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1. Introduction

Efforts to understand the internal structure of the A(1405) baryon has presented a challenge
to the scientific community for over 50 years [1,2]. While a simple quark-model picture suggests
a negative-parity excited state comprising up, down and strange quarks should be heavier than
the corresponding negative-parity state of the nucleon, its unexpectedly light mass has prompted a
wide range of studies that strongly indicate the presence of a significant contribution from a KN
bound state [3—11]. This molecular picture of the structure of the A(1405) has been shown to be
prevalent at light quark masses [8, 9], while lattice QCD continues to find compelling evidence
for the constituent-quark model of the A(1405) at both intermediate and heavy quark masses [10,
12]. Describing the behaviour of the A(1405) over a wide range of quark masses has recently
been shown to require a composite picture, whereby a three-quark state with non-zero bare mass
encounters strong interactions with nearby multi-hadron states, particularly KN and ¥, which
contribute significantly to the properties of the A(1405) near the physical point [10, 13, 14]. This
development serves to bridge the constituent-quark picture at heavy quark masses and the molecular
KN dominance of the A(1405) at light quark masses.

While lattice QCD simulation methods have demonstrated unprecedented accuracy in deter-
mining baryon ground state observables at relatively low quark masses [15, 16], advancement in
excited-baryon form factors is still at an early stage [10, 17-20]. Nevertheless, calculations of a
vanishing strange magnetic form factor for the A(1405) at small quark masses are crucial in un-
covering how the KN molecular behaviour appears on the lattice [10]. Since the s quark present in
the KN system is confined within the spin-0 kaon in a relative S wave with respect to a nucleon,
the angular momentum must be zero. Hence, the strange quark cannot contribute to the magnetic
form factor of a A(1405) composed as a molecular KN bound state.

In the case of the light-quark sector of the A(1405), lattice results must omit photon couplings
to the disconnected quark—antiquark loops, due to computational intensiveness and difficulty in
isolating a signal for excited states [10, 13,21-27]. Diagrams corresponding to the included and
omitted contributions to the form factors for the process A* — K~ p, for example, are shown in
Fig. 1. (The star superscript notation indicates that the resonance has odd parity). Thus, careful
accounting of the omitted contributions are vital in a meaningful comparison of the form factors of
the A(1405) compared to those of the nucleon, and a reliable estimate of the magnitude of these
partial quenching effects must be made [28].

2. Loop contributions to the magnetic form factor

In the KN picture, the spin-0 kaon is in a relative S wave about the nucleon, and thus, in the
absence of orbital angular momentum, the light-quark contributions to the magnetic form factor of
the A(1405) can be attributed solely to the nucleon. Since couplings derived from SU(3) symmetry
for A* - K~ pand A* — K'n are equal, the light sector contribution may be written as an average
of n and p magnetic form factors

(A= —= (1K p)+ 1K) ). @.1)

5l-

2



The Light-Quark Magnetic Moment of the Lambda(1405) Antikaon-Nucleon Molecule Jonathan M. M. Hall

D
d p(

Figure 1: (color online). The quark flow diagrams for the process A(1405) — K~ p can be decomposed into
a completely-connected part and two parts involving disconnected sea-quark loop contributions. The upper-
left completely-connected diagram and the upper-right diagram (blue dots) are included in the lattice QCD
calculations as the photon interacts with a valence quark. The case where a photon couples to a disconnected
sea quark loop, illustrated in the lower diagram (red dot), is not included in the lattice QCD calculations.

In full QCD, which includes the disconnected sea-quark loop contributions, the form of the light-
quark magnetic form factor takes the form

* | A * l_A _ 1—0,\—0
(A" || A = S p g | K p) 45 (B'n 8y | K'n)

1 N 1 N
= (01 P+ (0l g ). @2)

While the A(1405) is identified as the low-lying flavor-singlet baryon in the SU(3)-flavor
limit, as one approaches the physical regime, significant mixing with octet-flavor symmetry is
encountered [12]. Therefore one needs to consider both flavor-octet and flavor-singlet couplings
for A* — KN. In addressing the latter, we draw upon the recently developed graded-symmetry
approach for singlet baryons [29], which augments the standard octet-baryon Lagrangian with the
necessary additional terms.

First, consider the contributions to the singlet component of the A(1405), denoted A", where
the prime indicates that a singlet representation is taken. In the case of the process A”* — K~ p, the
relevant ghost term in the Lagrangian takes the form [29]

2 h ok
_gs\/;/\’ RAL, (2.3)

where g; is taken to be the coupling of the singlet to octet-octet process A — myX,. Here, the
notation of Ref. [29] is used. K~ is composed of a strange quark (s) and a ghost anti-up quark
(if) and /~\;§7,2 represents a proton-like particle composed of @ ud, with the normal quarks in an anti-
symmetric formation. The factor m is derived from the SU (3|3) symmetry relations that govern
the augmented Lagrangian. Recalling the full QCD vertex required for this process,

&N K p, (2.4)



The Light-Quark Magnetic Moment of the Lambda(1405) Antikaon-Nucleon Molecule Jonathan M. M. Hall

the relative sizes of the connected and disconnected loop contributions can be resolved- the con-
nected diagram has weight (1/3) g2 and the disconnected diagram has weight (2/3) g2. The same
ratio is found in the case of A" — K* n, where a d quark participates in the loop in full QCD.

Since flavor-symmetry breaking leads to significant singlet and octet mixing in the flavor com-
ponents of the A(1405), particularly near the physical point [12], one must also consider the octet-
to-octet meson and baryon contributions. Upon partial quenching, the corresponding couplings
lead to the same ratio of m . Thus the connected diagram holds a weight of 1/3 and the discon-
nected diagram holds a weight of 2/3 of the full QCD process independent of the representation of
the A(1405). As aresult, the calculation of the partially quenched value of the magnetic form factor
is straightforward. For example, because half of the u-quark contributions are in the disconnected
loop, one can obtain the u-quark contributions to the proton, u,, by subtracting off 1/2x2/3=1/3
of the full QCD contribution. The u-quark contribution to the neutron, u,,, on the other hand, is fully
included in the lattice QCD calculation, since the disconnected quark-loop flavor is a d quark, not
a u quark, so no adjustment is required

(AT B | A7) =

1 _ A _ 12 _ 1 R 1 2
3 (Pl P = 33K Pl )+ 3 @l R = (20~ St
2.5)

The first two terms of Eq. (2.5) represent the connected u-quark contribution from the proton com-
ponent within the A(1405). The first of these terms provides the full QCD contribution while the
second term subtracts half of the weight of the disconnected sea-quark loop associated with pho-
ton couplings to the disconnected loop. Similarly, for the d-quark contribution, a magnetic form
factor of %(2dn — %d,z +d,) is obtained. Note that, under charge symmetry, the two light quark
contributions, [1;°™ become equal for quarks of unit charge

* 2 conn * 1 2
(A" ™| A) = 3 <2up—3up+un> : (2.6)

3. Lattice QCD results

To test the KN model prediction of Eq. (2.6), the same set of configurations explored in
Ref. [10] are used, leading to a calculation of the left-hand side of the equation, (A* | ;" | A¥).
The calculation is based on the 32° x 64 full-QCD ensembles created by the PACS-CS collabora-
tion [30], made available through the International Lattice Data Grid (ILDG) [31]. The ensembles
provide a lattice volume of (2.9 fm)? with five different masses for the light  and d quarks, and
constant strange-quark simulation parameters. A valence strange quark with a hopping parameter
of k; = 0.13665 is simulated, reproducing the correct kaon mass in the physical limit [32]. The
squared pion mass is chosen as a renormalization group invariant measure of the quark mass, and
the scale is set via the Sommer parameter [33] with ro = 0.492 fm [30].

In calculating the right-hand side of Eq. (2.6), the nucleon magnetic form factors are de-
termined on these lattices using the methods introduced in Ref. [34, 35], providing values of
u, =1.216(17) uy and u, = —0.366(19) uy at the lightest pion mass, and the lowest nontrivial mo-
mentum transfer of Q% ~ 0.16 GeV?/c?. Figure 2 shows the results for the light- and strange-quark
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Figure 2: The light (x or d) and strange quark contributions to the magnetic form factor of the A(1405) at Q% ~0.16
GeV? / ¢? from Ref. [10] are presented as a function of the light u- and d-quark masses, indicated by the squared pion
mass, m,zt Sector contributions are for single quarks of unit charge. The lattice calculations are compared to the
predictions of the connected KN model developed herein. The vertical dashed line indicates the physical pion mass. The
strange form factor results are offset a small amount from the light sector in the m%-axis for clarity.

magnetic form factors of the A(1405), plotted as a function of pion mass. The flavor symmetry
present at heavy quark masses is broken as the u and d masses approach the physical point, where
the strange magnetic form factor drops nearly to zero. The light quark sector contribution differs
significantly from the molecular KN model prediction until the lightest quark mass is reached. The

direct matrix element calculation, (A* | fif

om | A*) agrees with the prediction of the connected KN
model, shown in Eq. (2.6). At the lightest pion mass, the light-quark magnetic form factor of the
A(1405) is [10]

(AT §™(Q%) [ A7) = 0.58(5) v, 3.1)
at 0% ~0.16 GeV? / ¢?. The connected KN model of Eq. (2.6) predicts

(A" D™ (Q%) | A*) = 0.63(2) - (3.2)

This agreement confirms that the A(1405) observed in lattice QCD is dominated by a molecular
KN structure near the physical point.

Note that there is a significant shift in the prediction due to the omission of the photon cou-
plings to the disconnected sea-quark loop. In the case where such couplings are included, the
prediction of the KN model is much larger, (A*| fiy | A*) = (2u, +u,)/2 = 1.03(2) py. Thus, a de-
termination of these disconnected-loop contributions directly from lattice QCD would be of great
value as a next step forward, particularly for resonances where coupled-channel dynamics play an
important role.
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4. Conclusion

The light-quark sector contributions to the magnetic form factor of the A(1405), calculated
in lattice QCD, have been compared to the predictions of a molecular KN model. By identifying
the quark-flow connected contributions to the magnetic form factors of the A(1405), a quantita-
tive analysis of light-quark contributions to the form factors shows that they are consistent with a
molecular bound-state description near the physical point.

Identification and removal of the quark-flow disconnected contributions to the KN model were
conducted using a recently extended graded-symmetry approach [29], which includes couplings to
the flavor-singlet components of baryons. It is found that the ratio of connected to disconnected
contributions is identical for both flavor-singlet and flavor-octet representations of the A(1405).

Using new results for the magnetic form factors of the nucleon at a light pion mass of m; = 156
MeV [28], the connected KN model predicts a light-quark sector contribution to the A(1405) of
0.63(2) wy, which is consistent with the direct calculation of 0.58(5) py from Ref. [10]. This
investigation thus provides further evidence that the internal structure of the A(1405) is dominated
by a KN molecule.
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