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Monte Carlo event generators for neutrino-nucleus
scattering in the few-GeV region
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Neutrino oscillation experiments
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Nuclear response
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Dimensionality of the problem

4 four-vectors = 16 variables

K, Pp
- 4 : on-shell relations

-4 : 4-mom. conservation
- 3 : nucleon rest frame

- 2 : neutrino along 2
k., Pn

any binary scattering with on-shell particles 3 independent variables

— we can fix incoming energy (E,)
— the cross section is rotationally invariant (¢,,)

— the final formula is 1-dimensional, e.g. do/dg?
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Dimensionality of the problem

3 independent variables

+ 3 : nucleus rest frame
+ 1 : off-shell nucleon

7 independent variables

scatterings including an off-shell target + 3 : every on-shell particle

— we can fix incoming energy (E,)
— the cross section is rotationally invariant (¢,,)

— the final formula is at least 5-dimensional
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Computing A cross section

( Monte Carlo generator

— generate events

— cover whole phase space
— useful but approximated

_ e-9- NuWro

13em

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016.
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do /dedQ,dT,dQ,dQ,(10~cm? /MeV?)
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( Detailed calculation

— compute cross sections
— fixed kinematics

— precise but expensive

NuWro MC event generator
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Essential assumptions: Born approximation

o X L;u/(kw k/l,) W“”(Pna q, pp)

WwH — J;LTJV

JH = / dr "9 W,0 Y,
X

— only one boson exchange

— leptonic (L, (k,, k,)) and hadronic (W""(p,, q. pp)) parts
are fully separable

— nuclear modeling deals with finding proper states V;, W¢
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Essential assumptions: Impulse approximation

Vr= Z AN @ PA—1

JH = / dr eir.q ENO“qb/
X

= o] e

Dsn(Ph, PN)OM(q. Piy) o1 (P)

— interaction with only one particle of a complex system
— reduces the problem to finding only single-particle states

— final wave functions are still under the effect of the nuclear potential
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Essential assumptions: Plane waves

— no distortions, so one uses asymptotic momenta for final states:

M/ (27) 3/2¢5N(M pn) O (g, PK)éx (P)

W o Tr(¢6(P)dp(P)OF (on + M)O”)
— Relativistic Plane-wave Impulse approximation

— one makes a projection to positive energy states

" o |op(P) TR (( £+ M)O* (o + M)O”)

— Plane-wave Impulse approximation
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Plane-wave Impulse approximation

Factorization in the absence of final-state interactions:

d8gPWIA G2 cos?fcq
dwd|qdEndpm — 4mEZEpEy

Py (Emy Pm)Lyu H*6(w + M — Epy — Epr)

P(ny(Em, Pm) - probability density of initial nucleons

LW/t//”’(S(w + M — En — Ep) - interaction dynamics for a given nucleon
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Cross section in the factorized scheme
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Neutrino-nucleon Initial nuclear Extra nuclear Final state
scattering state effects interactions

— Neutrino-nucleon scattering: elementary interaction cross section

— Initial nuclear state: modeling nucleons in the nuclear medium
before the weak interaction

— Extra nuclear effects: multiple-nucleon interactions or correlations

— Final state interactions: in-medium outgoing particle propagation
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NuWro blueprint

Initial state

Interaction channel

hole
spectral
function

effective
spectral function

global
fermi gas

SF
FG

local
fermi gas

effective momentum
dependent potential
Bodek-Ritchie
fermi gas
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LFG

quasi
elastic
scattering

' resonant

RES ' pion

! production

' deep

DIS | inelastic

! scattering

' coherent

COH 1 pion

! production

meson

MEC : exchange

current
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I modification
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quantum mechanical
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New models

User friendly

Wide applicability

Reliable results

Optimized code

U
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[1] PRD 19 (1979) 2521  [5] PLB 660 (2008) 19
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[3] PRD 16 (1977) 3103 [7] PRD 81 (2011) 072002
[4] PRD 25 (1982) 617 [8] PRD 87 (2013) 092003
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Detected rate of v, events

Event rate Incoming flux

Oscillation probability

Cross section

Rua ~ CDI/H (Ey) X PI/M—WQ ({9}7 EV) X Oy, (Ey) X €det.

Efficiency

Knowledge of neutrino-nucleus cross sections:

— allows to reconstruct neutrino energy
from the detected final states,

— is the crucial uncertainty in oscillation
analyses,

but...

— is an advanced computational problem,

1

current precision is not exceeding 20%,
— constraints from ND are not enough.

K. Abe et al., arXiv:1807.07891 (edited)

Kajetan Niewczas NuWro MC event generator

Events/(0.0.
o0

T2K\ Vv,

Best-fit spectrum
® Data

T

0.8
0.6
0.4
0.2

Ratio to no osc.

]

—

02040608 1 12141618 2 22

Reconstructed neutrino energy (GeV)

08.03.2020

16/20



Uncertainty of neutrino energy reconstruction

— we need not only inclusive but also exclusive predictions

— energy is reconstructed using leptonic or hadronic information

"Kinematic" method "Calorimetric" method
pree _ 2(Mh — Ea)E, — (E§—2MiEa+ 1) B — £, —Eg+ Y (E - M)+ F
2[/\/’,7 — Eg — E, + |Ky| cos 6#] nuc. mes.

" true CCQE ---
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60F £ 102GV E +06GV E, F1GeV

QE RPA

MiniBooNE flux

do/dE, [10%8 cm?/GeV]
o == N W d O O N ©

0 02 04 06 08 - 17” 12 14 0 0.5 1 1.5 2
E, (GeV
(GeV) Er*° [GeV]
Alexis Nikolakopoulos T. Leitner, U. Mosel, Phys.Rev. C81 (2010) 064614
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Two nucleon knock-out via meson exchange currents
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Ghent model

Nonrelativistic operators solved using multipole expansion
Bound and emitted nucleons are Hartree-Fock wave functions

Final state is accounted for the elastic distortion

Seagull and pion-in-flight diagrams are implemented
— A-currents in progress

T. Van Cuyck, N. Jachowicz, R. Gonzalez-Jiménez et al., Phys.Rev. C95 (2017) 054611
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Intranuclear cascade

Propagates particles
through the nuclear medium

Probability of passing a
distance A:

P(\) = e

where A = (po) ™’
p - local density
o - Cross section

Implemented for nucleons
and pions

T. Golan, C. Juszczak, J.T. Sobczyk,
Phys.Rev. C86 (2012) 015505

)

Semi-classical — neglects quantum
mechanical effects

Elastic
Scattering

Pion Production

T. Golan
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