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Impulse approximation approach
and final state interactions



Impulse approximation (1A)

Assumption: the dominant process of lepton-nucleus

interaction is scattering off a single nucleon, the remaining
nucleons act as a spectator system.



Impulse approximation (1A)

Assumption: the dominant process of lepton-nucleus

interaction is scattering off a single nucleon, the remaining
nucleons act as a spectator system.

It is valid when the momentum transfer |q| is high enough,

as the probe's spatial resolution is ~1/[q]|. Results at

140 < |q| < 450 MeV
0.02 < @® £0.20 GeV?




Impulse approximation (1A)

The simplest implementation of the IA assumes that

the struck nucleon is on the mass shell (EP=VM2+1D2 ),

neglecting its interactions with the spectator system.

Picture idea from
Alberico et al.,
NPA 623, 471 (1997)




Impulse approximation (1A)

Then, the cross section is | Elementary cross section I
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Final state interactions (KSI)

Their effect on the cross section is easy to understand

in terms of the complex optical potential
[(Horikawa et al., PRC 22, 1680 (1980)]

Ep,Z\/M2+p’2+U

> the real part modifies the struck nucleon's energy
spectrum

> the Imaginary part accounts for the attenuation of
the single-nucleon final states
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Final state interactions (KSI)

In the convolution approach,

(‘f{j‘FSI , ,r T ( f\} (‘f{}'IA
e L w — W — .
dwd() ‘ T S dw’ dS)

with the folding function

falw) = 0(w)\/Ta + (1 —/Ta)Fg(w).
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Nucl. transparency




Nuclear transparency
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Real part of the optical potential

We account for the spectrum modification by

falw =) = fqlw—w —Uy)

This procedure is similar to that from the Fermi gas
model to introduce the binding energy in the argument
of the ¢ function.
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obtained from

Cooper et al.,
PRC 47, 297 (1993)




Optlcal potentlal by Cooper et al.
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Comparisons to C(e, e’) data
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Compared approaches
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Low excitation-energy phenomena

280.3 MeV, 60 deg
~ 259 MeV. 0.06 GeV?
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Comparisons to C(e,e’) data

(nb/MeV sr

do [ dwd)

240 MeV, 36 deg 200 MeV, 60 deg 240.4 MeV. 60 deg

~ 143 Me\/ 0 02 Ge\/2 ~ 186 Me\/ 0 03 Ge\/2 ~ 224 Me\/ 0. 05 Gevz

~—— Y00

oD

=

=
T

oo
-
o

T

o
T T T
N

ZUU_ 120
_ (b) : ; } (C) ;
ﬁ | | | oof . ;

Barreau ef al.,
NPA 402, 515 (1983)




(nb/MeV sr)

do [ dwd2

Comparisons to C(e,e’) data
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Comparison to C(e,e’) data
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Comparisons to C(e.e) data

In the supplemental material of arXiv:1404.5687
we show comparisons to the data sets collected

at 54 kinematical setups
> energies from ~160 MeV to ~4 GeV,
> angles from 12 to 145 degrees,

> at the QE peak, values of momentum transfer from
~145 to ~1060 MeV/c and 0.02 < 0? < 0.86 (GeV/c)?.



Comparisons to C(e.e') data

In the supplemental materia
we show comparisons to the

at 54 kinematical setups
> energies from ~160 MeV to
> angles from 12 to 145 degr¢

> at the QE peak, values of m
~145 to ~1060 MeV/c and O
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Motivation

The accuracy of neutrino energy recon-
struction is limited by the accuracy to

which nuclear effects are described by the

Monte Carlo simulations involved in data
analysis

For an approach to be trustable, it
has to be compared to precise elec-
tron scattering data, with the un-
certaintics understood and quanti-
fied.

Formalism

We account for the final-state interactions
between the struck particle and the spec-

tator system in the convolution scheme

/(/Jr‘q W — U2

ey

doFst 1A

dwd()

integrating  the  impulse-approximation

1A

prediction o™ with & folding function

which can be decomposed as

falw) = 8(w) /Ty + (1 — /Tq) Fylw)
where Ty is the nuclear transparency. and
Fyfw) s a finite-width functior

In the energy spectrum of the struck nu-
cleon, we include the real part of the
optical potential, Uy, obtained from
the Dirac phenomenological analysis of
Cooper et al. [1]

N
o Our approach has reached a re- Our calenlations, involving no adjustable
markable acemacy over a broad parameters, arc Liere compared to the data
. . N from Refs. 2,3, 1,5, 6.7, § H
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I'he uncert inties are under con References
trol at a quantitative level.
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tent and accurate determination 2D, L Barau ef al., Phys. Rev. Lett. 61, 400 {1988
of the v and v cross sections, re- 3] D. B. Day et al, Phys. Rev. C 48, 1840 (1993)
quited the CP measurements 4] D. S. Baghdassarian ef ol., YERPHI-1077{40)-83
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Neutrino energy reconstruction




Energy reconstruction

Consider the probability distribution that a muon of

given energy and scattering angle is produced by

a neutrino of energy £

do(FE L)
L dE,dcost

u, cos bt [ dE do(F, )
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kinematics relevant to
the T2K experiment

At cos = 0.97
the difference is ~16 MeV

for RFG with ¢ = 25 MeV




(1/GeV)

Kinematics relevant to
the T2K experiment

At cos = 0.97
the difference is ~16 MeV

for RFG with ¢ = 25 MeV

To get the maxima right

e= 9MeV @ cos =0.97
€ =27 MeV @ cos = 0.92
€ =29 MeV @ cos = 0.87




Kinematics relevant to
the T2K experiment

At cos = 0.97
the difference is ~16 MeV

for RFG with ¢ = 25 MeV

(1/GeV)

Reconstructing the energy from

2B, (M —¢€) — (M —€)* —m” 4+ M”
B 2[(M —€) — E, + |k|,cosf) °

we need
€ = €(cost, E,)




160.9 MeV, 60 deg
~ 150 MeV, 0.02 GeV?
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Neutrino vs antineutrino

muon energy 600 MeV
cos 6=0.97 cos6=0.92 cos6=0.87

neutrino 633 655 678
antineutrino 619 639 661
difference 13.9 16.0 17.6

muon energy 400 MeV

cos 6=0.97 cos6=0.92 cos6=0.87
neutrino 422 435 444
antineutrino 406 421 428
difference 15.6 14.4 15.7




Summary

® The SF calculations accounting for FSI can describe
the (e,e’) cross section down to |q|~150 MeV (0°~0.02GeV?)
accurately reproducing features of the QE peak.

® An accurate description of nuclear effects is crucial
for the accurate reconstruction of neutrino energy
from the charged lepton's Kinematics.

© Accurate estimate of the neutrino-antineutrino difference
is essential for determination of the CP violating phase.
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Nuclear transparency |O: Benhar
@ Nulnt05
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Quick and dirty comparison

Real part of the OP Binding energy
. acts in the final state - acts in the initial state
. shifts the QE peak - shifts the QE peak to high w

to low w at low |q]
(to high w at high |q|)
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Neutrino vs antineutrino

muon energy 600 MeV
cos 6=0.97 cos6=0.92 cos6=0.87

neutrino 633 655 678
antineutrino 619 639 661
difference 13.9 16.0 17.6

muon energy 450 MeV

cos 6=0.97 cos6=0.92 cos6=0.87
neutrino 476 488 502
antineutrino 461 474 485
difference 15.1 14.5 16.9
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Neutrino vs antineutrino

muon energy 700 MeV
cos =097 cos6=0.92 cosH6=0.87

neutrino 736 768 801
antineutrino 723 752 782
difference 13.9 15.9 19.2

muon energy 500 MeV

cos 6=0.97 cos6=0.92 cos6=0.87
neutrino 529 942 961
antineutrino 515 528 544
difference 14.2 14.9 16.8
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