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Outline:

What LQCD can provide for v-nucleus oscillation experiments
— Axial and vector form factors of nucleons [nuclei are much more challenging]

— Nuclear corrections in nuclei: (p, n) — (C*2, 016, Ar*9)

* Challenges to the calculations of nucleon matrix elements

— Signal-to-noise falls as e ~(MN—1.5Mn)T

— Excited states in nucleon correlation functions

— Extrapolation in {a, M, ML} @
|

* FF must satisfy PCAC
— What we learned from (N(pf)| AL(q) |N(pl-)>

— Towers of N, Nmtm, states contribute to axial and PS correlators

» Comparison of published results for g4, G4

* Comparison with MINERVA and v-D analyses udu Ve
e Summary of unpublished results for g4, G4 v

* Transition matrix elements

* Results for Gg , Gy, Ww*

e Future
udd



vV energy range covers complex physics

(across 3 orders of magnitude) c.p. zeller

)
o
|

Incoming neutrino energy
and flux not known
precisely

Dynamics of struck Argon
nucleus 1s too complex to
simulate directly and
connect to final states
seen 1n the detectors




Goal: Inputs for DUNE

Matrix elements (form factors) for v — *Y Ar scattering

(X|A, (@] *04r)
(X | v.(@)|*°Ar)

Building blocks:

Starting with nucleons and different energy regions:
(plJ/(q)|n) Quasi-elastic
(nm | ]/ (@) In), (AlJY(q) [ n) Resonant

(X[J(q) | n) DIS



Including nuclear effects in scattering
off complex nuclear targets

Nuclear many body Hamiltonian takes as input matrix
clements imvolving successively more multi-particles

— One nucleon  (p|/;(q)|n)

~ Transition  (nm [J%¥(q) In), (AlJ¥(q) [ n)

— Twonucleon (np|J/"(q)|nn)

See Snowmass 2021 white paper: 2203.09030 [hep-ph]



https://arxiv.org/abs/2203.09030

The v-n differential cross-section:

do vi+n—10"+p
102

e v+p—1T+n

B M2Gp?cos?0.
-~ 81E/’?

AQY) = (mi\LQQ) (A+7)Fi— (1 —7)Ff +7(1 - 7)F§ + 4P F,

2

-~ ((Fi+ F2)? + (Fa+2Fp)* =4 (1+ %) FI%)] ,
B(Q®) = {&Fa(Fi+F),
C@) = [(FA+F2+rE)).
F, = axial form factor
Gg = F; — ©F, Electric
(NAHN ) — linear combination of F4 , Fp Gy = F1 + F, Magnetic
T = Q?%/4M?
M= M, =939 MeV
NV,N) - Gg,G p
( - ) R m=mass of the lepton




Analysis of (e, i, v)-n scattering involves
5 Form Factors & 3 charges g, 4, g,

e G;(0%) Electric

e Gy(0?) Magnetic

o G4(0% Axial

e (p(0% Induced pseudoscalar

e Gp(0?) Pseudoscalar (extracted from (NPN))

» Lattice methodology is common: all calculated at the same time

e Precise experimental data exist for Gg(Q?) and G,,(Q?)
« Axial ward identity (PCAC) relates G,(Q?), Gp(Q?), Gp(Q?)

e Gg(Q?=0) = ] Conserved vector charge
e Gy(Q?=0) =u = 4.7058 Magnetic moment
e G4,(0%=0) =g, =1.276(2) Axial charge

. GP(QZ = O.88mﬁ)= gp = 8.06(55) Induced pseudoscalar charge



Lattice QCD gives us
2-point function | 3-point functions

Q| N;JF N, | Q) Connected
) = ) Ayl B +

QN 0@ N, | Q)

3pt % . N A —F (e
[ (1) = zAiAf(lmh ye Fit=E (0 Disconnected
L,J



'™ - ME - Axial-vector Form Factors, G 4, Gp, Gp

A, A,

Y Vs A o 1/Q4

On each ensemble characterized by {a, M, ML}

<N(Pf) A“(q)‘N(pl)>=ﬁ(pf) yMGA(q2)+qM G;E\z )
(N |P(@|N®)) = a(pf)Gp(qz)ys u(p)

PCAC [ 0,A, = 2mP ] relates Gy, Gp, Gp

ysu(p;)
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Essential steps 1n the analysis

Remove ESC from correlation functions I'"* to
obtain ME within ground-state nucleon

Decompose ME into form factors G (Q?)
on each ensemble {a, M, ML}

Parameterize this G(Q*)|gm_m.1

Perform CCFV extrapolation to get G (Q%)|zont
Parameterize this G (Q?)| ont

Model averaging should include model choices
at each step that have significant effect on result




Calculations of nucleon 2,3-point functions using LQCD are mature

Spectrum (energies E; & amplitudes 4; ) and ME are extracted
from fits to the spectral decomposition of 2- and 3-point functions

I = ) Ayl E
I

TP (6) = ) AjAy(il0] e Eit B0

I W—
Extract (0| O] 0)

All states |i) with _| = Radial excited States:

d
the same quantum\\\%S\ N(1440), N(1710)

N(0)(k)m(—k) > 1200 MeV

&
4

numbers as N s .
ST N i Towers of multihadrons states
contribute unless - -
A; (or 4j) is zero § N(k)n'(_k) >1200 MeV
> T

»
»

d
<«

t

but removing ESC from multihadron states remains a challenge




Challenges for nucleon ME

Need large 7 to “kill” states with small mass gap (AM ~ 300)

Cannot go to large enough 7 because the

signal/noise degrades as e~ (MN—1.5Mp)t

— Signal: 2-pt: 7~2fm ; 3-pt: 7~ 1.5fm

Typical interpolating operator N couples to
the nucleon, its excitations and multi-hadron
states with the same quantum numbers

As g — 0, the towers of Nmt, N7r7r, states become
arbitrarily dense above ~1230 MeV (the A region)

Quantities impacted by Nmr, Nrtrr, states should be
analyzed on M; < 200 MeVensembles

T T T T
Ao =5.12(11)e—10
n;ro =0.4647(13) SNn
1 =0.40(10)
AM7 =0.212(27) pr: 0.20(5) a094m270L -
Ry =0.572(92) pr: 0.80(60)
AM; = 0.42(12) pr: 0.70(50)
R3=0.61(12) pr: 0.60(50)
AM3 = 0.512(74) pr: 0.40(30)
FR: 3—24,
X?/19=0.84,p=0.66(3) ]

Meﬁ HH Mo — ‘ fit —
5 10 15 20 25
T
110 ; : :
Gp(n2=1)=66.7(5.1)
100 x;/ZS: 1.84, p =0.00 {4,3*} ]

a0t

30

AE1 =0.20(4), AM1 =0.18(5) a071m170

E oo X XXX (DB g A
AEl‘;:<'>< X x B 1
Tico — 19 17 & 15 & 13

-10 -5 0 5 10

t—1/2

Excited states giving significant contribution to a particular
ME are not known a priori. yPT is a very useful guide

The potential of variational methods for isolating the

ground state is just starting to be realized!



yPT analysis of excited states

9ia,s,t FF

i 7/T/;AH(T)
o]

/’,
{ /
9 o

7
N t

é gsyv

P

* Corrections from pion loops arise in all I'"

N

s

\_/

« Loops that originate or end at sources are ESC. These can
be removed by a perfect nucleon source.

* Loops that originate on the nucleon line give rise to both:
corrections to the physical result and excited state
contributions (from pion going on-shell in Minkowski)

— The latter are suppressed exponentially by the mass gap

— Unless there are large cancellations, both should be considered in
(1) removing excited state contamination in I'"* to get ME

(i1) Chiral fits to the data

N



¥PT: Nm state coupling 1s large 1n the axial channel

éz‘lu(f) %Au(f)

/

TT /
// 7 TT

/7

/
/
< : > < >

l t {

I

Enhanced coupling to N state: Since the pion is light,
the vertex @ can be anywhere in the lattice 3-volume

P <i|A4|j>\
~ Sy

Oliver Bir: Phys. Rev. D 99, 054506 (2019), Phys. Rev. D 100, 054507 (2019)




Decomposition of ground state matrix elements:
(NTA u(&N 0) provides an over-determined set

Choosing “3” the direction of spin projection

(N(Pf) |A1,2 (q)

(N®p)| As(@)

(N@p)| As(@) [N @)

41,293 ~
N(Pi)) REYY, Gp
q? ~ Givegboth
N(@)) = =[5 Gp — (M + E)Gal [~ Gy, Gy
E-M ~ Redundant.
- —(53 [— Gp — GA] Dominated by

excited states

17



Data driven evidence for N1t excited state

 (N,A4(t)N,) has large ESC
* Fits with Nt as the first excited state are preferred

. . -

-1 | R54(n2=1)=0.91(27)
[ x2/28 =5.80, p=0.00

- Rs54(n?2=1)=0.67(26)

-2 F AE1; =0.20(4), AM1 =0.18(5) = 2 o
[T:00 — 19 172 158 13
10 5 0 5 10
t—1/2

{4N1r 25im} _
a071m170 |

[ x%/126=1.48, p =0.00 i ¢ ]
-2 F AE1=0.09(1), AM1 =0.10(1) ®
'T:00 — 19 17 158 13 x
10 5 0 5 10
t—1/2

FF obtained including Nt state satisfy PCAC

Gupta et al, PhysRevD.96.114503 (2017) — Jang et al, PRL 124 (2020) 072002

18



Constraints once FF are extracted from
sround state matrix elements

1) PCAC (0,A,, = 2mP) requires

2
2 p(Q?) = 2MNGA(Q?) — 52— Cr(QY

2) In any [nucleon] ground state
64144 — (Eq — Mo)A4

3) G4, Gp extracted from  (N@p)|Ai(@|NG@D)
must be consistent with (N@)|4:@)|N @)



2017— 2019: Resolution with PCAC and PPD

Gupta et al, PhysRevD.96.114503 — Jang et al, PRL 124 (2020) 072002

On including low mass Ny—om, and N,m_,, excited states
neglected 1n previous works, FF satisty PCAC and PPD at ~5%

. ~ 10— — -
mGP _|_ QZGP _ _ M 0 #H @ i ;
MNG4 4M%G 4 | 5 ¢ ¢ ¢

0.8 } ®
_ 0
Q*+ M2 Gp(Q%) _ 1 | ¢ |
A2 2y 06+ @ ppp(S,) = PCAC(Sa,) B+ -
v Ga(Q%) - IPPDI(SQ;) - PCAC(SI;,\)t) =
0.0 0.2 0.4
Q? [GeV?]

*Also see RQCD Collaboration: JHEP 05 (2020) 126, 1911.13150



https://arxiv.org/abs/1911.13150

N1t state 1in the axial channel

Jang et al, PRL 124 (2020) 072002

A, (1, q)
Ground State
. N(—q) N(0) ’
G NED i) NEDr@ F20
g N (0) .
Excited State

Mass gaps extracted from fits match the above picture

TEAM N +m(—n) - AEIN©)+7(n) -
G S e .
i T A Y R R S i
Sl ++ 0 Zat '% % 1 AM{* and AES*
%4: ----------------- . o are outputs of 2-
<3 P remeerem oo e ST T V
, e oy state fits and not
- M 1 ] i
) _ driven by priors
AMP rm AEP o AMM im0 AEM
0 2 4 6 8 10



110

100

90 |

How large 1s the “Nn” effect?

Output of a simultaneous fit to
(A1), (A4),(P) (called {4"™, 2°7™} fit)
increases the form factors by:

80 |

L Gp(n2=1)=66.7(5.1)
L x2/28 =1.84, p=0.00

F AE1=0.20(4), AM1 =0.18(5) a071m170 ]

70 L

Standard 3-state fit to (P)

110

100

90

80 |

70 [

GANS%

Gp~4‘5%

L Gp(n2=1)=94.2(3.4)
- x%/126=1.48, p=0.00
- AE1=0.09(1). AM; =0.10(1)

t—1/2
Simultaneous 2-state to
(A;), (A4),(P) correlators



Consistency 1n the extraction of g4

* g, from forward ME versus g, = G,(0Q% - 0)

* With / without including N state in the analysis
« PCAC

Spectrum from I'2 N included 1n fits
(via A4 or priors)
g4 (Forward ME)
" 9(82(52,) | 437 B i‘z‘zf':;‘f’s‘if‘;:o,u 3y
— 2
GA: Gp, Gp do not GA: Gp, Gp with Nm

satisty PCAC satisfy PCAC



Essential steps 1n the analysis

Remove ESC from correlation functions I'"* to
obtain ME within ground-state nucleon

Decompose ME into form factors G (Q?)
on each ensemble {a, M, ML}

Parameterize this G(Q*)|gm_m.1

Perform CCFV extrapolation to get G (Q%)|zont
Parameterize this G (Q?)| ont

Model averaging should include model choices
at each step that have significant effect on result




If ESC 1s the largest systematic and
fits do not select between {A4;, E; }

x?%/dof roughly constant

o 2-state fit: Model average different E;
 3-state fit: Model average over {E4, E,}



Calculations rev1ewed in 2305.11330

Collab. Ens | Lowest | Excited State Continuum-
M, chiral-finite-
(MeV) volume extrap
PNDME 13 2 With Nmt z% + z° CCFV 1.292(53)(24)
23 physical
Mainz22 14 2 Simultaneous  z?2 CCFV 1.225(39)(25)

physical ESC and Q2

NME 21* 7 2@ 170 With Nz z> Ignore 1.32(6)(5)
(13) —1 Phy {a, M2, MAL}
dependence
ETMC 20* 1 1—3 Without N« Only data  {a} 1.283(22)
(3) physical for G4
RQCD* 36 2 Phy With Nt only Only data 1.229—1.302
19/23 (47) 2 Phy for Gp, Gp for G4 [1.28455]
PNDME: arXiv:2305.11330, Mainz: PRD 106, 074503 (2022)
NME: PRD 105, 054505 (2022), ETMC: PRD 103, 034509 (2021)

RQCD: JHEP 05, 126 (2020), PRD 107, 051505 (2023) *New data in the pipeline



Comparing axial form factor from LQCD

1.0

1.0

Crarigi-g g Qg’y. ™
rvitjyrry
Mainz22 mm

A 0.5 1.0

L oo ,
A
. RQCD20 :z:z:
1.2 \\ ETMC21 ::::
R NME22 ==
Mainz 22 553
10 L PNDME 23 == .
0.8 |- -
L ““'z. . -
0.€ - ga = 1.281(53)"' '
(ri) = 0.498(56)fm? |
04 +
C vD
] | e Ly 3 21 g3 4.9
0.0 0.2 0.4 0.6 0.8 1.0
Q* [GeV?]

A consensus Is emerging




Expected improvements in lattice calculations
M, - 135 a—-0; L >

e Q> =p*—(E(p) — M)?

» Fixed f = 6/g* (fixed a)
- M, - 135 MeV keeping ML fixed = Q? decreases
* Fixed M , take a =0 keeping L in fermu fixed
- La fixed = Q? stays constant

* Fixed M, and a: take L — o

— p decreases = Q? decreases

QZ ., in lattice data will decrease
but DUNE requires larger Q4,45




Comparing prediction of x-section using AFF
from v — D and PNDME with MINERVA data

0,<20" 1.5GeV =<p,=<20GeV

|

vp - ut
wp — 1 n mmmm  dJeuterium fit for Fa

B PNDME Fy
e  hydrogen data

DU T T,

O I I IIIIIII I I LI I? ’

0.1 1
Q? [GeV?]
| J\ J \

cm2

GeV?2

do [
dQ?
T

1038

| | |
02<02GeV?Z 02<Q*<1 (Q2?>1GeV?

T. Cai, et al., (MINERvA) Nature volume 614, pages 48-53 (2023); Phys. Rev. Lett. 130, 161801 (2023)
Oleksandr Tomalak, Rajan Gupta, Tanmoy Bhattacharya, arXiv:2307.14920



https://www.nature.com/

Mapping the AFF

e 0 <Q%<0.2GeV?

— This region will get populated by simulations with M, = 135
MeV,a—- 0, M L >4

— MINERVA data has large errors

— Characterized by g4 and (rf) and G (Q?) parameterized
by a z-expansion with a few terms

e 0.2< 0% <1GeV?

— Lattice data mostly from M > 200 MeV simulations

— Competitive with MINERVA data. Cross check of each other
e 0% >1GeV?

— Lattice needs new 1deas

— MINERVA and future experiments



Unpublished data
and looking ahead



Ga(Q?)

recac(Q?)

Update from ETMC (3 M,,

2+1+1-flavor twisted mass ensembles

Ens. ID latt. Vol. a [fm] Lm,

cB211.072.64 (cB64) 64°x128  0.080 3.62
cC211.060.80 (cC80) 803x160  0.069 3.78
cD211.054.96 (cD96) 963x192  0.057  3.90

12 ga=1.268(24)

* 1220.359(23) [fm?] |

~ 135 MeV ensembles)

¢ cB211.072.64 ¥ cC211.060.80 4 cD211.054.96
O— T T T T T T T 3

el —NO) +TE) $

Excited state fits

» 2-state checked against 3-state
N state not included
e ]stexcited state mass = xx MeV

PCAC test of form factors

72 G5(Q) + 12 Gp(Q?)

3
4mN

TPCAC = G (Q2)

Q? [GeV?)

Large cut-off effects in
twisted mass involving pions




Update from CalLAT Collaboration
(A. Meyer, A. Walker-Loud)

domain-wall on HISQ calculation using sequential prop through sink
483x64 ensemble (a12m130): a~! = 1.66 GeV; M, = 132 MeV
Gaussian sources for quark propagators

1000 X 32 (configurations X measurements)

4y dipole My = 1.285(26) GeV
—— 2z expansion Kyq, = 4 : LQCD (no sum rules)
129 2z expansion k. = 8 : LQCD
2 expansion ke = 8 : Do
2 0] LQCD fit matrix elements
~
0.8
= | L e B
o)
0.61 D :‘{:
0.41 T b s
0.21

0.0 02 0.4 06 0.8 10 19 14 16



Update from NME Collaboration
(Sungwoo Park, R.G., ...)

2+1-flavor clover fermions using sequential prop through sink
12 Ensembles; Gaussian sources for quark propagators

1.2 L S L A A S L
j al2/m285 > a0/2m220 = -
: a094m270 a0/1lmlr0 2k -
Lol 2094m270L 2056m280 -
>N a093m220 +As a056m220 »&

a093m220X = My =1.026 GeV —

e [N a091ml170 ¥ My =1.20GeV — |
0.8 F @ 3091ml70L e Mp = 1.35GeV — -
< | Nt 4073m270 o -
Qg( [ N

N 0.6 - -

- , 1"4!!; P
REIN/

__4N7r’25im U
'u{u I||}||||||||| ...I.\....

0 02 04 06 08 1 12 14




Update from PNDME Collaboration
(Y-C Jang, R.G., ...arX1v:2305:11330)

Clover-on-HISQ calculation. Thirteen 2+1+1-flavor HISQ ensembles. Sequential
propagators through nucleon sink; Wuppertal sources for quark propagators

1.4

albm310 v  a09m310 -2+  a06m220 o |
al2m310 =  a09m220 &+ a06m220W o=
al2m?220L -5~ a09m130W =  a0bml135 =
al2m?220 e  a06m310 -4 ]
e al2m220S5 - a06m310W A

00 05 10 15 20



Updates from PACS

Stout smeared O(a) improved
Wilson quark and Iwasaki
gauge actions. 2+1 flavors

Talk by Ryutaro Tsuji
Lattice size 128* 160
Spatial volume (10.9 fm)* (10.1 fm)®
Pion mass 135 MeV 135 MeV
Nucleon mass 0.935(11) GeV 0.946(3) GeV
Lattice spacing 0.086 fm 0.063 fm

tsink — tsrc|/a

SIC

Renormalization

L
131 % % Preliminary
1.2 0 t $ % .
ot T ¢
O %
ke 1.1 © -
o 0
" |
& 128" (Coarse lattice): tsep/a={1 2,14,16}
@) 160 (Fine lattice): tsep/a={16,19}
0.9+ |
I 1 1 1 1 I 1 1 I 1 1
0 0.05 0.1 0.15
9® [GeV?]

10, 12, 14, 16

Tuned exponential sources show very
little excited-state effects 1n axial

13, 16, 19

SF, RI-NMOM /SMONM SF
1.35 T T T T T T T
| Preliminary
® 13f -
N
g %
5 * % 1
c
e
<1251 [ % PDG(2020) 1.2756(13) 7
< Coarse lattice (1284)
" |O Fine lattie (160
1.2 1 L 1 L 1 L 1 L 1 L
. 0 0.02 0.04 0.06 0.08 0.1
) . Latticq spacing [Ifm] )
iy Preliminary ]
Q._‘ 0.8 B —
g/_\\ 07 Ty -
o6l i
v oL o)
3080 <} ]
® 04| ]
. L |k VN expt. (z expansion)
% 0.3 vD expt. (z expansion) .
Q45 | | % vD expt. (dipole ansatz) ]
§ <& Coarse lattice (128"
01 1O Fine lattice (160°) )
I i I i I | | L
0 0 0.02 0.04 0.06 0.08 0.1
Lattice spacing [fm]




Update from LHP/RBC/UKQCD Collaboration
(S. Ohta arXiv:2211.16018)

2+1-flavor domain-wall-fermions
483x96 ensemble: a~! = 1.730(4) GeV
Gaussian sources for quark propagators
120 configurations, ## measurements

1.3

T T T T T _ '_I+_'
Data at T = 8,9,10 do not . T{Tg
show significant change 2f |

indicating small excited .
state effect 11 F o |

Slower fall-off than oL o ]

PNDME 23 data |
09 +

0.8

Q2%/GeV?



Comparison with unpublished data

1.4 - I 1 1 L] l L 1] ] ] ] I ] ]
, RQCD20 =iz
1.2 L\ ETMC21 ::::
.\ NME22 —=
Mainz 22 =553
PNDME 23 ==
10 L 23 ==
S
< 08 |-
@) L
0.6
04 |-
| vD
gty TSR VO Y [ N EElT Wy TR (LY T
0.0 0.2 0.4 0.6 08
Q* [GeV?]
1.3 T T T T T T
. Tfe'—+—‘
X T1;8$
1.2 _21(
< *
<] &+
& L £
X
T
oo LHP/RBC/UKQCD % F
0.8 . . . . . .
0 0.1 0.2 0.3 0.4 0.5
Q%/GeV?

94(Q%) /gv

1.4

2z expansion
[ 2 expansion
| z expansion

K4  LQCD fit m

dipole M4 = 1.285(26) GeV

Kmar = 4 : LQCD (no sum rules)
kmam =8: LQCD

kmaz = 8 N DQ

ntrix elements

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Q?/GeV?

T T T T
9a=1.268(24)
r2=0.359(23) [fm?]

-
0.0 0.2 0.4 0.6 0.8 1.0
Q? [GeV?]
1.3 % % Preliminary
' $
12k 0 b $ % g
ot v ¢
_ g ¢
S u o .
o | PACS
T [ 128" (Coarse lattice): t,, /a={12,14,16} )
| [0 160" (Fine lattice): t,, /a={16,19}
0.9F |
YIS VX I 0.1E

o? [GeV?]



Electrlc & Magnetlc FF

2127m285 —&—  a071m220 —— |
a094m270L —— a071ml170 —¥— |
2094m220 2056m280 —+— |
2091 m170L —o—  a0b6m220 —>¢—
a073m270 —e— Kelly, 2004 ------- ]
%o g

LT
__________
------

0.2 04 | 06 | 08 -

Q/M;
Electric

OI - 02 | 04 | 06 | 08 - ll - 12 | I1.4
Q*/M5

Magnetic

The extraction of electric and magnetic form factors is insensitive to the
details of the excited states

Vector meson dominance — N state should contribute (some evidence)

The form factors do not show significant dependence on the lattice spacing

or the quark mass

Good agreement with the Kelly curve. Validates the lattice methodology

Improve precision and get data over larger range of parameter values



Variational with Multi-hadron states
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See

 Barcaetal, 2211.12278,2110.11908

 NPLQCD Collaboration, Phys.Rev.Lett. 120 (2018) 15, 152002

* Nuclear matrix elements from lattice QCD for electroweak and beyond-Standard-

Model processes, 2008.11160 [hep-lat]



https://arxiv.org/abs/2211.12278
https://arxiv.org/abs/2110.11908

Summary

Challenges 1n lattice calculations of nucleon matrix elements:

— Signal to noise degrades as e ~(Mn—1.5Mn)t
— removing multi-hadrons excited states to get ground state ME

— 1ncluding multi-hadrons in initial and/or final state for transition ME

Continue to develop a robust analysis strategy for removing dominant
excited states in various nucleon matrix elements

Improve chiral and continuum extrapolation. Simulate at more {a, M}
Current 0.04 < Q% < 1 GeV2 Extend to larger O? for DUNE
Transition matrix elements

Goal: Perform a comprehensive analysis of scattering data with input
of lattice results for g4, Gz (Q?), G, (Q?), G4(Q?), Gp(Q?)

Improvements in algorithms and computing power
are needed to reach few percent precision




