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Introduction

* Next generation of oscillation experiments
require cross sections with

— unprecedented accuracy

— robust theory uncertainty estimates

* Theory uncertainties come from

— Single and few nucleon form factors

Approximations from solving many body problem

 Estimation of these errors

— Requires consistent formalism capable of
including all interaction mechanisms

— Disentanglement of the effects single nucleon
form factors from nuclear effects

& ).A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (201
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* Theory uncertainties come from

— Single and few nucleon form factors

Approximations from solving many body problem

 Estimation of these errors

— Requires consistent formalism capable of
including all interaction mechanisms

— Disentanglement of the effects single nucleon
form factors from nuclear effects
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Many Body solution to Neutrino-Nucleus Scattering

* Neutrino-nucleus scattering described by leptonic and
nuclear response tensors

7 Lk M |

* Nuclear response to probe (weak boson) contains all
information on the structure of nucleus

R™ = (0|J*1f){f|J*|0)6(Eo +w — Ey)

* Realistic Hamiltonian provided by AV18 an IL7 potentials

* Fit to a wide range of nn and pn scattering data

* Look at two many body methods which share the same
underlying nuclear dynamics

 Very different approximations

3F Fermilab
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Cross Sections: Greens Function Monte Carlo (GFMC)

Energy (MeV)

Ground state solved via variational principle and
imaginary time evolution
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energies of light nuclei with
1% precision
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Cross Sections: Greens Function Monte Carlo (GFMC)
& B. Pudliner et al., PRC 56, 1720 (1997

¢ Ground state solved via variational principle and 268 —
imaginary time evolution 70 |1
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Jr=D at Dy dh

Cross Sections: Spectral function approach (SF) - I~

* For sufficient |q|, scattering factorizes

* Incoherent sum of scattering with individual
nucleons

* Single nucleon knockout (QE)

) =1p)®¥F " pa_y)

do = / (do)| . |P(p, E\PkdE

* Ingredients boil down to

* Single nucleon cross section ’p>
* Hole spectral function >
Vo) — — |¥p)a
3F Fermilab
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Cross Sections: MEC Calculation

¢ Two nucleon knockout |¢}4> = |ppl>a ® |¢?

JE=Y g+
_2> z

4
My

v Bk &k dp

2m)° (27)° (2m)°

e(k)e(k’)e(p)e(p’)

x|P, (K, E |Zkkk’|ym*|pp

NIAVALLY)

><6(w—E—I—2mN—e(p)— e(p’)) .

Two body current

Jcc

(]plf)cc + (Jsea)CC + (.7pole)CC +m

* A current gives dominant contribution and is highly model

dependent

Two body spectral function
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QMC Spectral Function

* One nucleon spectral function
Pon(k, E) = > (g [IR) U 1] x 6(E + Eg' — E; ™)

— PMF(k, E) + Pcorr(k, E)

n(p) [fm3]

* Mean Field (A-1 bound states)

* Correlation component from continuum

* Momentum space overlaps obtained
from VMC overlaps

¢ Same Hamiltonian as GFM(!

N.B.
* Two nucleon spectral function E;Z,T;f,{;t;i,';“ E;Z?Z::SF
* Only mean field contribution :zfneg;r:ijgés;virgs&%ﬁcable for
P’}:}:’L (k, K, E) = nTvak’(k’ k/)
><6(E—30+BA—2— K )
2ma_o
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do /dT,d cos 6, [10~*"cm?/MeV]

do /dT,d cos 6, [10~*cm?/MeV]
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MiniBooNE - 1 and 2 Body Breakdown

0.2 < cos(f) < 0.3 0.5 < cos(#) < 0.6 0.8 < cos(f) < 0.9
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SF 1b
Il SF 2h
Bl SF 12b

¢ MB

GFMC 1b
Bl GFMC 2b
Bl GFMC 12b

¢ MB

Separate and 2 Body
contributions

SF and GFMC show deficit
for small cos @

Model dependent pion
subtraction at small T,

GFMC non-relativistic nature
means disagreements at

large Q2

SF and GFMC 2 Body peaks
shifted b/c of interference
effects
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T2K -1 and 2 Body Breakdown

0.0 < cos(f) < 0.6 0.8 < cos(f) < 0.85 0.94 < cos(f) < 0.98
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GMFC and SF provide
excellent agreement

T2K flux peaks at lower
energies

SF and GFMC 2 Body peaks
shifted b/c of interference
effects
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SF vs GFMC predictions

MiniBooNE 0.2 < cosf, <0.3 0.5 < cosf, < 0.6 0.8 < cosf, < 0.9
GFMC/SF difference in dopeax (%) 22.8 20.3 5.6
T2K 0.0 < cosf, < 0.6 0.80 < cos§, < 0.85 0.94 < cosf, < 0.98
GFMC/SF difference in dopeax (%) 134 7.3 10.0
» Differences due to:
e GFMC
* Non-relativistic nature of GFMC
» Static treatment of A propagator
e SF
* No FSlinfactorization scheme
* Lack of 1-2 body interference
* First attempt at uncertainty due to factorization
approach
£& Fermilab

12 10/30/23  Noah Steinberg | INT Neutrino - Nucleus Uncertainties



Improvements to GFMC and SF

e  GFMCkinematics is non-relativistic

* Compute responses in frame that minimizes initial and final nucleon momentum

* ANB Frame shown to reduce relativistic effects
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> 14 ; ‘ Z 14 7 18
S 12b nr — S S 16 |
o 12 12bANB —— 1 5~ 12 18
& g g1 :
ERU 1 0 1 a 12
s 8 15 8 1 510 .
tal =t il
< 6 4 o 6 4 T 8
1] 2] w 6 |
8 4 8 4 8
= = 2 4 8
52 10 2 18 2 n
% 0 % 0 / - | L % 0 LI L
< 0 500 1000 1500 2000 © 0 500 1000 1500 2000 © 0 500 1000 1500 2000

T, (MeV) T, (MeV) T, (MeV)

0.7 < cosf < 0.8 0.8 < cosf < 0.9 0.9 < cosf < 1.0
~ 25 =~ 25 = 25 T
g b % 20 |- - é 2 |- B i
b 13 5F 19
= = =
< 410 4 =10
3 3 3 1
< L2 LS |
g g g
F Im F 0 L ? 0 1 |
< 0 500 1000 1500 2000 © 0 500 1000 1500 2000 ° 0 500 1000 1500 2000

T, (MeV) T, (MeV) T, (MeV)
A. Nikolakopoulos et al, 2304.11772 [nucl-th
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Improvements to GFMC and SF

* SF missing interference effects between 1 and 2 body currents
*  Explicit in GFMC calculations (dominant effect of 2 body currents)

*  Preliminary work on extending the SF formalism to include these interference effects
E, = 620 MeV, ., = 60.0° E, =730 MeV, 0, = 37.1°

4 N
o
20 1 —— SF 1b diag
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> — SF 12b intf
§ 10 r — SF total
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Axial Form Factor

1.2 |

1.6 (@) = Vet T =i
O -/ 2 4 S —1n
[ B > expansion (D2 Meyer et al.) te+Q + Vic —to
1.4 I 2 expansion (LQCD Bali et al.) 00 .
B > expansion (LQCD Park et al.) FA(Qz) = Z ak z(Qz)k =i Z ak z(QZ)k
k=0 k=0

B > expansion (LQCD Djukanovic et al.)

1.0 : I DipOlO MA = 1.0 GeV
— * Dipole parameterization
Cost severely underestimates
= o
I _ uncertainty
0.6 [
04 * Meyeretal. D2 z expansion
O gives similar CV but larger
0.2 F errors
08,5 0.2 04 0.6 0.8 1o * LQCDBaliand Parketal.z
: expansion give much larger
3T normalization at Q2> 0.3
5 |
=21 GeV?
~
= 1|
O L 1 1 1 1 1
0.0 Ui 0.4 0.6 0.8 1.0
Q* (GeV?)
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MiniBooNE - Form Factor Breakdown

* Dipole vs. LQCD z expansion

-~ 0.2 < cos(f) < 0.3 0.5 < cos(f) < 0.6 0.8 < cos(f) < 0.9 vs. D2 z ex pansion
z f 2
= 10} : - g
= } — sFDipole (M, =1Gev) - ® Universal 10-20% increase in
S B SF : expansion (D2) . o .
i L BN SF  expansion (LQCD) normalization with LOCD z
k b A0 expansion
&";
£ 0.0 , . 0.0 , - 0 . )
500 1000 0 500 1000 0 1000 * SF agreement better with
z LQCD z expansion
.~.< 1.5 F 2
3 EE GFMC Dipole (M4 =1 GeV) .
= 1.0 | B GFMC z expansion (D2) @ GFMC dlsagreement
2 L I GFMC z expansion (LQCD)
2 ] : F regardless of form factor
z 00
=
E L[]
s , 0.0 £ , . 0 ¢ .
500 1000 0 500 1000 0 1000
T, (MeV) T, (MeV) T, (MeV)
MiniBooNE 0.2 < cosf, <0.3 0.5 < cosf, < 0.6 0.8 < cosf, <09
SF Difference in dopeax (%) 16.3 171 9.3
GFMC Difference in dopeax (%) 18.6 17.1 12.2
2& Fermilab
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T2K - Form Factor Breakdown

*  T2K comparison fairly
independent of

0.0 < cos(#) < 0.6 0.8 < cos(f) < 0.85 0.94 < cos(f) < 0.98 . .
= parameterlzatlon
= T75¢ 107
:5 i — SF Dipole (M, = 1 GeV)
50} 5l { mm i pusion ) * Mostly due to T2K’s lower
a Sr Bl SF 2z expansion (LQCD)
Tosf 0 ¢ (8w beam energy and thus Q?
s 3 where form factors agree
£ 0.0 . 0 . 0 . .
0 500 0 1000 0 1000 2000
275} ol
25 B GFMC Dipole (M, = 1 GeV)
E 5.0 5 B GFMC z expansion (D2)
:; 5| Bl GFMC 2z expansion (LQCD)
825} ' + L
i: ) D
< 00¢ . 0r A 0F i i
0 500 0 1000 0 1000 2000
pu (MeV) pu (MeV) pu (MeV)
T2K 0.0 < cosb, < 0.6 0.80 < cosf, < 0.85 0.94 < cos 6, < 0.98
SF difference in dopeax (%) 15.3 8.2 3:0
GFMC difference in dopeax (%) 15.8 8.0 4.6

3& Fermilab
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Form Factor Uncertainty Analysis LQCD precision
target

dopeak

Tcos 6aT,’ LQCD precision targets

* Numerically estimate §

* Change in peak cross section with respect to change in z expansion

parameters a,
MiniBooNE 0.5 < cosf8 < 0.6
1009 F slope = 0.849 —— SF slope = 0.104 0.03{ — SF slope = 0.002
—— GFMC slope = 0.924 —— GFMC slope = 0.137 —— GFMC slope = 0.003

7.54
0.02 -

5.0 1

0.01 A
2.5 1

0.0 0.00

-2.54
—0.01 4

% Change in cross section

-5.0 4
—0.02 A

-7.5

—0.03 A

-10.0 +— T T T T =15+~ T T T T T T T T T
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
% Change in ag % Change in a3 % Change in az

* 1% (10%) effect on a, (a,) gives 1% effect on peak of flux folded cross section
(effect decreases at forward angles)

3F Fermilab
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Neutrino Beam

Model dependence of MEC calculation in SF g v, +v, CC Selsction
12 -+~ ND Data =
L I NOVA 2p2h E
. S [ QEL E
* Many experiments tune MEC e.g. Nova, o 8 EBRES =
. DIS ]
MINERVA, MicroBooNE, etc. B 6 e 3
4
2
* Unconstrained due to N — A transition form 5
factors £ ;z
B K B B 1
Visible E, , (GeV)
g . Eur.Phys.J.C 80 (2020)
* Investigate necessary precision on A parameters
needed for future oscillation analysis
1.2 1

8 = T @My * 1= P IGMaaP)

* Leading axial coupling of N — A

K q ‘\‘\\;r ki,
2  (Afana)? |d]? A% )

Pa I'(pa) (mn + Eq)R(r?) R(r?) = (A% —r2

ﬁ  12mrm2  \fs

q
2 Bt k K’ * Renormalizes A self energy

(a) (0)

2% Fermilab
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Model dependence of MEC calculation in SF
o Need O(%) level
* Numerically estimate S—d CO:BdTu precision | LQCD

* Change in peak cross section with respect to ta rget
change in MEC parameter

| = slope = 0.301 —— slope = 0.289

% Change in cross section
o
% Change in cross section

-39 @

-10.0 -7.5 =5.0 =25 0.0 2.5 5.0 7.5 10.0 -10.0 -7.5 =5.0 =25 0.0 2.5 5.0 7.5 10.0
% Change in C£(0) % Change in Ag

A 12 1 (4fx )2 |d|3 \ A2
O S A= @/Man) 1= @/ 3Man)?) Ta)= 127::% 7z v+ E)R(E)  Ri)= (Ag fr2)

3F Fermilab
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Conclusion

* Comparison of two different many body methods which share he same underlying
nuclear dynamics

* First quantitative look at affect of factorization vs. exact calculations
* Several improvements to SF and GFMC calculations to make this more precise

* Changes in the axial form factor have similar effects on SF and GFMC
* Use to set precision goals for LQCD

* N—A transition form factors highly uncertain
* Large affects on 2 body currents
* Need much more precision (extraction from experiment or LQCD)

3F Fermilab
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