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Outline

e Motivations

e The neutrino-nucleus cross section within Nuclear
Many Body Theory (NMBT)

e Charged current transitions at low momentum
transfer ¢ 10 MeV)

e Neutrino-nucleus cross sectionfas ~ 1 GeV

e Summary and Outlook



M otivations

e The weak nuclear responsefgt ~ 1 GeV Is
needed for the analysis of many neutrino
oscillation experiments, which use nuclel as
detectors

e Neutrino interactions with nuclear matter are

critical in determining supernovee evolution and
neutron star cooling
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Neutrino-nucleus cross section

® Charged current neutrino-nucleus interaction
v+ A—-L0 +p+(A-1)

® Nuclear cross section
d(TA X LMVWZV

Ly = 8[k,ky — (kK )gu + KKy — i€pmask®k'"]

WH (@) = > (0174 (q)In) (n] 7% (2)|0)6™ (po + ¢ — py)

n

® Need to develop a consistent theoretical description of
0) , [n) T4

* Atlow q(~ 10 MeV) calculations are feasable within non relativistic
Nuclear Many Body Theory (NMBT)

* Atlargeq(~ 1 GeV) Impulse Approximation
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Nuclear Many Body Theory

® Qur starting point : the nuclear Hamiltonian

H:HO+V:Zti+ZUij
) 1,

® v;; phenomenological- spin-isospin dependent, non central and
strongly repulsive at short distance

®* Problem:V cannot be treated as perturbation using the basis of
eigenstates offj,.

® Possible solution: Change basis states in such a way asagorate the
non-perturbative effects of the interactions
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Correlated Basis Formalism (CBF)

® Basis states are built from Fermi Gas states. In uniformaarghatter

n) = Flnpa) =S| fijlnre)
§>i
® The shape of;; reflects the structure of the interaction
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® Atlong distancesy;; goes to
zero— f;;goestol

=000

vis(r) [MeV]

1000

100} : ® At short relative distances, In
E T = 0,8 = 0 channel,u;

IS very large— f;; tends to zero

0.75 |

fTS(r)

0.50 |

0.25 |

0.00

Seminario di Dottorato Terzo Anno, XXI Ciclo, 16 Ottobre 2008 — p.6/21



The Effective I nteraction
® |n principle one can define an effective interaction

(npc|FTHF|npg) = Ey + (nra|Vessnre)

Hylnra) = Eo|lnra)

® However there is a price to pay going from FG to CBF. Calcatabf
matrix elements with correlated states is not feasablelfay 10

® Cluster Expansion
M, = (npc|F'OF|0pc) = Oy + » (AO),

Og = (nrc|O|0ra)
® For example

eff—z _Z v2f13+2vfz] )+Uijfij

J>1
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Effective inter action ver sus bare interaction
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The effective interaction does not have a strong repul-
sive core— perturbation theory is applicable.
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Low |q| regime: the non relativistic limit

®* The hadronic current has vector and axial components

JH =T+ JY

® |n the non-relativistic limit, one expands the hadronicreat matrix
elements in powers a§|/m and keeps the zeroth order terms

<p,‘J‘9|p> ~ XU/TIT/O%’XJTIT 3 OIIF( ) — g ezqu +

W T4IP) ~ Xorr ObrXonr Gr(q) = gae'd™ Uﬂf

® The nuclear response becomes

= 5 S 010r (@)In) P6(w + By — )

Sar(q,w Z\ (0|0aT(q)|[n)[*d(w + Eo — Enp)
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Short range correlations

® Short range correlations affect the transition probaesdithrough
modifications of both the initial and final states and the leipaurticle
spectrum: e.glph) — F|ph), 6(w + Ey — E,,) — 6(w + en — ep)

®* Weak matrix element at the two-body level

M), = Mpf;ﬁ + AM,yy,

MﬁG: Q

AM,), = Q\/\Q +@+Q&/\§Q+@+1H2

* Effective operator

M = (phpc|O®7] = |0Fc)
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Energy spectrum in nuclear matter

® The single particle spectrum is defined through the effeatiteraction
In Hartree-Fock approximation

p?
e = — + g (ap|Verrlap)a
P 2m ff
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* Nuclear response for Fermi transition|at = .3 fm—! (upper left),
lq| = 1.8 fm~! (upper right), andg| = 3 fm~! (down). Calculations
carried out on a discrete setef10000 one particle-one hole states.
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L ong Range Correlations

® Long range correlations are also important, (indeed dontiatvery low

®* Tamm Dancoff Approximation (TDA)

N

ph) = Z Ci|pi, hi)

)

Diagonalization ofH leads to

Z[(epi o 6}”)(5 <pj7 h; |U|p17 >] = We;

J

We obtainN eignvaluesv,, and response reads

STDA qa Z ZC’L pu ‘Oeff|0>‘25(w o wn)
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Responsein TDA
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Preliminary, direct part only~ 3000 basis states.
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Energy regime of neutrino oscillation experiments

e Quantum mechanical phase difference developed by twoineutrass
eigenstates

Am? I
2F,

A¢jr = (B — Ej)L ~ L

Am3, ~ 6.9 x 107%eV? | Am32, ~ 2.5 x 10 3eV?

e ideal E,, onceAms3; is known dictated by

Am3g L

3% 10-2av2  T50Rm oV

E, = 0.60]

e natural choiceFE, ~ few GeV: the impulsive regime
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Theimpulsive Regime

® |n the Impulse Approximation scheme (l1A) the scatteringcess off a
nucleus reduces to the incoherent sum of the elementargsses
iInvolving individual nucleons:

2 2

B

The doubly differential cross section in IAis

dO'A 4 dUN
d*p P
9, dE,, / pPip) (dQ,,/dE,,,>

®* The first element of IA cross section calculation is the eletawsy

v+ N — vV + X cross section:
dOVN

dQ,dE,,
® The second is the target spectral functi(p, F) : probability of
removing a nucleon of momentumfrom the target, leaving the residual
spectator system with excitation enerfy

X LWwN
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The Spectral Function

® Within IA, the final state can be written &) = |A — 1) ® |py):
relativity only affects the fast struck particle

®* The Spectral Function definition involves only propertiéthe target

P(p,E) =) [(na_1)(—p)lap|04)|*5(E — E,, + Ey)

A non-relativistic calculation within NMBT, which does nmivolve
adjustable parameters, is possible

® Exact or highly accurate calculations are feasible for 8722andoc

® Spectral functions for Carbon, Oxygen, Iron and Gold canldiained
using CBF calculations and electron scattering data

P(p,E) = PMF(p,E) + Pcorr(pa E)
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e The shell model contributio®,;»(p, £') accounts for
80% of the strenght

e The remaining- 20%, accounted for b¥.,,..(p, F), is
located at high momentuand large removal energy

(p>pr, E > ep)
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Comparison to Frascati 1°O (e, ¢) data
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Resultsfor 1°O (v,, e) scattering

RO T L I R IS D IR I I

> i 16 1 15 -

& i . Vet "0-e+X 1 - 1 v +1%0-e+X 1

RO E,=1 GeV — 6=30° | = |/ \ E,~1 GeV

>~ / \ S /

S : 1 =210 ]

E 15 4 B[

Lo it

Ot 1 % 50 7

S sp 13

~Z K ] e

s} 3 i L

< I ] S P P A RN I

% 0 06 0.00 0.25 050 0.75 1.00 1.25 1.50
Q% [GeV?]

3 3
—_ —_ v, +%0 . M+ X
> 25¢ > 25¢ H i
2 e E, =2 GeV
S~ 2 | = 2 | |'
£ £
S 15) S 15}
o ! o ’
= =
ur 1y ur 1y
S S
8 05] B 05}

0 0

0O 01 02 03 04 05 06 0.7 0.8 0 0.5 1 15 2
E, [GeV] E, [GeV]

Seminario di Dottorato Terzo Anno, XXI Ciclo, 16 Ottobre 2008 — p.20/21



Summary and Outlook

* We have devoloped a formalism allowing for a unified
description of the weak nuclear response at low and high

momentum transfer
* The results at lovegg show large correlation effects leading to

an increase of the neutrino mean free path
* The results at largq indicate that the calculated cross

sections are reaching the level of accuracy needed for the
analysis of neutrino oscillation experiments

* Forthcoming extensions include the calculation of Gamow
Teller and neutral current transition

* The formalism can be readily generalized to include finite
temperature effects (at log) and deep inelastic
contributions (at large)
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