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neutrino (antineutrino)

Vey V‘U,v VT (1761 D}Lv 17’7')

neutrino oscillations

caused by nonzero neutrino masses and neutrino mixing.

neutrino experiments

T2K, MINQOS, Daya Bay, RENO, Double Chooz
LSND,MiniBooNE ...

neutrino cross section

crucial to understand the detection process and systematic
uncertainties.
nuclear targets: 12C, 160, Fe, A,,...
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MiniBooNE experiment

v, — Ve and U, — e oscillations

100 m 440 m

CCQE: vN — eN'
CCr: vN — eN'm
NCr: vN — vNr
NCvy: vN — vN~

others

e © © ¢ ¢

Cherenkov detector: 806 tons of pure mineral oil (>CH,)
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Background of the MiniBooNE experiment

Because the MiniBooNE detector cannot distinguish the signature
produced by electrons or photons, the v, and 7, CCQE
background events include

@ NC 7% where the v+ decay is not identified
@ NC~ decay - the second largest
@ others

(arXiv:1207.4809 [hep-ex])
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e-like events in the MiniBooNE experiment
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@ neutrino-mode excess: 162.0 £ 47.8 events
@ antineutrino-mode excess: 78.4 &+ 28.5 events
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Previous theoretical models

R.J.Hill (Phys.Rev.D84,013008 and D84,017501)

@ a microscopic model: nucleons, A(1232) resonance and
mesons.

@ treat the target as an ensemble of nucleons, neglecting
nuclear-medium corrections

@ claims that NCv can explain the excess of e-like events

X.Zhang, B.D.Serot(Phys.Lett.B719,409-414)

@ based on the chiral effective field theory in a nuclear medium

@ the result is close to the MiniBooNE estimate
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Amplitude for NCv on the nucleon

The reaction is,

v(k) + N(p) = v(K') + N(p") + (qy)
The amplitude is given by,

GFe
M, = —LJI*
V2 J

- %ay(k'm(l = 98)u,(K) x (i63(p) 7 u(p))

@ the F is for neutrino and antineutrino, respectively.

® ¢, is the photon polarization vector.

@ [ s the hadronic matrix element.
(arXiv:1304.2702 [nucl-th])
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Model for the hadronic matrix elements

@ First row: direct and crossed
nucleon pole terms

@ Second row: direct and
crossed A(1232) pole terms

@ Third row: direct and
crossed heavier resonance
(N(1440), N(1520) and
N(1535)) pole terms

@ Forth row: t—channel pion
exchange term
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Nucleon pole terms

M = Jy(a)(B+ d+ M)Jsc(a)Dn(p + q)
+IRc(—q)(# — 4+ M)JE,(—a,)Dn(p’ — q)

where J = v0J"70, and Dy is the nucleon propagator, given by,

1

Dn(p) = b— M

The weak NC and electromagnetic (EM) currents are given by,
(e} o i o ~ a ~
Jcla) = 1*Fl(d®) + o’ PasFa(q) — 115 Fald?),

/ vV
Jem(ay) = A"F(0) + WU“ g F2(0),
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A(1232) pole terms

e = 320, a,)Nso (p + 9)J5(p. 9)Dalp + a),
+INE(P', ~@)Nsa (P’ — ) g (P, —4,) Dalp’ — q),

where the propagator Dp is,

1

D =
a(p) p? — M3 + iMaT a(p?)’

A" is the spin 3/2 projection operator, which is given by in the
momentum space,

1 2 PN 1 H v VA
N(pn) = —(Bn+Ma) | — 2oty” — SERPA o 2 Pad —PAT |

3 3 M2 3 Ma

' is the resonance width.
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A(1232) pole terms

The weak NC and EM currents are given by,

cv cv
I (p,q) = [ﬁ(gﬁ”é — ¢y + ﬁ(gﬁ“q -pa —4°pR)
&5\/ B Byt &3 Bu B a bt
+ (8 p—a"p)| s+ (g™ — a7y")
6:‘ B B M &Ef‘ B &g‘ B
+ (87 pa = pa) + 4 e+ ppatd
Vv 14
Jﬁu(_):_c_3(b’uq/_a8u)+c_4(b’u. — Pt )
Em\P; —Q~ M g y =y Y M2 & Qv PAc — Ay Pac
CV
+ e™ay p—alp")| s,

pao=p+q=p +qgyandpac=p' —qg=p—aq,.
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A(1232) axial form factors

In this work, we assume a standard dipole form for the axial NC
form factors

. Q2\ 2

@) = -~ (1+5)
M

- M2 .

@R = WQA(Qz)’

) >Al A2

1/14(02) = _C5 (40 )7

G(Q%) = o,

The cross section depends strongly on (~:5A We take
CA(0) = 1.0 £ 0.11 (Phys. Rev. D 81, 085046 (2010)).
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A(1232) vector form factors

The vector EM form factor can be derived from helicity amplitudes
extracted from electron scattering experiments.

The relations between the vector form factors and the helicity
amplitudes are complicated. (T.Leitner PhD thesis 2009)
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m pole term

167 H gA 1 . oo
e = _’Cp,nm (5 - 25’”2‘9W> e?n Groqs(P'—P)15Dx(p'—p),

Cp,n = £1. The propagator is given by,

1

Dr(p) = 2
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N* pole term

The hadronic matrix elements of the N* pole terms are
constructed in the same way that we have done for the N
(N(1440), N(1535)) or A(1232) pole terms (N(1520)), For
simplicity, We do not give details here.

We derive the vector form factors from the helicity amplitudes, and
assume a standard dipole form for the axial form factors.
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NC~ on nuclei

It consists of the incoherent and coherent reactions.

v(k) + A(p) — v(K') + X(p") +(ay)

For the incoherent reaction, the final nucleus is either broken or
left in some excited state.

v(k) + Azlgs(pa) = v(K') + Azlgs(Pa) +7(ar)

For the coherent reaction, the final nucleus is left in its ground
state.
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Nuclear effects

Fermi motion

We adopt the relativistic local Fermi gas approximation. The
target nucleon moves in a local Fermi sea of momentum kg
defined as a function of the local density of protons and neutrons,
independently.

Pauli blocking

Final nucleons are not allowed to take occupied states.

In-medium modification of A properties

The A resonance acquires a selfenergy because of several effects
such as Pauli blocking of the final nucleon and absorption
processes: AN — NN, AN — NN7 or ANN — NNN.
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Incoherent reaction

The differential cross section for the incoherent reaction is,

d3p
A > - N
do? =2 /d3 / > )3nN 7) [1— nn(P',7)] do,

where kg (F) is the Fermi momentum, given by,

ke(P) = [320()"",

In-medium corrections are taken into account by making the
substitutions, A /2 — paui/2 — ImX A in the A propagator,
where X A is the selfenergy of A(1232).
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Coherent reaction

The amplitude is given by,

GF
M: \/—/ coh(r)?
the hadronic current J?oh(r) is given by,
o = iee;, () [ @37 el(@=d)- Tr [a(p')( M5 + pal 3™)u(p )]
coh(r) ulp )\pp Pn

= /eeu(r) RH
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NC~ cross
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The cross section of NC~ on nucleon for antineutrino
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Comparison
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Incoherent reaction
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Nuclear effects reduce the cross section about 30%.
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Incoherent reaction (A)
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Coherent reaction
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Coherent reaction
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Comparison with the MiniBooNE estimate

CCQE reconstructed (anti)neutrino energy

Assuming that the visible energy (E.) is generated by an electron
from ve + n — p + e, the reconstructed (anti)neutrino energy is
given by,

2(My — Eg)Ee — [EE — 2MnEg + m2 + AM?|
2[(My — Eg) — Eo(1 — cosb,)] ’

EQE =

For a photon which is mis-identified as an electron in the
MiniBooNE detector, we have to replace E, and ¢, by E, and 0,.
(Phys. Rev. D 84, 072005 (2011))
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Beam flux of the MiniBooNE
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The events

NC~ events at the MiniBooNE detector is given by,

N = [UVN—H/N'y X Np + (Uincoh + Ucoh) X Nl?C]
XNI/ X Peffi

@ o's: cross section for NC~ on proton, incoherent and coherent
reaction on Carbon

@ N, : the number of incoming neutrino (antineutrino)

® N, 12¢: the number of protons and carbon nuclei, respectively
in the target

® pem: the efficiency for photon/electron detection
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EQE distribution for NCy on CH,
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Comparison to the MB estimate

Events
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E, distribution of the photon events
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cost)., distribution of the photon events

Without N* Full Model
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Summary

@ We have studied NCv on nucleons and nuclei in the energy
region relevant for the MiniBooNE event excess.

@ Our model consists of nucleon pole, A pole, heavier

resonances pole and t—channel pion-exchange. For the heavier
resonances, N(1520) plays an important role in the NC~.
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Summary

@ We extend the model to study the cross section off nuclei.
Among others, we consider nuclear effects: Fermi motion,
Pauli blocking, and in-medium modification of the A
properties. Reduction: 30%.

@ The cross sections of the coherent reaction is much smaller
than those of incoherent reaction.

@ Our predictions are consistent with the semi-empirical
MiniBooNE estimate, and cannot explain the excess of e-like
events.




Thanks for your attention!
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