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* This kinematic region is not well as well understood as the QE one, both experimentally and theoretically

e A considerable fraction of events at higher incoming energies are from these SIS and DIS regions e.g. around 50% for
DUNE
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Snowmass WP on theoretical tools for neutrino scattering, L. Alvarez Ruso et al, arXiv:2203.09030
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https://arxiv.org/abs/2203.09030

* This kinematic region is not well understood or studied, both experimentally and theoretically

* Important background channel for quasi-elastic cross section measurements as the produced pions may be re-absorbed
in the nuclear medium or remain otherwise unobserved, leading to a CCOm topology mimicking a QE event

* A considerable fraction of events at higher incoming energies are from the SIS and DIS regions e.g. around 50% for DUNE

Q2-W distribution with DUNE numu flux on Ar (neutrino model)
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Duality and the transition from nucleon to partonic degrees of freedom

045 Py gstic cross section measurements as the produced pions may be re-absorbed
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Basic ingredients for modeling single pion production

A resonance 1pi production

Second resonance region :

P,,(1440), D,4(1520),
S,,(1535)

2pion, n, .... Production

[ [
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Basic ingredients for modeling single pion production
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Basic ingredients for modeling single pion production

l_rj cos?

A e
m'm \ \
1
Hadron tensor HH 5 Z J (ks ki, @, SisSf)JY (kry kN, Q, 8i,8¢)
8i.8f
£ _ &
T (b, kN, Q, 56, 85) =T (kn, s55) O (kr kv, k) u (ki, 53)
1 At tree level
Resonances : invariant mass, width I, isospin |, spin J, parity P,
and for SPP the branching ratio for decay into a pion and '3 3

Res

nucleon Hes

Nucleon pole and cross nucleon pole :Q ;(; Q _‘_j.ﬁ
# #
N N' N N!

’\'\"\«,\( L QL"‘L@,\FF"I .
+ ? , Wy + interferences
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Non-resonant background
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Basic ingredients for modeling single pion production

H FT3 ® H . . . . .
JE = Z u(kn,sp) Opu (ki si) O\ Let’s pick only one contribution ...
" ) o } uf spin 3/2 resonance direct contribution
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Basic ingredients for modeling single pion production

@ Let’s pick only one contribution ...
- \ spin 3/2 resonance direct contribution
J* = "t (kn, sg) Ohu (ki, ;)

T

O, p = lisosUlan Sk (Fr) Ty (Kiy Q)

H o
' Resonance propagator

S:i.w o — —_— it T
3 377 T3ME 3IMp

k% — MZ + iMgD(W)
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Basic ingredients for modeling single pion production

- Zﬂ (kn,sy) Onu (ki, 8i) @ Let’s pick only one contribution ...
" \ \: Spin 3/2 resonance direct contribution

K 7 1 ":,I'
EPHME = liso,sl'prn SRa.8 (kr) Ifin.N (Ki, Q).

l

Vertex function for the decay vertex

: Depends on
1-, ﬁf?rNR k”r};,']ﬁl,ﬁ * Coupling constant f
aNRR m ) '  Resonance width T
T
5}
3/2 _ Liso WNH (K } -

| W) = + M
Mg I[T'\-’ICV:] Fm;p {Tﬂ(‘.V} Gan | fang
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Experimentally determined full width + branching ratio




Basic ingredients for modeling single pion production

Maxs
(GaV)
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M. Giannini, PPNP 24, 253 (1990)
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Rein Sehgal model

D. Rein and L.M. Sehgal, Annals of Physics 133, 79 (1981)

This is an attempt to describe all existing data on neutrino production of single pionsg
in the resonance region up to W = 2GeV in terms of the relativistic quark model of
Feynman, Kislinger and Ravndal {FKR). We considered single pion production to be
mediated by <ail interfering resonances below 2 GieV. A ‘simple noninterfering, nonre-
sonant background of isospin 4 was added. It improved agreement with experiment,
particularly in the ratio of sospin amphitudes in charged current reactions, at the expense
of one additional constant, All total cross sections, cross section ratios and HW-distribu-
ttons are well reproduced at low and high energies, with charged and neutral currents
(supposing the Salam-Weinberg theory with sin® &, = } to be correct), and for neutrinos
and antineutrinos, giving predictions where data are lacking. New predictions have been
made for complex angular distributions in .4~ channels exhibiting strong nterference
between neighbouring resonances, These are sensitive (for 1.1 GeV < W < 1.5 GeV) to
the sign of the Roper resonance Pp,(1450) which is controversial in photoproduction ex-
periments.
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MAID

* Mainz unitary isobar model

* Designed to analyze world data on it photoproduction and (e,e’n)

* Extensions to kaon production, eta production, ym

e 13 four-star resonances with masses below 2 GeV, unitarized Breit-Wigner shapes
* Background unitarized using K-matrix formalism

https://maid.kph.uni-mainz.de

A Unitary Isobar Model for Pion Photo- and Electroproduction on the Nucleon

D. Drechsel, S.S. Kamalov, L. Tiator
Nucl. Phys. A645 (1999) 145-174 and Eur. Phys. J. A34 (2007)69 (arXiv:0710.0306)

channel do 2 T P Lolal 5 Electromagnetic Multipoles (E., My Lis S2)
. - o Amplitudes (Fy.....F¢, Hy,...Hg, A.....Aq)
TLT ABA6H Th (45 M5 (256 + Polarized Response Functions (Rr, Ry, Rer, Rrr, Rors Rrr)

o Differential Cross Sections (dot, doy,, do T, doTT, ...)

0 -15!'5[:,. b 'j”j, 353 'ﬁ.i{_} [:,.'ﬁl_]z o 5-fold Diff. Cross Section (dc, T, do¥= dor+e doy+& dory cos 2¢ +...)

1 _ o Total Cross Sections (o, Op , OLT' s OTT' 5 ---)
p 1554 206 94 88 | 1942 R Ry
> Recoil Polarization (Py, Py, P;)

Sum Rules (IGpH: Y0 Izcs 11, Iz, -2)
SAID database * Sum Rules (Igpg: 10 -)

o Download Data Files
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ANL-Osaka DCC

* predicts mN, yN partial wave amplitudes used to determine cross sections for N, nN, KA and K% scattering,
photoproduction of these channels, 2it production off the nucleon, pion electro- and neutrinoproduction

 UptoW~2GeV, including ~20 N* states
* Fit to ~30.000 data points for foto pion nucleon, hadron and pion production, and electroproduction for

different incoming energies,
* Dynamic coupled channel formalism, different reaction mechanisms contribute in a consistent way to the final

state
1 T T T T
N [
S L D N S T T L c 1 | AML. c 1| AanL c T [F— . . — N --==e--- ___,.—--"'___- -
ANL-Osaka DCC model pian, il °) antl I]N } =]
_ 0.1 _ KA _.___./ ,a—""__"_-" _
th charg NE Ky - ",-"':r e
Download stuct o / s
funct N 5'2:3 0.01 - -"fl ,‘/‘f s
4 Electromagnetic current : i .'II 4 1
o Il'I
0.001 [ e e
I|I .;.-
® Fortran Code i >
I. structure functions at working directory, for example, tar xzf wec.tar.gz 0 0001 . |I 1 I'J . : | L 2] -
Sample code 2 run code .
- 0 0.5 1 1.5 2
E, (GeV)
#® Example to calculate cross sections
https://www.phy.anl.gov/theory/research/anl-osaka-pwa/

S.X. Nakamura, H. Kamano, T. Sato, PRD92, 074024 (2015)
https://www.rcnp.osaka-u.ac.jp/~anl-osk/neutrino/index.html
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MK model

* Single pion production off the nucleon

* developed aiming at describing neutrino induced processes !
* RS with 17 resonances W<2GeV

* Non-resonant background HNV model + Regge

* Fit of a lot of parameters to data

° P
do/dWdQ dQ” # data Photon, electron, pion, Q?Range | W Range
point Neutrino Channels (GeV/CF
~9800 yp—-n+mn", ypop+m’ 1.08-2.0 Proton
~ 31000 ep»en+m", ep—oep+n’ 016-6.0 1.08-2.0

~ 2500 yn—-p+m 0 1.08—-2.0 Neutron
~700 QI en—ep+m 04-10 1.08-1.8
~400 nipop+nt, nmpop+m 0 1.08-2.0

Axial-Vector

Q2>0 1.08-2.0
Integrated Integrated

@—)I_N+ m, N> I"TN+m
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MK model

Electron-induced SPP: high quality proton target data
Figures from M. Kabirnezhad [arxiv:2203.15594]
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Let’s talk about .... the nucleus

From Opi to .....
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Let’s talk about .... the nucleus : DCC implementation in SuSA

3

Incorporating :

e ANL-Osaka DCC results in SuSAv2
* Inelastic contributions : Bodek-Ritchie, Bosted-Christy or parton distribution functions

E = 0.56GeV, 8 = 60Deg.

E = 0.56GeV, 0 = 145Deg.

600

400

- ﬂ‘
0! . -

0.2 0.3 0.4 0.5

EE = 4.045GeV, 8 = 55Deg.

4 7

E=0.73GeV.# = 37.1Deg.
«104

I Exp Data
---QE + MEC
—RES
---SoftDIS
—TrueDIS
—All Contr.

Inclusive e-12C

Gonzalez-Rosa et al.PRD 108, 113008 (2023).
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Let’s talk about .... the nucleus : DCC implementation in SuSA
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J. Gonzalez-Rosa et al.PRD 108, 113008 (2023).
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Ghent Hybrid model

* Designed aiming at the description of pion production off the nucleus 6
* Low energy model : resonances + background from ChPT in HNV description s
* High energy model : Reggeized background to overcome shortcomings of the low |
energy description L
* Aiming at fully exclusive description s
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R. Gonzalez-Jimenez et al.,Phys. Rev. D 97
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Ghent Hybrid model

Going beyond W>2 GeV
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Let’s talk about .... The nucleus
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Let’s talk about .... The nucleus
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Let’s talk about .... The nucleus

Beyond the asymptotic approximation: fully
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Let’s talk about .... the A in the medium
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Let’s talk about .... tails
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Let’s talk about .... consistency

Consistency of Delta description with MECs description ?
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Let’s talk about strange things
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What is going on between initial and final state ... ?

Yﬁz " T‘. S\ 4

Free nucleon Initial nuclear Extra nuclear Final state
scattering state effects interactions

K. Niewczas @ NuFACT2021

Charge Exchange ®
- Elastic
Scattering

e Partially taken into account by
some of the nuclear models

 MC Generators used for
oscillation analyses tend to rely
on efficient but approximate

Abéarption
T. Golan models

Pion Production
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Event generators : bridges between theory and data

Challenges in generator developments :
* Microscopic input for vertex — exclusive description
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K. Niewczas et al. PRD 103, 053003 (2021)

Need to go beyond isotropic approaches in MC
generators and include detailed exclusive
microscopic calculation results in the simulation
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Event generators : bridges between theory and data
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Summarizing ...

* Single pion production in the Delta region is relatively well understood
* At higher kinematics, for more complex final states and especially for W>2GeV :
we’ll have to go on opening
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