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Neutrino scattering with nuclei

1. Introduction

There is an extensive experimental effort aiming at a peedetermination of neutrino oscil-
lation parameters. However, neutrino oscillation resiisend on the neutrino energy—a quantity
which can not be measured directly but has to be reconstidicien the hadronic debris coming
out of the neutrino-nucleus reaction inside the detectorelfable reconstruction of the neutrino
kinematics and the initial scattering process has to adcimurin-medium modifications and, in
particular, for final state interactions inside the targatlaus. They can, e.g., through intra-nuclear
rescattering, change particle multiplicities and alsasteithute their energy.

Those effects can be simulated with our fully coupled chb@iBUU transport model where
the neutrino first interacts with a bound nucleon producempadary particles which are then trans-
ported out of the nucleus. We use a formalism that incorpsrag¢cent form factor parametriza-
tions and apply, besides Fermi motion and Pauli blockingartant ingredients of the many-body
problem such as mean-field potentials, in-medium spediradtions and RPA correlations. The
modeling of final state interactions includes a large varidtpossible interactions channels and,
furthermore, particles with an in-medium width are tramsga off-shell.

This article is structured in the following way: First wenoduce our model for the interaction
of neutrinos and electrons with bound nucleons. We thenneudur transport model used to de-
scribe final state interactions (FSI). Thereafter, somegxanesults fow A scattering are presented.
Finally, we apply our model to describe recent observatifrthe LBL experiments MiniBooNE
and K2K.

2. GiBUU model

Lepton induced scattering in the GiBUU model is treated as@step process: First, the
leptons scatter of nucleons embedded in the nuclear meditmn, the outcome of this initial
reaction is propagated through the nucleus, using a hadt@risport approach. Maore details can
be found in Ref. [1].

2.1 Initial vertex

We focus on the charged current (C@N — £~ X) reaction, but discuss also the electromag-
netic (EM) ¢ N — ¢~ X) one used as a benchmark for our neutrino calculations.

We treat the nucleus as a local Fermi gas of nucleons boundriaam field potential. The
total reaction rate for the scattering of a lepton with foummentunk = (ko, k) off a nucleon with
momentump = (E, p), going into a lepton with momentuki = (kj,k’) is given by an incoherent
sum over all nucleons (impulse approximation)

A _ A do-ltf?\jl,cc (2 1)
dwdQ_Z dwdQ )’ '

with w = ko — kj, @ = —(k—K)? andQ = Z(k,k’). The cross sections on the rhs of Eq. (2.1) are
medium-modified (see below).
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Elementary input cross sections. Inthe intermediate energy regidky(~ 0.5—2GeV), the cross
section is dominated by quasielastic (QE) scatteraig-& € N’ andvN — ¢/~N’) and resonance
excitatiot (eN — &R andvN — ¢~R). Furthermore, we account for non-resonant single-pion
backgrounds for boteN — €N’ andvN — ¢~ riN’. Thus we assume

dGIlE?\;,CC — do-g'\/llz,CC dO-ERM,CC do_l?l\‘/?,CC
dowdQ dwdQ dowdQ dwdQ’

(2.2)

where g .. also contains contributions from resonance-backgroutatference.
Omitting phase space factors, the cross section for QEesitaftand resonance excitation is
given by [2]
dogice
dwdQ
wherep’ = (E’,p’) is the four-momentum of the outgoing nucleon ardE’, p’) gives the spectral
function for the outgoing baryor., is the leptonic tensor.
The QE hadronic tensdﬂé‘E" can be parametrized in terms of vector and axial form factors
(see, e.qg., our earlier work [3]). The vector form factoms taken from the latest analysis by Bodek
et al. [4]; a dipole ansatz wittMa = 0.999 GeV [5] is used for the axial ones.

The resonance hadronic tensff” depends on the specific resonance. For spin 1/2 resonances

0.4/ (E',p') LuvHéer, (2.3)

with positive parity (e.g. B(1440)) we find for the hadronic curreﬂflt‘/2 . _Vl‘;z Aﬁ‘/z with
Vig = A2 = ( ) 5 (v +ad') + lo““qa+FAv“ys+—q“v5 (2.4)
and for states with negative parity (e.g18535)) we use!’ - [Vf;z Ai’/z]y5
For spin 3/2 resonances with positive parity as thg1232), we havei3 op = V, /2 A3
with
ap C ou V ou o ~H C\S/ o u a ~U ap~V
Vi = ( A—aTy) + 2 (07 P —a"p") + 5 (07 p—aTp) +gTHCs (25)
Mg N
and
A CA
Ayl = s @A a1 (e P -t + oG AT e (26)
M N

for the ones with negative parity (e.g1401535)) we usdg/‘é _V3°;§‘ A /‘;. As an approximation,

resonances with spin greater than 3/2 are treated withiggime3/2 formalism.

The vector form factors=Y, (CY,s¢) present in CC scattering are related to the electro-
magnetic transition form factors), (C}, 5¢) with N = p,n and those again to helicity ampli-
tudes [6, 7, 8, 9, 10], which can be extracted from electrattedng experiments. We apply the
results of the recent MAID2005 analysis [11] which includ@sresonances with/ < 2 GeV, all
of them are implemented in our model—a list is given in Table 1

The lack of precise data renders the determination of thed #otm factors difficult. Pion pole
dominance and the PCAC hypothesis allow on one side to rEfate Fa (CQ to CSA) and on the

Imainly P33(1232)
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name Mg[GeV] J | P rPt[Gev] rN/rt axial coupling
P33(1232) 1.232 3/2 3/2 + 0.118 1.00 1.17
P11(1440) 1.462 12 12 + 0.391 0.69 -0.52
D13(1520) 1.524 32 1/2 - 0.124 0.59 -2.15
$11(1535) 1.534 12 12 - 0.151 0.51 -0.23
$31(1620) 1.672 1/2 3/2 - 0.154 0.09 -0.05
$11(1650) 1.659 12 12 - 0.173 0.89 -0.25
D15(1675) 1.676 512 1/2 - 0.159 0.47 -1.38
F15(1680) 1.684 5/2 12 + 0.139 0.70 0.43
D33(1700) 1.762 3/2 3/2 - 0.599 0.14 -0.84
P13(1720) 1.717 32 1/2 + 0.383 0.13 0.29
F35(1905) 1.881 5/2 3/12 + 0.327 0.12 0.15
P31(1910) 1.882 1/2 3/2 + 0.239 0.23 -0.08
F37(1950) 1.945 712 3/2 + 0.300 0.38 0.24

Table 1: Properties of the resonances included in our model. ThematsMg, spinJ, isospinl, parity P,
the vacuum total decay widfiff", the branching ratio intaN and the axial coupling are listed (see text for
details on the extraction of the axial coupling). The resmegparameters are taken from Ref. [12].

other side to extract the axial couplifig(0) (C£(0)) [10] (given in Table 1). We assume a dipole
form with M} = 1GeV forFa and allC except for the B5(1232).C4 andCy' are set to zero for all
resonances except thesPL232).

For theA resonance, some experimental information is availablenfANNL [13, 14] and
BNL [15]. Applying the Adler model [16] wher€}(Q?) = —C£(Q?)/4 andC4(Q?) = 0 we can
extract theQ? dependence (ﬁé from these data. Any update of the vector form factors regtine
axial ones to be refitted. Improving on the electromagnediciar form factors without readjusting
the axial ones [8] will result in a worse description of theimmo data. Assuming that PCAC holds
(i.e. the value ofC£(0) is unchange®) and neglecting the small non-resonant background in the
channelvp — u~—mtp, we find

aQ? AN
C@(Qz) :CSA(O) [1+ b+Q2} <1+ MAz) ) (2.7)
A

with a= —0.25 andb = 0.04Ge\? and M4 = 0.95GeV (set “NEW"). Formerlya = —1.21 and
b=2Ge\ and M4 = 1.28GeV (set “OLD”) were used [13, 14, 15]. With the new paramst
good agreement with the ANL data is reached (solid line in E)g In order to illustrate the
sensitivity of the cross section to the refitted axial forrmtéa, we show in Fig. 1 also the dashed
curve which gives the cross section obtained with the newovdorm factors but the old axial
ones.

2This is in contrast to the work of Hernandetzal. [17] which takes it as a free parameter. Since we rely on PCAC
for all other resonance excitations (where no data areabiail we prefer to keep it here, too. Furthermore, this dagpl
was extracted from the BNL data in Ref. [18] and found to bestsiant with the PCAC prediction.
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Figure 1: Differential cross sectiora%"2 averaged over the ANL flux for two different sets of parameter
describingp{-j compared to the ANL data [14]. An invariant mass\Wik 1.4GeV is applied.

In the case of electro-production, there is a wealth of ddtialvallows to determine the single
pion background @2 /dwdQ. This is done by subtracting the dominant resonance caottitsii
from the total single-pion cross section [2, 19]

dog dodr dof,

dodQ ~ dwdQ 4 dwdQ (2.8)

The total single-pion production cross section on the rarctisl™/dwdQ is taken from MAID [11].
Such a treatment is not possible in the neutrino case, digce ire not enough experimental data
to fix the additionally necessary six axial amplitudes, leesmme simplifications are requirfeand
we assume i y
dactg: N7T dacc

dwdo ~ ) Godar 29
where @Y. is constraint by electron scattering data. The fabt8f depends on the channein —
|=n7r" or vn — |~ pr® (vp — u~ 1t p is assumed to be “background-free”): with™ = 3 and
b"™" = 1.5 a reasonable agreement with the ANL data is reached as caehdrom Fig. 3.

The full cross section Eq. (2.2) is shown in Fig. 2 for elestsoattering off protons. The right
peak is dominated by th#, the second and third resonance region are clearly visibiédle and
left peak), the QE peak is not shown. The different contidng to the cross section are shown
and compared to data. The inclusion of thee don-resonant background is necessary, but not
sufficient to achieve a good description of the data at higgoenbarding energies (right panel);
multi-pion backgrounds should also be considered in tharéutWe further compare to the model
of Rein and Sehgal [21], a model widely used in neutrino egenerators, and find that this model
underestimates significantly the electron data as obsexlgedby Graczylet al. [22]. In Fig. 3
we plot the neutrino induced totat" (left panel) andr® (right panel) production cross sections;
the different contributions are also indicated (full: neances + background). The excitation of
higher resonances is almost invisible in the isospin 3/2wbka(upper curves in the left panel,
solid vs. long-dashed line). Again, we compare to Rein ardj&levhich gives for these integrated
cross sections results similar to ours (comparing the dditte to our resonance contribution).

3Besides the phenomenological ansatz we are following wtloirk, one can apply elementary models to estimate
the single-pion non-resonant terms [6, 17, 20].
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Figure 2: Double differential cross sections for scattering of et@es off protons through resonance ex-
citation and non-resonant processes as a function of thgyenéthe outgoing electron (solid lines). The
dashed lines show the resonance contribution, and theddiates the outcome of the model of Rein and
Sehgal. We compare to data from JLAB [23].
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Figure 3: Total rr* (left) and ° (right) production cross sections through resonance ati@it and non-
resonant processes as functions of the neutrino energg (@&s) compared to the pion production data of
of ANL (Refs. [13] (¢) and [14] @)) and BNL ([15] (x)). The different contributions are indicated ogly
resonancegshort-dashed) anohly A (long-dashed). The result obtained in the model of Rein a8l is
also shown (dotted).

Medium modifications. The target nucleus is treated within a local Thomas-Fermpi@pma-
tion as a Fermi gas of nucleons bound by a mean-field potéhijd@p, r) which is parametrized as
a sum of a Skyrme term depending only on density and a momedé&p@ndent contribution.

The spectral function of a particle with four-momentym-= (E,p) and masV = \/E is
given by
1 —ImZ(E,p)

&P = S M2 M2 Re(E. p))?+ (IME(E. )2

(2.10)

with the self energy (E,p) and the vacuum pole-mab. It includes the effect of the momentum-
dependent potential on the outgoing baryons and also atcfarrihe in-medium collisional broad-
ening of the outgoing final states. We neglect the spectraltfons of the initial states because their
widths are considerably smaller than those of the outgoudeons [24]. The imaginary part of
the self energy is related to the full width:, in the medium, via IR(E,p) = —MT o, which is
given byl = F'pg+ Icon. Due to Pauli blocking (PB) of the final state particles in thedium,
the free decay width is lowered. On the other side, both tleteous and th& resonances undergo
collisions with the nucleons in the Fermi sea. This leadsdolisional broadening of the particle
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width. To estimate this collisional broadening, we apply libw-density approximation

. , d3 /
EICUES /F _0(E.p.p) Vs P ﬁ (2.11)

where we integrate over all nucleon momenta in the Fermirep(S).o (E, p,p’) denotes the total
cross section for the scattering of the outgoing nuclesofiance with a nucleon of momentum
p’ in the vacuum;v, denotes the relative velocity of the particle and the nutld®g is the
Pauli blocking factor for the final state particles. The ltat@ss sections are chosen according
to the GiBUU collision term (for details see [1]). The realrpaf the self-energy is given as
once-subtracted dispersion relation where the subtragiint is fixed by the mean fields. This
procedure guarantees the proper normalization of the rgphéanctions [2].

In the nucleus, the elementary cross sections discussea ditworesonance excitation and
guasielastic scattering are evaluated with full in-medkimematics accounting for the momen-
tum-dependent mean field. Furthermore, also the flux andepzace factors are evaluated with
in-medium four-vectors. As an approximation, we use in tlegiim the same form-factor para-
metrizations as in vacuum. Pauli blocking is taken into aotdy multiplying each cross section
on the rhs of Eqg. (2.1) with the Pauli-blocking factor. Intmarar, the momentum dependence of
the potential and the collisional broadening of the nuclgoprove the correspondence with the
data considerably [2].

2.2 Final state interactions

The final-state interactions (FSI) of the produced padieee implemented by means of the
coupled-channel semi-classical Giessen Boltzmann-bigitlihlenbeck (GiBUU) transport model
[1]. Originally developed to describe heavy-ion collissda5], it has been extended to describe the
interactions of pions, real and virtual photons and neosrivith nuclei [2, 3, 19, 26, 27, 28, 29, 30].

In this model, we describe the space-time evolution of a npamticle system under the in-
fluence of a mean-field potential and a collision term by a Blguadion for each particle species.
A collision term accounts for changes (gain and loss) in thasp space density due to elastic
and inelastic collisions between the particles, and alsotduparticle decays into other hadrons
whenever it is allowed by Pauli blocking. The most relevdates for neutrino-induced reactions
at intermediate energies are the nucleon,Ahresonance and the pion. For tN& cross section
and its angular dependence we use a fit to data from Ref. [8L]thE pion cross sections we use
a resonance model with the background fitted to data as shodetail in Ref. [29]. The decay of
resonances into a pion nucleon pair is Pauli blocked if thener@um of the nucleon is below the
Fermi momentum. We allow not only for the decay of the resoaanbut also for the rescattering
in the nuclear medium through processes ¢ — NN, RN — R'N and, for theA resonance we
also consideANN — NNNbased on [32].

In between the collisions, all particles (also resonanegs)propagated in their mean-field
potential according to their BUU equation. We emphasizemaghat, due to rescattering effects
in the medium, the nucleon and the resonances acquire atioadticomplex self energy leading
to modified spectral functions obtained in a consistent waynfthe GiBUU cross sections (see
Eqg. (2.11)). Thus, the nucleon and the resonances are tnraegdff-shell in our model. Thereby
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Figure 4: Single proton knockout (left) and singt® production (right) cross sections ferscattering off
12¢C (solid lines) through QE, resonance excitation and neo#ant processes. Possible origins, i.e. the
initial processes, are indicated (QE by long-dasidaly short-dashed lines). Note the different scale.

we ensure that the particles are transported back to theiruva spectral function when leaving
the nucleus.

In conclusion, FSI lead to absorption, charge exchange edlidtribution of energy and mo-
mentum as well as to the production of new particles. In ouptad-channel treatment of the FSI
— in which the BUU equations are coupled through the colligerm and, with less strength, also
through the potentials—our model differs from standarduBé approaches that do not allow for
side-feeding and rescattering.

Within the GiBUU model we performed for the first time a sys&im study of how quasielas-
tic scattering and resonance excitation are intercondduye~SlI, focusing, on one side, on reso-
nance induced nucleon knockout and “fake” CCQE events amtheother side, on side-feeding
effects in pion production [3, 28]. An example of the couptdgthnnel effect in neutrino nucleus
(here:12C) reactions is given in Fig. 4 fquv and r° yields which are of interest in current LBL ex-
periments. We find, that even though the proton knockoutmsidated by protons coming from an
initial QE reaction, the secondary protons from an inifia@xcitation contribute significantly. FSI
have also a considerable influence on CC neutrino inducedgsmduction, where, due to isospin
relations, 1™ dominate in the beginning. In the nucleus, they rescattragsorbed and undergo
charge exchange reactions leading to a disproportiongelgtion of ther® channel. This has
been earlier observed by Pascleosi.[33]. We stress that a correct understanding oftfgield
is required for a correct identification of the neutrino flairoLBL experiments.

To conclude, we emphasize, that GiBUU is based on well-fedritieoretical ingredients and
it is the only model tested in various and very different tess using the same physics input.
In particular, an important prerequisite for any model foe interaction of neutrinos with nu-
clei is, that it provides a good description of electron- bofon-induced reactions. Within the
GiBUU model, extensive tests against existing data areilplesand have been successfully per-
formed [2, 19, 34]. The GiBUU model is capable of incorpargtthe complexity of the nuclear
many-body problem in an extensive open-source computer adiich can be downloaded from
our website [1].

3. Applications: MiniBooNE and K2K

We shall now present some examples for the application ofrmgel.
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3.1 CCQE

Charged current quasielastic (CCQE) events are commosly uinsLBL experiments to de-
termine thev,, kinematics. Under the assumption that the nucleon is atiésin the nucleus, the
neutrino energy has been reconstructed from QE events BithBooNE experiment [35] using

2(My — Eg)Ey — (E§ — 2M\Eg + M)

B, = 2[(My —Eg) — E, + [K/|cosB,] 3.1)

with a binding energy correction &g = 34 MeV and the measured muon properties. With that,
we obtain the reconstruct&gf via

Q? = —n¢, + 2E, (Ey — |K'| cosBy), (3.2)

Two immediate questions are raised by this procedure: (#) ¢tmd is the identification of CCQE
events? (2) How exact is the crucial assumption of two bodgriatics for nucleons bound in a
nucleus where many in-medium modifications are present?

The experimental task is now to identifsue CCQE events in the detector, i.e., muons origi-
nating from an initial QE process. FSI might lead to misidferd events, e.g., an initidl whose
decay pions are absorbed or which undergo “pion-less damay’tount then as CCQE event (we
call this type of background events “fake CCQE" events). \&eale every event which looks like
a CCQE event by “CCQE-like”. At MiniBooNE these are all theeets where no pion is detected
while at K2K these are all events where a single proton trackisible and at the same time no
pions are detected. The two methods are compared in Fig.&'tite” CCQE events are denoted
with the solid line, the CCQE-like events by the short-dasbee. Placing a cut only on pions,
as MiniBooNE does, leads to a considerable amount of “fakeQE events (left panel, the short-
dashed line is higher than the solid line). They are causedlyriay initial As via the mechanism
described above; their contribution to the cross sectiggivien by the dash-dotted line. On the
contrary, less CCQE-like than true events are detectedth@thiK2K method when one cuts both
on pions and protons (left panel, difference between dieshed and solid line). The final state
interactions of the initial proton lead to secondary pretoor, via charge exchange to neutrons
which are then not detected as CCQE-like any meieg{e proton track). We find that at K2K the
amount of fake events in the CCQE-like sample is less thaniaiBdoNE (compare difference
between short-dashed and long-dashed line). We concladestien if the additional cut on the
proton helps to restrict the background, an error of abo®2Bmains, since the measured CCQE
cross section underestimates the true one by that amount.

The flux averaged CCQE-lik@? distribution for MiniBooNE is shown in Fig. 6. The influence
of the fake CCQE events on the energy reconstruction is canféeed from the left panel. The
distribution obtained by reconstructing? for the CCQE-like events via the formulas above is
compared to the distribution of the true events (solid vshedotted line). At lowe? it is higher
than the latter, but then it falls off faster. The differermween the two curves is caused by the
fake CCQE events whose different muon kinematic affect élsemstruction. We also find that the
reconstruction with the simplified formulas above turns twube almost perfect when only true
CCQE events (and not the whole CCQE-like sample) are takeragtount.

In the right panel of Fig. 6 we compare our calculation to theent MiniBooNE findings:
The MiniBooNE collaboration observed a dip at |&@¢ compared to their standard Monte Carlo
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Figure 5: Total QE cross section offC (solid line) compared to different methods on how to idignti
CCQE-like events in experiments (short-dashed lines). cimeributions to the CCQE-like events are also
classified (CCQE-like from initial QE (long-dashed), fronitial A (dash-dotted)).
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Figure 6: Flux averagedc?Q—"2 distribution of CCQE-like events at MiniBooNE. The left pdrshows the
composition of the cross section (initial QE, initi&) and the reconstructed one. The right panel shows the
influence of different in-medium modifications comparedie MiniBooNE tuned Monte Carlo output. For
simplicity, only QE andh excitation were considered for the initial vertex.

prediction [35]. To reach agreement with the data, aparmfahanging the axial madda by
about 25 % with respect to values obtained in earlier expamtm[5], they had to modify Pauli
blocking in their Monte Carlo description! Since MiniBooNi&as not provided absolute cross
sections, a direct comparison to data is not yet possiblstedal, we compare to their CCQE-
like Monte Carlo pointswhich includes the aforementioned tuning of parameterstraxad this as
experimental result. We compare these points to our cdlonkincluding different in-medium
modifications on the cross section. While the momentum digr@npotential and the spectral
function had significant influence on the double differdntiigtributions [2], they are negligible
here where we have integrated out one quantity, and do naobimaghe correspondence with the
data. Polarization effects due to the strong interactiooragmucleons modify the QE hadronic
tensor. These are taken into account by including RPA atiogls taken from Nievest al. [36]
which lowers the spectrum at the peak and leads to a goodiptéstrof the MiniBooNE points
without tuning the axial mass or any other parameter. Wd sixglore this in more detail in a
forthcoming publication.

4by normalizing the area

10
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Figure 7: Ratio of the totalr* to the CCQE-likeyield in K2K compared to data taken from Ref. [38].

3.2 CCIr

LBL experiments demand for a realistic description of pidelds, for two main reasons:
First, s are an important background e appearance experiments which, through their photon
decay, might affect the electron detection yielding als&&’ appearance events. Second, absorbed
pions contribute to the CCQE-like background as discusbettea Therefore, a good description
of neutrino induced pion production in nuclei taking intacagnt complex FSI is necessary and
oversimplifications are not justified. We have shown [371 theparticular, the ANP model applied
by Paschost al. [33] does not incorporate the well-known properties of M dynamics in
nuclei and, therefore, is not able to give reliable resutspion spectra in the energy region of
interest.

As an example, in Fig. 7 we compare the recent K2K data foratie of rr* to QE yields [38]
with the output of the GiBUU model and obtain good agreement.

3.3 RadiativeA decay

MiniBooNE finds in itsv;, — Ve oscillation result an excess of electron like events fotmeoi
energies less than 475MeV which is not yet understood [39possible source is the excitation
of aA resonance via neutral current interaction followed by Huative decays — yN. Since the
MiniBooNE detector cannot distinguish between photons @ledtrons, this reactions gives rise
to additional events in the low energy region. The majgiinduced background, however, aré
coming from NC interactions detectable also via their phatecay products. Of particular interest
for experiments is thus how the photonri® yield changes in the nuclear medium, depending on
the A momentum and also the nuclear density.

In the vacuum, a rough estimate gives
Oy ni/0y 0.0056
o0 (A7) 7(2/3) 0.008, (3.3)
where 0.0056 is the PDG branching fraction and 2/3 comes thenappropriate Clebsch-Gordon
coefficient forA™/° — 7%+ N. In the medium—we took?C as used in MiniBooNE—our calcu-
lation has been performed as follows. Fi&st,andA resonances are set inside the nucleus with
momentum and radius chosen randomly within a given rangen,Tthey are propagated out taking
into account all kind of decays and collisions. Afterwands,calculate the totat® and the photon
cross section as function of theitial momentum (radius) of thA. We take into account only
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Figure 8: Photoni° rate changes in medium as a functiom\gbosition (left) and momentum (right).

thoser® which actually made it out of the nucleus after the final stateractions. With that, we
obtain for the above ratio.019, which represents an increase of about a factor of 2.4awmd to
the free case.

Fig. 8 shows how the photar! rate changes in medium as a functionfomomentum and
position (solid: initialA®, dashed: initialA™). In addition, the vacuum estimate is shown by the
long dashed line. In the momentum dependence one obsepiealtiinal state interaction effects:
Slow As produce slow pions which are more likely to be absorbed énntledium than higher
energetic ones which might pass through undisturbed. Asaed, the medium modification is
largest for thosés which have been put in the middle of the carbon nucleus. Mervene might
expect, that the solid/dashed lines approach the vacuune ela radius larger than the carbon
radius. This does not happen here, because, as said bemigitialize theAs at the beginning
with a random momentum, therefore some of them can propagatehe nucleus and thus still
undergo FSI which then again modify the spectrum.

To conclude, the production of photons V& is enhanced in the nuclear medium due to
complex pion final state interactions reflecting in a stroagethdence of density and momentum.

4. Summary

We conclude that in-medium effects WA scattering, and in particular FSI, are important for
the interpretation of LBL oscillation experiments. The irgthce of nuclear many-body effects and
final state interactions have to be treated with the sameedegfr sophistication as the primary
production process.
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