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Physical idea: separation of hard and soft physics

@ Do you know what hard and soft = bulk physics means
in context of heavy ion collisions?
Press yes/no. Take 60 seconds to write it, after 60 seconds post in
the chat.
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Physical idea: separation of hard and soft physics

@ Do you know what hard and soft = bulk physics means
in context of heavy ion collisions?
Press yes/no. Take 60 seconds to write it, after 60 seconds post in
the chat.

@ High momentum particles (= 5-10 GeV) — hard physics,
Low momentum particles (< 5-10 GeV) — soft physics

@ Hard physics: perturbative QCD, jets
Soft physics: statistical models, hydrodynamics

Imagine a fountain of water (jet) shooting through a dense fog (bulk)
or a jet in jacuzzi
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Hard and soft / bulk physics separated explicitly
rﬁ;‘:ﬁg Colored
PYTHIA8 Colorless
Parton gun ML?tT : i (o=sec on Pythisd)
artini .
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streaming Brick sampler*
Gubser
* Optional download
Kudos to James Mulligan for nice illustrations o
Dmytro (Dima) Oliinychenko (INT) SMASH hadronic transport

July 21, 2021

2/22



N
JETSCAPE

Hard and soft / bulk physics separated explicitly
rﬁ;‘:ﬁg Colored
PYTHIA8 Colorless
Parton gun ML?tT : i (o=sec on Pythisd)
artini .
AdS/CFT Lt
MUSIC (2+1, 3+1)*
E CLVisc* c E
ree EBd External file reader By ~00PEr-rrye
streaming Brick sampler*
Gubser
* Optional download
Kudos to James Mulligan for nice illustrations o
Dmytro (Dima) Oliinychenko (INT) SMASH hadronic transport

July 21, 2021

2/22



Soft physics: hydrodynamics + transport approach ®

Initial State Relativistic Fluid

-equilibrium 2
Pre-equ b u Hadronization
Dynamics

0 ~1 ~10 ~20

@ Hydrodynamics: local thermal equilibrium,
0,T" =0, 9,5" = 0, EoS, boundary conditions

Applicability: mean free path < system size = high density

@ Transport: Monte-Carlo solution of Boltzmann equations

Applicability: mean free path >> Acompton = low density
@ Hybrid: hydro at high density + transport at low density
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Transport is simple: particles propagate, collide, decay

10.0 fm/e
&

... but the devil is in the details
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Applications of hadronic transport

@ Full simulations of ion collisions at lower and intermediate
energies (v/s < 20 GeV, e.g. SMASH, UrQMD, HSD, IQMD),
at higher energy they tend to undershoot v2

@ With some partonic part: full simulations at any energies (e.g.
PHSD, AMPT)

@ Higher energies ion collisions (/s = 20 GeV) as a hadronic
afterburner after hydrodynamics

@ e+ A v+ A eg. GBUU

@ Participate in simulations of air-shower from cosmic rays, e.g.
urQMD
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Theoretical foundations

Some theoretical foundations @

@ Conceptually transport codes rely on Vlasov and Boltzmann
equations

@ Have you heard about Vlasov and Boltzmann equations before?
Press yes/no. If yes, take 60 seconds to write 1-2 random facts
you know about them. After 60 seconds post it in the slack chat.
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Theoretical foundations

Vlasov equation (non-relativistic version)

Motion of particles in self-generated mean field
9 -
ol (WT.D) + TVl (7. 5) = ViU () Vf (1. 7,5) = 0
U = [ @ V- D

Classical single-particle equations of motion:

dr ﬁ
dt ~ m
dp .
E — VTU(’I")
df(t,7,p) (0
dt “\ot +7Vr ﬂw f=

Easy way to think: f is number of particles per d*z d*p. Conserving

number of particles and phase space volume (Liouville theorem).
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Theoretical foundations Boltzmann equation

Boltzmann equation (non-relativistic)

Neglect quantum effects like interference, assume 2-body correlations
are local in space-time (space and time span of collisions <« mean free
path). Same left side as for Vlasov equation, but there is right side
responsible for collisions.

dft,7,p) _ 9
dt ot

= (5) = (5),.,7 ()
ol = ot coll a ot gain ot loss

. 0,
(t;":; _j + %vff(t7777m o VFU(F)Vﬁf(t’ F’m - <8];>coll
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Theoretical foundations Boltzmann equation

Boltzmann equation: gain and loss terms

Number of particles dN (¢, r,p) in the phase-space cell @37 d>p"

d
%N(tﬂ",p) = choll(p/a' gy 2 )_ dNCOll(pv" ’ _>p/7 e )

dN(t,r,p) = f(t,r,p)d*Fd*p

@ Assumptions to calculate d N ;:
e only 2 — 2 scattering, neglect
many-particle scatterings as rare
@ incoming particles uncorrelated
@ separation between long- and
short-range interactions

d3pe d3p) d3ply

B B By 0o ppe) < (FE)S(0h) — f(p)(p2)

Icoll =
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Theoretical foundations Boltzmann equation

Ideal hydro follows from equilibrated Boltzmann

Regions of applicability for hydro and Boltzmann

mann

Regardless of cross sections if one waits long enough then entropy
reaches maximum (H-theorem). With corresponding equilibrium
distribution

fo(r,p) = exp((—=p"uy + pu(r)) /T(r))

right hand side of Boltzmann equation vanishes.

From p afo = 0 follows 8, 7" = 0 and 9,,j* = 0, where
d’p p'p” : ’p p*
THY — n_
/(%h) L) and /(%h) = f(D).
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Application of transport to heavy ion collisions Transport code in practice

Solving coupled Boltzmann equations in practice ®

@ All (or almost all) hadron species known: =, p, K, ao, f1, ¢, ..., N,
A(1232), N(1440), ...: more than 100 species without accounting
for charges

@ Solve coupled equations, D = %:
DfTF:ICOZZ(fW7fN7fA7"')
DfN :Icoll<f7r7fN7fA7"')
DfA :Icoll(fwafNawa")

@ Left hand side: testparticle ansatz

Ntest
1
F~5— > e — )8t (p — pi)S(p"pu = m?)

(2
@ Collision integrals: Monte-Carlo approach
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Application of transport to heavy ion collisions Different features of transport codes

Treatment of potentials in transport codes

Have you heard terms QMD and BUU before? Press yes/no.
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Application of transport to heavy ion collisions Different features of transport codes

Treatment of potentials in transport codes

@ Boltzmann - Uhling - Uhlenbeck (BUU) approach
o Mean-field potentials depend on densities: U = U (p({7", 72, ... }))
o Utilize testparticle ansatz: N — N - Niest, 0 — 0/Niest
e Precise energy and momentum conservation only in the limit
Ntest — 00
@ Solve Boltzmann equations in the limit of Ny — o0
@ No correlations in the limit N5t — oo

@ Quantum Molecular Dynamics (QMD) approach

e Pairwise potentials depend on coordinates U (r12)
e Energy and momentum conserved exactly event-by-event
e Does not solve any particular equation for distribution function
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Application of transport to heavy ion collisions Different features of transport codes

Treatment of collisions in transport codes

@ A) Geometrical criterion: d;; < \/o/m (d;; in the CM frame of
colliding paricles)

Only allows 2 — 2, not 3 — 2 or 3 — 1: detailed balance violation

Collision time: time of closest approach

Sort by collision time, perform the earliest

Time sorting depends on frame, problems with Lorentz-invariance

Kodama criterion: smaller Lorentz-invariance troubles

@ B) Stochastic rates: choose two random particles in cell and
collide with some probability
Cassing, NPA 700, 618 (2002); Xu and Greiner, PRC 71, 064901 (2005)

No problems with Lorentz-invariance

Allows 3 — 2 or 3 — 1 collisions

Not applicable with QMD

Needs care concerning cell size and timestep

So far only in BAMPS and (P)HSD, recently implemented in

SMASH
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B etz i
String models: /s > 3 — 4 GeV

@ Pick up ¢gq or quark-diquark from colliding hadrons

@ They form a string, which undergoes a sequence of decays:
“string fragmentation”

@ Different models of string fragmentation:
FRITIOF (Lund), PYTHIA (Lund), HERWIG

@ In Lund string: tunnelling through QCD potential

—7p? m?2
P~emp< WpL) exp ( q)
K K

@ Flavor composition, longitudinal momenta —~ 10 parameters
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SMASH

SMASH and its ancestors @

~ 1980
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@ SMASH :

Simulating
Many

Accelerated

Strongly-interacting
Hadrons

@ first C++ code in this
historical chain
@ written from scratch
@ started coding in 2013
@ under gif version

control from the very
beginning
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SMASH

SMASH: general properties J. Weil et al., Phys.Rev. C94 (2016) no.5, 054905

@ Monte-Carlo solver of relativistic Boltzmann equations

BUU type approach, testparticles ansatz: N — N - Ntegst, 0 — 0/Niest

@ Degrees of freedom

e most of established hadrons from PDG up to mass 2.5 GeV
e strings: do not propagate, only form and decay to hadrons
@ leptons and photons production, decoupled from hadronic evolution

@ Propagate from action to action (timesteps only for potentials)
action = collision, decay, wall crossing

@ Geometrical collision criterion: d;; < \/o/m

@ Interactions: 2 «<» 2 and 2 — 1 collisions, decays, potentials, string
formation (soft - SMASH, hard - Pythia 8) and fragmentation via Pythia 8

@ C++ code, git version control, public on github
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SMASH: initialization

@ “collider” - elementary or AA reactions, Fpeqm = 0.5 A GeV
@ “box” - infinite matter simulations

detailed balance tests, computing transport coefficients, thermodynamics of hadron gas
Rose et al., PRC 97 (2018) no.5, 055204

@ “sphere” - expanding system

testing collision term via comparison to analytical solution of Boltzmann equation,
Tindall et al., Phys.Lett. B770 (2017) 532-538

@ “list” - hadronic afterburner after hydrodynamics
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SMASH: degrees of freedom

N938
NIMO
N1520
N1535

1650
N1675
N1680
N1700
N1710

1720
N1875
N19DO
N1990
NZOBO

2190
NZZZO
N2250

Hadrons and decay modes configurable via human-readable files
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A123!2
AlGZO
A1700
A1905

1910
A1920
A1930
A1950

Mis Zigs  Zimn Quern | Tusg
A1405 z1385 E1530 Q-ZZSO T[1300
MAiszo Zies0 1690 Tgo0
MNsoo  Zi670 1820
1670 z1750 E1950 n548
Moo 21775 =030 N'gs8
Ngoo 21015 N1295
MNsio Z1ea0 N140s
Mg 2030 N147s
1830 22250
Migoo Os00
Nj100
MNa11o P776
Nyaso P1aso
*Isospin symmetry P1700
*Perturbative treatment
of non-hadronic particles Wrs3
(photons, dileptons) Wiaz0
Wie50

fO 980
fO 1370
fO 1500
fU 1710

Q0980
901450

d)1019
¢1680

hl 1170
bl 1235

A11260

SMASH hadronic transport

fZ 1275
f2'1525
fZ 1950
fZ 2010
fZ 2300
f2 2340

fl 1285
fl 1420

321320

T 1400
Tt 1600

N2 1645

W3 1670

T 1670
P3 1690
¢3 1850
942040

f4 2050

K494
*

K 892
Kl 1270
Kl 1400
*

K 1410
*

KO 1430
*

KZ 1430
*

K 1680
K2 1770
*

K3 1780
KZ 1820
*

K4 2045
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Interactions in SMASH ®@

@ Resonance formation and
decay

Ex. 7 — p — =, quasi-inlastic scattering
T — fo — pp — wETT

@ (In)elastic 2 — 2 scattering
parametrized cross-sections o (+/s, t) or
isospin-dependent matrix elements \M\Z(ﬁ, I)

@ String formation/fragmentation

2 — n processes
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Interactions in SMASH

@ Resonance formation and
decay

Ex. 7 — p — =, quasi-inlastic scattering
T — fo — pp — wETT

@ (In)elastic 2 — 2 scattering
parametrized cross-sections o (+/s, t) or
isospin-dependent matrix elements \M\Z(\/E, I)

@ String formation/fragmentation

2 — n processes

For every resonance:
@ Breit-Wigner spectral function
2N m?2T(m)
Alm) = == (m2 — MZ)? + m2T (m)?

@ Mass dependent partial widths T';(m)
Manley formalism for off-shell width Manley and Saleski, Phys. Rev. D 45, 4002 (1992)

Total width I'(m) = > T';(m)

i
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Interactions in SMASH

@ Resonance formation and -
120 === elastic
decay

Ex. 7 — p — =, quasi-inlastic scattering i
i

T — fo — — TTTT 4 T
f2 PP TTT ; +\ 4 data (total)

@ (In)elastic 2 — 2 scattering i
parametrized cross-sections o (+/s, t) or ¥
isospin-dependent matrix elements | M |2 (v/s, T) l{

4 data (elast)

@ String formation/fragmentation

2 — n processes R TR
For every resonance:
@ Breit-Wigner spectral function
2N r
Am) = 2N m (m)
(m? — Mg)? + m2T'(m)?

@ Mass dependent partial widths T';(m)
Manley formalism for off-shell width Manley and Saleski, Phys. Rev. D 45, 4002 (1992)
Total width I'(m) = > T'; (m)

@ 2 — 1 cross-sections from detailed balance relations
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Interactions in SMASH

pp

SMASH-Larc
80- -

@ Resonance formation and
decay 7 o

Ex. 7 — p — =, quasi-inlastic scattering
T — fo — pp — wETT

@ (In)elastic 2 — 2 scattering
parametrized cross-sections o (+/s, t) or
isospin-dependent matrix elements \M\Z(ﬁ, I)

@ String formation/fragmentation

2 — n processes

p: inelastic
SMASH-1.301 (total)
+ data (total)
+ data (elast)

@ NN - NN*, NN = NA*, NN - AA, NN — AN*,
NN — AA*

angular dependencies of NN — X X cross-sections implemented

@ Strangeness exchange KN — KA, KN — An, KN — X«
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Interactions in SMASH

string model parameters
tuned to NA61 pp

Mohs et al., J.Phys.G 47 (2020) 6, 065101

@ Resonance formation and
decay

Ex. 7 — p — =, quasi-inlastic scattering
T — fo — pp — wETT

@ (In)elastic 2 — 2 scattering
parametrized cross-sections o (+/s, t) or
isospin-dependent matrix elements \M\Z(ﬁ, I)

@ String formation/fragmentation

2 — n processes

@ String (soft or hard) fragmentation: always via Pythia 8
@ Hard scattering and string formation: Pythia
@ Soft string formation: SMASH

e single/double diffractive
e BB annihilation
@ non-diffractive
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Cross-sections

Resonances at lower energies, string models at /s > 3 — 4 GeV

pr*

150}
SMASH-1.5rc4

--=- total

------ soft-string

----- elastic

mwmirms resonance
SMASH-1.5rc (total)

<+ data (total)

4 data (elast)

25 30 35 40 45 50
Vs[GeV]
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SMASH

Cross-sections

Resonances at lower energies, string models at /s > 3 — 4 GeV
pl m SMASH-1.5rc4
-—~- total
------ Nt
----- elastic
eumiann Nmmmn
Nmnnmn
------------------ Nnnnnn
=== Nnn
------ Nnnnnmnn
--------- Nnmm
- Nnnnn
-------- Nnnnnn
Nnnnanmnnmn
- —— —— | SMASH-1.5rc (total)
-+ data (total)
4 data (elast)

150}

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Vs[GeV]
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SMASH

Cross-sections

Resonances at lower energies, string models at /s > 3 — 4 GeV

pm-

3.0 35
Vs[GeV]

Dmytro (Dima) Oliinychenko (INT) SMASH hadronic transport

SMASH-1.5rc4
-—-- total
------ N
----- elastic
- N mnmn
Nmnnn
““““““““““““““ Nmnn
-—- Nnnnnn
------ Nnnnnmnn
--------- Nnmnn
- Nnnnn
------- Nnnnnnnn
Nnmnnmn
SMASH-1.5rc (total)
+ data (total)
4+ data (elast)
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SMASH

Cross-sections

Resonances at lower energies, string models at /s > 3 — 4 GeV

e
140+
SMASH-1.5rc4
120¢ --- total
------ elastic
00 g1 o
— - C
-g 8ol N
5 1 N . I — p*
o 60t e g
------ nn
40 SMASH-1.5rc (total)
+ data (total)
20r 4 data (elast)
0
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SMASH

Cross-sections

Resonances at lower energies, string models at /s > 3 — 4 GeV

SMASH-1.5rc4
-—~- total

PP | [ — NN
----- elastic
80f 1 e NNT
NNmn
NN
NNmrnn
NNmrnnnnn
NNmnnn
- NNmmmnnmnmn
NN
NNnmnnn
NNnmmnnn
NNnmnn
NNnanonnnnn
- NNnmmnnnmn
5 6 SMASH-1.5rc (total)
\/E[GeV] 4+ data (total)

+ data (elast)
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SMASH: analysis suite

SMASH analysis suite
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http://theory.gsi.de/~smash/analysis_suite/SMASH-1.8/

Quick test

Did you learn anything from this lecture? Press yes/no.
If yes then write 1-2 random things you learned in the chat.
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