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Introduction

Neutrinos are elementary particles with no
electric charge, no magnetic moment, half in-
tegral spin and a small but non-zero mass. Be-
ing electrically neutral, neutrinos rarely inter-
act with matter via weak force. There are
many neutrino scattering processes such as
quasi elastic scattering (QES) [1], resonance
pion production (RES) [2] and deep inelastic
scattering (DIS) [3], at various neutrino ener-
gies. In charged current quasi elastic scatter-
ing, an (anti)neutrino interacts with a (pro-
ton)neutron producing a corresponding lep-
ton and the (proton)neutron changes to (neu-
tron)proton.

νl + n→ l− + p. (1)

ν̄l + p→ l+ + n. (2)

In this work, we study charged current anti-
neutrino - nucleus (12C) QES. To describe
CCQES, we use the Llewellyn Smith (LS)
model [4]. For incorporating the nuclear ef-
fects, we use the Fermi gas model along with
Pauli suppression condition. We calculate
ν̄µ−12C CCQES differential and total cross
sections for different values of axial mass MA

and compare the results with experimental
data, with the goal of finding the most ap-
propriate MA value.

Formalism for Quasi Elastic ν̄ − A
Scattering

The differential cross section per proton for
anti-neutrino - nucleus quasi elastic scattering
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is defined as:

dσA(Eν̄ , Q
2)

dQ2
=

2V

Z(2π)3

∫ ∞
0

2πk2
pdkpd(cosθ)

f( ~kp)S(ν − νmin)

dσN (Eeffν̄ (Eν̄ , ~kp), Q
2)

dQ2
, (3)

where the factor 2 accounts for the spin of the
proton, V is the volume of the nucleus, kp is

the momentum of the proton, dσ
N

dQ2 is the differ-

ential cross section of the anti-neutrino quasi

elastic scattering off free proton and Eeffν̄ is
the effective anti-neutrino energy in the pres-
ence of Fermi motion of nucleons defined as:

Eeffν̄ =
(seff −M2

p )

2Mp
. (4)

Here, Mp is the proton mass and seff is de-
fined as:

seff = M2
p + 2Eν̄

(
Ep − kpcosθ

)
. (5)

Here, Ep is the proton energy.

The Fermi distribution function f( ~kp) is de-
fined as:

f( ~kp) =
1

1 + exp(
kp−kF
a )

, (6)

where a = kT (= 0.020 GeV) is the diffuse-
ness parameter. The Fermi momentum kF for
carbon nucleus is 0.221 GeV.

The Pauli suppression factor S(ν − νmin) is
defined as:

S(ν − νmin) =
1

1 + exp(− (ν−νmin)
a )

, (7)
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FIG. 1: dσ
dQ2 per proton for ν̄µ−12C CCQES as a

function of Q2, for different values of axial mass
MA and for < Eν̄ > = 2 GeV compared with
GGM data.

where ν is the energy transfer in the interac-
tion and νmin is defined as:

νmin =
√
k2
F +M2

n −
√
k2
p +M2

p + EB . (8)

Here, Mn is the final state neutron mass and
EB is the binding energy. Complete formalism
and references can be found in Ref. [1].

Results and Discussions
Fig. 1 shows dσ

dQ2 per proton for ν̄µ−12C

CCQES as a function of Q2, for different val-
ues of axial mass (MA = 0.979, 1.05, 1.12
and 1.23 GeV) and for < Eν̄ > = 2 GeV.
The results obtained are compared with data
from Gargamelle (GGM), studying quasi elas-
tic reactions of neutrinos and antineutrinos on
propane plus freon target. The calculations
with axial mass MA = 0.979 and 1.05 GeV
are compatible with data.

Fig. 2 shows σ per proton for ν̄µ−12C CC-
QES as a function of Eν̄ , for different values
of axial mass (MA = 0.979, 1.05, 1.12 and
1.23 GeV). The results obtained are compared
with data from GGM(1977), GGM(1979),
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FIG. 2: σ per proton for ν̄µ−12C CCQES as a
function of Eν̄ , for different values of axial mass
MA compared with GGM(1977), GGM(1979),
SKAT, NOMAD and MiniBooNE data.

SKAT, NOMAD and MiniBooNE experi-
ments. The calculations with axial mass
MA = 0.979 and 1.05 GeV are compati-
ble with GGM(1977), GGM(1979) and SKAT
data, though the calculations overestimate the
data at low anti-neutrino energies. The cal-
culation with axial mass MA = 1.05 GeV is
compatible with NOMAD data and the cal-
culation with axial mass MA = 1.23 GeV is
compatible with MiniBooNE data.

Acknowledgements
The authors D. Grover and P. Kumar are

thankful to the DST and UGC, New Delhi for
their financial support.

References
[1] D. Grover et al., arXiv:1807.08911 [hep-

ph]; Chinese Physics C (In Press 2018).
[2] K. Saraswat, P. Shukla, V. Kumar and

V. Singh, Phys. Rev. C 93, 035504 (2016).
[3] D. Grover et al., arXiv:1808.00287 [hep-

ph]; Phys. Rev. C (Accepted 2018).
[4] C. H. Llewellyn Smith, Phys. Rept. 3, 261

(1972).

Proceedings of the DAE International Symp. on Nucl. Phys. 63 (2018) 1033

Available online at www.sympnp.org/proceedings


