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interest in neutrino cross sections driven by the discovery of oscillations

experimental evidence: SNO, Super-Kamiokande, KamLAND and more
Am2L>

174

oscillation probability (2-flavor): P(v,, — ve; t) = sin? 20sin? (

oscillation parameters & possible CP phase not known very precisely

problems: | haytrino energy E.: distance L between production
flux reconstruction by and detection point:
measuring final state easy at LBL experiments
detector response: identification of neutrino flavor:
often heavy nuclei n¥ can fake v, appearance signal

main source of uncertainties

neutrino cross sections requires coverage
nuclear effects by and experiment
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How do neutrinos interact with nucleons?
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Quasielastic scattering

reactions: CC: yyn—I1"p
NC: vn—vn, vp—>rp

hadronic current: JRF — (v |JQE(O)|N> = u(p’) Aqu(p)

- 4q 9as 1
with  Aq = (’Ya —q—; V‘|‘ﬂ<7aﬁqﬂ 124 —|—’Ya75FA—|— =

/ axial form factors

extra term » related by
* ensures e dipole ansatz

vector current conservation
for nonequal masses

vector form factors
e related to EM form factors by
. parametrization

in addition:
vector and axial form factors for NC
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A resonance production

reactions: CC: Vln—>l_A+, Up—s 1~ A+
NC: l/n—>VAO, Vp—>uA+

hadronic current: J5 = (A]JS(0)|N) = W@’)Bgau(p) with
tzﬁ(p’) Rarita-Schwinger spinor

Bga = (CYVa+ CY Va+ CY Vs 4 C§ Vo) 5 + C5' Az + C31As + C& A5 + CE' Ag

with V; and A; being functions of p, p’,

vector form factors axial form factors
e related by to electroproduction e related by
e Y =cY =00 =-—-2LC) 5
’ wA __A_ M A — 9ANzfr
Vp Cg' = C8 o » C5(0) = 988im ~ 1.2

A__ 1A —_
cCf=-1cd, =
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How do neutrinos interact with nuclel?

neutrino-nucleus reaction: v; A > | hadrons

scattering off a single nucleon
nucleon bound in a nucleus
Fermi motion

Pauli blocking |I~ HK 40.2
nuclear binding

collisional broadening
~

. N w2 < N
final state interactions (FSI) ’ T
transport model X
exclusive cross sections: A

pion production & nucleon knockout
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GIBUU transport model

what is GiBUU?

Institut fur Theoretische Physik, JLU Giessen

. . GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

general information: http://theorie.physik.uni-giessen.de/GiBUU/

GiBUU describes ...

heavy ion reactions (HK 13.4, HK 31.5)
pion induced reactions (HK 29.6)
low & high energy photon & electron induced reactions (HK 29.6, HK 37.2)

.. within the same unified framework using the same physics input!
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GIBUU transport model — BUU equation

time evolution of phase space density (for i =N, A, =&, p, ...) given by BUU eq.:

%

dt - (8t T (VﬁH)V,,—:— (VFH)Vﬁ) fz{ﬁﬁ;t} — ICOll [fza fNa fﬂ'a an . ]

I _ . 2 | =2
Hamiltonian H = \/ (m; +Us)” +p one-particle phase space density

Skyrme type with momentum and density dependence
furthermore: pion potential, Coulomb potential

one BUU equation for each particle species
(GiBUU contains 61 baryons and 21 mesons)

coupled through the potential g and the collision integral |

coll
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GIBUU transport model — collision integral

|, accounts for changes in phase-space density f; :

col

“1-body”:
(strong) decay of unstable particles

2-body:
elastic and inelastic scattering
NN < NN NR « NR/

NN — NR mB < R, in particular tN < A
NN — AA TN — N

3-body:
7TINN = NN
NNA - NNN
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CC pion production: v *°Fe > u 7 X

do/dT, [10°® cm?/GeV]

effects of FSI on pion kinetic energy spectrum at E = 1 GeV
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CC pion production: v *°Fe > u 7 X

effects of FSI on pion kinetic energy spectrum at E = 1 GeV
strong absorption in A region

side-feeding from dominant w*into ®° channel
secondary pions through FSI of initial QE protons

0.2

do/dT (w FSI) / do/dT . (w/o FSI)
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CC pion production: v *°Fe > u 7 X

effects of FSI on pion kinetic energy spectrum at E = 1 GeV
strong absorption in A region

side-feeding from dominant w*into ®° channel
secondary pions through FSI of initial QE protons
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similar pattern observed in n® photoproduction
B. Krusche et al., Eur. Phys. J A22 (2004)

Tina Leitner, Universitat Gielen Neutrino induced pion production and nucleon knockout within the GiBUU transport model



NC pion production: v >°Fe 2> v, n X

similar effects of FSI for NC

but: side-feeding from dominant nt¥ into ©t* channel

1.8

T
E,=1GeV n’ —
1.6 | .
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NC pion production: v >°Fe 2> v, n X

similar effects of FSI for NC

but: side-feeding from dominant nt¥ into ©t* channel

comparison to random-walk model of Paschos et al.
(Nucl. Phys. B 588 (2000) and priv. communication)

181 E=1cev n’ —
1.6 | -
ratios of Paschos et al.
do reflect
the correct properties of

© N A dynamics in nuclei

do/dT,, (w FSI) / do/dT,. (w/o FSI)
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CC nucleon knockout: v *°Fe 2 p N X

do/dT, [10™° cm?/GeV]

effects of FSI on nucleon kinetic energy spectrum at E = 1 GeV
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production of neutrons (in particular in the QE channel)
flux reduction at higher energies for protons

large number of rescattered nucleons at low kinetic energies
In the p-n ratio (side-feeding!)
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NC nucleon knockout: vu56Fe - v, N X

similar effects for NC, but:
side-feeding only important if proton and neutron yields different
NC: starts with comparable yieldsp:n~1:1 (CC:p:n~10:1)

Do FSI effects cancel in the p-n ratio? (as claimed e.g. by Alberico, Maieron)
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NC nucleon knockout: vu56Fe - v, N X

similar effects for NC, but:
side-feeding only important if proton and neutron yields different
NC: starts with comparable yieldsp:n~1:1 (CC:p:n~10:1)

Do FSI effects cancel in the p-n ratio? (as claimed e.g. by Alberico, Maieron)
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why not?
charge exchange rescattering is very
sensitive to differences in initial yields

same effect observed by Nieves et al.
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Summary & Conclusions

neutrino nucleus scattering
factorization: vN + in-medium modifications + FSI

neutrino nucleon reactions
at ~1 GeV: dominated by QE scattering & A production
parametrized in terms of form factors, CVC & PCAC

neutrino scattering off bound nucleons
Fermi motion, Pauli blocking, nuclear binding, modified width - HK 40.2

final state interactions
GiIBUU model: reliable model for FSI

nuclear effects in vA scattering
pion production
absorption, side-feeding, secondary pions
nucleon knockout
flux reduction & strong shift to low energies, side-feeding
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Backup Slides
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Medium modifications of the inclusive cross section

v N cross section is changed if the nucleon is bound in the nucleus!

B Fermi motion:

3 1/3
[ local density approximation Pr(7) = {5772/)(77)}
_ —1
[ density distribution: Woods-Saxon p(r) = pg (1 +expl TO)
(87
. . ) — 8 . . .
B Pauli blocking: f*% [ clementary —
0 Ppoi =1-©@p(M -5 L '[2 +Fermi —
e 62 + Pauli —
B nuclear binding: %o 5 | Il +binding —
- S
O potential U(7, 5) S 4.
< 3|é
©
=p affect both QE and A S 1
s 0

03 04 05 06 07 08 09 1
EM[GeV]
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Medium modifications of the inclusive cross section

B A cross section is further modified in the nuclear medium:
[0 decay might be Pauli blocked: decrease of the free width ™ — [

[0 additional "decay" channels in the medium: collisional width I . ;;

AN — NN  “pion-less
ANN — NNN decay"

'eleméntary' —
AN — 1mTtNN + Eermi —
AN — AN + Pauli —
+ binding —

+ in-medium width
[1 overall effect:
Increase of the width

1GeV Q% =0.15 GeV~

E,

Fr—rmed=7r4r_,

O P N W » O1 O N 0

d°c/(dE,dQ%) [10™° cm?/GeV°]

03 04 05 06 07 08 09 1
EM[GeV]

collisional broadening
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o) [10'38 cm2]

CC pion production on free nucleons

CC production of A* and A** 4 isospin 3/2 state
subsequent decay into = channels: ;P — 1 pm not affected
including higher resonances (isospin ¥2): | vyjn — 1 n 7T+
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1 ; 1 » — ;
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NC pion production on free nucleons

NC production of A+ and A°

: +
subsequent decay into 4 channels: YP —7 VN7 )
vn—uvpmw isoscalar target:
+ . —.. 0 _1.71.
Vp_)ypﬁo i i =1:1:4
0 p:n=1:1

rn—svnm- -/
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5 009}
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S 0.06 |
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0.03 }
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NC pion production on free nucleons

NC production of A+ and A°
subsequent decay into 4 channels: YP —7 VN7
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VN —vUpmw

l/p—H/pﬂ'O
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S 0.06 | (Ann. Phys. 133, 79 (1981))
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Neutrino scattering off bound nucleons
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CC pion production: v *°Fe > u 7 X

0.8
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CC nucleon knockout: v *°Fe 2 p N X

0.8 400 80
< 300 < 60
> 0.6 200 40
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CC pion production: v *°Fe > u 7 X

(o [10'38 cm2]

OFe: 71t : 70 =4.4 : 1 (without s

FSI change this ratio)
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CC nucleon knockout: v *°Fe 2 p N X

56 F¢: p:nmn=10:1 (without FSI == FSI change this ratio)
10 " JOFSI
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w FSI (A): nucleons through initially produced A
w FSI (QE): nucleons through initially produced QE

Tina Leitner, Universitat Gielen Neutrino induced pion production and nucleon knockout within the GiBUU transport model



Elementary neutrino nucleon reaction

cross section for vN reaction (k) + N(p) — I(K) + X (p):

o2m)4 (K +p —k— d*K' d4p’ _
2712 s T
(k- p)2 —mZMZ |
_ G2
matrix element: |./\/l\2 = 7[@51{0&6
leptonic tensor Laﬁ hadronic tensor HO‘ﬁ
leptonic current T hadronic current Jgf
e VV — A structure e depends on specific reaction
e includes lepton mass e parametrized with form factors
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Quasielastic scattering
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A resonance production — details

reactions: | CC: vjn — I—AT, yyp—1 ATT

NC: l/n—H/AO, l/p—>VA+
hadronic current: J5* = (A|J5(0)|N) = ¢° (@) Baau(p) with
wﬂ (p’ ) Rarita-Schwinger spinor

cy cY
Bg, = (—(gom q37a) + W(ga,@q P —appy) + MQ(gaﬁq P — qaPa) + 9ap 06)

CA A / A 64
—(gagg 9370) + —(gagq P —appn) + CEgap + 22969

axial form factors vector form factors

e related by e related by to electroproduction
2 T~ o — — — M

" Cf =Cd oty a» C5(0) = \@\; ~ 1.2 cY =c¥Y =0, CY = \/p,_ch

C=—zcd, o4t =

parametrizations: e N scattering: C’g v N scattering: C’j.,-?
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GIBUU transport model — potentials

mean-field potential U for nucleons and isospin 1/2 resonances

parametrization by Welke et al., Phys. Rev. C38, 2101 (1998)
fitted to saturation density of nuclear matter
momentum dependence from proton-nucleus scattering data

&
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9 S, 0.00 : o
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) - o @
(o0 ) T— — S, [ 1%
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/P, p [GeV]

mean-field potential for isospin 3/2 resonances
2/3 of the nucleon potential

furthermore: Coulomb potential, pion potential
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