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Pion production in

neutrino scattering

off nucleon

A resonance Quark-parton

Adler-Rarita-Schwinger

\VV > 1.6 GeV




Single pion
production through
Delta excitation

The following channels are considered for SPP
(labeled as RES):

v+n — l_+(A+—>p+7T00rn+7r+)
V+p — l++(A0—>p+7r'orn+7r0)
v+n — 1T+ (A" —>n+7r“)

At - p+7°or n+7r+)
A" > p+7 or n—+—7r0>




Adler-Rarita-Schwinger formalism
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with Delta width introduced through Breit-Wigner formula:
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Rarita-Schwinger field

The final hadronic state is a 3/2-spin resonance described as a Rarita-Schwinger field and the transition
from the nucleon to Delta++ state is given as a matrix element of the weak hadronic current:
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Hadronic tensor

Hadronic tensor is defined as:

1 1

W= = A*+, pl|FcC A*+ p!| TEC| p)*
wr = TN, zgf P\ TSCIpXA*T, p!| TSC p)
r,/2

(8)

(W =M T T2/4)

I'y (W) is the A width, for which we assume the P-wave
(I = 1) expression

qcm(W) )21+ 1 MA

CIcm(MA) W (10)

FA = F0<

with

2W

My = 1232 MeV and m, = 139.57 MeV is the charged
pion mass.
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qcm(W)=\/(W b m”)z—M% (11)



Form factors

e The structure functions depend on vector and

axial form factors C"-# y 0?2 —1 "
e There are several parameterisations available 03 (Q ) = 2.13 (1 + 4]\/[‘2/) GD(Q )’
in NuWro -
e  With default taken from CX(Q2) = —1.51 (1 + @ 5 ) Gp(Q?),
4MZ

05*4 axial form factor from bubble chamber experiments

K. M. Graczyk, D. Kielczewska, P. Przewlocki, and J. T. Sobczyk
Phys. Rev. D 80, 093001 — Published 2 November 2009

@\
Cy (Q%) = 0.48 (1+W) Gp(Q?),

@y
Gp(Q?) = (1 + —> ., and My = 0.84 GeV.

e simultaneus fit to both ANL and BNL M2

e demonstration that they are consistent!
e C5A=1.19andMa=0.94



Comparison with ANL / BNL data

: + - Radecky et al.

V+poU +p+T L

W<14 s
— best fit

. 0 [10% cn??]

ANL

—— Kitagaki et al.

— best fit

Ny .
(4]




Angular distribution

e /A(1232) resonance decay anisotropy correction based on density matrix measured in ALN/BNL
experiments:
o S.J. Barish et al, Phys. Rev. D19 (1979) 2511
o G.M. Radecky et al, Phys. Rev. D25 (1982) 1161
o T.Kitagaki et al., Phys. Rev. D34 (1986) 2554.)
e The cross section is calculated assuming isotropic pion angular distribution

e and reweighted according to ANL/BNL parameterization



Deep inelastic
scattering

Events with invariant mass W > 1.6 GeV are
considered within quark-parton model and labeled as
DIS

v@)+N — (") +X
v(iD)+ N —» v(@)+X

10



DIS cross section

d?gv /7 G2ME, [ ( . m? ) B
= ylrry 1
dzdy T (1 . QQ/A{‘%V’Z)2 2E, M
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1 —y— - Fo+ (o <1——)— F
" ( YT %R, T 1E? QME,,a:) 2 (Ty 2) " YamE,) ®

with Bodek-Young modification to the parton distribution functions for low Q2 included
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Hadronization 4 @

e The hadronization is performed using Pythia6 routines

S
2
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Y

e with hand-crafted parameters tuned to experimental data

e e.g. average pi0 multiplicity:
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Charged Hadron
Multiplicity

e Alot of effort put into tuning Pythia6
parameters

e Hadronization works very well in the
broad range of invariant mass

Mean charged multiplicities in charged-current
neutrino scattering on hydrogen and deuterium
K. S. Kuzmin, V. A. Naumov

Phys.Rev. C88 (2013) 065501
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Transition region & non-resonant background

The smooth transition from Delta do DIS is made for invariant mass (1.3, 1.6) GeV

do°PP  do? doPIs
_ W)+ 29
T~ awv L e+~

DIS-SPP
FSPP(W)O_'(W) SPP _ do /dW
W) = —3oomsaw

NRB is different for each SPP channel, so alpha0 is fitted independently for each pion production process
W — Wth

Wmin - Wth o
W — I/Vm'in Wmaz -W
+ O (Winae — W) O (W = Wiin) = a (iofy . )

+ @ (W - I/‘Vma;c) 14
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Pion production in
neutrino scattering
off nucleus

For neutrino-nucleus interactions, pions created in
primary scattering off bound nucleon are subject to
intranuclear cascade

U Elastic
Scattering

Pion Production

15



Nuclear effects for Delta

A(1232) self-energy effects (pionless decays,
corrections to SPP from E. Oset and L. L. Salcedo, 60

e
Nucl. Phys. A 468, 631 (1987)) in an approximate 50 | *, Vyy ——
manner (as a total cross-section modification) 40 ¢t~ :
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Intranuclear cascade

e A nucleus is probed in intervals small enough to assume constant density

e So the probability of passing A without any interactions is given by:
PEX) = g~
e Where mean free path is calculated assuming p being const within A:
A= [0ppp(r) + Tupa(r)]

e And free path is chosen randomly according to:

A = —\ - In(rand[0, 1))

17



INC algorithm

Take a particle from the queue and obtain its

free path (A) from the exponential distribu-
tion. Propagate the particle by min(\, Apaz ).

r - the distance from the center of the nucleus;
R - the nucleus radius; E}. - the kinetic energy;
V' - the nuclear potential; PB - Pauli blocking

Put the particle(s)
into the queue.

Generate the
interaction.

Withdraw the inter-

action and recover

the initial particles.




Pion production in
nucleon
propagation
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The contribution of pion production channels to total
cross section for proton-Carbon scattering.
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Make a correction to all scattering parameters coming from Fermi motion.

Pion cascade

e Coefficients: fX =0, /o, . for channel x

total

e Cross sections for pion kinetic energy below 350 MeV are
taken from Oset et al. (E. Oset et al., Phys.Lett. B165
(1985), pp. 13-18.)

e Data driven xsec are used for higher energies

e For elastic scattering and charge exchange process

angular distribution is given by:

1 z o
(1_802 ~ Z a; cos'
(

1=0

e where a. are tuned to SAID model

i x - random number from [0, 1
‘nr = enough energy to produce n pions

i fabs = Oabs/ Ctotat



Oset et al model

q

Ge.m.
f*
My
Ga

r

Or+p =

i 2
413

(

f*

My

’ 1
2> 2
) 1P dm 5T

- pion momentum in LAB frame

- pion momentum in center of mass frame

- TNA coupling constant (f*2/4r = 0.36)

- pion mass
- A propagator

- A width

All other QEL processes
(including charge exchange)
can be obtained using

Clebsch-Gordan coefficients.

Pion absorption is introduced by a nuclear modification of A
width:

1 1

The A self-energy parametrization is taken from E. Oset and
L.L. Salcedo, Nucl. Phys. A468 (1987) 631:

ImEa = — |Cq (p/po)™ + Caz (p/po)” + Casz (p/po)?

(a2 - contribution coming from two-body absorption

C'a3 - contribution coming from three-body absorption

21



Comparison with Oset model
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(a) The probability of an interaction per fm (b) The probability of QEL+CEX and ab-
as a function of a distance from the center sorption events as a function of the impact
of a nucleus in the case of pion scattering off parameter of the initial pion in the case of

iron (T} = 165 MeV). pion scattering off calcium (7 = 180 MeV).

Figure 2.21: The comparison of the original Oset et al. calculations from Ref. [101]

(solid lines) and NuWro implementation (dashed lines). 22



Comparison with Oset model

Ty = 245 MeV

B
P Ot ct al 0.25 - 0.01
" e 0.24 - 0.02
n=1 - n—3
plabs) St 0.41 - 0.04
n NuWro 0.87 0.01 0.37 - 0.05

Table 2.6: The probability that the QEL/CEX scatterings proceeds through n collisions
(Pleel)) and the probability that pion absorption occurs after nth QEL/CEX scatterings
(Pb=)) in the case of pion scattering off calcium. 23



Comparison with
pi-nucleus
scattering data

inelastic cross section [mb]
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Comparison with piN data

n* charge exchange on C n* absorption on C
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Delta lifetime
and formation time

e Pion reinteractions are preceded by:

o  Delta propagation for RES

_ _ —1
ty =91 =9I,
o Formation zone for DIS

" E-M
4 115

E, M - nucleon energy and mass,

p3 = M? + pZ - transverse mass, 7o = 8fm.
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Comparison with MINERVA nu CC 1pi+
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e NuWro pion production model includes:
o  single resonance pion production through Delta
excitation
o  more inelastic processes described by
quark-parton model with Pythia6 used for
hadronization
o hadronization parameters are tuned to get a good
agreement with experimental data
smooth transition region between “RES” and “DIS”
final state interactions modeled via intranuclear
cascade based on Oset et al model
e The agreement with neutrino pion production
data is outstanding
e The NuWro Reweighting Framework allows to
reweight pion production model parameters
(thanks to L. Pickering and P. Stowell!)

e There is ongoing work on reweighting FSI

28
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Comparison with MiniBooNE nu CC 1pi+
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R. Gonzélez-Jiménez, K. Niewczas, and N. Jachowicz, Phys. Rev. D 97, 013004
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Comparison with MINERVA nu CC 1pi+
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