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Introduction and Motivation
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Introduction and Motivation

Neutrino oscillations (in vacuum)
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Need for excited nucleon structure (in neutrino oscillation)
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; U, flux is artificially produced and then detected after a travel length L
| 7 do*P)
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Region Earth  Detector A d0? < [(N]F7IN)|

me’ neutrino process abbreviation reaction fraction (%)
(protons)  (mesons) (neutrinos) CC quasielastic CCQE Vp+n—p” +p 39
NC elastic NCE vy +p(n) = vy + p(n) 16
e.g. MiniBooNE CC 17" production CCln™ vy +p(n) = pu~ + 7" +p(n) 25
CC 17 production CClr° vp+n—p +7°+p 4
NC 17* production NC1x* vy +p(n) = vy + 7t (7)) + n(p) 4
s APPSO AP SIS NC 17 production NC17Y vy +p(n) = vy +7° 4+ p(n) 8
Main cha"enges multi pion production, DIS, etc. other vy +p(n) = p~ + Nrt + X, etc. 4

0 Nuclear model to factorise neutrino-nuclei scattering into |
. neutrino-nucleon scattering (known from EW theory); |
o Q2 in a range where excited nucleons are produced!

[PRD.81.092005]

[arXiv:2203.09030]

Required also knowledge of (N*| ¥~ |N), (A| ¥ |N)and (Nz| ¥ |N)
We are the first to investigate (Nz| ¥~ | N) with LQCD
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Accessing hadron structure through lattice QCD
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1) Construct operator O, with #* = (—) s.t. O,|Q) =V |N) + N |N*Y + N | Nr) + ...

2) Compute three-point functions (momentum p’, p, = p’ — p) and employ spectral decomposition
(n,n" = N,N* Nr, ...)
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Improvement through the construction of better operators

O, can be iteratively improved with smearing techniques (a technical and effective tool)
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g, =1.16x0.07 at m_~ 426 MeV, a = 0.098 tm, L =24a,T = 2L



The axial charge g, from (N(p) | &/ (q = 0)| N(p)) and (N(p) | &/4(q = 0) | N(p))
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Observed also by yPT collaboration

[arXiv:1612.04388]



Excited state effects in the pseudoscalar channel (q = 0)
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We investigate, for the first time, channels with # = P andp’'=p =¢, = Tﬂ O,|Q) =cy|N>+cy,|Nm>
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This channel is the clearest case of

m_~ 426 MeV, a = 0.098 tm, L = 24a,T = 2L Nr state contamination



Excited state effects in the pseudoscalar channel (q = 0)
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More general approach: Variational Method

Construct a basis B, = {Ol, O,,..., On} of operators with same quantum numbers J* = (

Construct a matrix C(f),-j = (O4(1) (_)J(O» where O, € [

n O, «x (qqq) O, x (999)(qq)

O,|Q) =c¢'|N) +c,”"| Nr)

Suppose we find n = 2 operators that overlap with the physical states | N) and | N7x) :

(0,(0) (_)1(0» (O,(®) (_)2(0»

0,|Q) =¢,|N) + ¢, | Nx)

C(1) = solve  C(OV*(1, 1)) = C(ty) AX(t, t,)v(t, 1)

(O,(2) (_)1(0» (O,(2) (_)2(0»

v¥(1y), 1%(t,) are Generalised Eigenvectors and Eigenvalues
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System is diagonalised! e.g. Oy | Q) = cy|N)



GEVP results with p = (27/L) 7.

o (<01<r> 0,(0)) (0, 62<0>>>

(0,(r) 0,(0)) (O,(1) 0,(0))

We extract the (effective) energies from the eigenvalues:
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GEVP ratio in the pseudoscalar channel (q = 0)
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GEVP ratio in the axial temporal channel (q = 0)
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GEVP ratio at 0° =

Phenomenologically more interesting are nucleon form factors G,, Gp, G at 0% + 0.

Unfortunately, a traditional fit to lattice data gives unreliable FF.
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0.297 GeV? in the pseudoscalar channel

ChPT studies* show that Nz
contribution can be quite large!

R4 is constructed with ¥ = &

The GEVP improves significantly the ratios,
as they approach the green band
(nucleon ground state)

There Is still a trace of contamination left
at the sink 7 = 1 (rightmost part)

*[PRD.100.054507, PRD.99.054506]



GEVP ratio at 0° = 0.297 GeV? in the axial temporal channel

The most dramatic channel is with # = &/ ,. Excited states at source and sink have different signs
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GEVP-projected operators (p = ()

We use eigenvectors to project operators: (0,(1) 05(0)) = ;e + cYe™™ " att > 0 the dominant term is the nucleon
After GEVP-projection: O, = Z v O; = v Oy + v, " Oy, q (O, (1) Oy (0)) =~ cy e Enl
Ec[MeV]
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25007 === N(0)r(0)r(0)
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2000 ccc— S —me———e b e we e e e e = = — = plateau here because of the mixing with /V states

1750-
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12501 ((Nm)(p) | F(q) | N(p))
1000-
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t [fm]

<ON7z(p,9 t) j(qa T) (_)N(pvo)>

(Dashed lines are non-interacting energy levels)



Conclusions

a7 N\
ll Hadron structure I e - <A

€ Structure of the nucleons and excited nucleons is relevant for neutrino oscillation experiments

v Variational method gives promising results for the nucleon ground state matrix elements

W Studies of (Nyr \ j \ N ) are undergoing [PRD.92.074509] (M. Hansen & R. Bricerio)

¢ Need to clarify the remaining contamination: Nz in S-wave?

¢ First step needed in order to study (N* | #|N) and (A*| Z|N)

Thank you!
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Quasi-elastic scattering (QE)

G. Zeller
v I >
[ @
\/ o 1 -4
W 1.2
n— 0 p O 1
s
——— = neutrino process abbreviation reaction fraction (%)
Resonance production (RES) ui0-8 CC quasielastic COQE VaTnp TP 5
-~ NC elastic NCE vy +p(n) = vy + p(n) 16
V I~ 50_6 CC 1n™* production CCln™* vy +p(n) = p +7" +p(n) 25
I\/ - CC 17° production CC1r° vp+n—pu +7°+p 4
@ + . £ o —
mo.4 NC 17~ production NClnx vy +p(n) vy +77 () + n(p) 4
W* x 3 NC 17° production NC17° vy +p(n) = vy +7° 4+ p(n) 8
/_<‘ 20.2 multi pion production, DIS, etc. other vy +p(n) = pu + N#t + X, etc. 4
P A NP N .
> 0 L L1l II -2 — = - 1 “
—— _1
10 1 10 10°
Deep Inelastic scattering (DIS T2K " NOvA
p g (DIS) ) S E, (GeV) [PRD.87.092005]
" - DUNE
J.A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
wt
d u
— +
——_ ® Kn
B —

[RMP.84.1307] [arXiv:2203.09030]


https://arxiv.org/abs/2203.09030

C(1) =

GEVP results withp = 0
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We extract the (effective) energies from the eigenvalues:
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GEVP results with p = (27/L) é,
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Extraction of form factors

Cop(Ps 1) = (Op(P. 1) Op(p.0)) C; (P'.1:4,7) = (Op(p'.1) 7(q,7) Op(p.0))
R, (p,t,q,7) C?Zt(P’a 1, q,T) CZPt(p,a T) C2pt(p,a ) Czpt(P, I — 1) NP A (@ NP)) = uy FELF T
9 ; QT —
4 Cop51) | Cop(Ps7) Cop(p, 1) Cop(p's 1 — 7)

Xt :IP (—iy,pl+my) FFLZ] (—iy,p, + mN)]]

q
(NP | & (Q) IN(P)) = [msGA(QZ) F— yst<Q2>] iy
N

(N(P) | (@) |N(P)) = uy 75Gp(Q°) u,

0,4
(NP7 (@) | N(D)) = uy | 7,F,(0%) i2” ”Fz(QZ)] iy,
my



Operators with J© = (1/2)" and I = 1/2, I, = — 1/2 (neutron channel)

o (€010 01@) (010 0,0) 0,(x) = e (dg(x) Crs ug(x)) de(x)
(O5(1) 0,(0)) (O4(1) O,(0))

O,(x,y) = (g(x)gx)q)) (G0)g(»)

O, must be projected to represent JP =(1/2)* and [,=—-1/2

Isospin projection with Clebsch-Gordan O,(x,y) = Eop(x) O,-() \/5 0,(x) O,0(y)

Helicity projection with (Lattice) Group Theory
O, (P =0)=0y,/(-¢)0,(e,) — Oy, (e,)0,(—¢,) — iONl(—éy)Oﬂ(éy) + iONl(éy)()ﬂ(—éy) + Opy(—¢,)0,(e,) — Opq(e,)0,(—¢,)

OP(P = ;) = Op(0)0,(8)) OP(P = ;) = 0(¢,)0,(0) ,
T
L



