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(Relativistic) Mean field models

- Non relativistic mean-field : Hartree-Fock
- The mean field idea : energy-density functional
— beyond the mean-field : HF-CRPA

- Scattering in a relativistic mean field & approximations
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Self-consistent mean-field

Ex (1,1/2, ], 61, 01)

X
neutrons \I‘LLL protons
L — r
\\\ bLLg / / -_
. . ‘ _._ p f.l"‘l
pl/2 \ —e-eo— - [ 1m)2

1p3/2 00 &
—0—0—/" 1s1/2

1s1/2 \—o—o—

RMF

* Non-linear extended sigma-omega

model Extension of the original

o-o Walecka model
(Ann. Phys.83,491 (1974)).

Mean field nucleus

Mean field potential
Single-particle wavefunctions
Binding energies

Orthogonal states (- Pauli-blocking)

HF-SKE2

Hartree-Fock with extended Skyrme

force
M. Waroquier et al. | Effective Skyrme-type interaction (I)
Nuclear Physics A404 (1983) 269-297
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Self-consistent mean-field

(1,1/2, 3,01, 01)

X
neutrons \I‘LLL protons

L _

9 —eT— [/ 1pl/2
1pl/2 \ —e-eo— pl/
1p3/2 | -e-e-ee oo 1p3/2
151/2 \ —.—0—/'* 1s1/2

Mean field nucleus

Mean field potential

Single-particle wavefunctions

Binding energies

Orthogonal states (- Pauli-blocking)

Effective interactions constrained by properties of nuclei and nuclear matter

SKE2
SkE4
SkIIT
exp

SkE2

SkIII
exp

f4 K (E/A)nm kP m*/m a,
BA n .~ (MeV - fm®)  (MeV) (MeV) (fm 1) (MeV)
}ho
26 260 268 GKED ~15808.79 200 ~16.0 1.33 0.72 29.7
03 264 261 21  SKE4 ~12258.97 250 -16.0 1.31 0.75 30.0
o o “H kI 0.0 356 ~15.87 1.29 0.76 28.2
-8.67 4.17 424 421
-8.71 422 4,29 4.26
—8.69 4.26 4.31 430
~-8.71 4.27%)
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Self-consistent mean-field: Skyrme Hartree-Fock

Particle states solutions of Shrodinger equation with potentials

V] Ve (0| LU - W) - (9 X )b (1) = £, (1)

2m; (r)
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Self-consistent mean-field: Skyrme Hartree-Fock

Particle states solutions of shrodinger equation with potentials

V] Ve (0| LU - W) - (9 X )b (1) = £, (1)

2m; (r)

The potentials depend on the densities:

U, (r) = to[(1+3x0)pror = (3 +X0)pq ]+ (1 + 12) Teor + (02 — 11)7g
+5(t2 =311V pror + 16311 + 12)Vpg +it3(p o —p3)
— WOV Jiot+V - J) + 8V (P) +3at4[20 10T 10t — 20474
+ %ﬂq Vzpq - %Pmtvzptot + %(qu)z - %(vptut)z + %J ﬁ- ] s

Which depend on the particle states:

p,r)=Y p& o (P, (r)

AqYq
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Self-consistent mean-field: Skyrme Hartree-Fock

Particle states solutions of shrodinger equation with potentials

V] Ve (0| LU - W) - (9 X )b (1) = £, (1)

2m; (r)

The potentials depend on the densities:

U, (r) = tol (1 +3x0)pror — G+ X0)pq )+ i(t1 + 12)Teoc + (12 — 11)7g
+5(t2=3)Vpror 1631+ 12)Vpg +it3(p e —p3)
—%WB (V TtV - J,)+84 VC(") +;‘?%4_r4[zptﬂt7tat —2p47q
+304V°Pa = 3010tV Prot+3(Vpa) = 3(Voror) +37 71,

Which depend on the particle states:

pa(r)= % p,ff,? Z.kq (r)d,,(r), » lterate until convergence

AqYq
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Self-consistent mean-field: Skyrme Hartree-Fock

U,(r)=to[(1+ %xﬂ)ptut - (%'f'xo)ﬂq] +i(f1 + 1) Teor + (22 ~11)7q
+5(t2— 3tV pror + 16311+ 12)Vpy +it3(p 1 —p3)
—3Wo(V  Jeot Y - T ) + 84,V E (1) +3414[ 20101710t — 20474
+304V7P4 — 3P0tV Pror +3(Vpa)” —3(Vor) +37 3],
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Scattering in non-relativistic mean-field

The relativistic formulation in terms of Dirac spinors

b = (@) - 22 (e — @y

Needs to undergoe non-relativistic reduction to act on non-rel single-particle states

In coordinate space

For example: Fy

— .
EFA’V“’yg'u — Joz—c_f'-(V—V), Jy = Fp0

By writing  u(p) = { G

See e.g. [J. D. Walecka, Theoretical Nuclear And Subnuclear Physics]
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Beyond the mean field: CRPA calculations in coordinate space

H(RPA)(:Cl,CCQ;W) — 170 (1, T2;w)

+ %fd:c /d:{:’ T (1, z;w) Ve, o) TEPA (2 295 w)

Mean field interaction

For self-consistent calculation: use the same interaction as used for the mean-field

35 Fermilab
10 For all the details: [J. Ryckebusch et al. Nuc. Phys. A, 476]



Beyond the mean field: example for electron scattering of *°Fe

40 . . . 500 ; T
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[Nikolakopoulos et al. Phys. Rev. C 103, 064603 (2021)]

11

—— CRPA
—— HF

RPA takes into account
Collective excitations
Of the whole nucleus
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Beyond the mean field: CRPA calculations in coordinate space
H(RPA)(ZUhCUz;W) = H(U)(.Cl?l,.’lig;w)

1 -
+ - fd.cc /d:{:’ IO (@1, z;w) Ve, o) HEPA (2! 29 w)

Applications to neutrino-nucleus interactions by the Ghent group:

vCC on **0O and *2C at low energy N. Jachowicz et al. [Phys.Rev.C 65 (2002) 025501]

T2K and MiniBooNE V. Pandey et al. [Phys. Rev. C 94, 054609 (2016)]

Low-E neutrino 4°Ar scattering N. Van Dessel et al. [Phys. Rev. C 100, 055503]

Electron and muon neutrino interactions A.N. et al. [Phys. Rev. Lett. 123 (2019) 5, 052501]

Many more ...

— Implementation in GENIE S. Dolan et al. [ Phys.Rev.D 106 (2022) 7, 073001]

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation

Thpwia = /dre‘iq"'@(r, E’?SN)F“Tﬁ:l“" (r)

* The wave functions are static solutions of the Dirac equation with
potentials:

@-p+ B (my+S(r) = (E-V(r)]y =0,

* We can use ' without making use of non-relativistic reduction

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation

Thpwia = /dreiq"@(r, E’aSN)F“%Tj (r)

* The wave functions are static solutions of the Dirac equation with
potentials:

a-p+pB(my+5(r) —(E-V(r))]¢=0,
* We can use ' without making use of non-relativistic reduction
* Choices of potential for the wavefunctions:

- RMF approach : initial and final-state in same potential
- Optical potential for final state

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation

* The wave functions are static solutions of the Dirac equation with
potentials:

&-p+B(my+5(r) —(E-V(r)]y =0,

ENE 120500 The good quantum numbers are:
| - Angular momentum

- Energy

- Not momentum

X

neutrons j'LLL protons

— ‘\Lﬂ —
\\‘ ‘T,LL / ,. Va
PR —e—  / 1pl/2
pl/2 \ —e-eo— - s

1p3/2 1\ eeee
1s1/2 ""\—.4—

—.—.—//’f 151/2
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Relativistic Distorted Wave Impulse Approximation

* The wave functions are static solutions of the Dirac equation with
potentials:

&-p+B(my+5(r) —(E-V(r)]y =0,

E
E 0, 1/2.5.50.00) The good quantum numbers are:
N L/2,9,01,00
- Angular momentum
. - Energy
neutrons protons - NOt momentum
- WILLL — )
1p1/2 \ — oo — ﬁu/— [ 1p1/2
1p3/2 oo oo OO 1p3/2
1s1/2 ""\—o—o— —ee— /  1s1)2

At larger:

G, B, p) — u(p)ePPT p? = B2 - M2,

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation

N, The good quantum numbers:
TrpWiA = / dre™* 3T (r, K, s3)T*0 (x) - - Angular momentum
¢ - Not momentum

T owia = / dpB(p + q, K, sn)[™™s (p)

Get a ‘'smearing’ in momentum-space

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation

N, The good quantum numbers:
TrpWiA = / dre™* 3T (r, K, s3)T*0 (x) - - Angular momentum
¢ - Not momentum

T owia = / dpB(p + q, K, sn)[™™s (p)

Get a ‘'smearing’ in momentum-space

Compare to RPWIA expression :

18

Trpwia = (2m)*2u(p)TH™ (p — q)

—_—

Bound-wavefunction evaluated at fixed missing momentum
— Allows for ‘factorized’ expression with momentum distribution

2= Fermilab



Relativistic Distorted Wave Impulse Approximation

PWIA
Allows for factorized expression with momentum distribution
(see also Artur’s talk)

10™ do PWIA
: ' ' - KD.EN(Q?&'};pﬂ g! ¢N)S(P~ 5),,
FSI, RMF [‘ff dQQdpndQy ]:e‘efm
— 10°F
£
= d
= (p) = dist( ) = [dQ’d;dQN ]FSI
10° | PAP) =1 AP) = KoeN
1 -7 o P B N \
0 0 1 2 3 4

-1
p [fm]
[A. N. Antonov et al. PRC83, 045504]

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation: RMF

* The wave functions are static solutions of the Dirac equation with
potentials:

&-p+B(my+5(r) —(E-V(r)]y =0,

E
E_.'\,-' (f ]_IQ_,? 51,0’;)
From consistent initial-final states:
X
neutrons jlﬁ protons * Current conservation
< 15 / -

b2\ _ee —rﬁq%/— /[ 1p1/2 * Pauli-blocking

1p3/2 oo oo OO 1p3/2

151/2 \ —oe— 1s1/2

2= Fermilab
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Dirac current is conserved

For free nucleons, the Dirac current is conserved:

Quu(p’) Yu(p) =u(’) [p — p| ulp) = (Mn — My)u(p’)u(p)

For nuclear matrix elements:

Q-J= / dre "9 (Ef — E)Y(r)y ¢ (r) — iVi(¥(r)y' ¢ (r))

2= Fermilab
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Dirac current is conserved

For free nucleons, the Dirac current is conserved:

Quu(p’) Yu(p) =u(’) [p — p| ulp) = (Mn — My)u(p’)u(p)

For nuclear matrix elements:

Q-J= /dre_iq'r(Ef — B (r)y i (r) = iVi(i(r)y' ¢ (r) =0

If both states are solutions with energy E,, E.of the same Dirac equation:

iV + My +S(r)+4°(V(r) — E)] (r) =0

2= Fermilab
22



Dirac current is conserved: low energy scattering with vector current

Q-J=wI’—|q1T° =0

Roy =R{[7%]" 7°} Roy =R{[7%]" 7°}
U«B T [ I T ﬁ r I T /l I
| i v, w/o CVC — |
051 ; v v wfoCVC —
0.4 140 T, w/CVC -]
03 | [ ap e ove s
0.2 1 41~ :RPWIA
RMF * S
U.l B D .-:‘______,_.--"-_‘—"'—_ == == oo
0 1 I L =t = —1 . ) ! | !
20 40 60 80 100 120 9p 40 60 R0 100 120
w (MeV) w (MeV)
0 _ % 3
JW= Fi J P> putting in CVC ‘by hand’

2= Fermilab
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Orthogonality of states : Pauli-blocking

Different energy solution of Dirac equation are orthogonal
— This leads to a proper implementation of Pauli-blocking

24
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Orthogonality of states : Pauli-blocking

R. Gonzalez-Jimenez et al. [Phys. Rev. C 100, 045501 (2019)]

Electron-scattering at low-energies

1000

800 |

600 |

400 ¢

200 r

0

’l £:=240 MeV, 6,=36 deg

0

* RPWIA : final-state are Dirac plane-waves

002 004 006 008 01 0.12 0.14
o (GeV)

500

400 +

300 ¢

200 ¢

100 |

£=320 MeV, 0,=36 deg

RPWIA -« ------- ]

,~*«_ PB-RPWIA — - — -
RPWIA(py>230) - - - — -

* RMF : same potential for initial and final states
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Orthogonality of states : Pauli-blocking
R. Gonzalez-Jimenez et al. [Phys. Rev. C 100, 045501 (2019)]

Electron-scattering at low-energies

1000

800 |

600 |

400 ¢

200 r

0

,l £,=240 MeV, 0,=36 deg
AN (b)
s
0 002 004 006 008 01 012 0.14

o (GeV)

500

400 +

300 ¢

200 ¢

100 |

£=320 MeV, 0,=36 deg

RPWIA -« ------- ]

,~*«_ PB-RPWIA — - — -
RPWIA(py>230) - - - — -

RPWIA : final-state are Dirac plane-waves
RMF : same potential for initial and final states
RPWIA(p, > 230): ‘Fermi gas-type’ Pauli-blocking

K,1Mj

PB-RPWIA: [V (pn)) = 452 (pv)) — D [CIY (p)]T[4)

2= Fermilab




Orthogonality of states : Pauli-blocking

[R. Gonzalez-Jimenez, A. Nikolakopoulos, N. Jachowicz, J.M. Udias PRC 100, 045501 (2019)]

MiniBooNE flux-folded: QE+MEC

/E\ 30 ' | . '/x
S MEC B
S 25- -—-RPWIA /
g RPWIA(p,>230) I
"g 200 I PB-RPWIA ,
o\ - — ED-RMF
'E 15_
A

<. 10r
S S
"8 0_ S P R LR S M R BN i

0 0.2 04 0.6 0.8 |

cosell
Pauli-blocking leads to a suppression at small angles

- For neutrino-data all approaches give similar results

2= Fermilab
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do/(dQdw) nb/MeV/sr

do/(dQdw) nb/MeV/sr

RDWIA for electron scattering at intermediate energies
[R. Gonzalez-Jimenez, A. Nikolakopoulos, N. Jachowicz, J.M. Udias PRC 100, 045501 (2019)]

14 |
12 |
10 |
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do/(dQdw) nb/MeV/sr

RDWIA for electron scattering at intermediate energies

do/(dQdw) nb/MeV/sr

SHEEEN .\ RPWIA
12 Py ] }
") 30 | W 1
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"‘If'/ \ \ 20 !"l A“; \
o \“- 3 S \"\\\ i
r ‘.r ‘\- #! - ‘ T - :/ k !I ~
4 'l/ \\.. |ly|||!i!!!! ~ /// =% 10 :' \‘.\-‘ . H!II!HHL e ]
2r j \'\ = /:/'// (@) 1 5t ." \ E- "'{/'/: \\ng (0) ]
0 “ '.' | _‘V"___-I‘<“ ».\ ’/_7 L -_“‘~- 0 _l V_,--'—‘. . b 7'4':;--.—_ -.. :L """"""""
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25 e
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10%%cm?

d’c

Mean field implementations in

event generators

dp dcos8, nucleon GeV/c
u n

—_—

-1 -:DOBBH-:D

0< l::|::;sBll <0.6

vy CCOr Carbon
—— HF-CRPA
-=-- HF

— SuSAv2

— LFG-RPA

---- LFG (no RPA)

. 0.6 <cosd, <0.75

0.75 < cosb, < 0.86

0.86 < cosf, < 0.93

o
- F

&

- 0.93-:1::066“1:1

2 3

Muon momentum (GeV/c)

Implementation of the CRPA model in the GENIE event generator and analysis of
nuclear effects in low-energy transfer neutrino-nucleus interactions

S. Dolan,! A. Nikolakopoulos.? O. Page,* S. Gardiner,® N. Jachowicz.? and V. Pandey®

YCERN, European Organization for Nuclear Research, Geneva, Switzerland
2 Department of Physics and Astronomy, Ghent University, Proeftuinstraat 86, B-9000 Gent, Belgium!
#School of Physics, University of Bristol, Bristol BSS 1TL, United Kingdom
* Fermi National Accelerator Laboratory, Batavia, IL 60502, USA
5 Department of Physics, University of Florida, Gainesville, FL 32611, 7SAY

(Dated: November 2, 2021)

Implementation of the SuSAv2-MEC 1plh and 2p2h models in GENIE and analysis of

nuclear effects in T2K measurements

S. Dolan,"%3 G.D. Megias,"*** and S. Bolognesi?

LIN2P3-CNRS, Laboratoire Leprince-Ringuet, Palaisean 91120, France
2DPhP, IRFU, CEA Saclay, 91191 Gif-sur-Yuvette, France

*CERN, Buropean Organization for Nuelear Research, Geneva, Switzerland

*University of Tokyo, Institute for Cosmic Ray Research,
Research Center for Cosmic Neutrinos, Kashiwa, Japan
(Dated: February 21, 2020)

30
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The idealized version of the event generator:

Neutrino interactions in event generators

Neutrino-nucleon
scattering

Initial nuclear
state

Extra nuclear
effects

[Fig. From K. Niewczas]

Final state
interactions

31
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Neutrino interactions based on inclusive CS in GENIE

Input to the generator is inclusive cross section:

do(E,) ) kl /
Y On, E
dEld COS 91 G d N Z W, q,3LN, n,ﬁ)

Lost nucleon information - Need to generate it in GENIE

1. Draw initial nucleon p_ from p? n(p) (e.g. LFG)

0.5

" LFG GENIE ——
045 1 HFlglgg —
I12. Compute E *=p 2+ M ? o4l
0.35
3.E,=E_+w-E/(q) 2 0
/:: 025 L
4. k2=E2 M/ L o0e)
0.15
0.05
— kN — (pm —|— q) 0 50 100 150 200 250 300 350 400
|pm —I— q| p (MeV)
5. Give residual momentum to remnant
2= Fermilab

32



Neutrino interactions based on inclusive CS in GENIE

Input to the generator is inclusive cross section:

do(E,) ) kl /
Y On, B
dEld COS 95 G d N Z Ww,q,3LN, n,ﬁ:)

Lost nucleon information - Need to generate it in GENIE

8 , . . .
full ——
Tr Approx _
full w INC -----
6 approx w INC ----- 1 =
= =
E 4 iy
<3 1 3%
= i
: 1 =
l ] =
0 Mkt
0 0.1 0.2 0.3 0.4 0.5
Rj' (GFV} ,

2= Fermilab
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Relativistic Distorted Wave Impulse Approximation

Thpwia = /dreiq"@(r, E’aSN)F“%Tj (r)

* The wave functions are static solutions of the Dirac equation with
potentials:

a-p+pB(my+5(r) —(E-V(r))]¢=0,
* We can use ' without making use of non-relativistic reduction
* RMF approach - initial and final-state in same (real) potential

* We can use different description for final-state wavefunction
— For exclusive interactions : Optical potential approach

2= Fermilab



Exclusive cross sections in the RDWIA

Exclusive scattering:

fn N S, |
u |‘ B0 < pL, < 160 MeV/c
200 -
o |
] :’_‘ | | ‘|
* -2 150 r i
T t L/2
Psz(EN’ 'kN) :9; . :
ol \
é L
— 100 . :
Pr=(M,,60) 3 |l ;
a A7 « | i
Psz(E , pm= q - kN% | |
. = Q- by - | @
50 -l | ]
know/measured o | |’
i i |
- - - |r -i ! ??g: !l aje 32 |
Kinematics of residual system known %f\ T

12 14 16 i8 20 22 24 26
EL [MeV]

[M. Leuschner et al. PRC49, 955 (1994)]

2= Fermilab
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Exclusive cross sections in the RDWIA

Exclusive electron scattering:
In the ‘mean-field’ region

!‘ 190({e,ep)'N J
E l 80 < p, < 160 MeV/c
200 -
Ey (1,1/2,5,61, 1) }
37
X o 3/2- —
neutrons \l’l.LL protons :: 150 - '
_ 1,1 ) . -éi. 172 |
\\\ bLLIV/ / = |
/ s - |
p1)2 \ —ee—| O / 1pl/2 e |
o' 9000 1p3/2 = r
p3/2 | eeee /P Z oo i } e
) 5 —
1s1/2 \—.—.— ) // Ls1/ :‘E F | '| N
o i;’ :.' | ¢
. M |L 5
e€p,H ¢ o | |
f '| , 1
1

(W] = (6| ("N e

En [MeV]

. M. Leuschner et al. PRC49, 955 (1994
Direct 1-proton knockout from a nuclear shell [ (1994

2= Fermilab
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Exclusive cross sections in the RDWIA: optical potential

Energy transfer

(Hog — E)|po) = —Vojleg) (7 >0) @
(Hij — E)|¢j) = =Vjoleo) (1,5 >0) e

' |

1

HITee L yirA LV Vio— E| |¢0) e
] i 0

i E — HZJ + 11 |

Coupled channels problem - Effective one-body problem as a formal solution

2= Fermilab
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Exclusive cross sections in the RDWIA: optical potential

Energy transfer

Elastic scattering

1 ]
HfmeJFVo%AJrVOJE —Vio— E| |¢p) ®

Coupled channels problem - Effective one-body problem with optical potential

2= Fermilab
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The (empirical) relativistic optical potential
PHYSICAL REVIEW C VOLUME 47, NUMBER 1 JANUARY 1993

Global Dirac phenomenology for proton-nucleus elastic scattering

E. D. Cooper, 5. Hama, and B. C. Clark
Department of Physics, The Ohio State University, Columbus, Ohio 43210

R. L. Mercer
IBM Thomas J. Watson Research Center, Yorktown Heighis, New York 10598
(Received 31 August 1992)

108 P
@ z(mb)} o~ 104
EDAD-fit “:‘- 108
Target T, (MeV) EDAL-fit fit 1 fit 2 fit 3 Reference B 10?2
2c 29.00 420.2 435.5 433.1 4227 [6) g 10!
30.30 4159 4290 4256 4142 (7] T 100
49.00 358.8 363.0 348.4 277 6] ©
49.48 357.4 3618 347.0 326.1 (8] 10-1
61.40 3233 1356 317.0 294.8 (9] _2
65.00 313.5 329.0 309.7 2874 [10] 0=
122.00 202.2 269.0 2544 230.5 [11}
160.00 177.8 2523 246.4 215.2 [11}
200.00 177.6 2430 2439 205.0 [11-13]
300.00 201.1 233.0 235.4 194.9 [14]
398.00 215.8 2274 218.6 199.1 [15]
494.00 2272 237 2030 211.6 (16]
797.50 238.4 235.3 209.9 250.0 [17,18]
1040.00 198.6 2594 2438 2322 [19,20] -
<
Fit to elastic proton-nucleus scattering data
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Exclusive electron scattering with Optical potential: ‘standard approach’

ngWIA — /dre_iq'ra(ra Efa SN)FM/I/);LRJ (I‘)

[Meucci et al. PRC64, 014604]

0,4 GV

Solution of Dirac equation with optical potential

Ps/2

PR SRNS S IN S  T [N S SO S S [N S TSN S NN S ST SN BTSN SO S
=300 -200 -100 0 100 200 300

Pm [MeV/cl

FIG. 11. The reduced cross section (o4 of the l60(.9,5.",0)
reaction as a function of the recoil momentum p,, for the transitions
to the 1/2~ ground state and to the 3/2~ excited state of "N, in
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Exclusive electron scattering with Optical potential: ‘standard approach’

ngWIA — /dre_iq-ra(ra Efa SN)FM/d);:nj (I')

[Meucci et al. PRC64, 014604]

0,4 GV

Solution of Dirac equation with optical potential

[SEYZ)
. . 10—1-I T R T ST R S SR R PR I T T IR S T
In neutrino experiments we want to VR
Describe explicitly . oy . s
|ne|astic final-state interactions FIG. 11. The reduced cross section (o4) of the “O(e,e'p)

reaction as a function of the recoil momentum p,, for the transitions
to the 1/2~ ground state and to the 3/2~ excited state of N, in
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Where do the protons go ?: explicit modeling of ‘rescattering’

Neutrino event generators use intra-nuclear cascade models (INCs)

Hadrons move in the nucleus on classical
trajectories Charge Exchange o

Elastic
_ _ _ _ Scattering
* Density and in-medium cross section

determine mean-free-path v

* Interaction produces secondary hadrons
that are propagated through

» Stochastically determines final-state
content

Pion Production

Fig: T. Golan
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Where do the protons go ?: explicit modeling of ‘rescattering’

Neutrino event generators use intra-nuclear cascade models (INCs)

e Hadrons move in the nucleus on classical

trajectori es Charge Exchange o
., e Elastic

Scattering

* Density and in-medium cross section
determine mean-free-path v

* Interaction produces secondary hadrons
that are propagated through

» Stochastically determines final-state
content

Pion Production

Optical potential can not do this!
Fig: T. Golan

But can be compared to part of the signal

2= Fermilab
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Use the RDWIA to benchmark the cascade model

~ 1. Input to the cascade: 12 S
lg - rROP .
Events from unfactorized 6 | EDHRIAE ]
five-fold differential nucleon knockout o[ Mj |
Cross section L —— — ‘
. . 10 20 30 40 50 60
=RDWIA results in mean-field | -
% i rROP
- EDRMF -
2. Kinematic cuts on results - [\\ 8o ]
. . 10 20 30 40 o0 60
Select events with E_ in shell-model | -
. : ROP
Is an exclusive cross section '
i d e
10 20 30 40 50 60

Cascade can be compared | B T, (MV)
To optical potential calculations

2= Fermilab
44



Use the RDWIA to benchmark the cascade model

Direct comparison for T2K flux

do/dT, (1072 cm?/(MeV neutron))

40
35
30

25 |

20
15
10

ROP

rROP+NEUT
RPWIA+NEUT

rROP

T

RPWIA — —

100

200 300
T, (MeV)

400

45

200
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Take-aways:

46

Make use of effective interactions fitted to nucleil at mean-field level

If we restrict to mean field we get consistent description
- Orthogonality - Pauli-exclusion

- Final-state interactions

- Current conservation

In reality: Beyond mean-field contributions are important
The mean-field can be used as a basis for these contributions

- CRPA results for long-range correlations

- Short range correlations:

* LCA [V. Cuyck, PhysRevC.94.024611]

» Effective shells [R. Gonzalez-Jimenez, Phys. Rev. C 105, 025502]

3£ Fermilab
LCA: [J. Ryckebusch et al. Phys. Lett. B, 792, (2019)]



Questions ? Answers ?

2= Fermilab
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