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1. Introduction

Nucleon resonances play a pivotal role in our understanding of the strong interactions. The
lowest-lying baryon resonance, the A(1232), dominates pion production in the few-hundred-MeV
energy range and provides a clean window into deformation effects and testing the non-perturbative
nature of the pion-cloud contributions [1, 2]. The axial N — A transition plays an equally important
role in neutrino-induced pion production and therefore in the modeling of systematic uncertainties
for neutrino-nucleus cross-sections at DUNE [3]. Experiments such as CLAS at Jefferson Lab [4],
Al and A2 Collaborations at MAMI Mainz [5] have studied the N — A transition for decades.
However, the interpretation of these experiments is complicated by the fact that the A(1232) is a
resonance in the Nx channel, and thus the transition form factors are not directly related to single-
hadron matrix elements. From theoretical point of view, there have been first principles approaches
with a caveat that A(1232) is treated as a stable hadron [6—-10]. Recently, in the axial sector,
there has been a marked disagreement in the prediction of Cg‘ between continuum quark—diquark
Faddeev approach and phenomenological model predictions [11]. This demands a first-principles
determination of the N — A transition form factors from lattice QCD where the A is treated as a
resonance, in order to resolve this tension and to provide a benchmark for the phenomenological
models and experiments.

Our long-term program is to compute the infinite-volume N — Nx matrix elements for
both vector and axial currents in the / = 3/2, p-wave channel, and to extract the corresponding
N — A resonance transition form factors from these amplitudes. As a prerequisite, we previously
determined the required N scattering amplitudes on an Ny = 2 + 1 clover ensemble with m, ~
255MeV and L =~ 2.8 fm, obtaining the A resonance parameters [12].

In these proceedings we report our current progress on the three-point functions needed for the
transition form factors. We have computed the relevant correlation functions for six source—sink
separations in the range feep = 0.7-1.2fm. As a first look at the data, we extract the N — A
transition form factors using the conventional single-hadron approach (treating the A as an isolated
state) to test the statistical quality of the data for applying the analysis pipeline. These results are
an intermediate step toward the full finite-volume formalism for N — N matrix elements.

2. Methodology

Lattice Setup: We perform our calculations on a Ny = 2 + 1 ensemble generated by the
Budapest-Marseille-Wuppertal collaboration where the gluon action is the tree-level Symanzik
improved gauge action and the fermion action is a clover-improved Wilson action with the gauge
links in it smeared using two levels of HEX smearing [13]. In our previous work [12], we determined
the A resonance parameters on this ensemble, which are required for the analysis of the transition
form factors. The parameters of the ensemble are summarized in Table 1. The scale setting had
been performed using the €2 baryon mass.

Smearing and Interpolating Operators: We perform the calculation with a randomly chosen
Wauppertal-smeared source position on each time slice of the lattice. The smearing parameters are
a = 3.0 and Nwyp = 45. We use the standard single hadron interpolating operator for the pion and
the delta, and for the nucleon we use both the standard Cys and Cvygys for the diquark component
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| Label | NJxN, g am a(fm) mx(MeV) mgL |
| A7 [24°x48 331 —0.09530 0.116 258.3(1.1) 3.6 |

Table 1: Parameters of the lattice gauge-field ensembles A7.

as shown in the following equations:

7(p) = ), d@ysu@e”, (1)
N () = 3 cavetta(@)a (1 (B)Cysde (7)) 5, @)
N () = 3 cavetta(®)a (] (B)Croysde () €7, 3)
A (P) = Z %eabc [2[ulCyidp| tte.o + [uLCyiup (X)) de.o} €'PF. (4)

The bilocal N interpolating operators are constructed as products of the single-hadron operators
with the appropriate Clebsch-Gordan coeflicients to project onto the I = 3/2, P-wave channel.

Infinite-Volume Matrix Elements: The N — A transition form factors are defined through
the matrix elements of the current between the nucleon and the N states projected onto the P-wave
channel with I = % and the total J = %+. In the single-hadron approach, these are extracted from
three-point functions with a A interpolating operator at the source, a nucleon interpolating operator
at the sink, and an insertion of either the vector or axial current at an intermediate time slice. This
can be represented for the vector current as,

(A, s) i N(p.5)) =N it (p'.5") Top u(p,s) (5)

with ji;" = [%ﬁyﬂu - %Jy,ud] representing the vector current, and N = N (ma, my, EA(p’), En(P))
is a kinematic factor. This is the point where one can distinguish the single-hadron approach where
the A is treated as a stable ground state and the multi-hadron finite volume Lellouch-Liischer
approach where the A is treated as a resonance in the Nz channel.

A asstable(1 — 1): Using the Jones and Scadron decomposition, employing Rarita-Schwinger
on mass shell constraints for the A, Lorentz covariance and current conservation, the Lorentz-
covariant vertex (tensor) I',-;, can be expressed in terms of three vector form factors G, G}, and
G as follows:

Ocy = Gy (4K, + GL(a)KG, + G (aKG, (©6)

M
o

kinematic factors respectively.

where KM = KE , and K ¢ .. are the magnetic dipole, electric quadrupole and Coulomb quadrupole

A as resonance(l — 2): In the multi-hadron approach, the A is treated as a resonance in the
Nr channel, therefore we can’t used the Rarita-Schwinger on mass shell constraints for the A. In
the multi-hadron approach, the N — A transition after partial wave projection to the £ = 1 channel
can be expressed as 3 independent form factors close to the resonance pole [14].
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The distinction between the single-hadron and multi-hadron approaches is the extracted form
factors are a function of ¢ in the single-hadron approach, while they are a function of both ¢ and
the N invariant mass /sy in the multi-hadron approach. In our approach to extract the N — A
transition form factors, we will first extract the Jones-Scadron form factors using the single-hadron
approach to test the signal quality and to validate the analysis pipeline. We will then extract the
helicity form factors using the multi-hadron approach and apply the Lellouch-Liischer formalism
to relate these to infinite-volume N — N transition amplitudes.

Correlation Functions and Analysis: We compute the three-point functions for six source-
sink separations in the range tsp = 0.7-1.2fm, given by the following expression for the vector
current,

GI.AJ#N (22, tl;ﬁ,,ﬁ; I = Z e_iiz'ﬁ <0 |F’BaAa,i (—0),0) j,l ()?1, 1) Nﬁ(fi, t2)| 0> e_ixl'(ﬁ,_ﬁ),
X2,X1
(M
where I' is a projection matrix in Dirac space. There is just one topology for the three-point
function in the single-hadron approach as shown in Fig. 1. This is computed using combination

of point-to-all and sequential propagators. Once we have the three-point functions, we construct

u(ul';d)

Figure 1: The three-point function topology for the single-hadron approach. The point source is represented
by the red bounded circle and the point-to-all propagator is represented by the blackline. The sequential
source is the current insertion represented by the yellow circle and the sequential propagator is represented
by the red line. The nucleon sink is represented by the blue circle.

the following symmetric ratios to cancel out the unknown overlap factors and the exponential time

dependence,
AjHN NjHA 12
wm <Ga’ (tz,tl;p',p;F)> <GGJ (r2.11: -, —p';F*)>
RE™ (2, 115p",p; T3 1) = (8)
<5ijGiAjA (12, p; F4)> (GNN (13, -p;T4))
t)—t1>large,t; >large ,
s o (p', P T ) | 9
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where GiAjA and GV are the two-point functions for the A and the nucleon respectively. The ratio is
constructed such that it approaches a constant I, (p’, p; I'; u) in the limit of large time separations,
which can be related to the transition form factors through the matrix element definition in Eq. 5.
One caveat of the symmetric definition of the ratio is that it loses information about the sign of the
3-point function. In order to retain the sign information, we define the following asymmetric ratio,

RYE" (12, 1139, p: T3 ) (10)
AT N ,
_<G(r” (lz,tl;p ,p;F)> <GﬁA (tz,p';r4)> <GNN (l‘z - tl,p;F4)> <GlAlA (tl,p’;F4)> 12
(G2 (12,93 T4)) (GNN (1, p;T4)) (G22 (12 — 11,073 T4) ) (GNN (11, p; T4))
(11)

and compute the sign of the symmetric ratio to construct the signed ratio,

Ro (t2, 1130, ps T ) = RS (t2, 11397, p; s ) X sign (R‘Z;ig" (2,130, p; Fr;ﬂ)) (12)

Hh-t1>1,41>1
=

O, (p',ps s p) (13)

For the preliminary analysis, we perform a plateau fit to the central 3 time slices for the 3 highest
source-sink separations of this ratio R, (t2,¢1;p’, p;'; #) to extract the transition form factors.
Now we use the matrix element definition in Eq.( 5) to relate the extracted I1, (p’, p;T; 1) to the
transition form factors. In the single-hadron approach, we can directly relate 1, (p’, p; I'; i) to the
Jones-Scadron form factors G a1, Gg» and G as follow:

. - 2mpa+mpy En
M, (0, —q:Ty: 1) = iA€T* i piG ( 2),14:\/j N 14
o (0,—q; g5 1) =iAe PGy |Q 3 dmnEn \En +mn (14)

, 3 2
My (0,-q; Tk 4) = iB (m — ") Ger (0%), B=—a. (15)
p 2mp
: 1 2
(0, —q;T%57) =A 3 (Pobrj = PkOoj) QMl(Q )
3 3poripj
I Y (p(rékj +pk6(rj) - gEZ(Qz)
2 p?
(En —mp) 3
- ) (S = 2 Gea(07) - (16)
MA P
where q = p — p’ is the momentum transfer and Q> = —¢?. Following Ref [9] in order to extract

the transition form factors, we construct linear combinations, S1(q, w), S2(q, ) and S3(q, w) of the
IT, (p’, p;T'; u) for different choices of o, I' and u to isolate the different form factors.
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Figure 2: Preliminary fits for the ratio RY" (t2,¢1;p’, p;T; 1) as a function of the source-sink separation
for nucleon momentum p = (0,0,-1), (1,0,-1), (1,1,-1) and A momentum p’ = (0,0,0). The current
insertion is the time component of the vector current and the projection matrix is I'4. The horizontal bands
represent the results of the plateau fits to the central 3 time slices for 3 highest source-sink separations.




Nucleon to A(1232) Resonance Transition Form Factors from Lattice QCD Srijit Paul

p/ = (07 07 0)7p2/(27r/L)2 = 17273

—
wt

G (Q?)
p—eo—

0 t

0.5

0.0 0.0 0.5 1.0 1.5 2.0 2.5

Q? (GeV?)

Figure 3: Preliminary results for the Gz form factor as a function of Q2. The error bars represent the
statistical uncertainties from the plateau fits.
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Figure 4: Preliminary results for the G, form factor as a function of Q2. The error bars represent the
statistical uncertainties from the plateau fits.
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Figure 5: Preliminary results for the G¢, form factor as a function of Q2. The error bars represent the
statistical uncertainties from the plateau fits.

3. Results

We extract the transition form factors for three different choices of the nucleon momentum
p = (0,0,-1),(1,0,-1), (1,1, -1) and A momentum p’ = (0, 0, 0) to get three different values of
0?. The preliminary results for the G 71, Gg2 and G ¢ form factors as a function of Q? are shown
in Fig. 3, Fig. 4, and Fig. 5. The error bars represent the statistical uncertainties from the plateau
fits. We observe that the signal quality for Gy, Gg2 and G, are good thus giving confidence
for us to proceed with the multi-hadron analysis. There is reasonable agreement in the beahvior of
the form factors extracted here with Ref [10]. We also observe that the excited-state contamination
is significant for the smaller source-sink separations, which highlights the importance of using
multiple source-sink separations to control these systematics.

4. Outlook

In our future work, we will compute finite-volume matrix elements involving N interpolating
operators at the source whose contraction topologies are shown in Fig. 6, and apply the BHWL
formalism [15, 16] to extract the infinite-volume N — N transition amplitudes.
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