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GiBUU

n Essential References:
1. Buss et al, Phys. Rept. 512 (2012) 1

contains both the theory and the practical implementation of transport theory

2. Gallmeister et al., Phys.Rev. C94 (2016), 035502
contains the latest changes in GiBUU2016

3. Mosel, Ann. Rev. Nucl. Part. Sci. 66 (2016) 171
short review, contains some discussion of generators
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nA Reaction

n General structure: approximately factorizes

full event (four-vectors of all particles in final state) 
@

initial interaction x final state interaction
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Determines inclusive X-section Determines the final state particles



A theory-based generator

n Aim: to construct the best possible consistent theory 
framework for inclusive reactions and full event simulations 
(NOT exclusive 1particle out or coherent). 
Requirements:
n Relativistically correct (Skyrme-like or RMF) momentum-dependent 

potentials, nuclear binding, approximately correct handling of collision 
terms

n Same potentials in initial state and final state interactions
n Final state interactions testable in many different reactions, such as 

p+A, pi+A, A+A, e+A, gamma+A
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� GiBUU : Quantum-Kinetic Theory and Event Generator
based on a BM solution of Kadanoff-Baym equations

� Physics content and details of implementation in:
Buss et al, Phys. Rept. 512 (2012) 1- 124

Mine of information on theoretical treatment of potentials, 
collision terms, spectral functions and cross sections, useful for 
any generator

� Code from gibuu.hepforge.org, new version GiBUU 2016
Details in Gallmeister et al, Phys.Rev. C94 (2016) no.3, 035502
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n Initial interaction: can be any sophisticated model
à inclusive cross sections

n Final state interaction: propagates these outgoing particles
through the nucleus using quantum-kinetic transport theory, 
fully relativistic à full event, four-vectors of all particles

n Initial and final interactions come from the same Hamiltonian:
CONSISTENCY of inclusive and semi-inclusive X-sections
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n The same groundstate for all processes!
n Different from GENIE (NEUT), where different processes (QE, 2p2h, …) 

are calculated within different models.

n Bound groundstate
n Different from all generators, also from Nieves, Martini

n New in GiBUU 2016: 
n Better ground state: constant Fermi surface enforced, 

- 8 MeV binding for all nuclei, not tuned
n new treatment of 2p2h, consistent with e-scattering
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Inclusive and Exclusive Modelling

n In quantum-kinetic theory the inclusive X-section emerges as
time = 0 step for the time-development of the one-body 
phase-space distribution of all particles involved:

INT 12/16



Initial State Correlations
n GiBUU ground state: nucleons bound in momentum-dependent potential, 

obtained from EFT, momentum given by local Ferm gas, potential RMF or
Skyrme
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src

Alvarez-Ruso, Hayato, Nieves

True src contribution
Very small effect on 
Inclusive cross sections

Energy-distribution smooth
because of x-dependent
Potential --> spectral function
close to realistic, but no shell-
effects



GiBUU Ingredients: 2p-2h 

n Assume: 2p2h transverse, structure function W1 for
electrons from experimental fit of MEC contribution by
Bosted and Mamyan (arXiv:1203.2262) and Christy (priv. 
comm.) to world data for 0 < W < 3.2 GeV and 0.2 < Q2 < 5 
GeV2

n Transverse assumption established around 1990, Ericsson, 
Marteau INT 12/16



2p2h Q2-w Distribution for 2p2h
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W1

From:
Bosted and Mamyan,
Christy



Semi-inclusive QE Electron Scattering
n a necessary check for any generator development
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0.24 GeV, 36 deg, Q2 = 0.02 GeV2 0.56 GeV, 60 deg, Q2 = 0.24 GeV2



Test with Electron Data
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GiBUU Ankowski, Benhar, Sakuda, PR D91 (2015) 03305

RFG

SF

Dramatic influence of fsi



Test with Electron Data
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GiBUU 2016 Ankowski. Benhar, Sakuta



Test with Electron Data
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GiBUU M.V. Ivanov et al, J.Phys. G43 (2016) 045101, Scaling

Agreement with data, without explicit RPA or src!



Now to (Anti-) Neutrinos

n QE, pion production, DIS straightforward
n 2p2h: purely transverse, use response from e
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from: Martini et al.

Same Response in V + A as in V × A ~ W1
from Walecka 1975

Rst ~ W1 from
electron scattering



Inclusive Lepton Kinematics
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MiniBooNE C12 (QE + 2p2h) MicroBooNE Ar40 (fully inclusive)

2p2h ~ D
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Inclusive Lepton Kinematics
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NOvA C12 DUNE/LBNF Ar40
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Comparison with T2K Data 
9
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FIG. 8. Same as Figure 7 in the backward region with a
stretched cross sections scale. Data from [58].
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FIG. 9. Q2 distribution of QE + 2p2h events for the Mini-
BooNE antineutrino flux for a C target. Curves as in Figure
6. Data are taken from [58].

contains a high-energy tail it is interesting to look ex-
plicitly also at the DIS contribution. This is given by
the long-dashed (magenta) curve in Figure 10. At for-
ward angles and small outgoing electron momenta DIS
is seen to contribute as much to the total inclusive cross
section as the ∆ resonance with a similar dependence on
pe and cos θe, respectively. The agreement is as good as
that obtained in [11] where, however, the DIS compo-
nent is absent. A closer inspection of that result shows

that while the QE and 2p2h components are similar in
magnitude the 1π incoherent component obtained there
is significantly larger than that obtained here. This is
probably a consequence of the missing pion absorption
in the calculations of Ref. [11].
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FIG. 10. Momentum (top panel) and angular distribu-
tion (bottom panel) of fully inclusive events for an electron-
neutrino beam on a C target in the T2K near detector. The
solid curve gives the sum of all contributions; the contribu-
tions of some dominant reaction channels are explicitly indi-
cated in the figure: QE (green, dashed), ∆ excitation (red,
dash-dot-dotted), 2p2h (blue, dash-dotted) and DIS (ma-
genta, long-dashed). The data are taken from [62].

A similarly good agreement is reached for the inclusive
double-differential cross section, shown in Figure 11 for
a muon-neutrino beam at the near detector of T2K [63].
The 2p2h contribution is of only minor importance for
most of the angles, except for the largest one (cos θ =
0.42). There it amounts to about 20% of the total; at
the other angles it is significantly smaller. DIS gives a
small contribution at all angles; except for the largest one
it is very close to that of 2p2h processes.

C. MicroBooNE results

The recently started experiment MicroBooNE [61]
works with the Booster Neutrino Beam (BNB) at Fer-
milab whose flux distribution is very similar to that of
MiniBooNE. The difference is that now a heavier tar-
get, 40Ar, is used in a liquid argon detector. We have,
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T2K, ne

10

 0

 0.5

 1

0.42

tot
QE

2p2h
∆

DIS

 0

 0.5

 1

 0  0.5  1

0.92

dσ
/(d

co
sθ

µ
 d

T µ
)/A

 (1
0-3

8  c
m

2 /G
eV

)

Tµ (GeV)

0.87

 0  0.5  1

0.97

Tµ (GeV)

FIG. 11. Inclusive double-differential cross section per nu-
cleon for a C target with the muon-neutrino beam in the T2K
near detector. The numbers in the individual plots give the
cos θ of the outgoing muon. The solid curve gives the sum
of all contributions; the contributions of some dominant reac-
tion channels are explicitly indicated in the figure. Data are
taken from [63]

therefore, also performed a calculation of the double-
differential cross section for that target, using the BNB
flux. The predicted cross section shown in Figure 12 is
now, contrary to the one for MiniBooNE, not just a QE
+ 2p2p cross section, but instead a fully inclusive one.
It is seen that the ∆ contribution is always as large or

even larger (at forward angles) than the 2p2h contribu-
tion. This underlines the need to control this ∆ contribu-
tion quantitatively if one is interested in a study of 2p2h
processes. Tuning a generator such that just the total
number of pions is reproduced is not sufficient to pin this
contribution down. Instead, a double-differential cross
section for the pions is necessary to make any analysis of
2p2h processes more quantitative.
Also in other aspects this double-differential distribu-

tion per nucleon does not differ significantly from the
one obtained for the MiniBooNE. The higher target mass
number mainly affects the fsi of outgoing particles while
the initial interaction and thus the inclusive cross section
per nucleon scales approximately with A. This is true
even for the 2p2h interaction, if the interaction between
the two nucleons is short-ranged (see discussion in Sect.

II C 3 and [50]). However, it is still a matter of ongoing
debate whether the 2p2h correlations are indeed short
ranged. A detailed experimental comparison of QE-like
data on C (MiniBooNE) and Ar (MicroBooNE) could
thus help to determine this property of the 2p2h interac-
tions. MicroBooNE with its relatively low beam energy,
and a flux that is very similar to that at MiniBooNE,
should be ideally suited for that purpose since here QE
and 2p2h constitute a major part of the total cross sec-
tion.

D. NOvA near detector results

At higher energies the NOvA experiment works with
a flux that is centered around 2 GeV. In Figure 13 we
show the predicted inclusive double-differential cross sec-
tion per nucleon for the muon neutrino flux at the NOvA
near detector. Immediately noticeable, in comparison to
the results obtained for the lower energies at MiniBooNE,
MicroBooNE and T2K, is the fact that the cross section is
now much more forward-peaked. This can be understood
by noting that the energy is higher and that most of the
cross section still comes at rather small Q2 ≈ 0.1 − 0.2
GeV2. The relation Q2 = 4EνE′

µ sin
2 θ/2 then leads to

a dominance of small angles. Noticeable in the most for-
ward bin (cos θ = 0.95) is the long-tailed, flat cross sec-
tion at higher muon energies. This is caused by DIS
events that come in because even the NOvA flux ex-
tends up to high (≈ 30 GeV) energies where DIS be-
comes dominant with σDIS ∝ Eν . For the larger angles
with cos θ ≤ 0.35 DIS is the dominant component. It
is connected with the largest energy loss and, therefore,
peaks at the smallest Tµ. For all angles true QE and ∆
excitation are roughly equal in magnitude.

E. NUMI beam results

Compared to MiniBooNE and MicroBooNE a very dif-
ferent flux distribution is present in the NUMI beam.
Neutrino energies reach up to much higher values and
also the average energy lies significantly higher (approx-
imately 3.5 GeV vs 0.7 GeV for T2K and MicroBooNE).
The beam’s energy profile is similar to that of the LBNF
and the planned DUNE experiment. It is thus essential
also for the future DUNE results to understand the re-
action mechanisms in a quantitative way.
At present the experiment MINERvA operates in this

beam. Its acceptance is such that only high-energy
muons with scattering angles less than about 20 degrees
make it into the muon detector. We, therefore, show
in the upper part of Figure 14 the inclusive cross sec-
tion for a 12C target only for cos θ = 0.95, averaged over
the MINERvA flux. For higher angles the cross section
drops rapidly as already seen for the NOvA experiment,
but even more pronounced here because of the still higher

T2K, nµ



Now to Final State Interactions

n Quantum-kinetic Transport Theory
(Kadanoff-Baym, 60s, Botermans-Malfliet 90s))

n Basic object: not particle (as in MC generators),
but single particle density matrix:
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Here, for simplicity, given for on-shell particle, at time 0



Quantum-kinetic Transport Theory
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Describes time-evolution of F(x,p)

Phase space distribution

Spectral function

H contains
mean-field
potentials

Off-shell transport termOn-shell drift term Collision term

KB equations with BM offshell term



n GiBUU takes the final state of the first, initial lepton-nucleus
interactions and propagates it (i.e. all particles in it) through
the nuclear volume.

Inclusive and Exclusive Modelling
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Transparency

n Transparency: integral measure of in-medium 
initial and final state effects

n Basic Definition:
T = 1/A * s(A)/s(N)

widely used in electron-A interaction physics
and in in-medium physics

INT 12/16



Proton Transparency
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GiBUU: full symbols
Data: open symbols
JLAB, SLAC

from: J. Lehr, Giessen thesis, 2003



w Meson Transparency
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Kotulla et al, Phys.Rev.Lett. 100 (2008) 192302

Transparency T
gives integral 
information on 
in-medium width G



Hadron Transparency
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EMC: 200, 280 GeV leptons
Hermes: 28 GeV

Zh = Eh/n

Distribution contains
Info on hadron formation
times



Hermes@27: A.Airapetian et al., NPB780(2007)1

2d1
4He2

20Ne10 
84Kr36

131Xe54
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For neutrinos:
get T distributions for
T(Eh)  and T(pT

2)
Possible without reconstruction

Tr
an

sp
ar

en
cy

 T



Proton Tagging and Multi-Nucleons

n FSI cause ‚avalanche effect‘ : one nucleon kicks out 
other nucleons and looses energy

è 2 outgoing particles can come also from true, 
one-body QE (and DN à NN, pion absorption)
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Proton Tagging and Multi-Nucleons

INT 12/16

FSI cause ‚avalanche effect‘ : one
nucleon kicks out other nucleons and
looses energy
è 2 outgoing particles can come
also from true, one-body QE (and DN 
à NN, pion absorption)
HOWEVER: 
events with one nucleon out can
come only from true QE

Lalakulich
et al., Phys.R

ev. C
86 (2012) no.1, 014614 



Proton Spectrum
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Transparencies contain integral
Info on imaginary parts of 
self-energies
Loss of flux only, no info on
where the flux goes.

Spectra give the full story, 
essential for influence of 
experimental acceptance cuts



Proton Tagging and Multi-Nucleons
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Mosel et al, 
Phys.Rev.Lett. 112 (2014) 151802

Event rates at near (LBNF)
and far detector (DUNE) dCP sensitivity at DUNE

Solid:     true E
Dashed: reconstructed E

dCP = - p/2

dCP = p/2

near

far



CCQE in MiniBooNE and NOMAD

n Different Event Selection
n MiniBooNE: 1µ,0p
n NOMAD: 1µ,0p (1track) + 1µ,0p,1p (two-track)
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NOMAD Event-Rates
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QE and 2p2h are very small parts of the total interaction



Summary I

n Theory:
n State-of-the-art calculations of inclusive cross sections provide a 

necessary (but not sufficient) check for a full description of nA
reactions

n Free-Space Monte Carlo Simulations miss the most important aspect
of nuclei: potentials and binding!

n Quantum-kinetic Transport Theory is the (well established, and – in 
other fields of physics - widely used) method to deal with potentials
and binding in non-equilibrium processes, allows for off-shell transport
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Summary II

n Experiment:
n Give data with as little generator contamination as possible. No-go is, 

e.g., flux cuts to mimick lepton acceptance
n QE-events are experimentally indistinguishable from ‚stuck-pion‘ events -

> give your cross section for these reabsorption events (as MB did!). Aim
for consistency: use the same theory to calculate both the explicit and
the reabsorbed pion events

n At DUNE (and MINERvA) DIS dominates the total event rate. It should
give interesting info on W3 in medium (EMC effect for neutrinos)
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