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Abstract. The Giessen BUU transport approach applied to electroweak interactionsiclei in the few-GeV region is
presented. After describing the model ingredients (elementary ceatiorss, medium effects and final state interactions),
the impact of nuclear effects on the observables is discussed. Weasinglthe interconnection of quasielastic and pion
production processes, which receive a unified treatment, and itsmeket@r present neutrino experiments.
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INTRODUCTION neutral current (NC) or electromagnetic (EM) processes.
The differential cross section can be cast as [3]

dox  |K| o (p?) A2 ()

The Giessen Boltzmann-Uehling-Uhlenbeck project
(GiBUU) provides a unified framework, based on the =
semiclassical transport model, for the description of dwdQg 321 [(k-p)z—mle,%,]l/2
various particle-nucleus reactions at a wide range of 0 o

energies. GiBUU has been applied to hadron-nucleud/herew = q° = (k—k')” is the energy transfered to the
(pAand7A) scattering and electromagnetic (photon andtarget and, the solid angle of the outgoing lepton. For
electron) interactions with nuclei. The GiBUU code was QE, «/(p”?) = 8(p*~ Mg) and for resonance excitation,

recently fully rewritten and released for public use. More 2 r(p
information can be found in Ref. [1]. o p’2) = 24 5 5 g ) =5 )
During the last 5 years, the model has been extended T (P?—Mg)*+pr(p)

to the study ofv cross sections in the few-GeV re- , s
gion [2], where the major interest of ongoing neutrino Os_where I'“(Vp ), denotes theztotal decay\}wdtm///x\ \f
cillation experiments resides. These developments havg buv H*” with C=4mta /g%, G cosée/v'2 andGe /v/'2

led to predictions for theA inclusive differential cross of EM, CC and NC, resp_ectwel;twvde_notes the lep-
sections in the quasielastic and resonance regions arfgn'c tensor. Tt‘,e hadronic tensad") is determined
for exclusive channels like nucleon knock-out and pionPY. the currenty, parametrized by QE oN —R tran-
production (iP), obtained without changing the nuclear Sition form factors (FF). For spif=1/2 stateX = N,
physics input with respect to previous applications. ThisP11(1440, $11(1539), $1(1620, $11(1650, P31(1910,
ensures that the knowledge gathered through extensive p . F 5 . g
studies of hadronic interactions in the nuclear medium is J; (=} = u(p’) {(ZI\/I)Z (%qu —a°yH) + WIU“ Oa
taken into account iwA cross section research. 2 N N

The GiBUU treatment ofA interactions consists of +Faytys + Equ 4 { 1 }u(p), 3)
three ingredients: primary neutrino-nucleon interactjon Mn ¥5

modification of the elementary cross sections in the nu- 4 tors— 3/2 stat 1232 D14(1520). Daa(170
clear medium and propagation of the final state (FSI). I?’Tg(l(;rZO) /2 states’ss(1232), D13(1520), D33(1700),

Y
b | G3
ELEMENTARY INTERACTIONS Yy = Ua(P) {W(g"“ﬂ—qaﬁ
v v
We consider processes of the 'ty|de§!<)N(p) - +%(gauq. p —q” p/ﬂ)+%(gauq. p—q®pH)
I'(K)X(p') where X = N’ for quasielastic scattering N N
(QE) or X = R for the excitation of 13\* and A res- ch cA
onances withMg < 2 GeV. Nonresonant singleP + <W(ga”ﬂ—qayﬂ)+w%(ga“¢ p—q'p*)

(X = N’ m) is also taken into account. Initial and final

leptons can be chosen to describe charged current (CC), +C§g"“ + Cé;qaq,,) )'S] { yls }u(p). (4)
Ile



The complication in the description of resonancesfixed by proton-nucleus scattering data [9]. The same po-
with S > 3/2 [D15(1675, F15(1680, F35(1905 and  tential is assumed fdB= 1/2,> 3/2 resonances while
F37(1950] is avoided by treating them as spifBstates. for S= 3/2, it is approximated a¥a = 2/3Wn. As a
Their contributions are anyway negligible at 1-2 GeV. consequence, baryons acquire effective masgg,r)
Obviously, for EM processes only terms with > or [ o _ fa2

C contribute, and these FF have been extracted frorr?u_T_E thaty/p +mﬁf4'r\t/(p,rt). N P +dn,2§g insid
accurate electron scattering data. We have adopted thef 'Ie rc)iresence 0 llnferac_ iontl il an ) inside nu-
BBBA-2007 parametrization [4] for the nucleon while clel leads to spectral functions

the resonance transition FF are expressed in terms of the 1 Im=(p)
helicity amplitudes obtained by the MAID analysis [5].  S(p)=——1 > 5. (6)
Isospin symmetry allows to relate the weak vector FF TT[p? — g —Rex(p)]? + [Im(p)]

to the EM ones (see Table | of Ref. [3]). For the poorly ag most of the nucleons in the nucleus can be described
known axial FF the strategy is to use PCAC and pionag gccupying single-particle states in a mean field po-
pole dominance to relatp t0 Fa (Cg' 10 C5) and 10 entia); we neglechN interactions for the initial nucle-
fix Fa (Cg) at? = 0 in terms of theR — N7t decay  ons (holes) and take [En= 0 so thatS(p) — &(p? —
EO%DHHQS) (fl(t)r'theanCIGOFA(O)d:fgﬁ is_knovxglfronsh tmgﬁ). On the contrary, for the final baryons we con-
ecay). 1L IS a)So assumed, Joflowing e al giger interactions and take Bn= (PO med(p,1);
Ch :;CQ/4 andch = 0. For theqz dependence dfa the in-medium width consists of the free width (of reso-
andCg a simple dipole ansatz is assumed nances) with Pauli blocking of the final nucleon, and col-
Fa(c?) FaO) o _2 Iisiona_ll broadening‘c_o” = PONXVrel fixed_a_ccordir_\g to
{ o } - { N } (1_ 2) . (5) the G|BUU_parametr|zat|ons. As f(_)r I§e|t_ is obta|_ned_
Cs(a) C5(0) Ma from ImX with a once-subtracted dispersion relation fix-

In the QE case we take the global fit of Ref. [6] w0  ing the pole position apépo'e) = /P2 + M [3].
andv dataMa = 0.999+0.011 GeV and, in analogy, an  With the ingredients outlined so far it is possible to
Ma =1 GeV is assumed for resonance excitation, withcompute inclusive differential cross sections. In Fig. 1
the exception of thé\ — A(1232). For the later, the®®  the double-differential cross section for inclusive elec-
dependence is fitted to, p — p~ 71" p ANL data [3].  tron scattering oA®0 are compared to data. Results for
More recent determinations of this FF that take into ac-other kinematics as well as predictions for the weak CC
count both ANL and BNL data, systematic errorsinthe case can be found in Figs. 9, 10 and 12 of Ref. [3].
fluxes, deuteron effects [7, 8] and the nonresonant backfhe overall agreement is good, with the QE (left) and
ground [8] but more precisep data would be desirable.
Finally, the existence of important nonresonant con-
tributions is well known. The vector part of the single
pion background is obtained from tledN — &N’ am- 151
plitudes in the MAID parametrization [5] after subtract-
ing the resonance contribution. For the non-vector con-
tribution, accounting for the axial part and interference,
the same functional form of the vector background is as-
sumeddogg = (1+b™)day with the constanb™ fit-
ted to ANL data [3].
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SCATTERING ON BOUND NUCLEONS T s

; ; i ; IGURE 1. Inclusive electron scattering cross section on
The neutrino-nucleon interactions discussed above arEeo a5 a function ofo for a fixed beam engrgy and scattering

modified in the _nuclear medium. Our d_escription of angle. The full result is denoted by the solid line. Data are from

bound nucleons is based on a Local Fermi Gas model: gtef, [10].

each space point the initial-nucleon momentum distribu- ) . ) )

tion is given by a Fermi spherir,p) = ©(pe (r) — |p|) A(1232 (right) peaks well described and the dip region

with radius ape (1) = [372p(r)] /3, with p(r) the empir- in between slightly underestimated. The data are also un-
=[3 , : .

ical nuclear density. A Pauli blocking factor for the out- d€réstimated at higév due to the lack of Znonresonant

going nucleorPs,i= 1—O(pe(r) — |p|) also applies. background.
All nucleons are exposed to a density and momentum de-
pendent potentia¥y (p,r) whose parameters have been



FINAL STATE INTERACTIONS pends also on the detection technique and thresholds. A
complete study of this problem with GiBUU was per-
After the initial interaction, produced particles propgega formed in Ref. [12]. It was found that 20 % of the
through the nucleus undergoing FSI. This is simulatedCCQE events are misidentified. This influencesuten-
by means of a semiclassical transport model based oergy reconstruction, unknown in experiments with broad
the BUU equations band beams. Figure 2 shows the CCQEdistribution
averaged over the MiniBooNE flux [13] compared to one
(6 + (BpH)Or — (BrH)Op) fi(r,p,t) = lean [fi, fi] (7)  reconstructed from the outgoing muon energy and angle
. . . assuming a QE collision with a single nucleon at rest.
gchgrdeeasglzlizsrtitgz gggggg?r CS tt)h %rgggZZtisn%a?ne :Ier‘ﬁ turns out that the reconstruction procedure is a!most
= perfect if performed on true CCQE events, but not if the
mean field such thatl = |/mZ(p,r)+p? The BUU  whole CCQE-like sample is taken.
equations are coupled mainly through the collision term
lcon responsible for changes ify due to elastic and in-
elastic collisions as well as resonance formation and de- SUMMARY
cay (N — 7N, NN — NN, NN < NR NR < NR,
R < Nm). Notice that resonances are not only allowedGiBUU is a powerful tool for the description of particle-
to decay but also to interact with the medium. Nonreso-ucleus interactions that combines state-of-the-art
nant7INN — NN and resonanANN — NN three body hadronic input with medium effects and FSI. It has
channels are also included. All these processes are déeen successfully applied to strong and electromagnetic
scribed in GiBUU using known hadronic properties andprocesses and recently extended to neutrino interactions
measured cross sections. Therefore, the framework alwithout changing the nuclear parameters. Nuclear ef-
lows to follow the propagating particles and make pre-fects, required for a good description of inclusive EM
dictions for specific final states. data, are important. So are FSI for exclusive processes
FSI leads to energy redistribution in the system, ab-such as QE scattering amdP which are interconnected.
sorption and creation of new particles and charge exA proper understanding and realistic description of these
change, causing considerable distortions in the obseneffects is crucial for the ongoing oscillation program.
ables. For example, pion kinetic energy spectra in CC
production in nucleivA — IX T are affected by strong

absorption in the\ region, pion energy loss due to rescat- ACKNOWLEDGMENTS
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