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Outline

 Lepton - nucleus interactions : GFMC

 Lepton - nucleus interactions : Factorization Scheme

» Lepton - nucleus interactions : BSM scenarios

- Bayesian Artificial Neural network
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Ab Initio Methods

Ab-initio methods (CC, IMSRG, SCGF,
N QMC, etc) provide accurate predictions
d for ground state properties of nuclei +
o response functions in the low/moderate
energy region

Meson Exchange

-y
...
-

Energy transfer w
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Many-Body method: GFMC

QMC technigues projects out the exact lowest-energy state: ¢ (F1—F0)T W) — W)

Nuclear response function involves evaluating a number of transition amplitudes.
Valuable information can be obtained from the integral transform of the response function

Bosl0,q) = / oK (0,6) Rap(w, @) = (ol JLQ) K (o, H — Eo)J(a)lto)

A. Lovato et al, PRL117 (2016), 082501,
PRC97 (2018), 022502

Inverting the Laplace transform is a complicated problem

—electron-4He scattering

1.8 T T ' T T T —e—1 €XP

16 L E,=1108 MeV| b

—— 12b Inclusive results which are virtually correct in the QE
L4r 7 —— 12b ANB
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] Different Hamiltonians can be used in the time-
p;% evolution operator

Relies on non-relativistic treatment of the kinematics

Can not handle explicit pion degrees of freedom
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Axial form factor determination

00]
o

+ Alternative derivation based on z-expansion

—model independent parametrization —— N,=4 z expansion
------ Dipole fit

e FNAL 1983 data

o)}
o

kmax

a2 2\ _ 2\ k
A(q ) ;ﬁkz(q k‘“ known functions

free parameters

N
o

Bhattacharya, Hill, and Paz PRD 84 (2011) 073006
A.S.Meyer et al, Phys.Rev.D 93 (2016) 11, 113015

dN/dQ? [events/0.10 GeV?]
N
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ol B Dol 1, 10 GV D2 Mey_/er et al: fits to neutrino-deuteron
— | scattering data
S o8t
S LQCD result: general agreement between
O the different calculations
0.4 F
09| LQCD results are 2-3c larger than D2
ool | | | | | Meyer ones for Q2 > 0.3 GeV?
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Q? (GeV?) .
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Study of model dependence in neutrino predictions

Bl GFMC Dipole (M4 =1 GeV)

B GFMC z expansion (D2)

B GFMC z expansion (LQCD)
¢ MB

MiniBooNE results; study of the dependence on the axial form factor:

D.Simons, N. Steinberg, NR, et al arXiv:2210.02455
0.2 < cos(#) < 0.3 0.5 < cos(#) < 0.6 0.8 < cos(#) < 0.9

—_
-

=
Ut

do /dT,d cos 6, [10~cm?/MeV]

00 . . . ) N
0 500 0 1000
T, (MeV) T, (MeV)
D.Simons, N. Steinberg et al, 2210.02455
MiniBooNE 0.2 < cosf, <0.3 0.5 < cosf, <0.6 0.8 < cosf, <0.9
GFMC Difference in dopeax (%) 18.6 17.1 12.2
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Study of model dependence in neutrino predictions

T2K results; study of the dependence on the axial form factor:

D.Simons, N. Steinberg, NR, et al arXiv:2210.02455

do /dp,dcost,, [1073%cm? /MeV]

o ot N
Ut

=

Ot

-

-

0.0 < cos(f) < 0.6

500
pu (MeV)

10

0.8 < cos(f) < 0.85

Bl GFMC Dipole (M4 =1 GeV)

B GFMC z expansion (D2)

B GFMC z expansion (LQCD)
¢ T2K

0.94 < cos(f) < 0.98

1000 2000
pu (MeV)

D.Simons, N. Steinberg et al, 2210.02455

T2K 0.0 < cosf, < 0.6 0.80 < cosf, < 0.85 0.94 < cos @, < 0.98
GFMC difference in dopeax (%) 15.8 4.6
€ =
= Fermilab
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Cross sections: Green’s Function Monte Carlo

MiniBooNE results including relativistic corrections

do/dT,/dcos@ (1072 cm? /MeV)

do/dT,/dcos@ (10~*? cm? /MeV)

14

25

0.2 < cosf <0.3

| 12b nr
12b ANB ————

e w | l

500 1000 1500
T, (MeV)

0.7 < cosf < 0.8

500 1000
T, (MeV)

1500
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do/dT,/dcos® (10742 cm? /MeV)
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= | |
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500 1000
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do/dT,/dcos® (10742 cm? /MeV)
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0.5 < cosf < 0.6

A.Nikolakopoulos, A.Lovato, NR, PRC 109 (2024) 1, 014623
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Relevant Inputs from AFDMC

p(r)ifm ~3]

The AFDMC method uses a spin-isospin basis given by the outer product of single-nucleon spinors

1S) = [s1) ®s2) - @ |sa) €> [s)=spt[p 1)+ spp L)+ surIn 1) +snLin )

This allows us to use QMC techniques to describe larger nuclei like 18O and 40Ca

i i 16 . . .
AFDMC point nucleon density of 1°0 Nucleon momentum distribution of 160
0.12 10°
¢ AFDMC: AV8P ] $ AFDMC: AV8P
0.10 4 ¢ AFDMC: AV8P+UIX 102 ; § AFDMC: AV8P+UIX
o Y CVMC: AV18 5 ¥ CVMC: AV18

0.08 1 o V. v!; ¥ CVMC: AV18+UIX o 101-5 Y CVMC: AV18+UIX

4 S ]
0.06 1oy K" = 1004

O ¥ X 5

oo = ]
0.04 s S o-1]
0.02 102
0.00 ¢ r ; : A . 0 1 2 3 4 5
rifm] k [fm~*]

2% Fermilab

Noemi Rocco, nrocco@fnal.gov



mailto:nrocco@fnal.gov

Relevant Inputs from AFDMC

Wigner Functions give the joint quasi-probability distribution of finding a nucleon with k and r in the
nucleus

Wigner distributions provide insight on the momentum structure of nuclear radii and spatial structure of
the kinetic energy and what is the role of SRC.

w(r,K) =

[dxeik'x i ‘ :

X
AU Rl

“alxe_"q'r

q q
k+ 2y (k-2

(2rm)3

All simulation data

. 0.02
0.01

- 0.00

- —0.01
—-0.02

160 10-7
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Factorization Based Approaches

11

do

Factorization of the hadronic final states:
allows to tackle exclusive channels + higher
energies relevant for DUNE

L 4

Noemi Rocco, nrocco@fnal.gov

Energy transfer w
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Spectral function approach

At large momentum transfer, the scattering reduces to the sum of individual terms
. g)
Jo = E :]a “ij> — ‘p>®’qu>A—1
)

The incoherent contribution of the one-body response reads

Rup = [ S dB Py (1 B) SO e+ a) 6+ bl + B — el + )

The Spectral Function is the imaginary part
of the two point Green’s Function

Different many-body methods can be
adopted to determine it

NR, Frontiers in Phys. 8 (2020) 116

O. Benhar et al, Rev.Mod.Phys. 80 (2008)

J.E. Sobczyk et al, PRC 106 (2022) 3
l. Korover, et al Phys.Rev.C 107 (2023) 6, L061301 J.E. Sobczyk et al, PRC 109 (2024)
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QMC Spectral function of light nuclei

 Single-nucleon spectral function:

Pyl B) = 3 [y ® w4

§(E 4+ Ef — EA7Y = PME(k, E) 4+ P (k, E)

4He(0*) > 3H('/,")+p - AVI8+UX
T 1 1 o 1A
1 ; PME(k, B) =|(wi|[[k) @ [wi )|
0.75 ..o‘ { k2
& 08 . 7 X(S(E—BA+BA_1— )
§ 0.5 °, SEs, =162 - QmA_l
% 04 ]
“r | « The single-nucleon overlap has been computed within
N " ] VMC ( center of mass motion fully accounted for)
0_07 | | "..M.gu# )
0 4 6 8 10
r (fm) ]_06 T — 1 E
° B nnp(QaQ) e :
5 10° égé;. nnp(q,cg)(rij < 1.5) —%— |
B 5 _x,e;gé. (4, Q) (rij < 2.0) o |
Pcorr(k, E) = /dgk/ <\If64m]€>’]{?/> X ‘\Ij,é 2>]‘ %104:— *EE% Mp(4, Q(rij < 2.5)) 51 5
2 *x®
3 xS
k + k)2 | 10 %y
QTTLA_Q & **M!gg“
N ) * Ugﬁi
0 !!”’!nnn
L =
« Written in terms of two-body momentum distribution 100 ' '
0 0.5 1 1.5 2 2.5 3 3.5 4
q (fm~1)
3¢ Fermilab
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Spectral function approach

The hadronic tensor for two-body current
factorizes as

) = [pp")a ® | fa—2)

REY (g, w) o / AEdkd® k' Poy, (k, k', E)

< d>pd®p' | (kK|35 | pp') |2

E,=730 MeV, 0,=37.0°

) = |prp) @ |fa—1)

25
Z 20
Production of real mt in the final state %
~—
2 15
R (q,w) /dEdSkPlb(k, E) &\
X pd® ke | (| [phr) | < 10
3k Pion production elementary amplitudes % 5
currently derived within the extremely S
sophisticated Dynamic Couple Chanel 0 )
approach; 0 01 02 03 04 05 0.6
S.X.Nakamura, et al PRD92(2015) W [GeV]
T. Sato, et al PRC67(2003) NR, Frontiers in Phys. 8 (2020) 116
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Axial Form Factors Uncertainty needs

0.2 < cos(f) < 0.3

+

— SF Dipole (M4 =1 GeV)
B SF 2 expansion (D2)

B SF 2 expansion (LQCD)
¢ MB

1.0}

do /dT,d cos 8, [10~"cm?/MeV]

0 500 1000
| + SF 1h
10k + B ST 2b
+ B SFO12h

¢ MB

= ;
&
— s

do/dT,dcos 6, [10~*cm?/MeV]

=
-
——

500 1000
T, (MeV)

-

15 Noemi Rocco, nrocco@fnal.gov

D.Simons, N. Steinberg et al, 2210.02455

* Axial form factor dependence:

MiniBooNE 0.2 < cosf, <0.3

SF Difference in dopeax (%) 16.3

* Many-body method dependence:

MiniBooNE 0.2 <cosf, <0.3

GFMC/SF difference in dopeax (%) 22.8

2% Fermilab
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Resonance Uncertainty needs

The largest contributions to two-body currents arise from p P p P
resonant N — /\ transitions yielding pion production

T
3] — slope=10.301 ﬁl

‘ ¢ k! k k!

The normalization of the dominant /N —> /\ transition
form factor needs be known to 3% precision to achieve
1% cross-section precision for MiniBooNE kinematics

% Change in cross section
o

State-of-the-art determinations of this form factor from
experimental data on pion electroproduction achieve
10-15% precision (under some assumptions)

-10.0 =75 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
% Change in C£(0)

D.Simons, N. Steinberg et al, 2210.02455 Hernandez et al, PRD 81 (2010)

Further constraints on N — /\ transition relevant for
two-body currents and 1t production will be necessary to
achieve few-percent cross-section precision

2% Fermilab
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Including the one- and two-body interference

0.008

0.006

0.004

Ry [MGV]_l

0.002

0.000 |

€&
L]
.
g

— SF 1b diag
— SF 12b intf |

SF 2b diag |
— SF total ]
¢ Exp

17 Noemi Rocco, nrocco@fnal.gov

N. Steinberg, NR, A. Lovato, arXiv: 2312.12545

We recently included interference effects between one-
and two-body currents yielding single nucleon knock-out

Observe a small quenching in the longitudinal channel and
an enhancement in the g.e. peak in the transverse —
agreement with the GFMC

0.020

¢ Exp

- —— SF 1b diag
[ —— SF 12D intf
' SF 2b diag ¢
| —— SF total

2% Fermilab
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Including the one- and two-body interference

E, = 730MeV, §, = 37.1°

E, = 620 MeV, 6, = 60.0°

do /dQedEy [nb/sr MeV]
DO

20 t
15 ¢

10 ¢

E, = 1108 MeV, Oy = 37.5°

— SF 1b diag
LY SF 2b diag
— SF 12b intf

i — SF total
: : ¢ Exp
LT 5| _'
0 % ' !
0.6 0.0 0.2 0.4 0.6 0.2 0.4 0.6
w |GeV]
0.2 < cos(f) < 0.3 0.5 < cos(f) < 0.6 0.8 < cos(f) < 0.9

1.25 | _ o 2.5 1
% I 1.5 I
= 1.00
L B SF 1b diag
= | SF 2b diag
S 075 L0 B SF 12b intf
= I SF 12b total
2 0.50 _ o MB CCQE-like
= 0.5 ¢ MB CCQE
S 0.25 | |
< : ' _

wE— w0 T

0 200 400 600 0 500 0 500 1000
7, (MeV) 7, (MeV) T, (MeV) rmilab
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Interplay with BSM scenarios Z. Tabrizi, J. Kopp, NR, JHEP 08 (2024) 187

* Interested in Weak Effective Field Theory (WEFT), valid below the electroweak scale, with the
electroweak gauge bosons, the Higgs boson, and the top quark integrated out

- CC: New left/right handed, (pseudo)scalar and tensor interactions

2 Vud

LWEFT DO — {[1 +@a[3 U’YMPLd)(Ea’YuPLVﬂ)

+aﬁ(1‘w“ Prd)(£ayuPLv3)

— n 1 7 )
+ > (€SNas () (o PLvg) — fep)as(@r5d) (a PLvs)

1 —
+ 7 (E0)ap (00" Prd) (a0, PLvs) + hic.}

« SM Interactions:

Gy (Q?) , G
oMy w1 A

G 2 (02
(P(Pp)|TuYu Y5947 (Pn)) = ﬂp(pp)[GA(Qz)’)’u’)’s + %ﬁ\]{ ) Ouq Y5 — G;&Ci )q“ 75]“"(19 n)

2% Fermilab

Vi Bl (0)) = 5y(0,) G (@ 4T g o

19 Noemi Rocco, nrocco@fnal.gov



mailto:nrocco@fnal.gov

Form factors - new interactions

- Scalar: conservation of the vector current (CVC)

SMICP 2 :
Gs(Q%) = - 50— Gy (@) + CLEN G (@)
q

- Partially-conserved axial current (PCAC)

Q?/2My
2

My

Gr(@) =~ GA(QY) + Gr(@)
q

« Tensor: LQCD and theoretical considerations

We can not neglect GS(Qz) anymore.

We analyze for the first time how the axial form factor

uncertainty affects the study of new interactions beyond

the SM and we find a sizable effect

20 Noemi Rocco, nrocco@fnal.gov

Form Factors

Form Factors

Z. Tabrizi, J. Kopp, NR, arxiv: 2401.07902
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Interplay with BSM scenarios

12

10F.

Cross Section Terms [107°° ¢m?]
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Z. Tabrizi, J. Kopp, NR, arxiv: 2401.07902

« The pseudoscalar and tensor interactions,
exhibit cross sections notably enhanced
compared to those of the Standard Model.
{there is a considerable margin of
uncertainty}

« The axial form factor introduces significant
systematic uncertainties, true for both SM
and BSM interactions

* Nuclear effects are crucial even at multi-GeV
energies, this is particularly apparent for
tensor interactions at energies =z 6GeV

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

J. Sobczyk, NR, A. Lovato, arxiv:2406.06292

The inclusive electron-nucleus cross section can be written in terms of the longitudinal and
transverse response function

d’c do q4R( e , 0 1 g° Ro(q. @)
= — —R,(q, an® — — —— , @
dE'dY i) | ¢ F > 2 ) T

Traditionally, the Rosenbluth separation is adopted to obtain R;(q, @) and R;(q, w)

Q4 \dE'dQ" /. dQ)’ v L 2 02 rd

Photon polarization

As 0 ranges between 180 to 0 degrees, € varies between 0 and 1. Within this approach, R; is the
slope while (q°/ 2Q2)RT is the intercept of the linear fit to data

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

We used ANN architecture to obtain the longitudinal and transverse responses

* We built two completely independent o
nets proving the longitudinal and — §
transverse responses. — %
' —
9
-
—~| & |-
We train our ANN using the quasielastic — §
electron nucleus scattering archive of — -
arXiv:nucl-ex/0603032 —| 2 £
considering five different light and medium- ) E — - 2 _,
mass nuclei, symmetric: 4He, 6Li, 12C, 160 | @ —| 2
and 4°Ca. . 9

We used Bayesian statistics to quantify the uncertainty of the ANN: treat the weights 7" as a

probability distribution. The posterior distribution of 7" is sampled using the NumPyro No-U-Turn
Sampler extension of HMC. We also implemented the standard HMC algorithm and validated results.

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

Results: Cross sections for different nuclei

E=0.60 GeV, 6=75.00

—— ANN

0.2 0.3 0.4 0.5
E=0.48 GeV, 6=36.00

4He,
900
. 800 -
>
700 -
O
=
& 600 -
3
cC 500 A
C 400 A
)
~—
3 300
)
B 200 -
(V]
S 100
0 l
0.0 0.1
12C

__ 175000 -
>
(9 150000 -
=
Y 125000 A
O
c
— 100000
% :
S 75000
3

50000 -
B
(V]
T 25000 A

0

—— ANN

0.05 0.10

0.15 0.20 0.25 0.30
w [GeV]
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d?o0/dw/dQ [nb/sr/GeV]

d?o0/dw/dQ [nb/sr/GeV]

35000

J. Sobczyk, NR, A. Lovato, arxiv:2406.06292

160, E=0.88 GeV, 6=32.00

30000 A

= = N N
o 6] o w
o o o o
o o o o
o o o o

1 1 1 1

5000 A

? 3
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w [GeV]
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Using Bayesian ANN for electron-nucleus scattering

. J. Sobczyk, NR, A. Lovato, arxiv:2406.06292
Results: Electromagnetic responses

. “He, g =400 MeV/c y “He, g =400 MeV/c
[ —— ANN j ; —— ANN )
- LIT-CC (1b) - 14 LIT-CC (1b) -
107 BN GFMC (1+42b) - BN GFMC (1+2b) |

12}

10F

R, (w) [GeV~!]
Rr(w) [GeV™1]

09025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225
w [GeV]

Low lying nuclear states

Contributions from elastic and low-lying inelastic transitions are explicitly removed from the GFMC
responses and the Rosenbluth analysis, while they are present in the ANN curves

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

_ J. Sobczyk, NR, A. Lovato, arxiv:2406.06292
Results: Electromagnetic responses

12C, g =380 MeV/c 12C, g =380 MeV/c

25 357

Low lying nuclear states

Contributions from elastic and low-lying inelastic transitions are explicitly removed from the GFMC
responses and the Rosenbluth analysis, while they are present in the ANN curves

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

_ J. Sobczyk, NR, A. Lovato, arxiv:2406.06292
Results: Electromagnetic responses

160, g =400 MeV/c

0 e —

[ R

— Rt
40 F
_I',—' Z
> 30T
w L
o |
§2o-
= |
10
.00

First separation of the longitudinal and transverse responses of 160. Large uncertainty bands reflect
the scarcity of inclusive cross section data.

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

. J. Sobczyk, NR, A. Lovato, arxiv:2406.06292
Results: Electromagnetic responses

. 40Ca, g =380 MeV/c o 40Ca, g =380 MeV/c
; —— ANN ] _
70F LIT-CC (1b) 1
605— %
L sof 3 i ¥
() [
O a0} %
e ¥
< [ & %
20 F *
| ~d
10}
oo o005 o010 015 o0z0
w [GeV]

Note increasing error bars for large w reflecting the scarcity of data for 40Ca in the high energy-
momentum region. The net is learning from other nuclei in this region.

Dedicated discussion on the Rosenbluth separation carried out using two different experiments.

2% Fermilab
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Conclusions

* Neutrino oscillation experiments are entering a new precision era

* To match these precision goals accurate predictions of neutrino cross sections are crucial

Ab initio methods: almost exact results but limited in energy, fully inclusive

Approaches based on factorization schemes are being further developed

* Uncertainty associated with the theory prediction of the hard interaction vertex needs to be
assessed. Initial work has been carried out in this direction studying the dependence on:

Form factors: one- and two-body currents, resonance/mt production

Error of factorizing the hard interaction vertex / using a non relativistic approach

* Combine state-of-the art neutrino-nucleus calculations with BSM theories is gaining momentum; UQ
is very interesting (and challenging) in this case as well

2% Fermilab
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Thank you for your attention!




Including the one- and two-body interference

0.008

0.006

0.004

Ry [MGV]_l

0.002

0.000 |

€&
L]
.
g

— SF 1b diag
— SF 12b intf |

SF 2b diag |
— SF total ]
¢ Exp
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N. Steinberg, NR, A. Lovato, arXiv: 2312.12545

We recently included interference effects between one-
and two-body currents yielding single nucleon knock-out

Observe a small quenching in the longitudinal channel and
an enhancement in the g.e. peak in the transverse —
agreement with the GFMC

0.020

¢ Exp

- —— SF 1b diag
[ —— SF 12D intf
' SF 2b diag ¢
| —— SF total
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Form factors - hadronic m.e. 2 Tabrizi, J. Kopp, NR, aniv: 240107602

(p(Pp)|quadln(pn)) = GS(QQ) Up(Pp)tn(Pr) ;

(p(pp)|q_u75Qd|n(pn)> = GP(Q2) Z_Lﬁv(pp)’%u'n(pn) ;

()| @u0waaln(pn)) = 1 (pp)| Gr (@) = 3 =G5 (@) @ = w)
- 3G Q@P = 0 P) = 3G (@) (b = ) [ (90)
N

2% Fermilab
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Form faCtOrS - New interaCtionS Z. Tabrizi, J. Kopp, NR, arxiv: 2401.07902

 Induced pseudo-scalar (pion-pole dominance)

. AM?
Gp(Q°) = 0 S—GA(Q7).

+mz

* Induced scalar we used a constituent quark model parametrization

~ 2M sMECP om
Gs(Q%) = = ( > -

(mu + md)CQM QMN gA (mu + md)CQM

)Gv(Qz),

- Tensor current. We adopt the isospin symmetric limit:  (p(p,)|ac*dn(p,)) = (p(py)|uc* v - do" dlp(p,))
(n(pn)ldo™d - uo™ uln(pn)) -

Gr(Q%) = FY'r(Q%) - F{ 1 (Q%),
G (Q%) = Fi(Q) - Fi(Q%),
G2(Q%) = Fir(Q%) - Fir(QY), '

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

We used Bayesian statistics to quantify the uncertainty of the ANN. We treat the weights 7" as a
probability distribution.

The posterior probability of the parameters 7" given the measured cross sections Y can be written
as

PY|W)P(W)
P(Y)

PW|Y) =

We assign a normal Gaussian prior for each neural network parameter and assume a Gaussian distribution
for the likelihood based on a loss function obtained from a least-squares fit to the empirical data

e
PY|W) =exp 5

i -3 (W))]

We increase the experimental errors g;listed in arXiv:nucl-ex/0603032 including an additional term
proportional to the experimental cross section value: g, — o,+ 0.05y,.

The posterior distribution is sampled using the NumPyro No-U-Turn Sampler extension of HMC. We
also implemented the standard HMC algorithm and validated results.

2% Fermilab
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Using Bayesian ANN for electron-nucleus scattering

. J. Sobczyk, NR, A. Lovato, arxiv:2406.06292
Results: Electromagnetic responses

“He g =300 MeV/c ] “He g =500 MeV/c . “He g = 600 MeV/c
25t —— ANN ] I
: ] 5¢
20f f
E Ar
15}

Ri(w) [GeV~!]
Ri(w) [GeV™!]

0 0.0 0.10 0.15 0.20 Sy . 015 0.20
w [GeV] w [GeV]
“He g =300 MeV/c “He g =500 MeV/c
P e —— : 12
17.5§— ANN
= 15.0; e e
I . | I
> 12.5¢F > >
) : ) )
o 10.0f o O
3 7sf 3 3
e X - <
& 50F o a'g
25E
00 =005 o010 _ o015 _ o020 0005 010 015 020 025 030 0505 010 015 020 025 030 035 040
w [GeV] w [GeV] w [GeV]
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Using Bayesian ANN for electron-nucleus scattering

J. Sobczyk, NR, A. Lovato, arxiv:2406.06292

Results: Electromagnetic responses

36

12C g =300 MeV/c

30
255— Z**
20
152—

10

Ri(w) [GeV~!]

Rr(w) [GeV™]
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w [GeV]

R (w) [GeV™!]

Rr(w) [GeV~!]
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25F
20F
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Using Bayesian ANN for electron-nucleus scattering

Results: Electromagnetic responses

37

40Ca g =300 MeV/c
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w [GeV]

02000 0.025 0050 0075 0.100 0.125 0150

J. Sobczyk, NR, A. Lovato, arxiv:2406.06292

40Ca g =570 MeV/c
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Using Bayesian ANN for electron-nucleus scattering

_ J. Sobczyk, NR, A. Lovato, arxiv:2406.06292
Results: Electromagnetic responses

40Ca g =300 MeV/c

120_ 1 T 120 T T LI
i —— ANN; Saclay 1 —— ANN; Saclay ;
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20
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Delta contribution to MEC

Diagrams including the Delta current depend on many parameters.

p P p p'
Cs' ( 4 8
()4 = (Kp)*Gas(a) | (974 — ")
k! q k!
""""""""""""""""" /27N — A
s | + — (gB“q PA qﬂpi)
ff M
q : : A Cg'
K g g g +Cglg™ + —zqﬂqa}a
my
o A 1.2 1
Parametrization chosen for the vector ff: Cs =

(1= @/Man)?  1—¢?/(3Man)?)’

Current extractions of Ca® (0) rely on single pion production data from deuterium bubble chamber
experiments; estimated uncertainty ~ 15 %

(4f7rNA)2 |d|3 2 A2
e T — E)R 2y = R
Delta decay width: (pA) 127Tm72r \/g (mN + d) (r ) R(r ) (A% _ r2>
2= Fermilab
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ACHILLES: A CHicago Land Lepton Event Simulator

The propagation of nucleons through the nuclear medium is crucial in the analysis of electron-nucleus
scattering and neutrino oscillation experiments.

Elastic scattering

Charge exchange

Pion Producton = aaaaa-

Absorption

.d8b. .088b. db db d888888b db d88888b .d8sss.
d8' "8b dsP Y8 88 88 "88' 88' 88' YP
8800088 8P 8800088 88 8800000 “8bo.
88~~~88 8b 88~~~88 88 “Y8b.

2 ERSE S el E RSy * Develop a theory driven, modular event generator

* Provide automated BSM calculations for neutrino

.d8888888888888888888888888888888888b .
.d88888888888888888888888888888888888888888b. .
88888888888888888888888888888888888888888888888888b . t
Y8888888888888888888888888888888888888888888888888h . eX p e rl m e n S
Y88888888888888888888888888888888888888888888888
Y88888888888888888888888888888888888888888888888 . . . .
'Y888888888888888888888888888P Y88888888888888 ® U I t QMC I I I t p t
g e ispessserser SesS reallSstic nuciear caiculations as INputs

.d888888888888888888888h . Y888888888888.

.d88888888888888888888888888b. 8888888888888
.d8888888888888888888888888888888h 88888888888888

.d8888888888888888888888888888888888 8888888888888D
d88888888888888888888888888888888888 8888888888888
d888888888888888888888888888888888888 Y888888888888

Gasap  dosassmsssssssssassaasssy ssssss J.Isaacson, W Jay, A. Lovato, P Machado, NR:
S + arXiv:2206.06378

= « PRD 105 (2022) 9, 096006

dSssasasssgassy. kD e PRC 103 (2021) 1, 015502

888888888P
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ACHILLES: A CHicago Land Lepton Event Simulator

Completed the implementation of QE, 12b interference and pion production for both electron and
neutrino sectors.

BSM scenarios can be readily implemented (in the leptonic sector), using the available reaction
mechanisms. Next studies: dark neutrinos, HNL produced via magnetic moments

4000

3500 -

(nb/sr/MeV)

do
dwdQ

500 A

eC 620 MeV 60.0°

3000 -

2500 -

2000 -

1500 A

(nb/sr/MeV)

do
dwdQ

-
o
o
o

100 200 300 400 500 600 700 800

w (MeV)

N. Steinberg, J. Isaacson, NR, et al, in preparation
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eC 1108 MeV 37.5°

4000 A

3000 A

2000 A

100 200 300 400 500 600 700 800

w (MeV)
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QMC Spectral function of light nuclei

 Single-nucleon spectral function:

A(r) (fm72)

42

Pl B) = 3| [l ) |

x0(E+Eg — B Z07

1.0

0.9

0.8

0.7

0.6

0.5

0.47
0.3 I
0.27
0.1 I

0.0

:PMF(k, E) 1+ Pcorr(k’ E)

*He(0%) -> 3H(!/,")+p - AV18+UX

- ] SFs,, = 1.62 |

r (fm)
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10° ¢

(el [k) @ [0oHh)])2

« The single-nucleon overlap has been computed
within VMC ( center of mass motion fully

accounted for)
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Spectral function approach

d?’k’
P (k, E) Z/ (TG [[k) ) 0572 P0(E + Eft — e(K') — B, %)
¢ Using QMC techniques

2 ok k/)é(E “Ba —e(K)+ Bap— ot k/>2)

2ma_o
Tk/:p,n

A—1 A—
Only SRC pairs should be considered: "I’o > and W> U, 2> be orthogonalized

].06 | | | | | |
. (4, Q) o
Y — i
10522 e Ny (q, Q) (1 < 1.5) —k— |
@, *;eeéo n,.(q, Q)(r < 2.0) —eo—
One can introduce cuts onthe & [ **,ﬁé P2
e di =10* ¢ x5 e Mp(q, @1y < 2.5)) 5
relative distance between the - : X
particles in the two-body S .l *Qg ]
momentum distribution é 1071 VL '
®
. 3 =
= 102 - ¥ .QQ _
S ) s X ﬁggin
10* ¢ ﬂn!m! -
’Hn,
100 | | | | | ! !
0 0.5 1 1.5 2 2.5 3 3.5 4
(fm~1)
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QMC Spectral Function of 12C

500 - ) — tot
- The p-shell contribution has been obtained 400 - _____ E__\\:VV:\\//:
by FT the radial overlaps: %
Q
120(0*) 11 B(3/27) + p -
120(0%) 1 B(1/27) 4 p d
2ot =" B(3/27) +p.

0.00 00l 002 003 004 005 006 0.07
R. Crespo, et al, Phys.Lett.B 803 (2020) 135355 E[GeV]

- The quenching of the spectroscopic factors automatically emerges from the VMC calculations

400
Computing the s-shell contribution is non trivial 350 _L-::‘:':"-f\ ® VMCn(k)
within VMC. We explored different alternatives: - LN —— p-wave

e Quenched Harmonic Oscillator

e Quenched Wood Saxon

 \VMC overlap associated for the
4 3
He(0+) — H(1/2+) + P transition

k [fm~1]
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Study of model dependence in neutrino predictions

Percent change in the MiniBooNE cross section versus the percent change in the two-body
current parameters for 0.5 < cos Oy < 0.6, Ty = 325 MeV

34— slope = 0.301 —— slope = 0.289

% Change in cross section
o
% Change in cross section

=3 ®

-10.0 -7.5 =5.0 -2.5 0.0 2.5 5.0 7.5 10.0 -10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
% Change in C2(0) % Change in Ag

A 15% variation in either CsA(0) or Ar changes the flux-averaged cross section by roughly 5%

2% Fermilab
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Two-body currents - Delta contribution
Rarita-Schwinger propagator

P*?(pa)
G’ (pa) =
Pa) = g

The spin 3/2 projection operator reads

PO‘B(]?A) = (pa + M) [gaﬁ — %VOWB N gp]%fii - épZVB]\;AinQ
To account for the resonant behavior of the A: ~ Ma — Ma —il'(pa)/2
['(pa) = —2Im¥-N(8) = (lef;:rﬁ; |(\i/§ (myn + Eq)R(r?)
d is the decay three-momentum in the N center of mass frame
In medium effects of the A Ca(pa) = Ta(pa) — 2Im|[Ua(pa, p = po)]
3¢ Fermilab
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Comparing different many-body methods

: - : L. A li, NR, et al, PRC 105 (2022) 1, 014002
- e -3H: inclusive cross section ndreoli, NR, et al, PRC 105 (2022) 1, 01400

Ee=0.3677 GeV, © = 54.0 E.= 0.5579 GeV , © = 54.0
10000 - —— GFMC 1b 3000 - 4 —— GFMC 1b
—— GFMC 12b —— GFMC 12b
, STA 1b 2500 - STA 1b
8000 - \ STA 12b STA 12b
< : --- SF1b = 2000 A --- SF1b
[} (]
© 6000 - ¢ Exp. 9 ¢ Exp.
= 0
2 5 1500- .
= — °.
o 88 1000 o
g ®o
2000 A % 500 - o
o® % o
O . — | el —all — O 7 -
- - - - - - 0 100 200 300 400 500
0 50 100 150 200 250 WIMeV]
w[MeV]
- Comparisons among QMC, SF, and STA approaches: first step to precisely quantify the
uncertainties inherent to the factorization of the final state.
- Gauge the role of relativistic effects in the energy region relevant for neutrino experiments.
JE :
aF Fermilab
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Green’s Function Monte Carlo

Any trial wave function can be expanded in the complete set of eigenstates of the the Hamiltonian
according to

W) =) cn|Ty) H|V,) = E,|V,)

GFMC uses a projection technique to enhance the true ground-state component of a starting
wave function.

lim e~ =£0)7|¥.) = lim cp e B BT Y = | W)

T—00 T—00
n

The direct calculation of the imaginary-time propagator for strongly-interacting systems involves
prohibitive difficulties

J. Carlson, et al. Rev. Mod. Phys. 87 (2015) 1067

The imaginary-time evolution is broken into N small imaginary-time steps, and complete sets of
states are inserted

e~ H=E)T g, = /de ...dRN|RN)(Ry|eHEIATIRG ). . (Ryle” H=EIATI RNVT, (Ry)

Short Time Propagator
2¢ Fermilab
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Phenomenological potential: avi8 + IL7

Phenomenological potentials explicitly include the long-range one-pion exchange interaction
and a set of intermediate- and short-range phenomenological terms

- Argonne visg is a finite, local, configuration-space potential controlled by ~4300 np and pp

scattering data below 350 MeV of the Nijmegen database
N

—> |

18
=2 V)0

N

N N, N N
....... .

*A X

N N N N

- Phenomenological three-nucleon interactions, like the Illinois 7, effectively include the lowest
nucleon excitation, the A(1232) resonance, end other nuclear effects

N
27, PW 217, SW
‘/Z]k A Ozgk A Ozgk : i
A 037'(' AR ARO
+ 17k + 17k .
N

—"
.

N, N N N N
. A
NI N NI NI N

The parameters of the AV18 + IL7 are fit to properties of exactly solvable light nuclear systems.
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i i i 20 . ; .
Axial form factor determination
i ¢ ANL (Ref. 2)
"4+ BNL (Ref. 4)
16} + This exp.
« The axial form-factor has been fit to the dipole form n
E
gA QU 12" ——
FA(QQ) — o
(1= ¢/m3)? = —l
5 08 \
* The intercept ga=-1.2723 is known from neutron u +
deca >
B y \6 04}t
+ Different values of ma from experiments
O Lt aasl [ AN I AR T B G S A SN TR W EIT
« ma=1.02 GeV q.e. scattering from deuterium 0.1 1 10 100 1000

* ma=1.35 GeV @ MiniBooNE E, (Gev)

00)
o

—— N,=4 z expansion
------ Dipole fit
e FNAL 1983 data

« Alternative derivation based on z-expansion
—model independent parametrization

)]
o

kmax

702 — 2\k
A(q ) I;)ka(q )$ known functions

N
o

free parameters

Bhattacharya, Hill, and Paz PRD 84 (2011) 073006

dN/dQ? [events/0.10 GeV?]
N
[ e e B

o

o
o
N
_O_
~
_O_
(0)]
_O_
(00
—

A.S.Meyer et al, Phys.Rev.D 93 (2016) 11, 113015
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Neutrino-Nucleon scattering

- Sum rule can be enforced ensuring that the form factor falls smoothly to zero at large Q2

> k(k=1)---(k—n+1)ax =0, n=0,1,2,3
k=n

Fit deuteron data replacing dipole axial form factor with z-expansion, enforce the sum rule constraints

| ><1O'3? -
§ 15 - —
i N,=4 z expansion | - i
1+ m, = 1.014(14) dipole ] |
L ] C\I.I_I - e N
Y - . E 10 [~ Nuufjgg g mesesar —
o | . O, jﬂi
= T y | |
L 05 - - w | |
I i © 5L _
i i | N,=4 z expansion |
i i - m, = 1.014(14) dipole A
O 1 1 1 1 | 1 1 1 1 | L L I I i | | ol | | o i
° 1 . 3 20‘1 1 10
2 2
QGeV] E [GeV]
A.S.Meyer, Phys.Rev.D 93 (2016) 11, 113015
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