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Abstract. We have studied the nuclear medium effects in the neutnmio@utrino) induced interactions in nuclei which
are relevant for present neutrino oscillation experimémtthe few GeV energy region. The study is specially focused o
calculating the cross sections and the event rates for atmeas and accelerator neutrino experiments. The nucléecte
are found to be important for the quasielastic lepton priidn@nd the charged current incoherent & coherent pionyarch
processes.
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Introduction blocking, Fermi motion, renormalization of the weak
) o transition strength etc. that play an important role in neu-

The phenomenon of neutrino oscillation in few GeV en-ting interactions with a nucleon inside a nuclear target.
ergy region was first seen in experiments with atmo-The effects of Fermi motion and Pauli blocking are taken
spheric neutrinos. The physics of the neutrino oscillationnio account through the imaginary part of the Lind-
is expected to be understood with the help of neutring,arg function for the particle hole excitations in the nu-
experiments being done with atmospheric and accelerggear medium. The renormalization of the weak transi-
tor neutrinos. Analysis of these experiments requires gjon strengths are calculated in the random phase approx-
good knowledge of various neutrino nuclear reactiongmation (RPA) through the interaction of the p-h excita-
in this energy region where the quasielastic reactiongjons as they propagate in the nuclear medium using a
producing leptons as well as inelastic reactions producpycleon-nucleon potential described by pion and rho ex-
ing leptons and pions are the most important processegnanges. The effect of the Coulomb distortion on the out-
The MiniBooNE collaboration has reported the resultsgoing lepton has been taken into account in a modified
for the ratio R(E)@ ™" /g as a function of neu-  effective momentum approximation(MEMA).
trino energy[1] and the total charged current quasielas- The total cross sectioa(E,) for the charged current
tic(CCQE) cross section [2] with and without charged neutrino induced reaction on a nucleon inside the nucleus
current quasilike(CCQE-like) contributions coming from in a local Fermi gas model is written as [5]:
the inelastic channel. These measurements are meant to

improve the limit on theCC1m™ production cross sec- O(E)) = -2Ge2co GC/rmaxrzdr/ldmax K
tion as well as to put a better meaurement of the ax- Fmin K min
ial dipole massMa. These experiments have been per- Qo , 1
formed using nuclear targets where nuclear effects play x / dQ° —=LwJ v
. . . Q2. Ev E
an important role in the energy region of a few GeV. The min !
Super-Kamiokande collaboration is also performing an x ImUN(Ey, — B —Qr —V(r),q)
atmospheric neutrino experiment and analyzes the events Q)

reported in the Ref.[3]. In this paper, we have used the ) +
results for the CCQE and the Charged Current Inelas?VNere the leptonic tensotyy = 5 LyLy" and the
tic(Incoherent+Coherent) processes from the study madeadronic tensod” = 3 5 J*J"". The leptonic current
earlier and reported in Refs.[4]-[8] and compared theml, and the hadronic curredt' are given by

with the data reported by the MiniBooNE collaboration _

[1]-[2] and also with the experimental data of the at- L= ulk)yu(1 = ye)ulk) @
mospheric neutrino experiment[3] performed by SuperK

collaboration. W= u_(p/)[':l(Qz)y“JrFZ(QZ)iUw2q_|\v/|

Quasielastic Reaction + Fa(@)Vs + Fe(QA)aHlu(p).  (3)

The cross section for quasielastic charged lepton produawxhere q is the four momentum transfer a@él= —q?,
tion is calculated in the local density approximation[5]- M is the nucleon massGg is the Fermi coupling con-
[6]. Inside the nucleus there are nuclear effects like Paulstant.Uy is the Lindhard function for the particle hole



excitation [6]. The form factorB;, F, are isovector elec- 2297 is theA propagator in momentum space [7] and the
troweak form factors taken from the parametrization ofdelta decay width is taken to be an energy dependent
Bradford et al. [9] with vector dipole mad#ly=0.84  P-wave decay width [10]% (4 — k) is the nuclear form

GeV. Thtz isovector axial form factor is takenfag§g?) = factor, which is calculated in Eikonal approximation to
1/(1+ ,a—g)z and the pseudoscalar form factg} (Q*)  be [8]:

is given in terms ofY (Q?) using Goldberger-Treiman Fd-Fn) = 2n/°°bdb/°° dzp(B,2) (K. b)
relation. Inside the nucleus, the Q-value of the reaction 0 —w ’ "

and Coulomb distortion of outgoing lepton are taken into
account by modifying the imaginary part of the Lind- . B
hard function mUn(do,q) by ImUn(go — Ve(r) — Qr,q).  wheref(b,z) = [;° ﬁl‘l(p(b,z’))dz’, M is the self en-
Furthermore, the renormalization of the weak transitiongrgy of the pion. "
strength in the nuclear medium in a random phase ap- |nside the nuclear medium the mass and width of
proximation (RPA) is taken into account by consider-the delta are modified which in the present calculation
ing the propagation of particle hole(ph) as well as delta-yre taken into account by using a modified misss—
hole(Ah) excitations. These considerations lead to amody,, 1 Res,, and modified width y — s — 2/m>, from
ifi_ed h_adronic tensoﬂ,‘{F‘,’A, the expression for which is  ne model developed by Oset et al. [10], whEreis the
given in Ref. [6]. reduced width of thé\ due to Pauli blocking of nucle-
Inelastic Reaction ons in theA — N1t decay andx, is the self energy of
he A calculated in nuclear many body theory using the
ocal density approximation [10]. The final state interac-
éion(FSI) effect of the outgoing pions with the residual
nucleus in the case of an incoherent process is taken into
ccount by using a Monte Carlo simulation described in

« dld-Knzg-if(62) )

The cross sections for pion production are calculate
using the delta dominance model [4],[5]. In this model,
the weak hadronic currents interacting with the nucleon
in the nuclear medium excite’aresonance which decays

into pions and nucleons. The nuclear medium effect f 1121 while for th h i ducti
on the A properties lead to modification in its mass ef. [12], while for the coherent pion production process

and width which have been discussed earlier by Oset etpis is treated by taking a distorted pion wave in an opti-
al. [10] cal potential instead of the plane wave in the expression

In the local density approximation the expression forOf the nuclear form factor given in Eq.7.

the total cross section for the charged current one pion Results and Discussions

production is given by [7] Our results for the CCQE cross sections without nucleon

1 Fmax 1 Qe 5 nucleon correlation effects agree within 1-2% with the
o = @5 /rm-n (Pp(r) + §Pn(r))dr/Q%m dQ different versions of Fermi gas model discussed in the
- 1 o n|R’||R | literature [5] T_he results obtain(_ad with the nucleon nu-
> / dk’ / d(cos6r) dor—— 2 cleon correlation effects taken into account are consis-
0 -1 MEZE, tent with the recent calculations performed by the vari-
o 1 fZM/ . |2 @) ous theoretical groups which were summarised at the last
E L E (1_ ﬂcos(e )) fi NUINTO9 [13]. We find that the reduction in the cross
p 1T = T . . . . .
[kl section with the inclusion of nucleon nucleon correlation
where the proton and neutron densities are given in termgffects is around 25% &, = 0.5 GeV and around 15%
of nuclear density(r)[11]. atE, =1 GeV. In Fig.1(a), we have presented the results
The transition matrix elemen#;; for incoherent pro- ~ for the cross section in the case of quasielastic process
cess is given by obtained by using Eq.(1) with and without nucleon nu-

cleon correlation effects. The several curves show the re-

M = ﬁGLOSGC i W(PKE P4, 0 Lqu(p) (5)  sults obtained by using axial dipole magg = 1.35 GeV
V2 My and 1.6 GeV. If we take the value of axial dipole mass to
and for coherent process it is written as be 1.35 GeV and calculate the cross section without nu-
Gr frng — — o cleon nucleon correlation effects then our results are in
Mii = ﬁcosecl“\@ o > Us(p)kno P9 Opy good agreement with the experimental results reported
TS by the MiniBooNE collaboration[2]. However, when we
X ur(p)-Z (G —kn) (6) take RPA effects into account the theoretical cross sec-

) ) tions are smaller than the experimentally measured ones.
where Ly is the leptonic current and’8® = ¢B% + i i
a p = by While when we také/a = 1.6 GeV, then our results with
/J’,’f". /J’\/f" and ﬁf“ are the vector and axial vector N- nucleon nucleon correlation effects are in better agree-
A transition operators[7]8y is the weak mixing angle. ment with the experimental results. In Fig.1(b), we have
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FIGURE 1. See text for the details.
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FIGURE 2. Ratio of the cross sections fay, induced charged current one pion production process to liheged current
quasielastic process in mineral diif,)

presented the results of the CCQE cross section obtainéthe numerical results are obtained wila=1.1 GeV for
in the local Fermi gas model(usidga=1.1,1.35and 1.6 CCQE process and CCQE-like process. We find that our
GeV) with RPA effect along with the contribution of the theoretical results for the ratiB(E) = g /gCCRE
CCQE-like events(usinlfia=1.1 GeV) coming from the gbtained without nuclear medium effect in the numera-
inelastic channel where A disappears in the nuclear tor, and the denominator is calculated in the local Fermi
medium through the processabl — NN andANN —  gas model without RPA effect are in agreement with the
NNN without giving rise to pions, i.e. the pions pro- FS| corrected results of the MiniBooNE collaboration
duced in the inelastic processes get absorbed while confi]. When, in the ratio R(E), we consider the nuclear
ing out of the nucleus [10]. Here, we have presented thenedium and final state interaction effects in the numera-
experimental results of the MiniBooNE collaboration[2] tor, and the denominator is calculated in the local Fermi
with CCQE + CCQE-like events. We find that CCQE- gas model with RPA effect along with the contribution
like events increases with the increase in neutrino enof CCQE-like events from the inelastic channel the nu-
ergy, like the contribution is 12% &,=0.6 GeV, 20% merical results are in agreement with the experimentally
atE,=1 GeV which becomes 22% B}=1.5 GeV, while  observed results reported by the MiniBooNE collabora-
the CCQE-like events shown by the MiniBooNE collab- tion [1].
oration [2] decreases with the increase in the neutrino en- Table-1 summarizes our theoretical results for the lep-
ergy, for example it is around 20% Bt=0.6 GeV, 10% ton events obtained in the case of the atmospheric neu-
atEy=1 GeV which becomes around 5%t=1.5 GeV.  trino experiment performed at SuperK using 22.5 kT wa-
In Fig.(2), we compare our numerical results with theter fiducial mass on an exposure of 1489 days [3]. The
experimentally observed results and the FSI correcteévent rates are calculated for the sub-GeV energy region
results reported by the MiniBooNE collaboration [1]. by applying cuts on lepton momenta. We have studied the



TABLE 1. RatioR= Yetle

VutVy

Process VetVe Vu+Vy R= %’Eig‘i
Free case(QE+Inelastic) 3995 5984 0.667
FGM without RPA+Inelastic with nuclear medium 2911 4398 60.6
and final state interaction effects

FGM with RPA +Inelastic with nuclear medium 2343 3661 0.64
and final state interaction effects

SuperK experiment [3] 3353 3227 1.04

influence of nuclear medium on the number of events byl1. C. W. de Jager, H. de Vries and C. de Vries, At. Data
taking into account nuclear medium modification effects  Nucl. Data Tabled4, 479 (1974).
on the cross sections in the casewgf) induced pro- 12. M. J. Vicente Vacas et al., nucl-th/9412023.
cesses of quasielastic scattering, incoherent and cdhereJrP'PS' Boyd et al., Proceedings of NUINT 2009: AIP Conf.
. S PR roc.1189, 60 (2009).
pion production in nuclei. It is found that the event rates
are reduced by 25% when nuclear effects are included
in a local Fermi gas model without taking into account
the strong nucleon-nucleon correlation effects in nuclei.
When these correlation effects are also included using
a Random Phase Approximation (RPA), there is a fur-
ther reduction of about 20% in the event rates. Our final
results have been shown in row-Ill of Table-1 for elec-
tron and muon events. In the row-1V of Table-1 there are
experimental numbers reported by the SuperK collabo-
ration [3].
We find that the nuclear medium effects play an im-
portant role in the present accelerator experiments in the
few GeV energy region as well as in the study of at-
mospheric neutrino experiments. In order to understand
the lepton event rates in the accelerator as well as atmo-
spheric neutrino experiments, a good theoretical under-
standing of the inelastic events leading to lepton produc-
tion is needed in addition to the purely quasielastic events
produced in neutrino nuclear reactions.
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