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Motivation
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- In a large number of experiments with nuclear targets the quantum states of the outgoing particles 
  (spin degrees of freedom, shell structures of the nuclear fragments etc.) are not resolved or not resolved
  completely.     

Examples are heavy-ion collisions at AGS, SPS, RHIC, LHC, GSI, FAIR, NICA:

Hadron (p, p, π-, K±)-nucleus collisions at J-PARC, FAIR, NICA and virtual-photon-nucleus
collisions at TJNAF:    

- In general, one has to solve the many-body quantum problem and then perform proper summation
  and/or averaging over quantum states. However, it is possible to simplify the dynamical description
  with a help of kinetic theory. 

- extremely complex dynamics
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- Reduce time evolution of N-body wave function to the time evolution of spin-averaged 
  single-particle Wigner density  

- particle spin degeneracy. 

- Semiclassical approximation. 

- Cut the BBGKY hierarchy of equations for many-body Wigner functions
  (          neglecting correlations between subsequent particle-particle collisions).

Schroedinger equation for N-body wave function:

BUU equation 4/49



  

Boltzmann-Uehling-Uhlenbeck (BUU) equation for one-component system of fermions
or bosons: 

- single-particle energy,

- angular differential cross-section of elastic scattering,

- relative velocity of colliding particles,

fermions

bosons

Usual nonrelativistic Boltzmann equation if

With properly defined single-particle energies the BUU equation is Lorentz-invariant !  
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Static solution of BUU equation:

(+) fermions, (-) bosons

Fermi distribution at T=0 can be used for the initialization of the nucleus
(Thomas-Fermi approximation) 

Lorentz invariant

Lorentz invariant

Lorentz boosted thermal distribution is also the solution of BUU equation:

- can be used for the Lorentz boost of the ground state nucleus
  and for coupling with hydro 

includes moving Lorentz-contracted potential well, e.g. pure scalar: 

Number of particles:
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Most numerical models apply the test particle method to solve BUU equation:

G.F. Bertsch, S. Das Gupta, Phys. Rep. 160, 189 (1988)

- number of test particles per nucleon 
 (typically ~200-1000 for uniform coverage of phase space) 

Hamiltonian equations of motion for centroids:

Formally solving Vlasov equation

Collision term is modeled within the geometrical minimum distance criterion:

c.m.s. of 1 and 2

In modern transport codes (incl. GiBUU) done 
better with Kodama recepie, which approximately
restores Lorentz invariance 

T. Kodama et al., PRC 29, 2146 (1984)

Drawback: collision ordering depends
on the frame. 
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- If particles 1 and 2 collide, the final state “f” is sampled by Monte-Carlo: 

- Empirical or theoretical  c.m. angular distributions for elastic and inelastic
  scattering 

- Resonance production and decay, e.g.

isospin dependent
partial decay width total width

c.m. momentum 
of pion and nucleon 

- Collision or decay is accepted with probability  

- number of outgoing nucleons 
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GiBUU model

https://gibuu.hepforge.org/trac/wiki

Open source code in Fortran 2003 downloadable from: 

Details of GiBUU:  O. Buss et al., Phys. Rep. 512, 1 (2012).

- solves the coupled system of kinetic equations for the baryons (N,N*,Δ,Λ,Σ,…),
  corresponding antibaryons (N,N*,Δ,Λ,Σ,…), and mesons (π,K,...)

- initializations for the lepton-, photon-, hadron-, and heavy-ion-induced
  reactions on nuclei
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Kinetic equation with relativistic mean fields:

Distribution function 
in phase space (r,p*)

Collision 
term

- effective mass, - scalar field,

- kinetic four-momentum with effective mass shell constraint

- vector field,

- field tensor.

Number of 
sort “j” particles =

- For momentum-independent fields Eq.(*) is equavalent to the BUU equation 

(*)

Direct derivations of relativistic
kinetic equation:

Yu.B. Ivanov, NPA 474, 669 (1987);
B. Blättel, V. Koch, U. Mosel, Rept. Prog. Phys. 56, 1 (1993).
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Lagrangian 
density:

G-parity (Walecka model):

Phenomenological couplings:

Lagrange equations
of motion for meson
fields:
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Particles propagated by GiBUU 12/49



  

By default, all resonances are propagated 
while for cross sections are used all resonances except those with I=1/2 and one-star.
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Collision term of the GiBUU model

- includes 2→2, 2↔3 and 2→4 transitions at low energies,
and 2→N transitions at high energies (via PYTHIA  and FRITIOF models) 
and for baryon-antibaryon annihilation (via statistical annihilation model);       

- cross sections of the time-reversed processes (e.g. ΛK→Nπ)  – by the detailed balance relation:

- c.m. momenta,

- spins,
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Heavy ion collisions

Gas parameter at                      (maximal baryon density reached in a central Au+Au collision   
                                              at 20 A GeV):

where σ=40 mb  ― asymptotic high-energy pp cross section.

       

Many-body collisions are important
(St. Mrówczynski, Phys.Rev. C32 (1985) 1784-1785)

A.L., O. Buss, K. Gallmeister, and U. Mosel, PRC 76, 044909 (2007)
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Three-body collisions: method from G. Batko, J.  Randrup, T. Vetter, 1992, 
modified for relativistic effects

1

2

3

 - find the particle 3,  which is the  closest to the c.m. of 1 and 2
   inside the interaction volume 

- redistribute the kinetic momenta of 1,2 and 3 microcanonically

- define the interaction volume of colliding particles 1 and 2
  in their c.m.s.

Dirac mass shell conditions:

- simulate the two-body collision of 1 and 2 with their new four-momenta
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Proton rapidity distributions

Cascade gives too much stopping

RMF reduces stopping: less collisions 
due to repulsive ω0  field

Three-body collisions increase 
thermalization  →  more stopping

In-medium reduced cross sections

again reduce stopping 
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Cascade and RMF calculations 
w/o three-body collisions produce 
too soft mt-spectra of K+ and K-.

Three-body collisions reduce slope 
→ better agreement with data.   

Pion mt-spectra are not much 
influenced by three-body 
collisions.
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RMF strongly reduces the 
hyperon yield at midrapidity.

In-medium cross sections 
reduce meson production.
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Problem to describe the reduction 

of                  above 30 A GeV.
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Three-body collisions raise T by 
~30% at large E

lab
.

Agreement with three-fluid hydrodinamical model results

Yu.B. Ivanov, V.N. Russkikh, Eur. Phys. J. A37, 139 (2008), nucl-th/0607070 
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Antiproton-nucleus reactions

~5 % of pp annihilations at rest produce a KK pair – rate comparable to the YK production 
rate in Au+Au collisions at Elab=1.5 GeV/nucleon.  

Hyperon production:
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Experiments on strangeness production in    -nucleus reactions: 

BNL (G.T. Condo et al, 1984):

LEAR (F. Balestra et al, 1987): 

KEK (K. Miyano et al, 1988):

LEAR (A. Panzarasa et al, 2005, G. Bendiscioli et al, 2009):   

 - Large ratio                            both for light (20Ne) and heavy (181Ta) 
targets. 

- Λ rapidity spectrum is peaked close to y=0 in lab. frame
 even for energetic collisions  

- Enhanced strangeness production for B>0 annihilations at rest.

27/49



  

Exotic scenario (J. Rafelski, 1988): propagating annihilation fireball with 
baryon number B > 0  due to absorption of nucleons

-Large energy deposition ~2mN in a small volume of nuclear matter.
 Supercooled QGP might be formed if more than one nucleon participate
 in annihilation.

-Strangeness production in a QGP should be enhanced.

28/49



  

Momentum spectra of protons

and pions for plab=608 MeV/c.

Data (LEAR): P.L. McGaughey et 
al., PRL 56, 2156 (1986). 

A weak sensitivity to the p    
mean field: best agreement for
ξ≈0.3, or Re(Vopt)=-(220±70) MeV

A.L., I.A. Pshenichnov, I.N. Mishustin, W. Greiner, 
PRC 80, 021601(R) (2009)

29/49Antiproton mean field scaling factor ξ
(G-parity transformation →  ξ=1)



  

Rapidity distributions of Λ and 
from  

Data (LEAR): F. Balestra et al.,
PLB 194, 192 (1987). 

Comparison of the GiBUU and
cascade calculations by
J. Cugnon et al., 
PRC 41, 1701 (1990).

Good agreement with  data on
Λ production. The yield of         

 is overestimated.  

Hyperons are mostly produced
in                   collisions. Hyperon
rescattering with flavour/charge
exchange very important 
(e.g.                     ).

A.L., T. Gaitanos, U. Mosel, 
Phys.Rev. C85, 024614 (2012) 
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Rapidity distributions of Λ and

.          from 
with partial contributions from
different reaction channels
 

Data (KEK): K. Miyano et al.,
PRC 38, 2788 (1988).

~70-80% of the Y(Y*) production
rate is due to antikaon absorption

A.L., T. Gaitanos, U. Mosel, 
Phys.Rev. C85, 024614 (2012) 
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Transverse momentum distributions of Λ, 
KS, and Λ from 

Data (KEK): K. Miyano et al.,
PRC 38, 2788 (1988).

Comparison of the GiBUU and
cascade calculations by
J. Cugnon et al., PRC 41, 1701 (1990).

Spectral shapes well described.  
KS yield overestimated by both models.
Λ yield underestimated by GiBUU. 

A.L., T. Gaitanos, U. Mosel, 
Phys.Rev. C85, 024614 (2012) 
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Rapidity spectra of strange 
particles.

Spectra for Ξ- are shifted to
forward rapidities due to 
endothermic reactions   

In the fireball scenario  the rapidity
spectra of all strange particles would
be peaked at the same rapidity !

Λ spectra always peak at y≈0
due to exothermic reactions
                      with slow K 

Can be tested at PANDA@FAIR

A.L., T. Gaitanos, U. Mosel, 
Phys.Rev. C85, 024614 (2012) 
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High-energy virtual-photon-nucleus reactions

Deep inelastic scattering (DIS)

HERMES at HERA:

(A. Airapetian et al., 2003)

EMC at CERN SPS:

(J. Ashman et al., 1991)

Analysis (GiBUU model) in: K. Gallmeister, U. Mosel, NPA 801, 68 (2008)

Differential multiplicity ratious

are sensitive to the model for hadronization. 
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- Nucleus may serve as a “microcalorimeter” for high-energy hadrons : the excitation energy 
  of the residual nucleus grows with the number of holes (wunded nucleons) and can be   
  measured by the number of emitted low-energy neutrons    

The space-time scale of hadronization:

normal 
hadrons

formation 
length:

During formation stage the “prehadrons” 
interact with nucleons with reduced 
strength.

E665 at Fermilab:

(M.R. Adams et al., 1995)

M. Strikman, M.G. Tverskoy, M.B. Zhalov, PLB 459, 37 (1999);
A.L., M. Strikman, arXiv:1812.08231 

Theoretical analyses:
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Models (prescriptions) for the prehadron-nucleon interaction cross section:

(I) Based on JETSET-production-formation points  (GiBUU default):

- the ratio (#of leading quarks)/(total # of quarks) in the prehadron,

K. Gallmeister, T. Falter, PLB 630, 40 (2005);
K. Gallmeister, U. Mosel, NPA 801, 68 (2008)

(II) Quantum diffusion model (QDM): 

G.R. Farrar, H. Liu, L.L. Frankfurt, M.I. Strikman, PRL 61, 686 (1988)

(III) Cutoff: 

No direct way to derive X
0
 for DIS (this is not exclusive process).

Thus we set X
0 
=0

  
for simplicity.
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Characteristics of the residual nucleus
obtained by counting hole excitations in
GiBUU time-evolution (corresponds
to wounded nucleons in Glauber model):

The neutron spectrum contains both the preequlibrium part (cascade particles) and
the equilibrium part from the decay of the excited residual nucleus.

Stronger restriction on FSI of the hadrons 
results in smaller mass loss and smaller 
excitation energy. the spread is due to Fermi motion.

A.L., M. Strikman, arXiv:1812.08231 
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Source parameters                                         
were determined from GiBUU at t

max
=100 fm/c

and used as input for statistical multifragmentation 
model (SMM) in evaporation mode 
(multifragmentation turned-off).

SMM: J.P. Bondorf, A.S. Botvina, 
A.S. Iljinov, I.N. Mishustin, K. Sneppen, 
Phys. Rept. 257, 133 (1995) 

SMM code provided 
by Dr. Alexander S. Botvina

E665 data from
M.R. Adams et al.,
PRL 74, 5198 (1995)

GiBUU

GiBUU+SMM

- almost all neutrons below 1 MeV are statistically evaporated;

- sensitivity to the model of hadron formation for E
n
 > 5 MeV;  

- E665 data for lead target can be only described with very strong restriction on
  the FSI of hadrons (p

cut
=1 GeV/c) in agreement with earlier calculations 

M. Strikman, M.G. Tverskoy, M.B. Zhalov, PLB 459, 37 (1999)

Cuts:

A.L., M. Strikman, arXiv:1812.08231 
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Average multiplicity of neutrons with energy below 10 MeV 
as a function of virtual photon energy

- no way to describe the E665 data for calcium target with any reasonable model parameters 

E665 data from
M.R. Adams et al.,
PRL 74, 5198 (1995)

A.L., M. Strikman, arXiv:1812.08231 
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Various scenaria for hadron formation can be tested 
in Ultraperipheral Collisions (UPCs) of heavy ions at LHC and RHIC.

Figure from A.J. Baltz et al.,
Phys. Rept. 458, 1 (2008)

Quasireal photons are emitted coherently by the entire nuclei.

Minimal wavelength should match the radius 
of the Lorentz-contracted emitting nucleus.

Maximal longitudinal momentum
of the photon in the c.m. frame 
of colliding nuclei  (collider lab. frame):

For symmetric colliding system 
in the rest frame of the target nucleus: 
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Transverse momentum spectra of neutrons
in quasireal-photon-nucleus collisions  

- strong sensitivity to the hadron formation model 
  at moderate p

t

- no influence of photon kinematics 
  (thus folding with photon flux not important)

The value of Bjorken x is set from
matchning x

parton
 in inclusive set of PYTHIA 

events to x
g
 for                      using condition:

The dijet invariant mass of 40 GeV is the low cut at LHC 
– guaranties the smallness of the photon shadowing effect
which we neglected in calculations. 

A.L., M. Strikman, arXiv:1812.08231 

41/49



  

Possible new directions of studies in NICA regime

- Influence of color transparency (CT) on A(p,pp) semiexclusive process. 

Nuclear transparency for target proton at rest:

Data: EVA at AGS, 
A. Leksanov et al., 
PRL 87, 212301 (2001).

Decrease of T at high plab is not understood: 
- could be due to stronger absorption of the large-size quark configurations 
produced by Landshoff mechanism, J.P. Ralston, B. Pire, PRL 61, 1823 (1988);  
- or due to intermediate (very broad, Γ~ 1 GeV ) 6qcc resonance formation
with mass ~ 5 GeV, S.J. Brodsky, G.F. de Teramond, PRL 60, 1924 (1988).

Calculations: 
A.L., M. Strikman, 
work in progress

- In the case of central AA collisions the hadron formation dynamics (CT) should influence 
the nuclear stopping power (hadron rapidity distributions). 
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- Short-range NN correlations (SRC) in nuclei can be explored in exclusive binary and triple 
  reactions with |t|,|u|≈ 1-2 GeV2  at p

lab
=4-20 GeV :

SRCs are responsible for high-momentum tails of nucleon momentum distributions in nuclei: 

Solid line – full momentum
distribution with NN correlations,
Dashed line – contribution
from occupied levels with ε < εF.
Open squares – from y-scaling 
analysis of (e,e´) data. 

Figure from C. Ciofi degli Atti, 
S. Simula, PRC 53, 1689 (1996)

 k (fm-1)
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- Charmonia and open charm production and dynamics.

J/Ψ production in AA collisions may help to clarify whether the QGP formed or not.
However, for this one has to know all possible hadronic channels of the J/Ψ 
absorption in collisions with nucleons and mesons. 

E.g.                                ,   as known presently. 

The dedicated study of              using production channel                    is planned in PANDA 
experiment at FAIR. See, e.g. AL, M. Bleicher, A. Gillitzer, M. Strikman, PRC 87, 054608 (2013) 

At NICA it is possible to measure the J/ψ production cross section in the pp →p+p+J/ψ channel
starting from threshold.    

This cross section would be possible to include in transport codes (e.g. GiBUU) for predictions
on J/ψ production in AA collisions within hadronic scenario. 

Comparison with NICA measurements of  J/ψ production in AA collisions will allow
then to make conclusions on the existence of “exotic” channels of J/ψ absorption 
(e.g. melting in the QGP).
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Conclusions

- GiBUU is a versatile microscopic transport model capable to describe practically
all presently known types of intermediate- and high-energy inclusive and seminclusive 
(where the quantum states of the outgoing nuclei are not resolved) reactions on nuclei.    

- The model can be applied to simulate the pA and AA collisions in NICA regime
  (presently tested until                                                            fixed target, symmetric nuclei). 

- Qualitative agreement of GiBUU + three-body-collisions with 3-fluid hydrodynamical model.

Open problems:

-  K+/π+ ratio vs E
lab

 (strange horn); 

- Underestimated Λ/K0

S 
ratio in pA collisions: not enough K absorption ? 
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- Correlated ground state: quasideuteron pn correlations.

- Subthreshold charm production dynamics: Fermi motion vs off-shell nucleons.

- Momentum Dependent Interaction (MDI) effects in relativistic mean field.

- Detailed balance: missed N →2 and N→3 (N≥3)  transitions.      
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1 jet: QCD Compton scattering (high Q2) 2 jets: Boson-gluon fusion (low Q2)

In PYTHIA model only virtual photons can be initialized via e→e'γ*. Thus the Bjorken x in inclusive PYTHIA simulation 
is set equal to minimal x

g 
 for real photon+gluon →2 jets transition:

typical setting at LHC for dijets
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