Outlook

® Implemented string transport and rope formation in SMASH: overlapping
strings =- larger effective tension.

e Centrality dependence of yields and (mq) was improved with ropes. Best
description with hydro.

® K/m excitation function is sensitive to string dynamics, but the high-,/syn
decrease is too weak.

® Next: extend to other string interactions (shoving, color reconnection) and
address missing K /7 falloff.

® Punch line: SMASH+Ropes vs. SMASH+Hydro = Apples-to-apples
comparison = help clarify when hydro is needed.
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Incoming strangeness improvements for future SMASH releases



Future
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Future improvements: Strangeness production

® SMASH was never tuned for inelastic p+p -» =~ at 17.3 GeV
multi-strange baryon production in } — SMASH-3.2
00010 ; i §  NA49 data
p+p! 0.0008 }

® Refine string fragmentation to
better reproduce strange yields in p+p % ' {

0.0004

® Establish a reliable baseline for
heavy_ion CO"iSions 0.0002 J/\/—L
® Particularly important for peripheral ~ ***
events

-4 -3 -2 -1 1 2 3 4

0
Rapidity y

Aim: Improved strangeness production Underproduction of =~ in SMASH p+p at 17 GeV
from strings in SMASH 3.4
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