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0 Transport theory and hydrodynamics
@ phase-space distribution
@ relativistic Boltzmann equation
@ the Boltzmann H theorem
@ hydrodynamics

@ transport simulations (UrQMD and GiBUU as examples)
e GiBUU
e UrQMD
@ Dalitz decays of hadron resonances
@ Baryon-resonance model at SIS energies

e Dileptons in pp, pA, and AA collisions at SIS energies

Q Quiz
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Transport theory and
hydrodynamics




Phase-space distribution

@ classical many-body system of relativistic particles
o all particles are on their mass shell: E = E,, := /p2 + m?
@ Boltzmann equation rwso, cxoz, rees:
dynamical equation for phase-space distribution function f(t, X, p)
@ relativistic covariance of phase-space distribution

e f(t,X,P)defined as Lorentz scalar quantity
e particle number N: dN =d*xd*p f(¢, X, p)
e particle-number four-vector current (N*) =(n, N )

E

P R
Nt=| d’'p—f(t,X,P)
RS P

o flow-velocity of fluid cell (“Eckart frame”)
s (x) N(x) N N
Upk(X)= ——, Upy=—Fe—=—
Eck No(x) Eck NHNH 1y

e ny: particle density in local fluid (Eckart) restframe
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Relativistic Boltzmann equation

@ particles moving along trajectories (¥(t), p(t))

o for infinitesimal time step dt
dN(t +dt)=f(t+dt, ¥ +de 7, p+de F)d®E(r +dr), d°=d*2d®p

@ Jacobian for phase-space volume

3
6 _ 6
dSE(t+de)=d g(t)det( 355

o total change of dNV

or ,
ot

dN(t+dt)—dN(t)=d5(¢)de
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Relativistic Boltzmann equation

@ covariance: dt =dt+'1— 2 proper time, U = p/E,, v1—12=m/E,

of B ef]_ p'os ,
dt[at RS d’r%a— = covariant!

@ covariant equation of motion for point particle

dp#
4 =K% pupt=m”=const =
=P g P _p_pgm
E, t E,
Ep-) = a u |
EVP(Ff):WK f) = covariant!
of P of o(Ff) [P“ of [ 0(K"f)
dN(t+dt)—dN(t)=dt TN dr| ==L+
(t+dn)=dN(D=dt| 7o+ 5 55 é’p] m o™ apn
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Relativistic Boltzmann equation

@ change of particle number due to collisions
e short-range interactions: collisions at one point (local) in space
e invariant cross section

d3p d3 3-’/ da—n

dN.oi(p, py — pr ) =d'x ZAEW (p{,pz“—pppz),

E K E{
!l 3p, d*p
d W(plrpg (_plrp2)d4xdE’]71 dm’72 1’ f2
- & x Py v P s '

Ap aep, Wp!,p.— p1, p)
do = 1 2 ) . I=+/(p-pr—m*
E E 7 (P p2)
e important: v, is velocity of particle 1 in rest frame of particle 2
o from relativistic covariance (or unitarity of S-matrix!) = detailed-balance
relation

W(p,,p, —pi,p)=W(p, P — Py, P,)
@ Boltzmann equation (mamfestly covariant form)

of  B(K" &P / f
P”afﬁm( f_ f J f pszl,szP,Pz)(flfg_ffz

@ collision integral: “gain minus loss”
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input from quantum mechancis: particle in a cubic box (periodic boundary
cond.)

= us = = Z3
p=—h i€
ASE ;= L*A3p (“microscopically large, macroscopically small”)
contains G; single-particle states (g: degeneracy due to spin, isospin, ...)
ASE;
(2m)

statistical weight for N; particles in A°¢ ;:
factor 1/N;!: indistinguishability of particles

1 ,
Al;=—G;"
Nt
entropy a la Boltzmann
$= InAT;~ > [N;InG;—N;(InN;—1)]
J J

=—fd355 d°p f(x, p)In[2n)’ f(x, p)/g]—1}
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The Boltzmann H theorem

o H = greek Eta: Boltzmann’s notation for entropy
@ covariant description of entropy: entropy four-flow
32

d’p
SH(x)=— —P”f x, pHIn[(2n)* f(x, p)/g1—1}

R3
@ Boltzmann equation + symmetries of W( p1 p2 —p p2

as+ &p [ &p
=l LR L L

55 (flfz)_] e
[fﬁ In h L W(pip,—p,p)=

@ (on average) entropy can never decrease with time!
@ equilibrium < S maximal!
@ bracket must vanish = Maxwell-Boltzmann distribution

Jeal )= s exp | =) utx)- p—pn) )|, p° = = /4

@ B =1/T: inverse temperature, u: fluid four-velocity, u: chemical potential
@ temperature, chemical potential are Lorentz scalars!
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Hydrodynamics

in the limit of very small mean-free path: system in local thermal equilibrium
switch to ideal hydrodynamics description

forget about “particles” = fluid description

equations of motion for #(¢, X): conservation laws

J,N"=0, 3,T" =0

@ NH: net-baryon number, T#”: energy-momentum tensor

o ideal hydrodynamics

Nt=nu", T* =(e+P)u*u”—Pn"’
a,N*=0, 8,T"'=0

n: proper net-baryon density, €: proper energy density, P: pressure
5 equations of motion, 6 unknowns: 7, n, €, P
need also equation of state € = €(P)

hadron-resonance gas EoS (low energies)
1QCD based cross-over phase transition (high energies)

Hendrik van Hees (GU Frankfurt/FIAS) Hadrons in hot and dense matter III July 17-21, 2017 10/ 46



Transport simulations
(UrQMD and GiBUU)




The GiBUU Model

GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

Boltzmann-Uehling-Uhlenbeck (BUU) framework for hadronic transport
reaction types: pA, mA, YA, eA, vA, AA

open-source modular Fortran 95/2003 code

version control via Subversion

publicly available realeases: https://gibuu.hepforge.org

Review on hadronic transport (GIBUU): e+ 121

all calculations for dileptons: J. Weil
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http://gibuu.physik.uni-giessen.de

The Boltzmann-Uehling-Uhlenbeck Equation

@ time evolution of phase-space distribution functions

[0, + (Vo H) -V —(V H) -V fi(t, 2, B)= Leonl firoor fireeos f]

@ use Monte-Carlo simulation for test particles
@ transition probability W in collision term used to define stochastic process
(“random numbers” on the computer)
@ Hamiltonian H;
o selfconsistent hadronic mean fields, Coulomb potential,
“off-shell potential”
@ collision term Iy

e two- and three-body decays/collisions
o multiple coupled-channel problem
e resonances described with relativistic Breit-Wigner distribution

ImIl=—+/p2T

1 ImII

< (x,p)= 7 (p2— M2 —Rell)2 + (ImIT)2’ .

o off-shell propagation: test particles with off-shell potential
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Ultra-relativistic Molecular Dynamics (UrQMD)

@ transport model for hadrons

o all hadrons (resonances) with masses up to 2.2 GeV included
e cross sections adapted to experimental data
e no explicit medium modifications of hadrons implemented

@ quantum molecular dynamics
e hadrons represented by quantum-mechanical Gaussian wave packets

Yi(t,X)= (%)M exp {—%[f—qi(t)]z +iﬁi(t).5e}

o N-body state = product state (no Bose/Fermi symmetrization!)
o classical equations of motion from Lagrangian

S g B+ ST (Y- 3

e interaction potentials: similar resonance model as in GiIBUU

@ all calculations for dileptons: S. Endres
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Dalitz decays

o Dalitz decay:
1 particle — 3 particles

o Viw—m+y*om+lt+(-
o P, Simn—oy+rtor+lt+L

@ R: Baryon resonances
AP,S AN*—->N+V—->N+y*—
: N+t +0

@ vector-meson dominance
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Resonance Model

@ reactions dominated by resonance scattering: ab — R — cd

@ Breit-Wigner cross-section formula

2sp+1 a4 sl p—rlr—ca
(25, +1)2s, +1) p2, (s—m3)2+ T2,

Oab—R—cd =

@ applicable for low-energy nuclear reactions E, S 1.1 GeV

o example: O'ﬂfpaﬂfp [Teis (PhD thesis 1996), data: Baldini et al, Landolt-Bérnstein 12 (1987)]

80 T T T T T T
70+ R
60 B
50 R
gor 1
° 30} Daten
total
20} N e A(1232)
N(1440)
10k - N(1535)
0 — LT
0.0 1.2

Prap (GeV/c)
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GiBUU: Resonance Model

o further cross sections

o (mb)

: . . : as
sh I f i
3.0 E
WL pp -> pp n’ 2y ¥
2.5 []
af T {1 a0
| * E
: 13 t,
N 15
oL . : R 4 E .
0 pp > pp 'R
s
0
2.0
10
10'2,
pp — ppn
10°%F E

and dense matter I11
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GiBUU: Extension to HADES energies

@ [wHMI2, WM13]

@ keep same resonances (parameters from Manley analysis)

My Iy |A1%] /167 [mb GeV*] branching ratio in %

rating [MeV] [MeV] | NR AR aN N TA oN aNT(1440) oA

P1:(1440) FEEE 1462 391 70 — 69— 22p — 9 — —
S11(1535) ok 1534 151 8 60 51 43 — 25+ 1p 1 2 —
S11(1650) FhEE 1659 173 1 12 89 3 2p 3p 2 1 —
D13(1520) FhEE 1524 124 4 12 59 —  bBs+15p 215 — — —
D15 (1673) Hhx 1676 159 17 — 47 — 53p — — — —
P13(1720) *oATT 383 1 12 3 — — 87p — — —
F15(1680) FHEE 1684 139 4 12 70 —  10p +1p Sp+ 2F 12 — —
P3(1232) FEEE 1232 118 OBE 210 w0 — — — — — —
Sa1(1620) 1672 154 7 21 9 — 62p 255 +4p — — —
Das(1700) * 1762 599 7 21 14 —  Tds+4p 85 — — —
P231(1910) Fk 1882 239 14 — 23 — — — — 67 10p
33(1600) HEE 1706 430 14 — 12 — G8p — — 20 —
45(1905) ok 1881 327 7 21 12 — 1p 87p — — —
Fa7(1950) FEEE 1045 300 14 — 38 — 185 — — — Adp

@ production channels in Teis: NN —- NA, NN - NN*, NA*, NN — AA
@ extensionto NN - AN*, AA*, NN - NN,

NN —-NNp,NNw,NNnw,NN ¢,

NN —-BYK (B=N,A, Y =A%)
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GiBUU Extension to HADES energies

@ good description of total pp, pn (inelastic) cross section

pp — X np — X
40 — T T T T T T T T T 40
data —e—  AN* - - - -
inel. AN oo
35 - + NA ———  NN=n 4 35
NN* - - - - oy -- -
NA* — BYK -

30 30
25 25
=)
E
= 20 20
2
1]
15 15
10 10
5
0

sqrt(s) [GeV] sqrt(s) [GeV]

o dilepton sources
o Dalitz decays: n°,n —yl*(~; w0 -~ A—> NI{T(~
e p,w,¢ — (¢ invariant mass {*{~ spectra =
spectral properties of vector mesons
o for details, see winviz)
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UrQMD: Baryon resonances

Resonance  Mass Width Nm Nn Nw No Nrxr  Apnmr Nigm AK K JfoN  aN
Ny 1.440 350 0.65 0.10 0.25
Niso 1.515 120 0.60 015 005 020
Nisys 1.550 140 0.60 0.30 0.05 0.05
Nieso 1.645 160 0.60 0.06 0.06 0.04 0.10 0.05 0.07 0.02
Nigs 1.675 140 0.40 0.55 0.05
Niso 1.680 140 0.60 0.10 0.10 0.15 0.05
Nio 150 0.05 0.20 0.30 0.40 0.05
Ni7io 500 0.16 0.15 0.05 0.21 0.20 0.10 0.10 0.03
Nt 550 0.10 0.73 0.05 0.10 0.02
Nioo 350 0.30 0.14 0.39 0.15 0.02
Nioo 500 0.12 043 0.19 0.14 0.05 0.03 0.04
Nioso 550 042 0.04 0.15 0.12 0.05 0.10 0.12
Niioo 470 0.29 024 0.10 0.15 0.05 0.12
Ning 550 0.29 005 022 017 020 0.12
Niso 470 0.18 025 0.20 0.20 0.05 0.12
A 115 1.00
Al 350 0.10 0.65 0.25
Al 160 0.15 0.05 065 015
Atyeo 350 0.20 0.25 0.55
to00 260 0.25 0.25 0.25 0.25
Algos 350 0.18 0.80 0.02
Ao 250 0.30 0.10 035 025
At 200 0.27 040 030 003
Aty 350 0.15 022 0.20 0.28 0.15
Ao 350 0.38 0.08 0.20 0.18 0.12 0.04
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UrQMD: Baryon resonances

o [mb]

o [mb]

25
p+p — p+p'(1440)
2
15 .

wee UrGMD
4 Data

Hees (GU Frankfur

p+p — p+p'(1520

02 |

° zsasls

--- UrQMD
4 Data

4.5

V]

pap — AT

«oe UrQMD
4 Data
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Dileptons in pp, pA, and AA collisions at SIS energies
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GiBUU: p p at HADES (E;, = 1.25 GeV)

p+pati1.25GeV

data —e—
101 L GiBUU total A
n—setey -
_. 10 ;
>
Q
9
EA
‘—'g 10 E
S
e}
3 It
102§ 1
1073 o 1
I .
| H | N /)‘ k

0 0.1 0.2 0.3 0.4 0.5
dilepton mass mg, [GeV]
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d p at HADES (E;, = 1.25 GeV)

d+pat1.25GeV

data —e—
1 GiBUU total
10" n—e'ey - 3
n-e'ey - - -
A—Ne'e ——
=
[0
9
e}
=S
3
§
§ 102
©
10° 4
1048 ‘

0 01 02 03 04 05 06 07
dilepton mass my, [GeV]

o triggered on forward protons — quasifree np scattering
@ model uncertainties:
e p production through D,3(1525) (isospin symmetric?)
e §,;(1535) [enhanced in np; (from 1 production)]
o d-wave function treatable as quasiclassical “distribution”?
o bremsstrahlung contributions
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GiBUU: p p at HADES (E;, = 3.5 GeV)

p +p at3.5GeV

data ——
GiBUUto+ta_I _—
1| p—oee ~-
10 o—e'e ----
q)_)e*‘e— .........

do/dm,,, [ub/GeV]

0 0.2 0.4 0.6 0.8 1
dilepton mass mg, [GeV]
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GiBUU: p p at HADES (E;, = 3.5 GeV)

do/dpy [1b/GeV]

do/dy [ub]

transverse momentum py [GeV]

10 02 04 06 08 10

02 04 06 08

1

0.4 06 08 1

Jaia =
GlBUUtotaI
pae+e -
o—ejel -
¢4>ee
(1)5)1[99
n aeey"
naeey"
. A—Ne'e -—

150 MeV < m < 470 MeV

470 MeV < m < 700 MeV

700 MeV <m

S ‘\—‘\\l*
&

k|
!

(\\\\\\\\ Ao \
Qe A\ \n
\. \\

rapidity y

1 15 0

and dense matter I11

do/dpy [ub/GeV]

doy/dy [ub]




GiBUU: “p meson” in

@ production through hadron resonances
NN —->NR—-NNp,NN—->NA—-NNmp

p—e‘e
T ; T T I PRELIMINARY
o 4 D13E1520; — _allRes. — L B & pure exo. signal
10° § %\‘ S1%1535) __ s,,(1620)  |{ 16 1 Fmpsim
S11(1650)  Dag(1700) - i
‘ ™, | Fis(1880) - Fyg(1908) - || 44 :

3 P1a(1720) - & F v N i

Y S AN g

3 ~* 13 " P '
g Q 1of
5 <oop
ES &5 I
3 3—
£ E
<] 1=,
8 =
=) L
3 4
. oL

— .4 AN BTTTIE 14 16 18 2 22
0 02 04 06 08 1 - ”
dilepton mass mgg [GeV] Minv [GeVicT]

@ “p”-line shape “modified” already in elementary hadronic reactions

@ due to production mechanism via resonances
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GiBUU: Comparison to old DLS data (pp)

o HADES data consistent with DLS data
o checked by comparing HADES data within DLS acceptance

DLS: p+p
“data —— ‘ ‘
GiBUU total — || 4 10°
pae e T
% zﬁe)re
—e e
% mﬁnog"g' 4 1407
= n ey T 1.61 GeV
33 n—e EY st
£ A—Ne'e — >
k<] E 1.27 GeV 4 10
3
1.04 GeV
T 4108
100 F + 4 10°
s 2.09 GeV
g 10t | 1.85GeV  + 1o
3
E$
5 102} 4102
[} .
© 1.
[ -3
102 H ﬂ; ] -f ﬁ 410°
i\ L L Il " L 1y L

0 02 04 06 08 1 120 02 04 06 08 1 120 02 04 06 08 1 1.2
dilepton mass mg, [GeV] dilepton mass m, [GeV] dilepton mass m, [GeV]
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GiBUU: Comparison to old DLS data (pd)

o HADES data consistent with DLS data
o checked by comparing HADES data within DLS acceptance

DLS: p+d
“data —— ‘ ‘
GlBUUtotaI _—
poele —— 4 10°
% (,\)*)8 e ---
¢—>e e
% 0)*)7[08 e -1
e T el ey T 410
2 n—-e ey - - 1.61 GeV
c A—Ne'e —
3 pn Brems. --- | | 1.27 GeV {10
©
1.04 GeV
I I I I I I 3 1073
1 10°
S 2.09 GeV
jo)
Q
g 1.85 GeV ERT
8 I
5 i
© - : 4102
© 5 vk
0 02 04 06 08 1 120 02 04 06 08 1 120 02 04 06 08 1 12

dilepton mass mg, [GeV] dilepton mass m, [GeV] dilepton mass m, [GeV]
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GiBUU: Newest development: A(1232) in VMD model

@ so far: A-Dalitz decay treated separately from other resonances
@ now: treating A as all other resonances via VMD model
p +patl.25GeV

‘ data ——
101 L GiBUU t+0t@| 4
~eey T
AQED ——
AVMD ——
10° H N*VMD ----- |
— Brems. OBE ---- ---
>
[5)
Q
2.
—'3 10 3
1S
ks
5 4
102 4 ;
10° 4 ;

0 0.1 0.2 0.3 0.4 0.5
dilepton mass mg, [GeV]
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GiBUU: Newest development: A(1232) in VMD model

@ so far: A-Dalitz decay treated separately from other resonances
@ now: treating A as all other resonances via VMD model
d+patl.25GeV

dofdm,, [Hb/GeV]

03 04 05
dilepton mass mg, [GeV]
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GiBUU: Newest development: A(1232) in VMD model

@ so far: A-Dalitz decay treated separately from other resonances

@ now: treating A as all other resonances via VMD model
p+pat2.2GeV

T T T T T
Y data —e—

10° H

N*VMD —--—
A*VMD - ---
Brems. OBE ----

dofdmgg [Ub/GeV]
T =
o o

N -

=

S
@
T

h N
0O 01 02 03 04 05 06 07 08 09
dilepton mass mg, [GeV]
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GiBUU: Newest development: A(1232) in VMD model

@ so far: A-Dalitz decay treated separately from other resonances

@ now: treating A as all other resonances via VMD model
p+pat3.5GeV

“data ——
GiBUU total ——
w-ee ~-°°

10 H

Y

Yo
AVMD ——
N*VMD ----
A* VMD

Brems. OBE ---- -

10° H

dofdme, [Ub/GeV]

: ! ! ! )
0 0.2 0.4 0.6 0.8
dilepton mass mg, [GeV]
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UrQMD: p p at HADES (E,;, = 2.2 GeV and 3.5 GeV

=10" =10?
) p+p @ 3.5 GeV %
> HADES Acceptance 2
§1 025 0,0 >9%0.08<p, <2.0 GeVic 55‘: 10
3 r
E i =
=10%
5} .
3, 04 8 °
3 10°
105

10

Gl il

\

=] I
10 i}

Hendrik van Hees (GU Frankfur

0.5

p+p @ 2.2 GeV

HADES Acceptance
8e>950.1<p,_ <13 GeVic

0670708 05 107
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GiBUU: p Nb at HADES (3.5 GeV)

GiBUU:
@ medium effects built in transport model

e binding effects, Fermi smearing, Pauli blocking
o final-state interactions
e production from secondary collisions

@ sensitivity to additional in-medium modifications of vector mesons?
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GiBUU: p Nb at HADES (3.5 GeV)

@ with vacuum spectral functions:
p + Nb at 3.5 GeV

10° k ‘ preliminary data —e—
GiBUU total

do/dme, [ub/GeV]

0 0.2 0.4 0.6 0.8 1
dilepton mass mg, [GeV]

Hendrik van Hees (GU Frankfurt/FIAS)
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GiBUU: p Nb at HADES (3.5 GeV)

@ with medium modified spectral functions:
p + Nb at 3.5 GeV

= S [,
[0 R
S 100 b f { ,
Ko}
e
8
£ %
5 . 3
g prelim. data —e— 1
vac y E
CB ----
CBishift ===+« A )
S DR L SN N N iV DN AN ¥
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.55 0.6 0.65 0.7 0.75 0.8 0.85

dilepton mass mg, [GeV]

@ no definite hint for medium modifications in p Nb
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GiBUU: p Nb at HADES (3.5 GeV)

o medium effects built in transport model

e binding effects, Fermi smearing, Pauli blocking
o final-state interactions
o production from secondary collisions

@ sensitivity on medium effects of vector-meson spectral functions?

p + Nb at 3.5 GeV
T T

T T T
= dgpos A
© 5 T.A.'
S 100 E E
Qo
=
8 i
£ s
Q . 1Y
) prelim. data —e— 1
CB
CB+shift 5
10" shift - LY L Y

L L L L L L
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.55 0.6 0.65 0.7 0.75 0.8 0.85
dilepton mass m, [GeV]
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GiBUU: Ar KCl at HADES

-
<
IS

1/N0 dN/dm,

GiBUU p—e’e
(vacuum SF) o

NN Brems. ---- ---
Dy5(1520) ------
S51(1620) oo

i — =

0.4 0.6
dilepton mass mg, [GeV]
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GiBUU: Ar KCl at HADES

. data ——
3L . ; shift ——— |
10 VM in-medium effects CB4+shift
vac ——
cB ——
10 L _
3
&
5 5 | i
E 10
3
£
3 -6
£ 10 3
107 | E
10

L 1
0.2 0.4 0.6 0.8 1
dilepton mass mg, [GeV]
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UrQMD: pp and CC at HADES (lowest energies)

=10 =10*
Z p+p @ 1.25 GeV i S C+C @ 1 AGeV
%, \ HADES Acceptance i 3 3 all HADES Acceptance
S 10 O, >95005<p <18GeVic | e S10 B, > 9% 0.0 <p, <2.0 GeVie
3 direct =
= — Sum %
R -4
3 =10
s =,
u
Z s
10" =10
102 10°
10°%} 107
107 Gl 108k
0 0102 03 04 05 06 07 08 0.9 » 0 o
M [GeV/c?]
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UrQMD: Ar KCI and CC at HADES

0% Ar+KCl @ 1.756 GeV T =10% o
° r+ . e e % C+C @2 AGeV 1
> A HADES Acceptance S % 5 HADES Acceptance 6
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@ What'’s the difference between the simulation algorithms used in GiBUU
(test-particle Monte Carlo simulation) and in UrQMD (quantum molecular
dynamics simulation)?

Which is the most important empirical input we need for transport models
in low-energy heavy-ion collisions?

Why are the p-meson properties in the particle-data booklet defined solely
through reactions like e™ + e~ — 7+ 7 and not with p + p — hadrons?

what’s the fundamental difficulty in making use of (quantitative)
many-body-QFT calculations of medium-modified spectral functions?

© © o o

how can one solve this approximately and what are the caveats?
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