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Cross section and reaction rate

Fqu=#part|cIes/un|t area/umt time Number density of projectile particles in the beam

Detector

e ® = npv {:/vnp(v)dv)

Beam intensity / = @ S

Cross section o = measure of the interaction probability per collision
= # events R / # target nuclei N/incident flux

R = Noo



(Quasi)scattering off a nucleus vs scattering off a nucleon

O

Impulse approximation : a very important concept !

\'\
Pp=

The interaction between the projectile and bound target nucleons has

essentially the same form as the interaction between two particles in free
Sum over all nucleons !

space
Often the scattering is dominated by single-collision processes : the lepton A
most often couples to a single nucleon in the nucleus =1 -~ (3)

- . . . . J! m—Z.F )0 (x — x;
Description assumes that the interaction takes place with 1 nucleon in the ’“'”‘"*{ } ] ( ‘}‘ ( “)
nucleus, -

Total cross section is the sum of these lepton-nucleon interactions
Extra corrections and correlations can be added
Approach is valid when the momentum transfer is high enough, since then

the resolution of the probe is small ,
Insert bound nucleons wave functions for the

initial nucleon states




The basic ingredient : Scattering off a nucleon

Several options Vg 1, My My Uy N
Neutral current 7
Charged current
Neutrinos or antineutrinos P, p,n p 1 I

Electron, mu or tauneutrinos ...
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The basic ingredient : Scattering off a nucleon

1.3. The intermediate vector boson (IVB)
The hypothesis that the weak interactions are mediated by an IVB is very old. The simplest
possibility is to introduce two charged vector bosons (W* and W ™), which interact only weakly

and electromagnetically, and write:

Lo = 8w/ W+ hermitian conjugate . (1.11) P n n p

weak

To lowest order in g2/MZ,, this generates £, above to order g2,, with

g% IM3 =GR2.

1.1. The phenomenological theory

A. The effective Lagrangian for leptonic and semileptonic processes

All leptonic and semileptonic interactions directly observed up to now can be described by the
phenomenological Lagrangian:
Lepton x hadron current

¢ b . N
Let="/7 [‘f;‘f) W WARLE S QU Lol '333}353’3] oD

where G is Fermi’s constant

G =(1.0230.001) x 10~
M2

M) is a current constructed from the hadronic fields and'the muon and electron currents are
given Ry

V-A structure for the lepton current

Leptons : point particles
Weak interaction :
maximal parity violation

e =y, 7d-v9¥, , &) (1.2)
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The basic ingredient : Scattering off a nucleon

Hadron currents can be
constructed from

Four vectors of incoming and
outgoing particles

Lorentz invariance

Form factors to take into
account the structure and
extension of the nucleon (we
are not dealing with a quark
current!)

p(r) IF(g2)l Example

pointlike constant Electron

exponential dipole Proton

/
K

A. General remarks
The hadronic current describing the process

vk, )+n(p,) > 27 (k,) +p(p,y)
may be written
(p(py)IJxIn(py ) = cos @ u(p,)T\u(p,)
i0,,q"§FY@*) | arFv(a’)

Q;\'Yst(q:) + 'Ts(P 1+pz)th(Q2)

My=nFv@)+— T mrsFa@)

_ ( . (A11+AI:)EF3')+Q;F3 _(P1+pz)a‘5F\§
=N \Fv* 751 17 i

ox@ F2 + sy
s M M

M,-M )Fa)
72 (FA+ 2M 1/7°A

(q=ky —ky =py =P M =3, +M,))

gauss gauss BLi

/

homogeneous
sphere oscillating -

i

sphere with
a diffuse o
surface oscillating a0cg

/

r —= Igl—

— Essentially : Fourier transform of density distribution

M

(3.13)




The basic ingredient : Scattering off a nucleon

Important points to notice about the quasi-elastic process are:
(1) If polarizations are not measured, only 3 combinations of the 6 complex form factors can
be determined according to the general theorems in section 2.1. We have

—

yn- Q‘“p 22 2 2 2
do ( )=M G? cos? 6, [A(q’)¢B(q2) (-u) , C@*)(s—u) ] (3.18)
dig?| \op->'t*n 8mE2 M? M4

(s—u=4ME, + q*—m?).

B (m*=q?) g 2\ 4q® ReFy*tF2
A= q [(4 q ) IF '2 (4+q ) IF!I2 |£F3|2 (1.!.__2__) — v v
412 M? M? M2 4M? M?

2 (4 L ) \FR? - (IF\‘,+$F\,I’ +HF, +2Fp|? +(3— - 4) (|F$|2 + |Fp|2)):|
M? M? M? M?
. (3.22)

B=—1 ReF:(F}+EF2)- "™ Re [(F‘ v 2 EF’) F - (F +q2F")' F3]
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Nucleon Form Factors

* Information about the structure of the nucleon is encoded in form factors
* Neutrino-nucleon form factors constitute a major source of uncertainty in neutrino scattering modeling
 Weak vector form factors are well constrained by electron scattering experiments by CVC

i r . 1 I
Fo(QY)o™ q, + GA(QH)r"ys + Gp(Q¥)g"y5

Jt=F (Q*)y* + 5

My
2 —sin® Oy )F; """ 7, —sin® 0, F/M* — 2Ff  NC
F,=
F;HM'VTAE cc
3lp) = +lp),  7T3ln) = —In),
T+|”} = +|p}3 T+|P} = 01
t_lp)=—In), 7_|n)=0.

Q?dependence Form factor parameterizations !

Traditional : Dipole :

0.4F
Gp(Q*) = —, My = 843 MeV
(1+:5)
M2
V 0.2
Gy (Q))=———G 2

Galster parameterization

= T = Q*/4m;,

GE —_ f."rl - TP’E I:ll'ld GM — P1l + I"12_

G :electric and magnetic Sachs form factors
GMH :.Iu'nGD

Gﬁp — GD: GMp — “‘pGDr

BBBAO5/Dipole

10°

100, L1 10", Y
Q" (GeV?) Q" (GeV)




Nucleon Form Factors

Neutrino-nucleon form factors constitute a major source of uncertainty in neutrino scattering modeling
* Weak vector form factors are well constrained by electron scattering experiments
* Q?evolution of the axial form factor is not well-known, mainly based on old bubble chamber data (ANL, BNL, FNAL)

i

— T 8
ga ‘F:-I-HA NC

GA:< 2 : : . : ' : : ,

JaATH CG Argonne (1969) .
\ Argonne (1973) .
CERN (1977) .
Axial form factors Q2 evolution subject to uncertainties Argonne (1977) .
CERN (1979) .
BNL (1980) . |
BNL (1981) .
Argonne (1982) .
Fermilab (1983) .
BNL (1986) b
BNL (1987) .
BNL (1990) .
Average .

085 0985 105 115 1.25
M, [GeV]

Tension with MiniBooNE data : needed higher value to explain data



Nucleon Form Factors

More recent parameterizations :

e Lattice QCD efforts : Improved LQCD
prediction owing to better control of
excited state contamination

 Z-expansion (Meyer et al. PRD84(2011)) :

-‘iﬂm X

_8a

-----

Fal@) = Y axzle?)®

k=0

Allows for a better quantization of
uncertainties

PNDME "18
CalLat’18
PNDME 16

XQCD "18
PACS "18
LHPC 14
LHPC10
RBC/UKQCD *08
Lin/Orginos 07

ETMC 17
Mainz ’17

R%D 14

S SF/UKQCD "13
TMC ’15

RBC 08

AWSR "16
COMPASS "15

Brown 17

Mund ’13
Mendenhall *12
Liu’10

Abele '02
Mostovoi *01
Liaud *97
Yerozolimsky "97
Bopp '86

% 2o 2o

—
vd (dipole)
eN —» eN'xw

(dipole)

7

vd (z exp.)

MuCap this work

lattice QCD
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Nucleon Form Factors

NME 21 0 PACS 21 1.5
1.2 3 18 erratum T 1
T & e . P - Softer slope of the axial form factor’s Q2
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enhanced cross section on the nucleon

—— BBBA0S
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From scattering off the nucleon to scattering off the nucleus

If the nucleonis boundinanucleus: O .
Impulse approximation : p p
* the interaction between the projectile and target nucleons has essentially the \
same form as the interaction between two particles in free space P‘-. a é
i i

* scattering is dominated by single-collision processes
* the lepton couplesto a single nucleon in the nucleus

Sum over all nucleons'!

A

Ao Th — TH (3)
JE (x E JH(x )0 (2 — x5
dwdS) O@ mic() = ()07 )

x vecWee +vertWer +viWirr + vpWr + hvp W

Insert wave functions for nucleons feeling the nuclear
potentialfor the nucleon states




More important things you should know about neutrino-nucleus scattering
Inclusive vs exclusive

dwd€) ”‘@@ — dwd$) ¢ d€) N

o« vecWee +verWer +vpiWir +vrWr + hvp W owgeWee +ugrWer +op Wi + g W + vz Weg
UIQVVIQ e U] ‘/VI‘ + h v VVI/ v ’UIQ/‘/VIQ/ i w UI‘/VVIL/ )

- Kinematic factors Nuclear responses ~_
VCC = 1 +CCOSB WCC = |30|2
Ver = _(\_%')\“ +Cc058]+%) Wer = 2R (3035)
Vi = 1+CCOSB—ZTCE‘f2fCZSin29 Wi = 13312
o €jer 72 1.2 _ 2 2 1 1
leptons Vo= T-CeosO+ Fpctsint0 | Wr = 1d P41 Theoretical extensions needed for
Vi = —S%csin?o Wi = 2% (3”5?1) exclusive:
Vre = —$9(ei+en wie = (303, -a',)) * Extraresponse functions
Vi = B} -t +md) Wi = 2% (33 (HTH —3*1)) Appro.prlate description of thg
_ 2 outgoing nucleon wave function
Vi o= Ster(1_iceos0)— M | Wr o= 9P —19aP
T dl efal | T H ' in the nucl di
T o uclear medium
Vie = —5¢ Wic = 29 (3o (3, +3'4)) e Contributes to more accurate
_ wsin® _ T T . .
Vi = B¢ Wro = 2%(33 (3+1+3 1)) reconstruction of the neutrino
Hadronic tensor energy




More important things you should know about neutrino-nucleus scattering

e’ (Ef' Ef) X I (g, '_(}f) X

Electron versus neutrino scattering

e(E, k) @ 4 V(g ) 4

d?o o’ 2 d2o G2, cos? B 2
— Eskscos2(0/2 S ‘
(d’mdﬂ)ﬁ Q" (MH) hy cos™(6/2) (dwds'!)y (A7) (2.1#1) e

‘2Bl [zaﬁ?ﬁz@,ﬁ] « 2 (Zeslal [zn;-@f,ﬁzmﬁ,u]
Jd=0 J=1 J=0 J=1




Electron versus neutrino scattering

e’ (E, k)

AN

(

d?c o’ 2
= Eskscos2(0/2
dwdﬂ)ﬁ Q* (21-+1) rhy cos™(0/2)

x CE 7 F_f-_.|fj'| [ZJIP+ZJ’TF]'

J ke L
":TL._L: — Ug 'HL ?
J T T
ol e jfr-' ’

X

A

I (e, R})

2o G%, cos? 6. 2
e dwd) = T (4n)? o +1) I
v, (€, K)
I (b)
x (2 (71, ql) [Z”f*r vt Z”’: u]
J . MpM | Ll ML p ML
J‘[:L,_H T [ﬂu "!Er; + U;; j?p + 2 1];; -'J-lﬂ;; ] 3
J Al ey A T
op, = |v, R, +2v," R, ] :




Quasi elastic versus multinucleon knockout processes

E, (012,50 0000) = E]i + Z];f" e
Es (Ly, 1/2, jb, &b, ) I i<j
X
neutrons \LLL protons N N N
H r /JJ_F. Response
Eﬁ?% 000 %g%ﬁ " W, /:/I;. rwtz, N N
1s1/2 oo Ls1/2 _—

Nucleon

w

e
/ 300 Mev

Multi-nucleon effects
» affect 1-nucleon knockout processes
e Cause multi-nucleon knockout processes,
filling the dip region between the QE and the

Delta peak O




Quasi elastic versus multinucleon knockout processes

Genuine CCQE (1p-1h) \

>u o/ J
J

K Two particles-two holes (2p-2h) )

Qu NN
>\;‘rﬂ\\}‘\\," h'\J' @ Q
W+ - :
Vv ®
Ny N IN J

Delta currents

When an electroweak boson interacts with a pair of nucleons which are correlated
through short-range correlation or through the exchange of a meson, this will cause the
knockout of one or both of the particles from the nucleus. The boson was interacting
with a current consisting of two nucleons, a two-body current, called a MEC

Meson-exchange currents

Seaqull Pion in flight
Pa ADs A Pa Db
m w
- —- -
m
h; .i.!!.'r ih.- A h

A Pa

| B

Pb

IPM single-particle orbitals are
depleted by short range
correlations and higher
momentum states are
populated

10!

....... mean field
LCA

10°%

101

(k) [fm™?]

S 1072

1073 : —
0 200 400 600 800
k [MeV/c]




Models you often hear about when working in neutrino physics : Fermi Gas

* Nucleons are not interacting, constant average binding energy ';r?t%?, w
otential—-" !

| |
Neutron 'Protons  Neutrons [ | g

potential | w

» GlobalFermigas: T %5

= same Fermi momentum for the whole nucleus = uniform

density _— e
// \\\ x Global FG =—— ||
' P i ™ _ Local FG ——
> Local Fermi gas / \ _ \ .
= Density dependent Fermi momentum p; ~ p(r)'/® adjusted ,K A ) _ |
to the local density in the nuclear medium _ |
\ ] P
T Distance from the center of nucleus [fm)]

Extra nuclear effects can be added, often labeled FG+RPA e.g.
Nieves model (Valencia), Martini model (Saclay Lyon)

7



Models you often hear about when working in neutrino physics : Fermi Gas

Fermi gas approaches

d°c/(dcosd dTu)(IU_Bgcmzz’GeV)

Efficient description of inclusive processes in QE peak

region
Can include extra correlations
Including np-nh contributions
often used in generators

satisfactory agreement with inclusive data

02=< Tp <03GeV 03< Tu < 0.4 GeV

04 < Tu < 0.5 GeV

0.5< TIll < 0.6 GeV

20

15F

T | T I T | T 2(]
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T I T | T | T 20
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M. Martini et al, PRC84, 055502
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Models you often hear about when working in neutrino physics : Spectral
function

Based on the impulse approximation '

Cross section is factorized : 0, ,c1cus=Fnucteon X PP Er) 0.8}

The spectral function P(p,,E,,) provides a probability distribution for E :
removing a nucleon with momentum p,,issing from the initial nuclear < 061
ground state, leavingthe final residual nucleus in a state with energy E | :-; 04l
The spectral function can be extracted from (electron) scattering data or % :
calculated using a model 0.2
NO S(p,£) [10° MeV 3] 0.0!
80 — 1.8
70 - 4 16 12
60 -4 14 10 [
50 L1 12 AT
i L > I
3 40 1 As 8f
SN— L
= a0 ;
W 0 <= 6}
20 0.6 &
10 0.4 ”zf 4
0 0.2 -5 9L
-10 0 [
0 50 100 [j é{')la " 200 250 300 0 100 200 300
PRC91, 034607 (2015) PRD105, 11 2002 (2022) pm (MeV/c)

Determination of the argon spectral function from (e,e'¥) data




Spectral function

Spectral function calculations bk
* Factorized approach
* Nuclear medium influence taken into account by
spectral function
e Can be extended two 2p2h processes

S(p,E) [fm-3 MeV-1]

E_ =730 MeV, 0,=37.0r

4OAr
neutrons M. Ivanov et al. PRC91 ,034607

E, =1GeV, 8, =30

L i T ] T

15

10

do /dQdE,. [nb/sr MeV|

do/d2,dE, [107° nb/sr McV]

0 0.1 0.2 0.3 0.4 0.5 0.6 0
w [GeV]

tot DCC ——
Ibiemmee

21 me—
RLICC e |

CBF spectral function

—————

-
~—
-~

—
-
—_’—-
——
———

——
- — -
Chncnsolenn T ————
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w [GeV]
N. Rocco, Front. Phys 8 (2020)



Models you often hear about when working in neutrino physics : (Super)Scaling

Day et al., Annu.

Figure 5 Experimental scaling function for *He determined from data in Figure 4. The
letters label different incident electron energy and scattering angle pairs (g, 0) in (GeV,
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Based on factorization : separates the QE cross
section in an averaged single-nucleon factor and a
scaling function encoding the influence of nuclear
dynamics

d%e
dQ dv

=K-0,,(q.v) F(q.,y)

> Scaling of the first kind = independence on q

Scaling variable y ~ minimal longitudinal momentum the bound nucleon had before the interaction




(Super)Scaling
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FIG. 2(color). Scaling function for C, Al, Fe, and Au and FIG- l(color). Scaling function f (') as function of ¢ for
fixed kinematics [25]. The correspondence of symbol and mass 2Ll nuclei A =12 and all kinematics. The values of A
SR ML el e S W corresponding to different symbols is also shown.

Scaling variable W’ ~ ratio of threshold nucleon knockout energy to the momentum transfer

A Oexp
. . : . ') =kpg
>Scaling function independent of A (ki) = Scaling of second kind Osingle-nucleon




Models you often hear about when working in neutrino physics : (Super)Scaling

L=+ = v 1 + + 1 t 1 I r g —
Day et al.,
Annu. Rev. k- 4D
Nucl. Part.  o8—x - 58 _
Sci. (1990) « qe300
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for different nuclei (A > 12) and for different values of g (in MeV /c). Data taken from

Separating longitudinal and transverse contributions :

* Allows for a more sophisticated and accurate description
 Shows that transverse channels violate scaling beyond the quasi-elastic

peak : multinucleon effects

> use RMF calculations to determine the scaling functions = SuSAv2
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Superscaling approach
SuSAv2 based on RMF
calculations

Strong predictive power
for inclusive processes
Including inelastic
channels: meson-
exchange contributions
and pion production
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Models you often hear about when working in neutrino physics : Mean Field
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* Mean-field models capture a lot of nuclear medium effects in a natural
and efficient way

* Forfinal nucleon wave function distortion is included

* Pauliblockingisincluded in a natural way

 Can be extended to include long-range CRPA, short-range correlations,

MECs

Non-relativistic e.g. HF and HF-CRPA (Ghent), or relativistic (ED)-RMF

(Madrid-Sevilla)
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Mean Field
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Mean field already contains a lot of correlations !




Mean Field
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Hartree-Fock mean field

Mean-field models capture a lot of
nuclear medium effects in a natural
and efficient way

For final nucleon wave function
Pauli blockingis includedin a
natural way

Can be extended to include long-
range CRPA, short-range
correlations, MECs




Models you often hear about when working in neutrino physics : Mean Field
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Models you often hear about when working in neutrino physics : Mean Field
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Hartree-Fock MF -CRPA
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Models you often hear about when

working in neutrino physics : Mean Field
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Influence of 2-body currents on one-nucleon knockout

do/de, d0,dT d0; (1045 em?/MeVZ/sr?)
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Models you often hear about when working in neutrino physics : Ab Initio

Recent years have seen the coming-of-age of ab-initio calculations for neutrino-nucleus cross section
predictions and the development of auxiliary techniques to provide predictions for a variety of processes,
targets and kinematics

H= Z o +Ztu + > Ve +-

i<j<k
Ab initio results
NN 3N 4N » Realistic Hamiltonian e.g. AV18 in GFMC
LO * Exact (up to the accuracy of the interaction Hamiltonian and
aime X order)
\/ Hl * Including multinucleon contributions in a natural way
NLO e Computationally intensive and
(@/A° "_';-," Jl l only applicable to the inclusive response
S « Light nuclei
NNLO * Non-relativistic
(Q/AY? + 1T ] L/
N3LO “+ ' ’ I l '
I 4

{,} \I 11 ‘\ _ $--h I
Tt Fell H. Hergert




ADb Initio

* MiniBooNE flux-folded double
differential cross sections per target
neutron for v ,-CCQE scattering on '2C
in a Green’s Function Monte Carlo
approach

* include the effects of many-body
correlations induced by the interactions
in the initial and final states

* accountforthe interference between
one- and two-body current
contributions

A. Lovato et all PRX10, 031068 (2020)



ADb initio
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T2K flux-folded double differential cross
sections per target neutron for v -CCQE
scattering on 2C in a Green’s Function
Monte Carlo approach

Comparing ab-initio calculations with
mean-field-based calculations

Include long-range correlations in CRPA
and added 2p-2h contributions




Short Time Approximation STA

Short-time approximation : go beyond the restriction to
more exclusive information

inclusive processes in ab-initio approaches and provides

Back to Back Kinematics g=500 MeV
Transverse Response
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S. Pastore et al, PRC101, 044612

Based on factorization
Retains 2-body contributions and correctly accounts for
interference
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Response functions account for scattering off pairs of
interacting nucleons
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Making Al work : Coupled cluster

Coupled-cluster theory predictions for inelastic scattering processes
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Beyond nucleon and two-
hucleon knockout




Pion production

Resonances
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Single pion production in Delta region relatively well understood
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 CCOtt topology mimicking a QE event
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A resonance 1pi production

Second resonance region : g3
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Third resonance region : < 1
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Basic ingredients for modeling single pion production (off the nucleon!)
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Basic ingredients for modeling single pion production
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Basic ingredients for modeling single pion production

@ Let’s pick just one contribution ...
\ spin 3/2 resonance direct contribution

JH = Zu{hm,sﬂﬂ u (Ki, 5:)
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Basic ingredients for modeling single pion production

- Zﬂ (kn,sy) Onu (ki, si) @ Let’s pick just 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 e Coupling constant f
aNRR m ) ' * Resonance width T
T
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Experimentally determined full width + branching ratio




Basic ingredients for modeling single pion production

Mazs
(iGeW)

2.5

1I

i
[Juureso

N{1440)
NI{1520) ]
Ow Inn:u:
B a
1 HIRLO]
T S S S R R A

M. Giannini, PPNP 24, 253 (1990)

.. and these are only resonances ...




Rein Sehgal model

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

This is an attempt 1o describe all existing data on neutrino production of single pions
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.




Models for pion production : ANL-Osaka DCC

predicts N, yN partial wave amplitudes used to determine cross sections for N, NN, KA and K>
scattering, photoproduction of these channels, 2t production off the nucleon, pion electro- and

neutrinoproduction

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

differentincoming energies,

Dynamic coupled channel formalism, different reaction mechanisms contribute in a consistent way to the

final state
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MK model

* Single pion production off the nucleon
 developed aiming at describing neutrino induced processes !

° i <
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Ghent Hybrid model : single pion production off a bound nucleon

* Designed aiming at the description of pion production off the nucleus
* Low energy model: resonances + background from ChPT in HNV description

* High energy model : Reggeized background to overcome shortcomings of the
low energy description

* Aiming at fully exclusive description with distorted pion and nucleon wave

functions
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Duality and the transition from nucleon to partonic degrees of freedom

* A considerable fraction of events at higher incoming energies are from the SIS (Shallow Inelastic) and D(eep)IS
regions
* |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 CCOtt topology mimicking a QE
event
* A considerable fraction of events at higherincoming energies are from the SIS and DIS regions e.g. around 50% for
DUNE
5IIII|IIII|IIII|IIII|IIIIIIIII|l|ll|llll|||IIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII -.‘-lh“l ' ' I I I I I I ' ' ' I ' ' ' I I ' | ' -
[ i 12H o . -
T = E =3GeV ] : oy Byt GRY :
af \ B SIS ] 10H \ [ ]SIS ]
j \‘ o : i . Npn-resonant + resonant i
L = * Non-resonsnt + resunmN W> A(1 232), Q < 1 Gev - gH = s aia e ine -
| = % i processes i | %‘ y Eﬂ |
m’} = E'Z 7 .;:; = % I — Higher resonapces i
W = i - W) L =] = o 2
E?,_, 2 = i =z U2 E 10 fm=10x10"5m |
= - r~ = —
olf Bk 1 Y HE ]
2r £ 7 ; —— [Higher fesonances 4 LIS E i
g: ' e 2 ]
i Z 5 T g ‘E‘ 2 ~1000m:100>;10"2m 3 -
dE 3 = 1 [ g =l = : .
-5 : |z ; 8 = g |z _
[ £ 5 = 5 SN | & £ S : NOT-TESOmInl Processes e |
B iyl o T ) I e wrurwrarn P T b L . : ol e —_
9 1 11 12 13 14 IS 16 17 18 19 2 21 22 23 24 2s 1 L5 2 25 3 KR
W (GeV) W (GeV)

Snowmass WP on theoretical tools for neutrino scattering, L. Alvarez Ruso et al, arXiv:2203.09030



https://arxiv.org/abs/2203.09030

Duality and the transition from nucleon to partonic degrees of freedom

A considerable fraction of events at higher incoming energies are from the SIS and DIS regions e.g. around 50% for
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Duality and the transition from nucleon to partonic degrees of freedom

The phenomenology of the transition to partonic degrees of freedom is assessed by Bloom-Gillman duality

Electron-scattering : resonances (Jlab E94-110 data)

follow the extrapolated DIS curve For neutrinos, the situation is less clear :
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DIS : Deep Inelastic Scattering
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And finally : What is going on between initial and final detected
state ... ?

Free nucleon
scattering

S(Em) (1/MeV)

1.0

0.8}

0.6

=
e

=
x

0.0%

Initial nuclear
state

Extra nuclear
effects

Final state
interactions

40 60
E (MeV)

Partially taken into account by
some of the nuclear models
MC Generators used for
oscillation analyses tend to
rely on efficient but
approximate models

Charge Exchange ®

Elastic
Sca;tering

Abs&rption

Pion "';'roduction T. Golan



Event generators : bridges between theory and data

103

GiBUU v, CC on 12C

GiBUU v, CC on 12C
T=500 (a.u.)

T=500 (a.u.)
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10!

10°
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Credit: Kaile WEN®@IHEP, Xianguo LU@Warwick 1 Proton in GiBUU final-state transport

R: radial position, M,: mass, p,: momentum

Theoretical models tend to concentrate on description of the primary vertex

Generators provide more detailed information about secondary processes obtained in a semi-classical cascade
description

Trade-off between sophistication in models and numerical performance




Event generators : bridges between theory and data

Theoretical models tend to concentrate on description of the primary vertex
Generators provide more detailed information about secondary processes obtained in a semi-classical cascade description
Trade-off between sophistication in models and numerical performance

Number of generators on the market :
 GENIE, NEUT, NuWro, GIBUU
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'I«@ . © The Giessen Boltzmann-Uehling-Uhlenbeck Project
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NEUT

Challenges in generator developments :

e Standardized interfaces

* Microscopic input for vertex — exclusive description e.g. SuUSAv2 and CRPA in GENIE, EDRMF in NEUT, GHENT-
HYBRID in NuWro




Event generators : bridges between theory and data

* Number of generators on the market :

 MARLEY : low energy processes (< 100 MeV) s. Gardiner PRC103, 044604 (2021)
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What you really should take away ...

Things to be aware of when working with cross section models :

* Not every modelis suitable for the description of any process ... What assumptions and

approximations are built in ? What is the validity range of the model ? BNOCP
. . . TAKE HOME
* Make sure that the model you use is up to the task e.g. exclusive data will need more JOURNAL

refined modelling (Is the final state a distorted wave ? Are binding energies and Pauli A

blocking taken into account ? Angular distributions for hadrons will typically need mean 2‘{%

field models to be accurate, ....) e

* Descriptions are often based on effective parametrization. As a consequence, results
and the separation between various effects are scheme dependent.

* When adding various effects on top of each, make sure you’re doing it in a consistent way
to avoid double counting. Caring about consistency is a great idea anyhow.

* Making sure that the modelis validated against electron scattering data for the type of
process and kinematic range you’re looking at is a great idea

e Still, be aware that neutrinos are different from electrons ... and differences might bias
results
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and G. I”

The precise measurement of neutrino properties is among the highest. priorities in fndamental
particle physics, involving many experiments worldwide. Since the experiments rely on the interac-
tions of neutrins with bound nucleons inside atomic nuclei, the planned advances in the scope and
precision of these Tequires a Pffon: in the and modeling
of the hadronic and muclear physics of these interactions, which is incorporated as a nuclear model
in neutrino event generators. "his model is essential to every phase of experimental analyses and
its theoretical uncertainties play an important role in interpreting every result.

In this White Paper we discuss in detail the impact of neutrino-nucleus interactions, especially
the nuclear effects, on the measurement of neutrine properties using the determination of oscillation
After an Exeentive Summary and a concise Overview of the
o event generators work, what can be learned from electron-
nucleus interactions and how each underlying physics process from quasi-elastic to deep inelastic
scattering is understood today. We then emphasize how our understanding must improve to meet
the demands of future experiments. With every topic we find that the challenges can be met only
with the active support and among ists. in strong i and

physics that include theorists and experimentalists from both the nuclear and high energy physics
commumnities.

* Neubrino Senttering Theory Experiment Collaboration http: / /nustec ol gow

Stay tuned for the new
NuSTEC White Paper
coming soon!
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NuSTEC School
at Fermilab

November 4-13, 2026

The Neutrino Scattering Theory-Experiment Collaboration School
is aimed at graduate students and junior postdocs that will
provide an overview of the current status of neutrino-nucleus
scattering, highlighting both the experimental and theoretical
aspects of the field. Neutrino interaction modeling plays a critical
role in current and future neutrino experiments, and this school
will include lectures on nuclear models and nuclear effects, the
implementation of models, systematic uncertainties associated
with neutrino-nucleus scattering, and measurements of neutrino-
nucleus scattering. The school will include in-depth discussions,
hands-on exercises, including the use of generators, and social

events for participants.
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