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The Problem

- I[,)UNE, FIUX - 1he width of the energy-distribution
0.15 v, flux(A.U) 1 implies that kinematics exist where the
| :gﬁv :go\i\?H energy and momentum transfers to the
_g(ﬁ:zgmo, NH | nucleus are small, through the

quasielastic and Delta regions to Deep
Inelastic Scattering.

The dynamics of neutrino-nuclear
scattering must be understood to a
sufficient level of accuracy to allow the
E, (GeV) initial neutrino energy to be determined.

It is not clear at this point what level of accuracy needs to be attained.

It is also not clear what level of accuracy can be obtained by theoretical
calculations of neutrino scattering reactions on the nuclei used in the
detectors.



The Basic Model of Nuclear Physics

This model is:

* nonrelativistic,
e assumes that the explicit degrees of freedom

are nucleons,
* and is described by that Hamiltonian operator

H = ZT +ZV,,J+ Z Vijk =+ -

1<g 1<g<k



The two-body potential is obtained

* Phenomenologically

* Using one-boson exchange models
 Using xEFT

In all cases, the long-range part of the potential is given by 1-
pion exchange.

Model parameters are fit to NN scattering for incident kinetic
energies < 350 MeV.



The three-body potential is phenomenological or from xEFT.

Parameters obtained by fitting few-body energies.
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The two-body potentials use angular momentum operators of
the form

{1, L-S, o102, Si2, L?, (L-8)°, L%o '02}
and isospin operators of the form

{17 71 ° 7_23}
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FIG. 6. Central, isospin, spin, and spin-isospin components
of the potential. The central potential has a peak value of

2031 MeV at r = 0.
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Independent Particle Model
(Simple Shell Model)
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Kinematics

Fixed g frame variables




The Number of Free Kinematical Variables

kl‘

A-1

5 four-momenta +20
On-shell conditions -5
Four-momentum conservation -4
Choose z-axis -2
Choose scattering plane -1
Choose rest frame -3
Independent degrees of freedom 5



Cross Sections



Inclusive Cross Section
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Inclusive “Quasielastic” Scattering

dio
dfide’

quasielastic
3-3 resonance
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The Relativistic Fermi Gas Model
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The Plane Wave Impulse Approximation




The Relativistic Mean Field Model
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The Spectral Function
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where FE,, = F.+ & and 5:\/p%+Wﬁ_1_\/P?n+Mi—1

The Spectral Function is normalized such that:




16() Spectral Function
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Scaling and Super Scaling

10_2 T T T T I T T T T T T T T I
NE3

o 4He(e,e‘) E121
Neb

500 1000 1500

F(y) (c/MeV)

1072

p—
9
[o5)

T |\|||||| T ||\||H|

T !_J!J\Illl

£
ey
prect
po !




f(y")

1.00

0.75

0.50

0.25

0.00

i +‘|” + 1
- w2
: 27 Sh T
; 56 ﬁ?ﬁﬁﬁ&ﬂﬁﬁ t t ;
- o 197 4
i ﬁm“; |
i " |
o # N
i % i
i o+ €=3.6GeV,0,=16° |
— &*‘* u—
i - |
i o* |
Mm?‘ NPT B R R
2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

1.000

0.500

0.100
0.050

0.010
0.005

0.001

| =i ]

g § £=3.6GeV,0,=16° |

— & E

- 2

L ,E* i

- I R IR SR I
“20 -15 -10 -05 00 05



Semi-Inclusive Scattering
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16 Spectral Function
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Charge-Changing Neutrino Scattering (CCv)




Kinematic Variables in the “Lab” Frame

Since the objective is to determine the incident neutrino
energy to study neutrino oscillations and given that the beam
direction is known but not the incident momentum, it is best
to consider the frame.

yr

~
i
‘ﬁ
~

\E can be determined by

measuring |¥'|, 0, [Py, 0%
L

and ¢y.



Inclusive Cross Section
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Comparison to Recent Data From T2K
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Semi-Inclusive Cross Section
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Heavy Water



2 16
H, 160
Kinematics
€Ty, Optimize kinematics for the deuteron
Sqg = (Md -|—w)2 — q2

(Mg +w)\/s(s —4m%)  |q
28 2

Y =y+]|q|

ly <p<Y

ki kg *L
Given |k’|and §, choose |k4|such that y = 0.

Then|pyl, 9% and ¢ can be determined as functions of [Pn — g

The cross section for semi-inclusive scattering from 160 can then be determined as a
function of |k a|and |PN — q4].
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Trajectories in p and E

Deuteron
Trajectory
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