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Two different approaches:

1) Models for inclusive processes
(only lepton detected)

2) Models for exclusive processes
(hadron(s) are detected)
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1) Models for inclusive data
(only lepton detected)
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Superscaling approach ( PRD 91, 073004 (2015); 94, 013012 (2016) )
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2) Models for semi-inclusive or
exclusive data
(hadron(s) detected in coincidence
with the lepton)

|deally, after integrating over
hadronic variables, one should be
able to reproduce the inclusive
data
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do/(dQdm) nb/MeVisr

do/(dQdw) nb/MeV/sr
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Kinematics

For more:
Donnelly, Prog. Part. Nucl. Phys. 13, 183-236 (1985)
Van Orden, Donnelly, Moreno, PRD 96, 113008 (2017)
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The mass of the final hadronic system is known, e.g.,
elastic electron-proton scattering.

RN

4 X 4-momentum — 16 variables

Ki / \\PN

13
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The mass of the final hadronic system is known, e.g.,
elastic electron-proton scattering.

4 X 4-momentum — 16 variables

1 4
K P N ]
f 1 X 4-mom. conserv. - =4 constraints
) 4 4 x (E?=M>+p?) ~ -4 constraints

R
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The mass of the final hadronic system is known, e.g.,
elastic electron-proton scattering.

-—@U p’ 4 X 4-momentum — 16 variables
K N .
f 1 X 4-mom. conserv. - =4 constraints
4 x (E*=M?+p?) ~ -4 constraints
| | 3-mom. of the beam . -3 known

/ \\ 3-mom. of the target ~ -3 known
K Py

Independent variables left — 2

d%c
d cos 0:d oy

Qf and Of >
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Inclusive scattering on a target at rest: only scattered lepton
IS detected. We know nothing about final hadronic system

N\ 4

Ki / \ PA

16
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Inclusive scattering on a target at rest: only scattered lepton
IS detected. We know nothing about final hadronic system

‘@a 4 X 4-momentum 16 variables
P
K1= / B
K / \\ P,
17
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Inclusive scattering on a target at rest: only scattered lepton
IS detected. We know nothing about final hadronic system

4 X 4-momentum — 16 variables

~@6
P
Kf\ ZM( B 1 X 4-mom. conserv. - =4 constraints
B? —p 3 X (E>=M*+p?) -3 constraints

N
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Inclusive scattering on a target at rest: only scattered lepton
IS detected. We know nothing about final hadronic system

~—o9 4 X 4-momentum - 16 variables
Kf\ Zﬁ( PB 1 X 4-mom. conserv. — -4 constraints
B? —p 3 x (E:=M?*+p?) _. -3 constraints
| | 3-mom. of the beam ~ -3 known

/\ \\ 3-mom. of the target —~ -3 known
K P,

Independent variables left — 3
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Inclusive scattering on a target at rest: only scattered lepton
IS detected. We know nothing about final hadronic system

~—o9 4 X 4-momentum - 16 variables
Kf\ %M( PB 1 X 4-mom. conserv. _ -4 constraints
B? —p 3 x (E2=M?+p?) -3 constraints
| | 3-mom. of the beam ~ -3 known

/ \\ 3-mom. of the target ~ -3 known
K P,

Independent variables left — 3

We can choose the variables that we like the most as the
independent variables. We like the lab variables of the final
state:

d3o

, 0 and
U b > de¢COS 0rd oy

20
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1-r production off the nucleon.

BN

5 x 4-momentum — 20 variables

Ki / \\ PN
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1-r production off the nucleon.

—? E@a b 5 X 4-momentum —~ 20 variables
T
N )
Kf f / 1 X 4-mom. conserv. - -4 constraints
5 X (E2=M>?+p?) ~. -5 constraints
Ki / \\ PN
22
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1-r production off the nucleon.

i K 5 X 4-momentum 5
K " P’ N

f 1 X 4-mom. conserv. N

5 X (E>=M?+p?) .

3-mom. of the beam -

20 variables

-4 constraints

-5 constraints

-3 known

-3 known

/ \\ 3-mom. of the target -
Ki PN

Independent variables left — 5

d°o
dEfde dQW
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1-r production on the nucleus.

—w° K

/%P

6 X 4-momentum -~ 24 variables

N\
e

o,
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1-r production on the nucleus.

~@‘€ K 6 X 4-momentum - 24 variables
Kf\ / 1 X 4-mom. conserv. - =4 constraints
%P 5 x (E?=M>?+p?) ~ -5 constraints
|

25
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1-r production on the nucleus.

24 variables

-4 constraints

-5 constraints

-3 known

-3 known

o9 K 6 X 4-momentum -
Kf\ / 1 x 4-mom. conserv. -
%P 5 x (E*=M*+p?) -
3-mom. of the beam -
3-mom. of the target -

AR

Independent variables left — 9

d%c

desdcosO:dos dE. dcos b, .d¢, dcosOydoy dE,,
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d°c
desdQ)s dE. A, dQn dE,

/
o< £y, H"

_f(m)*ju

H = SS(JH)

j,u — jﬁ(gfﬂquw)i
Jr = Jﬁ(vaaEﬂ:QWaéﬂaQNu qu:Em)
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d o

x {,, H""
derdQs dELAS): A2y dER ad
Chp =
8 indep. variables.
H*Y = If we have fewer...

better think about it!
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II Interaction model

Single-Pion Production off
the nucleon

RGJ et al., PRD 95, 113007 (2017)
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Low-energy model for pion-production
on the nucleon:
ChPT background + resonances

Valencia model
(PRD 76 (2007) 033005; PRD 87 (2013) 113009)

Resonances: ChPT background:
P33(1232), D13(1520), . p P
S11(1535), P11(1440) E pa Q E ‘,
’ N N’ N N’
A ,

s -
, ) ) \."‘Q\,\\r"ﬂ

f
N Res N’ N Res N’ t *
’ Tl'
rs
l N N
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Low-energy model
(resonances + ChPT bg)

Q ‘ ~
1\.5_._43/; AD%:E:T—F
N  Res N N  Res N

NuFact18 - Virginia Tech, Aug 18
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W values?
+ Fermi motion

12 4+  MiniBooNE
I — CH, - Hyb
i % — — CH,-LEM
i n

do/dT_ (10" cm/MeV)

+ Flux-folding

Therefore, we need reliable
predictions in:

+ the resonance region
W <2 GeV,

+ the high-energy energy

NuFact18 - Virginia Tech, Aug 18

' '7;0 region W > 2 GeV
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Based on unitarity, causality and crossing symmetry, Regge Theory
provides the high energy (s — 0 ) behavior of the amplitude:

A(s,t) ~ B(t) sV

o/(t): Families or Regge trajectories

Regge theory does not predict the st
t-dependence of the amplitude. ot

For that, one needs a model.

, P Kaskulov and Mosel,
of i PRC (2010) i

3 4 f"a I 6
t [GeV?]
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Regge approach for the vector amplitudes.

We use the approach of Guidal, Laget, and Vanderhaeghen [NPA627, 645 (1997)],
originally developed for pion photoproduction (Q* = 0):

1) Feynman meson-exchange diagrams are reggeized.

T T

—— The pion propagator is replace by the
N N : ; :
Regge trajectory of the pion family

Pr(t, s) = —alor ()T [—ax(t)](als)* )

35
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Regge approach for the vector amplitudes.

We use the approach of Guidal, Laget, and Vanderhaeghen [NPA627, 645 (1997)],
originally developed for pion photoproduction (Q* = 0):

1) Feynman meson-exchange diagrams are reggeized.

2) s-channel and u-channel diagrams are included to keep Conservation of Vector
Current.

‘\'\:9"’"\.("'; 0 e
! 7
- L
TN A

-

e The pion propagator is replace by the

Regge trajectory of the pion family

h Q Ef’; ’Pﬂ(t,s) = —a;(pﬂ(t)[‘[_&ﬂ(t)](&;é})aﬂ(t}
N N’ N N’

36
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Figure: High-energy model (red lines), low-energy model (blue lines) and
electron-induced single-pion production data.
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Figure: ReChi model and NuWro predictions are

compared with high energy cross section data for neutrino

and antineutrino reactions (Note the high energy cut W>2
GeV !l). Data from Allen et al. NPB264, 221 (1986).
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NuWro: Based on DIS formalism and
PYTHIA for hadronization.

Antineutrino cross section is ~2 the

neutrino one:
P L
~ = ~
v+ uud — pt + ud +uud,
v+uud — p~ + ud +uud.
~——

o+

ReChi model: One free parameter in
the boson-nucleon-nucleon vertex

R

2 —
GalQ%, s(u)] = ga (1+AApn*[8(u)] )

M2
At (5) = Mg + (A2 — Appn) (1 - —)

S

AL = (720 133) GeV 11!
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FIG. 21. (Color online) Different model predictions
for the differential cross section do/(dQ*dW), for the
channel p(v,, u~ 7" )p. The incoming neutrino energy
is fixed to E, = 10 GeV.
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W<14GeV
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III Nuclear effects

Electroweak one-pion production
on nuclei

PRD 97, 013004 (2018), PRD 97, 093008 (2018)
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Relativistic Impulse
Approximation

Sy=3 / AT £ (r) 67 (1)L o (F) V5 (r) €0

| /

Relativistic mean-field
wave functions

d%
desdcosO:dos dE. dcos b, .d¢, dcosOydoy dE,,
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Relativistic Impulse
Approximation

Plane waves (for the moment...)

o =3 [ ITE(E) (110 V(1) €

| /

Relativistic mean-field
wave functions

d%
desdcosO:dos dE. dcos b, .d¢, dcosOydoy dE,,
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MiniBooNE neutrino CC 1pion+  MINERVA antineutrino CC 1pion0.
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MiniBooNE neutrino CC 1pion0.
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MINERVA antineutrino CC 1pion0.

2
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T2K CC 1pion+

do/dP; (107*em? /GeV /mucleon)

de/decs 8, (107% em?/nucleon)

PRD 97, 093008
(2018)

LEM vs Hybrid
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T2K CC 1pion+

dea/dP, (107 em? /GeV /mcleon)

do/dP, (107* em? /GeV /nucleon)

' ' Hybrid
- Hybrid w/ OSMM ——
Lk NuWra
ol NuWro w/o FSI
NuWro w/o FSI 11N
uWro COH ----.

a0

10

(a)
ot -_I___ _ )
] il Tl SR I ______l_ e
02 04 06 0.8 1 1.2 14 16 1.8
P, (GeV)
9 . .
Hybrid -----
8 Hybrid w/ OSMM ——— |
: NuWro
L NuWro w/o FSI - - - -
f NuWro w/o FSI 1rlN
6L dal uWro COH --...
5 L
41
3}
a |
1t (a)
0 0.5 1 1.5 2 2.5 3 3.4 4 4.5

P, (GeV)

NuFactl18 - Virginia Tech, Aug 18

PRD 97, 093008

(2018)
NuWro vs Hybrid: pion FSI effects
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What’s next?
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So far...

P '=(M, 0)

RPWIA: Scattered nucleon wf is described
as a Dirac plane wave.

Final Nucleon:
Plane Wave Pion:Plane wave

= / Ar e (r) 6* (1NOL 1o () V5 (r) €97

relativistic mean-field
wave function

NuFactl18 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid
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So far... Now...

P '=(M, 0)

PAH=(MA'O) F)BLL=(EB'pB)

RPWIA: Scattered nucleon wf is described
as a Dirac plane wave. RMF-FSI: Scattered nucleon wf is solution of Dirac eq. in
presence of the same potentials used to describe the
bound nucleon wf.

Pion:Plane wave

A
wo = giar
Jhad - Z dr wF ﬂne body q

N

relativistic mean-field
wave functions
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do/(dQdw) nb/MeV/sr

240 MeV, 36d 400 MeV, 36d

12IC:I(Ie,e|)

do/(dQdw) nb/MeV/sr

1000 —p— 250 i —
i RPWIA ------ 1 : n RPWIA ------
800 . PBRPWIA 1200 - . PBRPWIA ]
: : RMF ——— 1 : RMF ———
600 | 1 150 L :
i i C -'+++
400 | | 1 100 | || .
200 | 1 s0L ]
I . i I +4
D I N S e 'D R g0 o Iﬂ+'l'|1i'-1'+++q1 i
0 0.04 008 0.12 0.16 0 004 008 012 0.16 0.2
50 ' ' ' ' ' RMF —— 8 R ' ' ' ' ' 'RMF ——
680 MeV, 36 deg PB RPWIA — . /*\ 961 MeV, 37.5 deg PB RPWIA ——
RPWIA - - - - 21 4 \\ RPWIA - - - - |
ol MEC - - - | i MEC - - -
A
20 - il \ S
1 W :
Fi N
nI& ‘ opB 22
N j ) ”’Tmf/;""':;' & b
0 / __.-——"'i.-—.;_;f:/”“-r--__. _____ L
0 0.1 0.2 0.3 04 0.5 0.6 0.7 1

NuFactl18 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid



Partial wave expansion of a relativistic plane wave:

Upw(r,p,ms) = 4w

QEV T T )imSUmﬂ[

Kh=—00 mj_

Jf(fm‘) K i (Qr)
i 52 (pr) ¢ ()

The orthogonalized final nucleon wave function (Pauli blocked) is built

by subtracting to the plane wave the partial waves that overlap with the
initial state nucleus:

U (pw)) = [ (Pw)) — D [CR* (o))" [0

K, 1T

Cx?"" (pn) = (U (P )[¥x7)

NuFactl8 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid
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do /AT, (em® /GeV /nucleon)

do/d cosf, (10740 cm?)

PRELIMINARY RESULTS

RMF .
RPWIA — |
BMFx1.26 -

E & 8 &K & &

-1 —0.5 0 0.5 1

Co8
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CC 1pion+ (folded with T2K flux, only one shell)

20 |
15 | "

10 |}

do /dT,, (em® /GeV /nucleon)

0.2

do/dcosd, (10~ cm?)
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do/dQ? (1074 cm? /GeV?)

PRELIMINARY RESULTS
CC 1pion+ (folded with T2K flux, only one shell)
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do/dTy (10740 cm?/GeV /nucleon)
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PRELIMINARY RESULTS
CC 1pion+ (folded with T2K flux, only one shell)

25 . | | | | |
RMF ...
RPWIA
RMFx1.26 ...

THIS IS SERIOUS !

”oéDIStOI"[IOH of the outgoing nucleon within theWi ==
RMF model produces an important reduction
and redistribution of the cross sections

g ,
3|15L
S

~— 10
=

2

“‘e:

l-d

0 0.2 04 0.6 0.8

JJ
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What’s next?
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What’s next?

.
—'—
-
-
e

PNH=(EN'pN)

\
=
/

P #=(M,,0) P

“=(E,py)

@

... distortion and absorption of the
pion
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v Simple analysis of the kinematics of the problem tell us the
minimum set of independent variables that is needed to describe
the scattering process.

= A model that depends on less variables is missing
something. Is it important?

v Distortion of the outgoing nucleon within the RMF model produces
an important reduction and redistribution of the cross sections:
THIS IS A SERIOUS ISSUE!

v Is it possible to implement (complex) microscopic models with full
kinematics in the MC event generators?

=> Yes, it is possible.
=> Is it worthy? Are you interested?

= Let’s talk about it.
62
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Thanks for your
attention
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Backup slides



Quasielastic scattering
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One hadron is detected in coincidence with the scattered
lepton, e.g., quasielastic scattering.

RN

5 x 4-momentum — 20 variables

VAN

67
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One hadron is detected in coincidence with the scattered
lepton, e.g., quasielastic scattering.

5 x 4-momentum — 20 variables

\ / 1 X 4-mom. conserv. - =4 constraints
% 4 x (E*=M?+p?) - -4 constraints

N\

68
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One hadron is detected in coincidence with the scattered

lepton, e.g., quasielastic scattering.

5 X 4-momentum -

\ / 1 X 4-mom. conserv. -
% 4 x (E*=M*+p?) -

3-mom. of the beam -

20 variables

-4 constraints

-4 constraints

-3 known

-3 known

/ \\ 3-mom. of the target -

Independent variables left — 6

do
dEfde dENdQN
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In this reference frame (q // z):

1) The cross section can be
decomposed in response
functions (Rosenbluth
decomposition).

2) Leptonic and hadronic
variables are not mixed.

Scattering plane

3) The ¢, dependence

/ Reaction plane
factorizes in terms of sinos and
d%c cosinos.

de:dQ; dENdQy

(viR. + vrRT + v R cos on + VT RT7 COS 20N )

v's and R's depend on the independent vk = Vk(&i, q,w)

variables (I included the explicit
dependence on the incoming energy) Rk RK(qg w, O, Em)
NuFactl18 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid

70



I(ilyl=(Ei'kl)

Scattering plane

{
/ Reaction plane

In this reference frame (q// z):

1) The cross section can be
decomposed in response
functions (Rosenbluth
decomposition).

2) Leptonic and hadronic
variables are not mixed.

e ¢, dependence

. /( A, terms of sinos and
_ _ Sinos.
d°o 4 indep. variables.

desdQ s dENAQ If you have less...
better think about it!

(viR. + vrR

v's and R's depend on the independent
variables (I included the explicit
dependence on the incoming energy)

Rrrcos2¢p)
vik = Stz g, w)
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dc
dEfde dEmdﬁm dd)N
’g,uu — TU;L)HU
Hi = SS(J)*

jp(gh d, L‘-}) ’
J*(q,w,On, ON, Em)

x £ H

Ju
JP’*

If q is not along z, then hadronic-leptonic variables are mixed. The
neutrino energy appears in the hadronic current:

J' = J*(ei,q,w, 0N, ON, Em)

NuFactl18 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid
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5 indep. variables.
If you have less...
better think about it!

If q is not along z, then hadronic-leptonic variables are mixed. The
neutrino energy appears in the hadronic current:

J' = JH(ei,q,w, 0N, N, Em)

NuFactl18 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid
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P =(E.p,)

P '=(M,0)

RPWIA: Scattered nucleon
wf is described as a Dirac
plane wave.

P =(E,p,

s, Q=(0,9)

\_/
Pr=(M,,0) Pa'=(E;.Pg)

RMF-FSI: Scattered
nucleon wf is solution of
Dirac eq. in presence of
the same potentials used

to describe the bound
nucleon wf.

NuFact18 - Virginia Tech, Aug 18

A
[—ice - V + V(r) + B(M + S Ti(r) = EWi(r) Sy =D f dr We(r) O oy V(1) 9"

Intermediate
energies
(typical QE
regime)
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P =(E.p,)

P '=(M,0)

RPWIA: Scattered nucleon
wf is described as a Dirac
plane wave.

P *=(M, ,0) P=(E,p,)
RMF-FSI: Scattered
nucleon wf is solution of
Dirac eq. in presence of
the same potentials used
to describe the bound
nucleon wf.

NuFact18 - Virginia Tech, Aug 18

Intermediate
energies
(typical QE

—
| S S

wu/(do dQ) (nb/MeV)
oo B o D o

=

40

s
o=

DIJII'IIII'IIII'IIII

do / (do dQ) (nb/MeV,
> 8

=

440 MeV, 60"

— QE (RMF)
— QE (RPWIA)
— QE (RFG)

IIIIII

g~ 401

Tirg, et

bbb bbb

| Sy
0.2
680 MeV, 36"

q ~ 402

II[IIIIIIIII

Ly R

01 02 03 04 05
o (GeV)

560 MeV, 36"

[—ia - V +V(r)+ (M + Sr)]Y;(r) = EV;(r)  Jhea = Z f dr We(r) Obpe ooy V(1) €9"

g~ 332

LT i
IXI

0 0.1 02 03 04
961 MeV, 37.5"

0.5

L O P Y B = T I~ =

= IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

RGJ - Complutense University of Madrid

76



P =(E.p,)

P '=(M,0)

RPWIA: Scattered nucleon
wf is described as a Dirac
plane wave.

P =(E,p,

s, Q=(0,9)

\_/
Pr=(M,,0) Pa'=(E;.Pg)

RMF-FSI: Scattered
nucleon wf is solution of
Dirac eq. in presence of
the same potentials used

to describe the bound
nucleon wf.

A
[—ice - V + V(r) + B(M + S Ti(r) = EWi(r) Sy =D f dr We(r) O oy V(1) 9"

Low
energies

High
energies

1500

1000

500

do/(dow dQ) (nb/MeV)

do / (do dQ) (nb/MeV)
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do/(dQ2dw) nb/MeV/sr

Quasielastic: RPWIA, Pauli blocked RPWIA and RMF
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0
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Quasielastic: RPWIA, Pauli blocked RPWIA and RMF

1000 220 MeV,36d
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do/(dQdw) nb/MeV/sr

do/(dQdw) nb/MeV/sr

Quasielastic: RPWIA, Pauli blocked RPWIA and RMF
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do/(dQdw) nb/MeV/sr

do/(dQ2dw) nb/MeV/sr

“C(e,e"

Quasielastic: RPWIA, Pauli blocked RPWIA and RMF
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RMF model provides a microscopic description of the ground state of finite nuclei
which is consistent with Quantum Mechanic, Special Relativity and symmetries of
strong interaction.

The starting point is a Lorentz covariant Lagrangian density ST G L0 I
. 1 o-o Walecka model
L — U (E,_T#a,u o M) U+ E (aﬂgagg - ngQ) o U(J) (Ann. Phys.83,491 (1974)).
1 L1 1 L1 1 ,
— U + Emﬁ,%w“ — 7RwR* + Emﬁp“p” = g Fw F*
o - — 1+ 73
— GoVYoWU — g, Vy,"V — g,Vy,Tp"V — g, 5 Wy, AW
where :
/ Main approximations: \
O = 0Fw” — 0"WH, 1) Mean-field approximation:
R = gMp” — & p" wp = {wp) o = (o) p, = (P
R = orAY — 9" A* . 2) Static limit:
U(o) = 3920° + 3g30* 0wy = 8o = 9% =0 Wy = Guowo, Py = Gu0Po
3) Spherical symmetry for finite nuclei:

wo = wo(r) Py =po(r) o =a(r) |
AN — e




Dirac equation for nucleons (eq. of motion for the barionic fields):
[—ic - V +V(r) + B(M + S(r)]¥;(r) = E¥;(r)

where the scalar (S) and vector (V) potential are given by:

S(r) = goo(r),

1 .

V(T) - wao(’r) -+ gp’?'3pg(?") —+ e _;TB AU(T‘) Currenl!:1 densities

= Zﬁi(r)@ r
Eqgs. of motion for the mesons and the photon:
Ul(r) o,

[ Vit m ] a(r) = —gops(r) — QEUZ(T) — 930'3(?“) , Z i(r)
[-V2+m2](r) = —gupa(r), ZM(T)TSWT)
[_vz + mp] p3(r) = —9pPp(T) , 1+T

2 40 Z‘I'T “W5(r)
_v A — BPC:

Solution of the couple equations for the fields in a self-consistent way.
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In general, the parameters are fit to reproduce some general properties of some

closed shell spherical nuclei and nuclear matter.

Parameters for the NLSH model (fitted to the mean charge radius, binding energy and

neutron radius of the **0, °Ca, *Zr, "'*Sr, **Sn and *®Pb.

6 free
Guw 9p g2 gs parameters

939.0 526.059 783.0 763.0 10.444 12.945 4.3830 -6.9099 -15.8337

[—ia -V +V(r) + (M + 5(r)|Wi(r) = E;Wi(r)

oy 9)E@)
= ineenan) )

LS 1 . T 5
o () = ) (Umegs|imy) Y™ ()

Ty s

1Py,




Channel AP CAP N P C N P Others

p—m +p|/3/2 /1/6 1 Channel | AP CAP NP CNP Others
n—x’+p|-V/13 Vi/3 \/_ —\/F p—m +p| /13 V13 1/2 /1/2 0
n—nat+n| /1/6 /3/2 —1 p—at+nl-/1/6 /1/6 1 1 -1
n—n +n|3/2 /1/6 n—n +p|/1/6 —/1/6 1 1 1
p—n’+n| /173 —x/I;’_B—\/_ \/_ \/_ non’+n| VI3 VI3 —J/I[2 —\/I]2 0

pom +p| VI/6 3/2 L "
_ Table: Isospin coefficients for the neutral
Table: Isospin coefficients for the CC reaction. current (EM and WNC) reactions.

I S P Mgr nN-br T58. fxNR
Ps313/2 3/2 + 1232 100% 120 2.18
D13|1/2 3/2 — 1515 60% 115 1.62
Pii|1/2 1/2 + 1430 65% 350 0.391
S |1/2 1/2 — 1535 45% 150 0.16

Table: quantum numbers and other
parameters of the nucleon resonances.
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Delta propagator:

—(Ka + Ma) 1 2 2
SA,aB = : aB — =Yavg — Kn.aKa g — — (vaKa, g — Ko, o
A, o8 KZ _ M2, + iMA T i Jap — 3VVB SV A aKa, g TN (vaKa,s A, ’YB))
2
with the energy dependent Delta Fo (W) = 1 (fova) 3(M + E
it W|d1h( ) 101 m?TW (qu,cm) ( + N,cm)

free in-medium free in-medium free
Mwidgth — Twidth = Paui — 23(Xa), Ma~ —> Ma = MpA™® + R(Za) .

+ [paui: SOMe nucleons from A-decay are Pauli blocked (the A-decay width
decreases).

+ The parametrization of (Xa) and R(Xa) is given in terms of the nuclear
density p:

—3(Za) = Coae(p/po)* + Caz (p/po)? + Caz(p/po)” .
R(Xa) = 40MeV (p/po)-

We modify the free AmN-decay constant (farn) t0 take into account the
E-dependent medium modification of the A width:

rfree

fE-anium(W) — A N\/rPauli +2Cqe (p/po)”
width 86



~3(Za) = Coe (p/p0)* + Caz (p/p0)” + Caz (p/po)’

Each contribution corresponds to a
different process:

@ QE — AN — wNN (still one pion in

the final state)
@ A2 — AN — NN (no pions in the
final state)

@ A3 = ANN — NNN (no pions in
the final state)

We modify the free Delta decay constant
to take into account the E-dependent
medium modification of the Delta-width

fﬂ”" N rfree

in-medium(W) —fa N\/rPauli + 2Cqe (P/Po)a
width

References: [*] E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987).
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I T T I T T I T T I T T I
.. Hyb wio OSMM .

—— Hyb w/ O5MM
= Hyb w/ OSMM + TNN

n
—

S

(1 ﬁ_ﬂu cmzf'deg ree/nucleon)
[ lad

do/d8

- - 1 L | ]
0 30 60 90 120 150 180
B_ (degrees)

FIG. 3: MINERVA v-induced 17" production sam-
ple E] compared with RPWIA predictions. Solid (dot-
ted) line is the result with (without) medium modi-
fication of the Delta width. The dash-dotted line is
the result with OSMM when the contribution from the
AN — wNN channel is added to the cross section.
The results were computed with the Hybrid model (see

Sec[IV B]).

PRD 97, 013004 (2018)
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J" = (Jap) + Jear) + ery) + {Jora) + Uxp) + {Joxp) + (pr) + (Jpp)

PHYSICAL REVIEW D 93, 014016 (2016)
Watson’s theorem and the NA(1232) axial transition

L. Alvarez-Ruso,' E. Hern::indez,2 J. Nieves,1 and M. J. Vicente Vacas’

We present a new determination of the NA axial form factors from neutrino induced pion production
data. For this purpose, the model of Hernandez et al. [Phys. Rev. D 76, 033005 (2007)] is improved by
partially restoring unitarity. This is accomplished by imposing Watson’s theorem on the dominant vector
and axial multipoles. As a consequence, a larger C4 (0), in good agreement with the prediction from the off-
diagonal Goldberger-Treiman relation, is now obtained.

C T T T T T T T T i 1] T T T T T T 60 T T T T T
16 g - _ i _ _ _ ]
14f T"’ ] sol |— Q'=035GeV’ i soL |[— @*=0.35Gev* _
i A L |- QY= 1.05 GeV? ] L |- Q7= 1.05 GeV?
— 12 2 2
10 :
4 3
B op
4__ W_,=1232 MeV ]
2 ]
l] 1 1 1 1
0 05 1 15 2 7.5




“Reggeizing” the ChPT background:

Orecniv = Ocnpr.yv Pr(t, s)(t — m;.)

H_/

/

high-energy model.: low-energy model (only
ReChi (from Reggeized the ChPT background)
ChPT background )

The pion propagator is replaced
by the Regge propagator of the

pion trajectory

OReChz A OChPT A P (t? S) (t - ’m?})
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Regge approach for the vector amplitudes.

We use the approach proposed by Kaskulov and Mosel [PRC81, 045202 (2010)] to extends
GLV to the case of pion electroproduction (Q* # 0).

The nucleon N' may be highly off its mass shell.

Q Therefore, instead of using the on shell form factor F¥(Q?).
We use a form factor that accounts for the off shell character of
the nucleon [Vrancx and Ryckebusch, PRC89, 025203 (2014) ].

N Flp(Q2) Nf »FP(QQ S) = {1+ Q2 -
| | ! o Arypp= (8)?

M2
Aypp+(8) = Aypp + (Ao — Aypp) (1 - _)

S

A = 2.194 GeV

In the (on shell) limit the Dirac form factor is recovered.
91
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Regge approach for the axial amplitudes.

We need meson exchange diagrams to apply the reggeization procedure of the current.

Effective rho-exchange diagrams. This allows us to consider the rho-exchange as the
main Regge trajectory in the axial current.

- 2
Q - - My 2y 1
Q ™ Of,. =il ——F
- - ET'- -

(i i)

2M
Q P e T .-
\"-\ i /’ N Q "‘F'Tr' We consider K = 0 so that the low-energy
— - - model amplitude is recovered.
N F N N N’

The propagator of the rho is replaced by the Regge trajectory of the rho family:

Polt,s) = —app, (1)1 — ap(t)](a,s)* 9™

NuFactl8 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid



Regge approach for the axial amplitudes.

We need meson exchange diagrams to apply the reggeization procedure of the current.

Effective rho-exchange diagrams. This allows us to consider the rho-exchange as the
main Regge trajectory in the axial current.

- 2
Q .7 - my, 5 1
Q T O~ 1L ———F
\-\—\“‘\\("’/ﬂ: . \\EP CTP mg — Ap'ﬂ‘(Q )\/gfw
- - EI;— -

' ' . K
N F,(t) N N % (’}’“+‘32ﬂ'€;,UWKt,u)
Q P e T .-
\"-\ i /’ N Q "‘F'Tr' We consider K = 0 so that the low-energy
— - - model amplitude is recovered.
N F N N N’

Q F ,f
g 2,
ML Sl
N N’ N N’

NuFactl8 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid
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4 oot ottt e
W >2GeV PP (VI
(| A p(V,l.L_it+)p _-" ~ NuWro V)
- _ / —
I A e -
=
Q
& . _
' NuWro (V)
= oo
eChi
© (fitted) )
o ReChi .
[ T R R

2060 80 100
E (GeV)

Figure: ReChi model and NuWro predictions are
compared with high energy cross section data for neutrino
and antineutrino reactions (Note the high energy cut W>2
GeV !l). Data from Allen et al. NPB264, 221 (1986).

NuFact18 - Virginia Tech, Aug 18

NuWro: Based on DIS formalism and
PYTHIA for hadronization.

Antineutrino cross section is ~2 the

neutrino one:
P T
~N— ~—=
v+ uud — pt + ud +uud,
v+uud — p~ + ud +uud.
——

o+
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4 L B |
W >2GeV - - Ti)
| a p(V,].L_it+)p ~ NuWro V)
e 3w s ;
=
O’\O
on [ | _
' NuWro (V)
% ‘} IO |
—
© + (fitted) i
o ReChi .

20060 80 100
E (GeV)

Figure: ReChi model and NuWro predictions are
compared with high energy cross section data for neutrino
and antineutrino reactions (Note the high energy cut W>2
GeV !l). Data from Allen et al. NPB264, 221 (1986).

ReChi model: One free parameter in
the boson-nucleon-nucleon vertex

RS-

GalQ* s(u)] = (HAAPR»- [s(u)]? )

MZ
Ao (5) = Mg + (A2 — Aagn) (1——)

S

A% = (7202 3%) Gev 1

NuWro: Based on DIS formalism and
PYTHIA for hadronization.

Antineutrino cross section is ~2 the

neutrino one:
p ™
~ = ~ =
U4 uud = pt + ud +uud,
v+uud — - + ud +uud.
——

ot
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1) Regularizing the behavior of resonances
(u- and s-channel contributions): we multiply the
resonance amplitude by a dipole-Gaussian form
factor

F(s,u) = F(s)+ F(u) — F(s)F(u)

g
=

S
=

s
=

do/(dQ de ) (nb/GeV)
= = [
= LN —_— n (] wn
= T T

F(s) = exp ((8 xf%)g) ( A

2) Gradually replacing the ChPT background by
the High-energy (ReChi) model: we use a

phenomenological transition function

o

O = cos® ¢(W)Ocnpr + sin? ¢(W)Ogrechi

7 1
d)(W)—g(l 1—|—exp[uﬂ-]) ,

L

S—M}%)Q +/\}1{

=

L B B |
- 1GeV, 4deg

e
B Y

Wo = 1.7 GeV 3
L = 100 MeV

= -

‘\
(c)
Lo | -

T | T T T T | T T T T
10GeV, 4deg

I‘-I"I'-I_I_J_I S

0

W (GeV)

4




200000 T T T 800 T T T T T
4.499GeV, 4.00deg 1 2.238GeV, 21.95deg 80L 404GV, 18 02deg 1 1
150000F | — Hybrid Houa [ W /
—— LEM(wff) /" ] 60 ' 1 7
100000 o Igmm’ S Janok w _,’ /,’ ]
a7 LS A o] The pathologies come from the
E 0 1. el mrirsrate R 1 0 |
Q: 4.412(52V.5F].‘95deg‘ ‘ r; 1 2.238GeVi79}g(5deg; "u' L 104Gev, 1 ‘eg I b
% 0.6F ! 3 L []‘ o] r T /]
N T O I S T N ﬂme“ /] resonances and background terms
4 t ;o il [ i ’ -
02f ,:"‘; S ,’! 1 4 i 04f )
N @ & (&) A
L S R R 0 I N
W (GeV) W (GeV) W (GeV)
Electron scattering
100000 gy 50000 ey 6000 e
= F ] F 4.5GeV, 4de F 10GeV, 4d
T e 2 80000 1GeV, deg 4 40000F _Cm_i: 7 0008 e
600001 1GeV, 4deg | 40000+ P 4.5GeV, 4deg “_g 1 300005 — grgﬂri-'?"t E 4(](]0E
I 1 i 1 = ] : T Rechien w1 3000F
P 1 30000 ] ~ 1 20000 g - e :
2 , 1 20000 . a”; 1 10000F 1 1000}
< 20000f : ! - SEEn Sl - :
< - o [ =" =3 )] Y S B i =2 == (kb P o
:‘_%, i \..__D_13___j 10000: _____ g S 1 12 14 16 1 15 2 25 3
et i ] i ] . .
& 0 0 o WNC neutrino scattering
dv 65|H‘II‘| Il‘l'lf 0002_—HH| R E % 0025 —————7——71 08— 71— 25— 11
S 5[ 1GeV, 170deg 5300028 b4 5GeV, 170des 9 E 1GeV, 4deg ; g 45GeV, 4deg ] FY10GeV 4deg ]
= E [ r [ - =] 0.02F — ChPT- .65 1 -
© 4F 4 0.0015F 'fl = s b — ChPT-pn " i 1
= 3 ] [ S o015k \ == ReChi-nn’ ] 3
E 3 /1 = i ReCh: ] ]
3t 3 0.001F [ - E \ . R:Ch:(-ti]:}- ar’ P4 7 ]
2F 3 P / . '3} 0.011 Y\ Lo ReChitiesy) -pn | F 1 .
E 1 L i \ L ] ]
g 7 0.0005 a2 N 0.2 ] E
ot . 0L e el = 1] P R Rt 3] 2 P PP of O I ol e 1N
o e I 12 14 16 Pl 2253 5 3y
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Cross channels: I

A(t ) =y (20 +1) Al(t) Pe(2))

14
| §300, (5o}t zZt=c0s0t =1+ 2s
Peo(z:) —— (28) t = t — t_ Am2
Direct channels: >—<
2t

A(s,t) = Y (20 + 1) Au(S) Pe(2s) | Zs =C0sbs =1+ —
14

s —4 m2 £ Behavior at threshold (barrier factor).
A Feynman diagrams provide the right
\S) ~ 5

behavior at threshold but not at high s
NuFactl8 - Virginia Tech, Aug 18 RGJ - Complutense University of Madrid
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2s

Z = =1+ ———-
t = COS 0} +t—4m2

L.=0 + L=1 + ...
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o
-------
L
oy
oy

- M ©aw ",
M (s, t) = — _.ﬂg d)\(n + 1) M (t) Px (—cos 64) 4 ] \OLU
G

|
sin (7TA) ety
'l'

-
-
------

Megge (s,8) =C ¥ (i)‘“{” BE(t)

L Moo sin (e (t))
1+ i:E_{m’"-':r'{'f-} 1
2 Ml (t)+1)

100
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Based on unitarity, causality and crossing symmetry, Regge Theory

predicts the following high energy (s — © ) behavior for the invariant
amplitude:

A(s,t) ~ p(t) s“V

o/(t): Families or Regge trajectories

Regge theory does not predict the st
t-dependence of the amplitude. ‘o

For that, one needs a model.

, P Kaskulov and Mosel,
of i PRC (2010) i

3 4 f"a I 6
t [GeV?]
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