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Osclillation Signals as F(E,)

v, flux (AU) } L v, flux (AU)

8cp=0° NH : o Scp=10°NH

dcp=0° H . Sep=0°H From:

§cp = 907, NH ] 5.9 = 90°, NH Diwan et al,
Ann. Reuv.

8cp=270° NH ] Scp=270°, NH

Nucl. Part. Sci 66
(2016)

DUNE, 1300 km HyperK (T2K) 295 km

Energies have to be known within 100 MeV (DUNE) or 50 MeV (T2K)
Ratios of event rates to about 10%
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Energy Reconstruction

v, CCevents _
v DUNE CDR From de Romeri et al,

] Ankowski et al JHEP 1609 (2016) 030
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Which Reaction Channels are important ?
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Neutrino -Nucleon Cross Sections
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Experimental error-bars directly
enter into nuclear cross sections
and limit accuracy of energy
reconstruction

BUT: this is only part of the problem,

The other part is FSI, since
experiments use nuclear targets
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NA Reaction

A Generalstructure: approximately factorizes
full event(four-vectorsof all particlesin finalstate

@

Initial interaction x finalstateinteraction

Determines inclusive X-section Determines the final state particles
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Neutrino Cross Sections : Nucleus

A All targetsin longbaselineexperimentsare nuclei C, O, Ar, Fe

A Crosssectionson the nucleus

A QE + finalstateinteractions(fsi
Resonanc4’ion Production+ fsi
DeepInelasticScatteringd Pions+ fsi

A Additionalcrosssectionon the nucleus
Manybody effects e.g.2p-2h excitations

A
A
A Coherentneutrino scatteringandcoh. pion production

A
A
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Motivation for GIBUU

A Needthe full eventfor energyreconstruction

A Needto Aomputebackwardéfrom finalstateto
Initlal Incomingneutrino energy

A Need Initialneutrino-nucleoninteractionsand
hadror-hadronfinalstateinteractions

A Needto do thisin the energyrange0 o 30 GeV
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Institut far Theoretische Physik, JLU G

s . GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

A GIBUUwasconstructedwith the aimto encodethe
abeso possibletheory

A a B E Sefuires

A All neutrino energies-> relativisticfrom outset, includes
resonanceandDIS

A All targets
A Not just Iinclusive Xsections but full events
A Reasonableoundnucleargroundstates
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> Institut fur Theoretische Physik, JLU Giessen
. GiBUU
The Giessen Boltzmann-Uehling-Uhlenbeck Project

Initialinteractions

A Meanfield potentialwith localFermigasnomentumdistribution nucleonsare bound(not so in
generatord)

A Initialinteractionscalculatedoy summingpver interactionswith allbound Fermimoving
nucleons

A 2p2hfrom electron phenomenology

Finaktateinteraction

A propagatemutgoingparticlesthroughthe nucleususingguanturkinetictransportheoryfully

relativistic(off-shelltransport possiblé.
Initialandfinalinteractionscomefrom the sameHamiltonian
CONSISTENCYof inclusiveandsemt:inclusive Xsections

Calculationgivefinalstate phasespacedistribution of all particles
four-vectorsof all particlesC generator
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Pions

A Pilon production amplitude
= resonancecontrib + background (Bortterms)

A Resonanceontrib
A Vdetermined from escattering (MAID)
A Afrom PCACansatz

A Background:
A Up to aboutD obtained from effective field theory
A BeyondD unknown
A 2 pi BG totally unknown
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GIBUU : new In 2016

A Stablegroundstatamplemented> improvedhole spectralfunctions

A 2p2hstructure functionfor all kinematicsfitted to e-scatteringis used
for neutrinosaswell
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2P2h excitations

from electrons to neutrinos
A 2p2h:purelytransverseresponsefrom e-scattering

6
Ror(T) cos? =

= Ry7(T) sin® =

7] _ ..
s, (GZ : from: Martini et al.
q - 2 R, .~ W, from

electron scattering
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Quantum -kinetic Transport Theory
for FSI

DF(x,p) — tr {I'f,ReS™" (x,p)} . = C(x,p) .

o | Npo — H)OF  O(po — H) OF .
DF(xz,p) ={po — H,F}pp = Olpo — ) OF _ Otpo — ) OF H contains
mean-field

potentials

ox Op dp ox

Describestime-evolutionof F,p

F(x,p) =2ngf(xz,p) P(x, p)

Kadanoff-Baym equations with BM offshell tgm
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Test with Electron Data: QE + Res

A anecessargheckfor anygeneratordevelopment
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Test with Electron Data: : QE + Res

500 MeV, 60 deg
~ 450 MeV, 0.19 GeV?

eC, E =500 MeV, 60 Deq, free Delta

GiBUU 2016
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Ankowski. Benhar, Sakuta
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Test with Electron Data : QE + Res

12C, E, = 680 MeV, B, = 60°, g = 610.0 MeV

eC, E =680 MeV, 60 Deg, inmed + free Delta T LI 1 T 1 T

totfree A = =
QE ——
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M.V. lvanov et al, J.Phys. G43 (2016) 045101
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Test with Electron Data: DIS

E =5.766 GeV
Theta = 50 Deg.
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MiniIBooNE Neutrinos

(107 em™ / GeV)
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GiBUU 2016: no data adjustment Nieves et al: 10% data adjustment Martini: no data adjust
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Antl -Neutrinos
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Comparison with T2K Incl. Data
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Agreement for different neutrino flavors
Durham 04/2017 Q T?\Zt;r:tisl::ze Physik




T2K Opion = QE + 2p2h + stuck pions

T2K ND280 munu-C 0-pion X-section, T=0, inmed Delta

e
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.. Pions on Water
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MINERVA Pions

CC charged pions

do/dT /A (1078 cm?/GeV)
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MINERVA Pions

W< 1.8 GeV
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MINERVA Pions: Theoretical Uncertainty

Target: CH, sum of pi+ and pi-, flux: 1.5 - 10 GeV (true), W < 1.4 GeV e
Sensitivity to

free-inmed A C—1 collional broadening
MINERVA exp +—— of D
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Sensitivity of T2K
to Energy Reconstruction

0.8 1 12
EiGeV)

D.J. Ernst et al., arXiv:1303.4790 [nucl-th]
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Osclillation signal in T2K
d-p sensitivity of appearance exps

E,"™® (x10 for oscillated events)

E,"*° (x10 for oscillated events) x10 for oscillated events

ﬂ Vv, appearence
i QE-like

T2K flux

Vv, appearence
QE-like
T2K flux

P(v, = ve) x flux x 6 (10°°% cm?/GeV)

reconstructed E, (GeV)

Uncertainties due to energy reconstruction
as large as d-, dependence
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Generator Dependence
of Oscillation Parameters

GIBUU-GENIE

From: P. Coloma et al,
Phys.Rev. D89 (2014) 073015

Nature: GiIBUU
Generator: GENIE
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GIBUU givesbothinclusive -sectionandfull events
GiBUU describeanclusiveelectronandneutrino data

Summary

withoutanytuningbothQEandpionproduction

Agreements comparablewvith that of anyother theory

GiBUUworks in allenergyegimesboth BNB and

MINE

RVALBNFenergies

GiIBUUworks for allnuclel
GIBUUIs publichavaila : gibuu.hepforge.org
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