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Excited-state contamination remains one of the leading sources of systematic uncertainty in the precise

determination of hadron structure observables from lattice QCD. In this letter, we present a general

argument, inspired by meson dominance ideas and implemented through the variational method, to identify

which excited states are enhanced by the choice of the inserted current and kinematics. The argument is

supported by numerical evidence across multiple hadronic channels and provides both a conceptual

understanding and practical guidance to account for excited-state effects in hadron three-point function

analyses.
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Introduction. Lattice quantum chromodynamics (lattice

QCD) provides a first-principles framework to compute

a wide range of hadronic observables by numerically

simulating the strong interactions of quarks and gluons.

In particular, hadron three-point correlation functions offer

valuable insight into the internal structure of hadrons and

their interactions mediated by external currents. These

functions encode how a hadron responds to the insertion

of a current—probing, for instance, its form factors or

charge distributions—while accounting for the full com-

plexity of QCD dynamics. The standard expression for a

hadronic three-point function is

C3ptðp⃗0; t; q⃗; τÞ ¼ hOHðp⃗0; tÞJ ðq⃗; τÞO†
Hðp⃗; 0Þi; ð1Þ

where OH and ŌH are interpolators that annihilate and create

hadrons with the quantum numbers ofH, and J is a current

operator that mediates the interaction. For simplicity, we

consider the case where the same hadron operator appears at

both source and sink, and the current is a local bilinear

operator. However, the general argument applies more

broadly. The spectral decomposition of the three-point

function exposes its dependence on the matrix elements

of the current between hadronic states. Explicitly, one finds

C3ptðp⃗0;t;q⃗;τÞ¼Z0
HZ

†
HhH0jJ jHie−E0

H
ðt−τÞe−EHτ

þ
X

f

X

i

Z0
fZ

†
i hf0jJ jiie−E0

f
ðt−τÞe−Eiτ; ð2Þ

where the prefactors Z arise from the overlaps of the inter-

polating operators with the physical states. The ground-

state contribution is shown explicitly, while the double sum

accounts for all possible remaining excited initial and/or

final states with the same quantum numbers as H. In the

asymptotic regime t ≫ τ ≫ 0, contributions from excited

states are exponentially suppressed if E0
H < E0

f or EH < Ei.

In this limit, the ground state matrix element can be, in

principle, isolated. However, in practice, the signal-to-noise

ratio of most hadronic correlators deteriorates exponentially

with increasing time separation, complicating the extraction

of hadron properties. Consequently, lattice QCD analyses are

constrained to intermediate source-sink separations where

excited-state contamination remains significant, making its

understanding essential. Recently, alternative methods based

on the Lanczos algorithm have been proposed to extract

matrix elements through an iterative procedure [1].

Notably, long before QCD, current algebra and meson

dominance models provided powerful predictions for

hadron dynamics. Vector meson dominance (VMD), pro-

posed by Sakurai [2], postulates that the electromagnetic

current couples to hadrons predominantly via the ρ, ω, and

ϕ mesons. Based on VMD, quantitative predictions were

made for processes such as ρ → eþe− decay [3], ω → π0γ

and ϕ → ηγ [4,5], as well as eþe− → πþπ−; πþπ−π0 and

the q2 dependence of pion form factors [6]; see [7] for a

review. Similarly, current algebra and the Weinberg sum

rules, together with vector and axial-vector meson domi-

nance [8], yield the empirical relation ma1
=mρ ≈

ffiffiffi

2
p

, in

striking agreement with experiment. The partially con-

served axial current (PCAC) relation further explains the

strong coupling of axial currents to pions, reflecting their

role as pseudo-Goldstone bosons of spontaneously broken

chiral symmetry, and underpins soft-pion theorems, pion
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pole dominance in form factors, and low-energy current-

induced pion production [9–12].

Drawing on the intuition from meson dominance models,

one can predict which multihadron states are preferentially

produced in a given channel, provided the relevant sym-

metries and kinematics permit it. These current-enhanced

states can dominate excited-state contamination in lattice

QCD correlators, even if their masses exceed those of other

states. In this work, we use the variational method to show

that these contributions originate from a volume enhance-

ment of specific excited states generated by quark-line dis-

connected diagrams, and that only certain operators can

produce them. Combining this with meson dominance

arguments yields clear, physically intuitive predictions for

which states dominate in a given three-point function. In the

nucleon channel and in B→ π decays, these predictions

agree with chiral perturbation theory (ChPT) expectations,

and they extend naturally to cases without ChPT guidance.

Our framework is general, applicable to any hadron three-

point (or higher), and we present numerical evidence

confirming these predictions.

Volume enhancement of current-enhanced states. To show

the current-enhanced excited-state contributions, we employ

the variational method with an extended basis of single and

multihadron operators that have the quantum numbers of

the initial and final operators: BH ¼ fOH;OH1
;OH2

;OHM;
OH1M1

;…g. Using this basis, we construct a matrix of two-

point correlation functions, which reads

C2ptðp⃗; tÞkj ¼ hOkðp⃗; tÞO†
jðp⃗; 0Þi Ok;j ∈BH: ð3Þ

We solve the generalized eigenvalue problem

C2ptðp⃗; tÞVðp⃗; t0Þ ¼C2ptðp⃗; t0ÞΛðp⃗; tÞVðp⃗; tÞ t > t0; ð4Þ

which yields the matrix of eigenvalues Λðp⃗; tÞ ¼
diagðλH; λH�

; λHM;…Þ and eigenvectors Vðp⃗; tÞ ¼ ðv⃗OH
;

v⃗OH1
; v⃗OH2

; v⃗OHM
; v⃗OH1M1

;…Þ. The eigenvectors can be used

to diagonalize the system [13,14] and to construct an

improved operator ÕH like

ÕH ¼
X

Oi ∈BH

vHOi
Oi: ð5Þ

By construction, this operator overlaps only with the stateH,

assuming the variational basis spans the full Hilbert space.

However, in practice, it is not feasible to include the infinite

tower of interpolating operators required to fully reconstruct

the spectrum. Due to this limitation, one must work with a

truncated basis, and with the right choice of t0 and t in

Eq. (4), the associated systematic effects are exponentially

suppressed by the energy gaps between the omitted states

and the resolved ones [15]. Using this diagonalized operator,

we can compute the improved three-point functions

C̃3ptðp⃗0; t; q⃗; τÞ ¼ hÕHðp⃗0; tÞJ ðq⃗; τÞÕ†
Hðp⃗; 0Þi: ð6Þ

This expression involves a linear combination of three-point

correlators built from all operators in the variational basis.

Specifically, it requires evaluating correlation functions of

the form

hOkðp⃗0; tÞJ ðq⃗; τÞO†
jðp⃗; 0Þi Ok;j ∈BH: ð7Þ

Among these are three-point correlators of the type

hOHðp⃗0
H; tÞOMðp⃗0

M; tÞJ ðq⃗; τÞO†
Hðp⃗; 0Þi; ð8Þ

with p⃗0 ¼ p⃗0
H þ p⃗0

M. These terms, as we argue below, can

be significantly enhanced for specific choices of current,

momenta, and interpolating operators. To illustrate the

enhancement mechanism, we rewrite the three-point func-

tion in Eq. (8) in terms of the Wick contractions obtained

from the quark content of the hadron operators,

hOHðp⃗0
H; tÞOMðp⃗0

M; tÞJ ðq⃗; τÞO†
Hðp⃗; 0Þi

¼ hWCðp⃗0
H; p⃗

0
M; q⃗Þ þWDðp⃗0

H; p⃗
0
M; q⃗Þ

þWdiscðp⃗0
H; p⃗

0
M; q⃗Þi: ð9Þ

In lattice QCD, WC denotes the connected diagrams, WD

the direct diagrams, and Wdisc the disconnected diagrams.

Both WD and Wdisc are quark-line disconnected. Which

contributions appear, and with what relative weight,

depends on the quark flavor structure of the interpolating

operators, the current, and the kinematics. To make these

contributions explicit, we write each term in coordinate

space, including the appropriate Fourier transforms to

project onto the desired momenta,

WCðp⃗0
H; p⃗

0
M; q⃗Þ ¼

X

x⃗H ;x⃗M ;z⃗

e−ip⃗
0
H
·x⃗He−ip⃗

0
M
·x⃗Meiq⃗·z⃗hOHðx⃗H; tÞ

× OMðx⃗M; tÞJ ðz⃗; τÞO†
Hðx⃗0; 0ÞiF; ð10Þ

WDðp⃗0
H; p⃗

0
M; q⃗Þ ¼

X

x⃗H ;x⃗M ;z⃗

e−ip⃗
0
H
·x⃗He−ip⃗

0
M
·x⃗Meiq⃗·z⃗hOHðx⃗H; tÞ

× O†
Hðx⃗0; 0ÞiFhOMðx⃗M; tÞJ ðz⃗; τÞiF;

ð11Þ

Wdiscðp⃗0
H; p⃗

0
M; q⃗Þ ¼

X

x⃗H ;x⃗M ;z⃗

e−ip⃗
0
H
·x⃗He−ip⃗

0
M
·x⃗Meiq⃗·z⃗hOHðx⃗H; tÞ

×O†
Hðx⃗0;0ÞiFhOMðx⃗M; tÞiFhJ ðz⃗; τÞiF:

ð12Þ

Here, h·iF denotes the Wick contractions, expressed as

traces over products of quark propagators. Examples of the

connected and direct diagrams are shown in Fig. S1 in

Supplemental Material [16], for the case of a baryon-meson
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two-hadron operator at the sink and a baryon interpolator at

the source.

A central observation of this work is that, when the

meson momentum matches the current momentum trans-

fer, p⃗0
M ¼ q⃗, the amplitude of the quark-line disconnected

contributions—such as those in Eqs. (11)–(12)—is sig-

nificantly larger than the quark-line connected contribu-

tion in Eq. (10). In the noninteracting limit, such

contributions are expected to be enhanced by the spatial

volume (L3=a3), since translational invariance can be used
for the current-meson two-point functions. Conversely,

multiparticle overlaps are suppressed with the inverse

spatial volume, and in Eq. (6) this suppression—carried

by the eigenvector components—is compensated by the

volume enhancement of quark-line disconnected dia-

grams. In several nucleon channels—axial-vector, vector,

and scalar—we find that at τ ¼ t the quark-line discon-

nected contributions are Oð100Þ larger than the connected
ones on an ensemble with L ¼ 24a ¼ 2.4 fm and

mπ ¼ 429 MeV. By comparing results from two volumes

[18], L ¼ 24a ¼ 2.4 fm and L ¼ 48a ¼ 4.2 fm, we con-

firm that this enhancement scales approximately with the

spatial volume, in agreement with expectations in the

noninteracting limit. Our simulations simulations use

ensembles generated by the Coordinated Lattice

Simulations (CLS) effort with OðaÞ-improved Wilson

fermions [19]. This approximate volume scaling is also

observed in [20], which adopts the twisted-mass formu-

lation of the action, and which we expect to be a general

feature of lattice QCD three-point functions.

Therefore, in the improved three-point functions of

Eq. (6) and at the moderate intermediate distances currently

accessible (τ; t-τ≲0.8 fm for nucleon observables), oper-

ators whose correlation functions include quark-line dis-

connected contributions dominate over those that do not.

This simple but important observation has direct implica-

tions: the presence (or absence) of quark-line disconnected

diagrams in a given three-point function indicates which

excited states are most likely to contribute significantly at

accessible distances. This connection becomes especially

transparent in a partially quenched framework [21], where

individual contractions can be mapped to specific inter-

mediate states in the spectral decomposition.

For instance, the meson–current term appearing in

Eq. (11) contains the matrix element h0jJ jMi, describing
the creationof amesonby the current. The quantumnumbers

of the meson M can be inferred from current algebra,

providing theoretical guidance on which states couple most

strongly to a given current. Importantly, although the quark-

line disconnected diagrams are large in amplitude, their time

dependence reflects the propagation of multiparticle states,

and leads to a faster exponential decay compared to ground-

state contributions present in connected diagrams.

This behavior becomes clear in the schematic structure

of the connected and direct terms,

WC ¼ Z0
HMhðHMÞ0jJ jHiZ†

He
−E0

HM
ðt−τÞe−EHτ

þ jZ0
HjhH0jJ jHiZ†

He
−E0

H
ðt−τÞe−EHτ þ…; ð13Þ

WD ¼ OðL3=a3ÞjZHj2jZMj2e−EHte−EMðt−τÞ þ… ð14Þ

The connected contributions WC contain both single- and

multiparticle intermediate states, as propagation from source

to sink can proceed through either type. In contrast, WD is

dominated by multiparticle propagation and thus decays

more rapidly in Euclidean time. Consequently, although

quark-line disconnected terms can be Oð100Þ larger in

amplitude, they are exponentially suppressed at large time

separations relative to the ground-state contribution in WC.

For the source-sink separations currently accessible in lattice

QCD, however, these enhanced contributions dominate the

signal and must be properly accounted for. This behavior is

supported by numerical evidence reported in [20,22], and is

consistent with the qualitative picture from partially

quenched theory [21], which associates multihadron con-

tributions with specific diagram topologies.

Importantly, the states created by the current in these

diagrams are not limited to stable single hadrons. In lattice

QCD, resonances such as the ρ or σ mesons do not appear as

asymptotic states due to their strong decays. Instead, the

current often couples directly to their decay products: for

instance, the vector current can produce ππ in P wave, while

the scalar current can create ππ in S wave. It is important to

keep in mind that the dominant states can depend sensitively

on the ensemble parameters—such as the pion mass and

spatial volume—since these determine which multihadron

states lie closest to threshold. We provide further discussion

and numerical examples of such cases below.

Strategies to account for current-enhanced states. The

identification of quark-line disconnected diagrams as the

dominant contributions at short and intermediate source-

sink separations provides a valuable insight: once these

diagrams are known to drive the contamination, one can

develop targeted strategies to account for the corresponding

excited states.

This can be tackled through these proposed strategies:

(i) Variational analysis with tailored operators: In-

clude interpolators with strong overlap onto the

enhanced multiparticle states, such as Nσ [18],

Nπ [20,23], or Nρ-like operators (see Supplemental

Material [16]). This model-independent approach

isolates and subtracts specific excited-state contri-

butions, and enables determination of transition

matrix elements, e.g. hNπjJ μjNi [22], hπjJ μjππi
[24], hKjJ μjKπi [25], timelike meson form factors

beyond the elastic region [26], hρjJ jBi and

hππjJ μjBi [27]. Recent results show that including

only operators producing current-enhanced states

already yields accurate and robust outcomes.
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(ii) Two-point analysis of meson–current diagrams:

Compute the quark-line disconnected diagrams—

or just the current-meson two-point function—to

extract the energy of the associated multiparticle

state and identify which states are current enhanced.

These states can be then incorporated into effective

field theory to compute analytic expressions for their

contributions, or used as priors in multistate fits, or

to directly remove contamination in standard three-

point functions [28,29].

(iii) Effective field theory estimates: Use low-energy

EFTs, such as ChPT, treating the current-enhanced

meson explicitly to compute analytic expressions for

their contributions [30–34]. Information from the

current-meson two-point analysis guides which

couplings to include in the chiral Lagrangian.

While the variational method—particularly with an

extended operator basis—offers the most reliable control

over current-enhanced states, it is computationally expen-

sive. The other two strategies are significantly cheaper

and—when combined—can still yield robust analytic

estimates of excited-state contamination.

Examples: Numerical evidence in nucleon three-point

functions. The expression for the nucleon three-point

function reads

C3ptðp⃗0; t; q⃗; τÞ ¼ hONðp⃗0; tÞJ ðq⃗; τÞO†
Nðp⃗; 0Þi; ð15Þ

whose spectral decomposition contains the nucleon-current

matrix elements hNðp⃗0ÞjJ ðq⃗ÞjNðp⃗Þi. In the following, we

discuss three examples for which we have numerical

evidence of current-enhanced states: axial, scalar, and vector

channels. Importantly, the observation of large contamination

from certain excited states is not tied to a specific lattice

action: different discretizations, such as the Highly Improved

Staggered Quark action [33,35], the six stout-smearedOðaÞ-
improved Wilson–Clover action with Iwasaki gauge action

[28], the TwistedMass action [20], a mixed-action setupwith

Overlap valence fermions on a Domain-Wall-fermion sea

[36,37], and ensembles generated by the CLS effort [32,38],

report similar effects, for instance in the nucleon channel,

consistent with the general argument presented in this work.

Nucleon axial matrix elements: In the case of an isovector

intermediate axial current J ¼ Aμ ¼ ψ̄γμγ5ψ , there is a

nonvanishing direct diagram when the meson operator is a

pionlike or a1-like interpolator. In the first case, the direct

diagram reads

WD ¼ hONðp⃗0
N ; tÞO†

Nðp⃗; 0ÞiFhOπðp⃗0
π; tÞAμðq⃗; τÞiF ð16Þ

and the gauge average of the pion-axial term yields

⟪Oπðp⃗π; tÞAμðq⃗; τÞiFi ¼ iqμfπδp⃗π ;q⃗
e−Eπðt−τÞ: ð17Þ

Therefore, this diagram is nonzero onlywhen the pion carries

the samemomentum of the current and along the direction of

its component. Several lattice studies have reported a large

excited-state contamination in this channel for the standard

nucleon three-point function in Eq. (15), e.g., [39,40]. It was

then predicted at leading order inChPT [31,32] thatNπ states

contribute very largely to such channels, and that their

contribution is not suppressed by the volume, in agreement

with the argument proposed in this letter.

Furthermore, ChPT predicts that Nπ states contribute

only weakly—compared to other channels—to cases with

q⃗ ¼ p⃗0 ¼ p⃗ ¼ 0⃗ [41,42], which include, for example, the

axial charge [43]. This is again in agreement with the fact

that the direct diagram in Eq. (16) vanishes in these

kinematics. However, in the axial channel A4 and forward

limit with boosted frames, i.e. p⃗0 ¼ p⃗, Eq. (16) does not

vanish and indeed, both ChPT [32] and lattice results

[20,23] show a large contamination from Nπ states.

As for the excited-state contamination in the forward limit

with q⃗ ¼ p⃗0 ¼ 0⃗, we speculate that the axial meson a1 plays
a prominent role, and in particular we suggest to include

Nð0⃗Þa1ð0⃗Þ in the variational analysis or account for the

excited states as discussed in the previous section. The reason

is that by including Nð0⃗Þa1ð0⃗Þ in the variational basis, the

Wick contractions of hONa1
ð0⃗; tÞAið0⃗; τÞO†

Nð0⃗; 0Þi contain

nonvanishing quark-line disconnected diagrams, which are

volume enhanced. Very likely, the Na1-like operator will

couple well to the scattering states at sufficiently light pion

masses, i.e., N ⊗ decays products of a1 [44].

Notice also that the inclusion of the OðaÞ-improvement

term cAa∂μP in the external axial currents with Wilson-

Clover actions will include additional contributions from

the same current-enhanced states (Nπ), as both the axial

and pseudoscalar currents can exhibit large excited state

contamination for certain channels [31,45], albeit sup-

pressed by OðaÞ. This applies generally to other sectors

and external currents as well.

Nucleon scalar matrix elements: The nucleon scalar matrix

elements can be extracted from nucleon three-point func-

tions with a scalar current insertion J ¼ S. Of particular

interest are nucleon isoscalar scalar matrix elements in the

forward limit, which are proportional to the nucleon scalar

coupling and sigma terms [38,46].

Following the same argument of the previous sections,

when Nσ operators are included in the variational basis, the

isoscalar scalar channel can receive sizable contributions

from both the direct and the disconnected terms in Eqs. (11)–

(12). In this case, the direct and disconnected terms read

WDðp⃗0
N ; p⃗

0
σ; 0⃗Þ ¼ hONðp⃗0

N ; tÞO†
Nð0⃗; 0ÞiF

× hOσðp⃗0
σ; tÞSð0⃗; 0ÞiF; ð18Þ

Wdiscðp⃗0
N ; p⃗

0
σ; 0⃗Þ ¼ hONðp⃗0

N ; tÞO†
Nð0⃗; 0ÞiF

× hOσðp⃗0
σ; tÞiFhSð0⃗; 0ÞiF: ð19Þ
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The specific intermediate states contributing to these terms

depend on the ensemble parameters, such as the pion mass

and spatial volume.

In the regime where the pion mass is sufficiently

large that the low-lying scalar mesons lie below the

multiparticle threshold, the physical interpretation is that

Nσ states contribute to the disconnected piece, while Na0
states contribute to the direct piece. In [18], we verify

numerically the large Nσ contribution in the isoscalar

channel at mπ ¼ 429 MeV, where the sigma lies at

mσ ¼ 554 ð49Þ MeV, below the ππ threshold.

At lighter pion masses, where the σ is unstable, in the

sense that its mass is above the ππ S-wave threshold,

the dominant contribution is instead expected from Nππ

S-wave states or from mixed Nσ–Nππ components, due to

their coupling. A next-to-next-to-leading order (N2LO)

ChPT calculation at the physical point [33] predicts large

Nπ and Nππ contributions. However, in [20] a variational

analysis including the lowest Nπ states finds no effect on

this observable—consistent with the absence of quark-line

disconnected contributions from Nπ operators in this

channel. We therefore advocate using Nσ-like operators

even at light pion masses, since they will couple to the

relevant Nππ scattering states [47].

Nucleon vector matrix elements: The vector matrix elements

can be computed by inserting a vector current J ¼ Vμ in

Eq. (15). Following the same steps of the previous section, in

the isovector channel, we expect a large contamination from

Nρ states, in the physical scenario where the ρ energy is

below the ππ energy threshold. This may be counterintuitive

as the ρ is quite heavy and may be therefore missed in the

multistate fit analyses. To prove this, we have carried out a

variational analysis withN andNρ operators on an ensemble

with Nf ¼ 3 and mπ ¼ 429 MeV, where the ρ lies at

mρ ≈ 860 MeV, well below the ππ P-wave states lying at

≈1360 MeV. In Supplemental Material [16], we report

numerical evidence that shows that by removing Nρ states

from the nucleon isovector vector three-point functions, the

excited-state contamination is exponentially reduced, prov-

ing that Nρ states are the dominant contribution. Notice that

on this ensemble, the energy of the Nρ states with zero and

unit total momemtum is ENρ ≈ 2280MeV, and 2170 MeV,

respectively—substantially higher than the corresponding

energies of Nσ, Nπ, or Nππ states.

This analysis delivers an important message: current-

enhanced multiparticle states can dominate the excited-

state contamination even if they are heavy. While such

states might appear to be suppressed due to their large

energy, their strong overlap with the current via the quark-

line disconnected diagrams allow them to contribute

significantly at moderate Euclidean time separations. In

particular, the Nρ contribution—even when heavier—can

outcompete lighter states such as Nπ, due to its stronger

coupling to the vector current. In [46], a variational analysis

with N- and Nπ-like operators shows that the Nπ states

have little effect in this channel, again in perfect agreement

with our argument.

Importantly, at sufficiently light pion masses, where the ρ

becomes unstable, we expect that the dominant contribution

is coming fromNππ with ππ in P wave in the rest frame, or a

mixture of Nρ and Nππ. A similar observation was already

made in [48], where evidence for large contributions from

Nππ excited states in the vector channel was found,

consistent with the vector meson dominance picture.

Other examples: Semileptonic decays. The argument pre-

sented in this work is general and extends naturally to

processes where different hadrons appear at the source and

sink, such as in semileptonic decays.

In the case of heavy-light decays, like, for instance,

B→ πlνl, the expression for the three-point function reads

hOBð0⃗; tÞVμðq⃗; τÞO†
πð−q⃗; 0Þi: ð20Þ

For such correlation functions, the direct diagrams arise

from two-hadron operators of the type B�
μπ, which can have

the quantum numbers of B. In particular, the expression is

WDð0⃗; p⃗0
π; q⃗Þ ¼ hOB�

μ
ðq⃗; tÞVμðq⃗; τÞiF

× hOπð−q⃗; tÞO†
πð−q⃗; 0ÞiF ð21Þ

which predicts that the current-enhanced B�
μπ states are in

the momentum configuration where the pions in the final

and initial state carry the same momentum, and B� carries
the same momentum as the current. In fact, in [34], it was

predicted in heavy meson ChPT, that such states contribute

largely to this channel.

Similar discussions hold for other processes like

Bs → Klνl, investigated, for instance, in [49]. In this

case, the largest excited-state contamination is expected

to come from B�K states. These examples illustrate how the

mechanism discussed here applies beyond nucleon observ-

ables, and the framework can be naturally extended to a

broad class of hadronic transitions.

Conclusions. Excited-state contamination remains a lead-

ing source of systematic uncertainty in lattice QCD

determinations of hadron structure. We have identified a

key mechanism behind this effect: external currents can

couple strongly to specific multiparticle states whose

contributions are not volume suppressed, leading to an

effective current enhancement of these states. Such current-

enhanced states—often overlooked in standard analyses for

lack of direct ChPT predictions—can dominate signals at

the source-sink separations accessible today. We present

a general framework, supported by numerical evidence,

that determines which excited states contribute most
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significantly and why. The considerations of this work,

which rely on symmetries of correlation functions and

volume-scaling arguments, apply to any lattice discretiza-

tion of the QCD action. For discretizations such as

staggered fermions, the presence of additional unphysical

species may give rise to further current-enhanced states,

but the same reasoning applies. This picture agrees with

existing chiral effective theory results, but extends beyond

it by providing a diagrammatic criterion based on the Wick

contraction structure, applicable to any channel. It clarifies,

for example, why Nπ states are not the dominant excited

states in certain channels—such as the scalar channel—and

thus why their inclusion in [20] yielded improvements

only where current-enhanced diagrams contribute, while

having little effect elsewhere. In practical terms, our

findings motivate the targeted inclusion of current-induced

multihadron states in multistate fits, and provide a

clear operator-selection criterion for variational analyses.

Adopting these strategies can systematically reduce

excited-state systematics, paving the way for higher-

precision determinations of hadron structure in future

lattice QCD calculations.

Simulations were carried out on the QPACE 3 computer

of SFB/TRR-55, using an adapted version of the Chroma

[50] software package.
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