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Motivation and Contents 
n  Determination of neutrino oscillation parameters and particle 

production cross sections (axial properties of nucleons and 
resonances) requires knowledge of neutrino energy 
 

n  Modern experiments use nuclear targets 

n  Nuclear effects affect event cross section measurements, 
event characterization and neutrino energy reconstruction 
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Motivation and Contents 
n  Intro 
n  GiBUU: physics and techniques 
n  Spectral functions in GiBUU (and elsewhere) 
n  Pions 
n  Energy reconstruction 
n  Oscillation signal 

INT 12/2013 



Neutrino Oscillations 

INT 12/2013 

n  2-Flavor Oscillation: 
 
 
 
Know: L, need Eν to determine Δm2, θ  
 

n  Even more interesting: 
3-Flavor Oscillation allows for CP violating  
phase δCP à matter/antimatter puzzle 



Observable Oscillation Parameters 
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Neutrino Oscillations 
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Vacuum 
oscillation Matter effects, 

ne = electron density 
Depends on sign of Δ31 

appearance probability 

Oscillation depends on difference of (squared) masses only 



LBNE, δCP Sensitivity 
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Need energy to distinguish between different δCP 

Need to know neutrino 
energy to better than  
about 100 MeV 



Oscillation Signal  
Dependence on Hierarchy and Mixing Angle 

n    

INT 12/2013 

D.J. Ernst et al., arXiv:1303.4790 [nucl-th] 

Energy has to be known better than 50 MeV 
Shape sensitive to hierarchy and sign of 
mixing angle 

T2K 



Neutrino-Nucleon Interactions 
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Neutrino-nucleon cross section 
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πCCQE 1π	
 DIS 

note: 
10-38 cm² = 10-11 mb 

In the region of modern  
experiments (0.5 – 10 GeV) 
all 3 mechanisms overlap 



Neutrino Beams 
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n  Neutrinos do not have fixed energy nor just one reaction mechanism 

Have to reconstruct energy from final state of reaction 
Different processes are entangled 



Final State Interactions 
 in Nuclear Targets 
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Nuclear Targets (K2K, MiniBooNE, T2K, MINOS, Minerva, ….) 

„stuck pion event“ 

Complication to identify QE, entangled with π production 
Both must be treated at the same time! 



Pion Production 

n  13 resonances with W < 2 GeV, non-resonant single-pion background, DIS 
n  pion production dominated by P33(1232) resonance (not just a heavier nucleon) 

 
n  CV(Q2)  from electron data (MAID analysis with CVC) 

 
n  CA(Q2)  from fit to neutrino data (experiments on hydrogen/deuterium),  

     so far only CA
5 determined, for other axial FFs only educated guesses 
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Pion Production 

  

INT 12/2013 

10 % error in C5
A(0) 

discrepancy between elementary data sets 
àimpossible to determine 3 axial formfactors 

New pion data on elementary target desparately needed 

data:  
PRD 25, 1161 (1982), PRD 34, 2554 (1986) 



SIS - DIS 
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Shallow Inelastic Scattering, 
interplay of different reaction mechanisms   Curves: GiBUU 



Now to Nuclear Targets 
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Energy Reconstruction 
n  Energy reconstruction 

1.  Through QE: needs event identification 
2.  Calorimetric: needs simulation of thresholds 

and non-measured (e.g. neutral) events 
n  In both methods nuclear many-body structure 

and reaction theory are needed to generate full 
final state, inclusive X-section not sufficient 
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Energy Reconstruction by QE 
n  In QE scattering on nucleon at rest, only l +p, no π, is outgoing. 

lepton determines neutrino energy: 

 
n  Trouble: all presently running exps use nuclear targets 
1.  Nucleons are Fermi-moving 
2.  Final state interactions may hinder correct event identification 
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Nuclear Physics   
determines response 
of nuclei to neutrinos 
 

A wake-up call for the high-energy physics community: 



Now to Transport 
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FSI and Transport Theory 
§ All modern experiments use nuclear targets 
§ Need to model final state interactions  

1.  to identify reaction mechanism 
2.  to reconstruct incoming neutrino energy from final state 

Quantum mechanical description not possible to describe 
ν  + A -> X + many hadrons 
à Need Transport Theory 
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n  Kadanoff-Baym equation for space-time development of one particle 
spectral phase space density F after gradient expansion  

     in Wigner repres.: 
 
 
 
F = spectral phase-space density:  
  
 
 
 

Transport Equation 
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Transport Equation 
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Drift term 

Collision term 

Kadanoff-Baym equation 
•  LHS: drift term + backflow (KB) terms 
•  RHS: collision term = - loss + gain terms (detailed balance) 
 



Theoretical Basis: GiBUU 

     Time evolution of spectral phase space density (for i = N, Δ, π, ρ, …)         
      given by KB equation in Botermans-Malfliet form: 

 

INT 12/2013 

Hamiltonian H includes 
off-shell propagation correction  
and potentials 

8D-Spectral 
phase space 
density 

Collision term 

Off shell transport of collision-broadened  hadrons  included 
with proper  asymptotic free spectral functions  



Collision term 
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with  

    



Theoretical Basis of GiBUU 
n  Kadanoff-Baym equation   (1960s) 

○  full equation can not be solved yet  
   – not (yet) feasible for real world problems 

n    Boltzmann-Uehling-Uhlenbeck (BUU) models 
○  Boltzmann equation as gradient expansion of Kadanoff-Baym 

equations, in Botermans-Malfliet representation (1990s): GiBUU 
n     Cascade models (typical event generators, NUANCE,       

    GENIE, NEUT,..) 
○  no mean-fields, primary interactions and FSI not consistent 

INT 12/2013 
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�  GiBUU : Theory and Event Generator 
    based on a BM solution of Kadanoff-Baym equations  
 
�  Physics content and details of implemntation 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 
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�  GiBUU describes (within the same unified theory 
and code) 
�  heavy ion reactions, particle production and flow  
�  pion and proton induced reactions 
�  low and high energy photon and electron induced reactions 
�  neutrino induced reactions 
using the same physics input! And the same code! 
NO TUNING! 
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Factorization of GiBUU 
n  GiBUU is factorized into 

n   initial, first interaction 
n   final state interactions (2nd, 3rd, ... coll.) 

n  Particular strength: FSI treatment 
n  Detailed infos from  

Buss et al, Phys. Rept. 512 (2012) 1- 124 
and website 
gibuu.hepforge.org 
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Practical Basis: GiBUU 

INT 12/2013 

§  one transport equation for each particle species 
 (61 baryons, 21 mesons)  

§  coupled through the potential in H and the collision 
integral C 

§  W < 2.5 GeV: Cross sections from resonance model 
(PDG and MAID couplings), consistent with 
electronuclear physics 

§  W > 2.5 GeV: particle production through  string 
fragmentation (PYTHIA) 



GiBUU Ingredients 
n  In-medium corrected primary interaction cross sections,  

boosted to rest frame of  bound nucleon, moving in local 
Fermigas 

n  Includes spectral functions for baryons and mesons 
(binding + collision broadening) 

n   Hadronic couplings for FSI taken from PDG 
n  Vector couplings taken from electro-production (MAID) 
n  Axial couplings modeled with PCAC 
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GiBUU: numerical implementation 
n  Hadrons feel potentials (nuclear + Coulomb), either RMF 

or Skyrme-type pots: essential for nucleon spectral 
functions 

n  Wigner functions represented by testparticles (100 – 
1000 per nucleon). Collision criterion respects relativity 
(as far as possible), not just σ = π r2 prescription. 

n  Off-shell transport of hadrons (spectral functions) with 
proper asymptotics 
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GiBUU Ingredients 
n  Various options in code are controlled by extended job 

card with all relevant switches. 
n  Output are (many) cross sections, reconstructed and true 

event distributions, full final state with four-vectors of all 
particles in Les Houches or ROOT format. 

n  Website gibuu.hepforge.org contains extensive 
documentation for code and explanation of output 
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GiBUU 
n  Code can be obtained from gibuu.hepforge.org 
n  Inclusive X-section needs only initial interaction: 

Running time  for a full flux distribution ≈ 1 hour on PC 
n  About 200.000 full events (incl all semi-incl. X-sections) 

need running time of order weeks for reasonable 
statistics, statistics can also be obtained by several 
shorter parallel runs 

n  Code is open source, users are encouraged 
to find bugs, improve code, implement new features 
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Spectral Functions 
n  Single particle spectral functions absorb effects of 

interactions in particle properties 
n  Free Fermi gas (in generators): 

 
 

    spiky E-dep. leads to artifacts in response 
n  Now: dress particle with interactions, mean field and/or  

additional interactions à quasiparticles 
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Spectral Function in GiBUU 

INT 12/2013 

Two essential features: 
1.  Local TF momentum distribution removes artifacts of sharp cut at pF 
2.  Particles bound in momentum- and coordinate-dependent potential, 
     integration removes delta-function spikes in energy 
 
Spectral function in GiBUU contains interactions in mean field 
There may be contribs from correlations in addition at large E 



n  Local Fermi Gas Momentum Distribution 
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More strength at low momenta 



2p-2p excitations and spectral functions 
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+ +

Can also be obtained by cutting selfenergy diagrams (Cutkosky rules) 

FSI ISI 



2p-2p excitations and spectral functions 
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Cutkosky 
 cut 

hole 
selfenergy 
Σ	


Hole Spectral Function 

2nd ampl. squared Interference term squared 

Interference of ISI and FSI 

No selfenergy, 
Vertex correction, 
not included in spectral 
function 



The MiniBooNE QE Puzzle 
Explanations 

INT 12/2013 

Martini et al, PRC80, 2009 

2p-2h contrib 

Exp: both σ and Eν  are reconstructed!	




2p-2h in Generators 
n  Mandatory: same nuclear ground state for 1p-1h and 

2p-2h processes 
n  Generators: free Fermi gas 
n  Nieves 2p-2h model: dressed Fermi gas in mean field potential 

n  Nieves model cannot be simply added to generators: 
inconsistent à inconclusive 

INT 12/2013 



Check of GiBUU 
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K. Gallmeister, U. Mosel / Nuclear Physics A 826 (2009) 151–160 155

Fig. 3. Cross section d2σ/dp .dΩ for π± +C → π± +X with 12 GeV/c beam momentum. Experimental data are from
[1] (HARP small angle analysis).

We continue our comparison with data with the large angle spectrometer [2]. In order to keep
this paper reasonably short we restrict ourselves to comparisons for a few selected energies only.
A gallery of more comparisons is available at [12].

In Fig. 4 we compare calculations with the data for the proton beam at 3 GeV. In the large
angle analysis all the momenta of the detected pions are below 1 GeV/c. One sees a very good
overall agreement for perpendicular or even backward directions for all nuclei. Small discrep-
ancies occur mainly for angles below 750 mrad at very low momenta ! 0.2 GeV/c where the
calculations are higher than the experimental data. Correspondingly, the slope for momenta larger
than 0.4 GeV/c is too flat in our calculations. For light nuclei the slope is in agreement with data,
while the overall yield is somewhat too small. We note that these observations also hold for the
negatively charged pions not shown here.

In order to illustrate the energy dependence of our results, we compare in Fig. 5 the calcula-
tions for positive pion production with the 12 GeV/c proton beam. The overall behavior of the
calculations changes smoothly from 3 GeV/c to 12 GeV/c, a comparison for 5 and 8 GeV/c

can be found in [12]. For the higher energies the data do not show the strong dip observed for
small angles and small momenta at 3 GeV/c. However the overall yield for the small angles is
still somewhat too low.

For all energies one observes for the perpendicular directions (≃ 1550 mrad) a ‘bumpy’ struc-
ture around p ≈ 0.5 GeV/c. We note, that while this structure is not very pronounced in the
experimental data for π+, the experimental data for the π− channel (not shown here) do exhibit
this feature. Calculations for a nucleon target indicate a smooth behavior. For the nuclear target
at momenta around 0.2 GeV/c rescattering and the $ resonance dominate. This small momen-
tum regime is populated by originally higher-energy pions that have been slowed down due to
rescattering; only due to these final state interactions the overall yield at the lower momenta is
reproduced. Without FSI the yield for momenta around 0.2 GeV is underestimated by at least
one order of magnitude.

Check: pions in HARP 

INT 12/2013 

HARP small angle analysis 
12 GeV protons 
 
Curves: GiBUU 
 
K. Gallmeister et al, NP A826 (2009) 



Check: pions, protons 
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γ ->π0 on  Pb Proton transparency 

Pion reaction Xsect. 



Check: Pion DCE 
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FIG. 3: Influence of the density distribution on the angular distributions for the double charge exchange process π+Pb → π−X
at Ekin = 180 MeV. The solid line shows the result obtained with our present density distribution [39]; the dashed line was
obtained with the previously used one [1, 2, 37], which contains no neutron skin.
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FIG. 4: The inclusive double charge exchange total cross section as function of the nuclear target mass at Ekin = 120, 150
and 180 MeV. The lines connecting our results are meant to guide the eye; the data are taken from Ref. [16] (left panel:
Ekin = 120, 150 and 180 MeV, right panel: only 180 MeV).

is so sensitive to the neutron skin on heavy nuclei, as has been shown in fig. 3. Since the first collision takes place
on the surface, a neutron skin causes an enhancement in the A(π+, π−)X reaction while A(π−, π+)X is suppressed.
This effect leads to a deviation from the scaling. However there are also Coulomb forces which are not negligible.
The Coulomb force enhances A(π−, π+)X by attracting the negative projectiles and repelling the positive products,
which therefore have a smaller path in the nucleus and undergo less absorption. And, due to similar arguments, the
reaction A(π+, π−)X is suppressed. We find that this effect counteracts the one from the neutron skin restoring the
scaling. In any case, the approximate scaling exhibited by the cross section shows that the reaction is very much
surface driven and can be very well understood in terms of a two-step process.

In fig. 6 we show dσ/dΩ for DCX at Ekin = 120, 150 and 180 MeV on 16O, 40Ca and 208Pb as a function of the
scattering angle θ in the laboratory frame. Our results (bold lines) are shown together with their uncertainties of
statistical nature (thin lines). The latter ones are well under control except at very small and very large angles, where
statistics is very scarce. Again, there is a very good quantitative agreement for both O and Ca. In the Pb case, the
(π−, π+) reaction is well described, but the (π+, π−) one is underestimated in spite of the enhancement caused by the
neutron skin.

Going into further details of the energy distribution of the produced pions, we show in figures 7, 8 and 9 the results
for dσ/(dΩ dEkin) at different laboratory angles θ, as a function of the kinetic energy of the outgoing pion Ekin. The
overall agreement is good, better at forward and transverse angles than at backward angles. We observe a lack of

Data: Wood et al, GiBUU: Buss et al, Phys.Rev. C74 (2006) 044610 



JLAB Rho Production  
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Figure 3: (color online) Nuclear transparency as a function of lc. The
inner error bars are the statistical uncertainties and the outer ones are
the statistical and point-to-point (lc dependent) systematic uncertain-
ties added in quadrature. There is an additional normalization sys-
tematic uncertainty of 1.9% for carbon and 1.8% for iron (not shown
in the figure) with acceptance and background subtraction being the
main sources. The carbon data has been scaled by a factor 0.77 to fit
in the same figure with the iron data.

the simulation. The magnitudes of each contributing210

process were taken as free parameters in the fit of211

the mass spectra. The acceptance correction to the212

transparency ratio was found to vary between 5 and213

30%. Radiative corrections were extracted for each214

(lc, Q2) bin using our MC generator in conjunction215

with the DIFFRAD [34] code developed for exclusive216

vector meson production. The radiative correction to217

the transparency ratio was found to vary between 0.4218

and 4%. An additional correction of around 2.5% was219

applied to account for the contribution of deuterium220

target endcaps. The corrected t distributions for exclu-221

sive events were fit with an exponential form Ae−bt. The222

slope parameters b for 2H (3.59 ± 0.5), C (3.67 ± 0.8)223

and Fe (3.72 ± 0.6) were reasonably consistent with224

CLAS [35] hydrogen measurements of 2.63 ± 0.44225

taken with 5.75 GeV beam energy.226

The transparencies for C and Fe are shown as a227

function of lc in Fig. 3. As expected, they do not exhibit228

any lc dependence because lc is much shorter than the229

C and Fe nuclear radii of 2.7 and 4.6 fm respectively.230

Consequently, the coherence length effect cannot mimic231

the CT signal in this experiment.232

Fig. 4 shows the increase of the transparency with233

Q2 for both C and Fe. The data are consistent with234

expectations of CT. Note that in the absence of CT235

effects, hadronic Glauber calculations would predict236

no Q2 dependence of TA since any Q2 dependence in237

the ρ0 production cross section would cancel in the238

ratio. The rise in transparency with Q2 corresponds239
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Figure 4: (color online) Nuclear transparency as a function of Q2.
The inner error bars are statistic uncertainties and the outer ones are
statistic and point-to-point (Q2 dependent) systematic uncertainties
added in quadrature. The curves are predictions of the FMS [39] (red)
and GKM [38] (green) models with (dashed-dotted and dashed curves,
respectively) and without (dotted and solid curves, respectively) CT.
Both models include the pion absorption effect when the ρ0 meson
decays inside the nucleus. There is an additional normalization sys-
tematic uncertainty of 2.4% for carbon and 2.1% for iron (not shown
in the figure).

to an (11 ± 2.3)% and (12.5 ± 4.1)% decrease in240

the absorption of the ρ0 in Fe and C respectively.241

The systematics uncertainties were separated into242

point-to-point uncertainties, which are lc dependent in243

Fig. 3 and Q2 dependent in Fig. 4 and normalization244

uncertainties, which are independent of the kinematics.245

Effects such as kinematic cuts, model dependence in246

the acceptance correction and background subtraction,247

Fermi motion and radiative correction were studied248

and taken into account in the systematic uncertainties249

described in details in [36]. The fact that we were250

able to observe the increase in nuclear transparency251

requires that the SSC propagated sufficiently far in the252

nuclear medium and experienced reduced interaction253

with the nucleons before evolving to a normal hadron.254

The Q2 dependence of the transparency was fitted by255

a linear form TA = a Q2 + b. The extracted slopes “a”256

for C and Fe are compared to the model predictions in257

Table 1. Our results for Fe are in good agreement with258

both Kopeliovich-Nemchik-Schmidt (KNS) [37] and259

Gallmeister-Kaskulov-Mosel (GKM) [38] predictions,260
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Exp: Hafidi et al, 
Phys.Lett. B712 (2012) 326-330 
 
GiBUU: Gallmeister et al. 
Phys.Rev. C83 (2011)  
 



JLAB Pion Production 
MURAT M. KASKULOV, KAI GALLMEISTER, AND ULRICH MOSEL PHYSICAL REVIEW C 79, 015207 (2009)
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FIG. 6. (Color online) Transparency,
TA, vs. Q2 for 12C (left, top panel), 27Al
(right, top), 63Cu (left, bottom) and 197Au
(right, bottom). The dotted curves corre-
spond to FSI with the full hadronic cross
section and the dashed curves include the
shadowing corrections. The dash-dotted
curves correspond to the in-medium cross
sections defined according to the Lund
model formation time concept which in-
cludes the Q2-dependent (pre)hadronic
interactions, Eq. (5), for the transverse
contribution. The solid curves describe the
effect of time dilatation alone with the
pedestal value in the effective cross sec-
tion independent of Q2. The dash-dash-
dotted curve in the top left panel realises
the CT effect both in the longitudinal
and transverse channels. The experimental
data are from Ref. [20].

the central values of the pion three-momentum (see Table I),
the ideal forward kinematics is not realized in the πCT
experiment. As a result the attenuation in the πCT ex-
periment is not driven necessarily by the total π+N cross
section.

So far we have considered the (pre)hadronic expansion
times extracted from the string breaking pattern of the Lund
model. In Fig. 7 we present the results with tF calculated
when using Eq. (3)—the concept realized in Refs. [21,22]. The
calculations were done for "M = 1 GeV as a fit parameter.

This is an optimal value needed to reproduce the πCT data with
our treatment of FSI. The dash-dash-dotted curves realize the
CT effect in both the longitudinal and transverse channels and
dash-dotted curves in the transverse channel only. In addition
we show the results of the CT effect in the longitudinal channel
only (dot-dot-dashed curves). As one can see the latter scenario
is certainly ruled out by the present data. Because of the
dominance of the transverse cross section at high values of Q2,
a use of different values of "M in a range discussed before
does not change this result significantly. This is particularly
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FIG. 7. (Color online) Transparency,
TA, vs. Q2 for 12C (left, top panel),
27Al (right, top), 63Cu (left, bottom) and
197Au (right, bottom). The formation time
of (pre)pions in the laboratory is cal-
culated using Eq. (3). The dash-dash-
dotted curves realize the CT effect in both
the longitudinal and transverse channels
and dash-dotted curves in the transverse
channel only. The dot-dot-dashed curves
describe the CT effect in the longitudinal
channel only. The experimental data are
from Ref. [20].
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Exp: B. Clasie et al. 
Phys. Rev. Lett. 99, 242502 (2007). 
 
GiBUU: Kaskulov et al, 
Phys.Rev. C79 (2009) 015207 



HERMES@27 GeV and GiBUU  
Airapetian et al. 



JLAB@5, π+ : selected (ν,Q2) bins 
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Data: 
CLAS preliminary  

(Brooks et al) 
no error bars shown 

 

Calculations: 

not tuned !!! 
no potentials 



Electrons as Benchmark for GiBUU 
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No free parameters! 
no 2p-2h, contributes 
in dip region and under Δ	


12C 

FIGURE 1. Typical behavior of the inclusive electron-nucleus scattering cross section at beam energy
around 1 GeV, as a function of the electron energy loss ω

Ref. [13], while the theoretical results have been obtained within the approach described
in Refs. [9, 14], using a state-of-the-art parametrization of the measured proton and
neutron vector form factors.

FIGURE 2. Inclusive electron-carbon cross section at beam energy Ee = 730 MeV and electron scat-
tering angle θe = 37◦, plotted as a function of the energy loss ω . The data points are from Ref. [13].

Applying the same scheme employed to obtain the solid line of Fig. 2 to neutrino
scattering one gets the results shown in Fig. 3. The data points represent the double
differential CCQE cross section averaged over the MiniBooNE neutrino flux, whose
mean energy is ⟨ Eν ⟩ = 788 MeV, plotted as a function of the kinetic energy of the
outgoing muon at different values of the muon scattering angle. The solid lines show the
results (integrated over the cosθµ bins) obtained using the same spectral functions and
vector form factors employed in the calculation of the electron scattering cross section
of Fig. 2, and the dipole parametrization of the axial form factor with MA = 1.03 MeV.
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O. Benhar, spectral fctn 

Comparison shows that NN correlations are not 
so important 



Experiments 
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Neutrino Beams 

INT 12/2013 

n  Neutrinos do not have fixed energy nor just one reaction mechanism 

Have to reconstruct energy from final state of reaction 
Different processes are entangled 



0-pion Constraint in Experiments 

n  Experimental analyses impose condition of 0 pions for 
QE identification (QE-like) 

n  0-pion events can involve pion production with 
subsequent pion absorption à ‚stuck pion events‘ 

 
n  All published QE data have removed these stuck pion 

events in a model-dependent way 
INT 12/2013 



2p-2h Processes 

INT 12/2013 



The MiniBooNE QE Puzzle 
Explanations 

n  Model for ν + p1 + p2 à p3 + p4 + l (no recoil)	


  

INT 12/2013 

Flux smears out details in hadron tensor W 
W contains 2p-2h and poss. RPA effects 

 



Only adhoc ‚tune‘ in GiBUU 

n  Educated guess for 2p2h in GiBUU with 
tuned strength 

n  Big open question: up to which neutrino 
energies (or Q2,ν) are models good? 

n  Compare with Lightbody-Bosted analysis 

INT 12/2013 



The MiniBooNE QE Puzzle 
Explanations 

n      

INT 12/2013 

Phase-space model for 2p-2h 
Absolute value fitted to data. 

M = const Μ = Μ(Ε,q), Wµν ~ PT
µν (q)  



The MiniBooNE QE Puzzle 
Explanations 

INT 12/2013 
ME12, MB flux averaged 

Inclusive double-differential 
X-sections fairly insensitive to 
details of interaction 

Data corrected 
for stuck-pion events! 

Wµν ~ PT
µν (q) F(Q2) , educated guess 



   

0 Pion Events from GiBUU 
 

INT 12/2013 

From Coloma & Huber: arXiv:1307.1243v1  



The MiniBooNE QE Puzzle 

n  How to decide if this explanation is correct? 

n  Must not only consider inclusive  
X-sections, but also exclusive ones: 
 
Nucleon Knock-out, numbers and spectra 

INT 12/2013 



QE Identification 

INT 12/2013 

1p xn xπ: fairly clean QE event 
 
1p 0n 0π: very clean QE event 
	

No clean signal for 2p-2h 
because of FSI 



Pion Production 

INT 12/2013 



 
 

Pion Production 
from: Phys.Rev. C87 (2013) 014602 

 

   

INT 12/2013 

1p-1h-1π X-section: 

Hole spectral function 

Pion fsi (scattering, absorption, charge exchange)  handled by transport, 
Includes Δ transport, consistent width description of Delta spectral function,  
detailed balance	




Pi-N inv. Mass Distributions 

threshold. In this region, the experimental data show a
noticeable rise with increasing W, which is in agree-
ment with the full model prediction. The Delta pole con-
tribution (dash-dotted curve), on the other hand, grows
rather slowly.

For the p!0 and n!þ final states, as shown in Figs. 13(b)
and 13(c) the agreement of the full model with the histo-
gram is reasonable. For the p!0 channel the full model
overestimates events in the Delta peak region and under-
estimates them immediately above this peak. For the n!þ

channel, the data are underestimated below the Delta peak.
At low W the background gives a noticeable contribu-

tion for both channels, in line with the data. For different
final states the background contributions above the Delta

peak are very different: small negative for p!þ, very small
for p!0 and positive for n!þ.
While the WðN!Þ distributions are mainly sensitive to

the ! excitation, the distributions Wð"NÞ andWð"!Þ test
the angular distribution of the #N interaction.
TheWð"NÞ andWð"!Þ distributions shown in Figs. 14

and 15 also agree reasonably well with our calculations.
Recall, that in the ANL experiment the p!þ data are
presented for the whole neutrino energy flux, which only
vanishes at E# ¼ 6 GeV. This can explain the large tail in
this distribution. For the p!0 and n!þ final states, on the
other hand, the experimental data (as well as our calcula-
tions) are limited to E# < 1:5 GeV, so that the large
Wð"NÞ are not kinematically accessible.
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FIG. 13. The nucleon-pion invariant mass distributions, aver-
aged over the ANL flux. The full model calculations (solid
curve) and Delta pole contribution (dash-dotted curve) are
shown. The experimental data from [2] are shown as histograms.
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FIG. 14. The muon-nucleon invariant mass distributions,
averaged over the ANL flux. The full model calculations (solid
curve) and Delta pole contribution (dash-dotted curve) are
shown. The experimental data from [2] are shown as histograms.

O. LALAKULICH et al. PHYSICAL REVIEW D 82, 093001 (2010)

093001-12
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Lalakulich et al., 
Phys. Rev. D 82,  
093001 (2010)  
 

this implies that 15% of all events in this channel should be
attributed to the higher mass isospin-3=2 resonances, such
as P33ð1600Þ, S31ð1620Þ, D33ð1700Þ, and their interfer-
ences with the background, which are not considered here.

For the p!0 and n!þ channel, the background signifi-
cantly increases the cross section in comparison with the
Delta pole contribution. However, our full model curves
are still much lower than the histograms, which indicates a
large contribution of higher mass isospin-1=2 and $3=2
resonances and their interferences. The relative importance
of these events is estimated by comparing the areas under
the theoretical curve and experimental histogram, as it was

described for the p!þ channel, and it appears to be 43%
for p!0 and 46% for n!þ. This will also be demonstrated
further in the WðN!Þ invariant mass distribution.
Notice also, that in the p!0 channel [Fig. 18(b)] the peak

of our curve is shifted to the left with respect to the
histogram. This effect is the same as in p!þ channel in
Fig. 17, but it is revealed here with less significance
because of the larger Q2 binning.

C. W distribution

Now we proceed with calculating the invariant mass
distributions. Figure 19 shows the WðN!Þ distribution for

 0

 50

 100

 150

 200

 250

ν p →  µ- p π+

(a)

Delta pole
full model

 0

 40

 80

 120

dσ
/d

Q
2 ,  

 e
ve

nt
s/

0.
1 

G
eV

2

ν n →  µ- p π0

(b)

 0

 40

 80

 120

 0  0.5  1  1.5  2

Q2, GeV2

ν n →  µ- n π+

(c)

FIG. 18. The d"=dQ2 cross section averaged over the BNL
neutrino energy flux for the final states: (a)#$p!þ, (b)#$p!0,
and (c) #$n!þ. The integration is performed with the
WðN!Þ< 1:4 GeV cut, corresponding to the range of applica-
bility of the HNV model. The experimental data [3] shown as
histograms are without W cut.
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FIG. 19. The nucleon-pion invariant mass distributions, aver-
aged over the BNL flux. The full model calculations (solid
curve) and Delta pole contribution (dash-dotted curve) are shown
with the cutWðN!Þ< 1:4 GeV. The experimental BNL data [3]
which do not contain this cut are shown as histograms.
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ANL data BNL data 



Pion Production 
 
 

INT 12/2013 

Upper line: BNL input 
Lower line: ANL input 
 

Tendency for  theory too 
 low, more so for π+, at  
 E > 1 GeV 
 
DIS and higher  
resonances contribute 
for E > 1 GeV, not contained 
in Hernandez calcs. 

Discrepancy mainly in tail of flux distributions (large uncertainty) 



Pion Production in MB 

INT 12/2013 



  

Pion Production in MB 

INT 12/2013 

Flux renormalization (data x 0.9 (cf. Nieves QE analysis)) 



T2K vs MB Flux 

INT 12/2013 

less pions less RPA 

T2K ND280 
205kA flux 



Pion Production in T2K 

INT 12/2013 

Δ  dominant 	

only up to 0.8 GeV 

Measurement 
of pion production 
between about 
0.5 and 0.8 GeV 
would be clean probe 
of Δ dynamics. 
 



Pion Production in T2K 

INT 12/2013 

T2K pion data may help to distinguish between ANL and BNL input 



MINERvA, MINOS, NOVA & LBNE 

INT 12/2013 



ArgoNeuT  

INT 12/2013 

  

All events, 
large DIS 
contribution 



ArgoNeuT 

INT 12/2013 

0 pion events 
suppresses DIS 



   

ArgoNeuT 

INT 12/2013 

Reaction mechanism 
can be distinguished 
by proton number, 
for QE and DIS 



Experiments at higher energies 

INT 12/2013 

Q2 dependence reaches out farther than at  
lower-energy MB experiment: DIS effect 



MINERvA Results 

INT 12/2013 

1.  2p2h accounts only for small part of total X-section 
2.  DIS dominates for Q2 > 0.3 GeV, QE = Delta 



MINERvA Results 

INT 12/2013 

Semi-inclusive pion production Kaon production 
fsi brings X-section up! 



Energy Reconstruction by QE 

n  CCQE scattering on neutron at rest 
n  Energy 

n  Q2 

n  Energy reconstruction tilts spectrum, 
affects Q2 distribution at small Q2 

 

 

INT 12/2013 

11

energy reconstruction on neutrino oscillation properties.

This will be done in Sec. V. We note that studies along

these lines have already been undertaken in Refs. [11, 23,

26].

IV. MOMENTUM TRANSFER

RECONSTRUCTION

The reconstruction procedure, based on true-QE kine-

matics and being applied to Cherenkov QE-like events,

leads to distortions not only in the neutrino energy re-

construction, but also in the Q

2 reconstruction.

Indeed, the reconstructed Q

2 is defined as

Q

2
rec = �m

2
µ + 2Erec

⌫ (Eµ � |~kµ| cos ✓µ) , (5)

using the reconstructed energy E

rec
⌫ .

As we mentioned in the Introduction, the observed Q

2

dependence of MiniBooNE cross section can e↵ectively

be described as QE scattering with axial mass around 1.3

GeV. Thus, to get the MiniBooNE observed distribution,

one needs a noticeable contribution which falls down with

Q

2 more slowly than the true-QE cross section obtained

with a dipole form factor with MA = 1 GeV. In our case

this is a 2p2h contribution. One would naively expect,

that the degree of this slowness would be quantified by

the di↵erence between the dipoles with MA = 1.0 and

1.3 GeV. The necessity of reconstructing the Q

2 makes

this more complicated.

Figure 9 shows the influence of the reconstruction pro-

cedure (5) on the Q2 distributions for the QE-like events

of various origins. Similar to the case of neutrino en-

ergy, for true-QE events distributions versus true and

reconstructed energies nearly coincide. For fake events

the reconstructed distributions (solid curves) are notice-

ably steeper than the true ones (dashed curves). This

leads to the same e↵ect for all QE-like events. Thus, the

reconstruction procedure (5) makes the Q

2 distribution

look steeper, which in turn means that the distribution of

2p-2h contribution versus true Q

2 should be even flatter

than the naive expectation.
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FIG. 9: (Color online) The event distribution in the Mini-

BooNE experiment: �(Etrue)⇥ d�0⇡/dQ
2
true (dashed) vs true

and �(Erec) ⇥ d�̃0⇡/dQ
2
rec (solid) vs reconstructed squared

momentum transfer. The data are multiplied by a factor 0.9.

Within the 2p-2h model employed in this paper, for

QE and 2p-2h events (labeled ”2p2h+QE”) the agree-

ment of the reconstructed curve with the MiniBooNE

extracted data is not perfect. For lower Q

2 the calcu-

lated curves are higher than the data; this is the region

where RPA e↵ects should bring them down [12, 21]. For

Q

2
> 0.35 GeV our reconstructed curve is steeper than

the data. For all events (MiniBooNE measured) the dif-

ferences are larger, which is due to the di↵erent treat-

ment of stuck-pion events in the GiBUU and NUANCE

generators.
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FIG. 4: (Color online) QE-like cross section originating from

QE and 2p-2h processes only (solid line) and from all pro-

cesses (dashed line) within the GiBUU calculations. Mea-

sured and extracted MiniBooNE data points are the same

as in Fig. 1. The di↵erence between them (open circles) is

compared with the GiBUU stuck-pion cross section (dotted

line). All data are plotted vs reconstructed energy, whereas

the theoretical curves are plotted vs true neutrino energy.

that the sum of true-QE and 2p-2h contributions fitted

the extracted MiniBooNE data. This is shown in Fig. 4,

where the solid (“true-QE + 2p2h”) line is the GiBUU

model calculation that includes only true-QE and 2p-2h

cross sections. Even with this fit, as illustrated in Fig. 4,

the measured data points still do not agree with our curve

for the total QE-like cross section. The latter is shown

by the dashed (“all”) line and includes all processes that

lead to a QE-like final state.

As shown in the previous section, the absolute contri-

bution of fake stuck-pion QE-like events (that is, the dif-

ference between the dashed and the solid curves in Fig. 4,

also shown as dotted curve) is zero for E⌫ < 0.4 GeV and

slowly grows with increasing energy. The MiniBooNE re-

sults (open circles), however, show quite a di↵erent pic-

ture. The contribution of fake events is largest at low

energies and decreases further as energy grows (open cir-

cles in Fig. 4). The theoretical “all” and “true-QE +

2p2h” curves do not agree with the data; both have a

noticeably di↵erent shape. As we will show later in this

paper, the resolution of this seeming contradiction lies

in the fact that in Fig. 4 the data are plotted versus re-

constructed energy whereas the calculated curves are all

plotted versus true energy.

III. ENERGY RECONSTRUCTION BASED ON

QE KINEMATICS

To resolve the contradiction shown in Fig. 4, let us con-

sider the energy reconstruction procedure used by Mini-

BooNE and its influence not just on the QE scattering,

but also on the QE-like cross sections. As was shown al-

ready in [17, 23, 24], a 2p-2h interaction, when leading to

a final state with zero pions and thus recorded as QE-like

event, is on average recorded with a reconstructed energy

lower than the true energy.

For QE scattering on a nucleon at rest the incoming

neutrino energy is directly linked to the kinematics of

the outgoing lepton and is thus known when lepton an-

gle ✓µ and energy Eµ are measured. Therefore, the for-

mula used by MiniBooNE for the energy reconstruction

is based on the assumption of QE scattering on a nucleon

at rest [25] even though nuclear targets with binding and

Fermi motion are used. The reconstructed (rec) neutrino

energy is defined as

E

rec
⌫ =

2(Mn � EB)Eµ � (E2
B � 2MnEB +m

2
µ +�M

2)

2
h
Mn � EB � Eµ + |~kµ| cos ✓µ

i
.

(1)

Here Mn is the mass of the neutron, �M

2 = M

2
n �M

2
p ,

and |~kµ| =
q

E

2
µ �m

2
µ is the absolute value of the three-

momentum of the outgoing muon. This formula, there-

fore, neglects any Fermi-motion e↵ects; binding is taken

into account only by a constant removal energy EB > 0.

It is essential to realize that use of this formula is justified

only if the reaction mechanism has been identified as be-

ing true QE scattering; admixture of any other reaction

modes leads to an incorrect reconstruction of energy. In

the following we will explore how large these errors actu-

ally are.



Migration Matrix for C and MB flux 

INT 12/2013 

Distributions 
for 0 pion events! 



Energy Reconstruction by QE 
n  All modern experiments use heavy nuclei as target material: C, O, 

Fe à nuclear complications 
n  Quasifree kinematics used for QE on bound nucleons: 

Fermi-smearing of reconstructed energy expected 

n  For nuclear targets QE reaction must be identified to use 
the reconstruction formula for Eν 
	


n  But: exp. definition of QE cannot distinguish between 
true QE (1p-1h), N* and 2p-2h interactions	


 
INT 12/2013 



 
                                    

MiniBooNE QE puzzle 

Duke 02/2013 

MB measured: 0 π events 
MB extracted: 0 π events – stuck pions 
(NUANCE generator dep.) 
 
Eν NUANCE generator dependence 

Problem: Difference between data points (= stuck pion events) 
               decreases with Eν !? 



Energy reconstruction in MB 

  

INT 12/2013 

Reconstructed energy 
shifted to lower energies  
for all processes  
beyond QE 
Reconstruction must be 
done for 0 pion events 
Not only 2p-2h important 

MiniBooNE flux 

E
ve

nt
 ra

te
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= 
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x 
x 

cr
os
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NOT contained in Nieves model 



Energy reconstruction in MB 

n  Energy reconstruction does not just 
change energy-axis, but also tilts funtional 
dependence of X-section on neutrino 
energy 

INT 12/2013 



Energy reconstruction in MB 

  

Duke 02/2013 

Data: plotted vs 
reconstructed energy 
 
Curves: plotted vs. 
true energy 
 
Explains strange  
energy-dependence  
of stuck pion events 



Energy reconstruction in MB 

n  Energy reconstruction does not just 
change energy-axis, but also tilts funtional 
dependence of X-section on neutrino 
energy 

Duke 02/2013 



MINERvA Results 

INT 12/2013 



MINERvA Results 

INT 12/2013 

 0

 1

 2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

dm
/d

Q
2  (N

 1
0-3

8  c
m

2 )

Q2 (GeV2)

Q2 distribution for MINERvA

true energy, all
rec energy

Minerva QE analysis, big error in Q2 analysis 
if event sample is not clean QE 



Energy Reconstruction 
and Oscillation Analysis 
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GiBUU is Nature 
n  GiBUU is used to simulate nature: 

generate events  with known, true energy 
n  Analyze these events with exp. methods, 

obtain reconstructed energy for each event 
n  Compare event rates as functions of true and 

reconstructed energies 
 

INT 12/2013 



Oscillation 
 and Energy Reconstruction 

 

INT 12/2013 



T2K migration matrix 

INT 12/2013 

T2K Flux 
Target: 16O 



Oscillation signal in T2K 
νµ disappearance  

INT 12/2013 

GiBUU Martini 



Oscillation signal in T2K 
νµ disappearance  

INT 12/2013 
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Sensitivity of oscillation parameters 
to nuclear model 

INT 12/2013 

P. Coloma, P. Huber, 
 arXiv:1307.1243, July 2013 
Analysis based on GiBUU 

T2K 

true reconstructed 
from naive  
QE dynamics 



Oscillation signal in T2K  
δCP sensitivity of appearance exps 

INT 12/2013 

Uncertainties due to energy reconstruction 
 as large as δCP dependence 



Sensitivity of T2K 
 to Energy Reconstruction 

INT 12/2013 

D.J. Ernst et al., arXiv:1303.4790 [nucl-th] 



Energy Reconstruction for LBNE 

INT 12/2013 



Energy Reconstruction for LBNE 

INT 12/2013 

Dashed: reconstructed, solid: true energy 

Muon survival 



Energy Reconstruction for LBNE 

INT 12/2013 

electron appearance 

δCP = 0 δCP = +- π/2 



Summary 
n  Energy reconstruction essential for precision determination of neutrino 

oscillation parameters  
(and neutrino-hadron cross sections) 

n  Energy reconstruction requires reliable event generators, 
of same quality as experimental equipment. 

n  Precision era of neutrino physics requires much more sophisticated 
generators and a dedicated effort in theory 

INT 12/2013 


