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QCD interactions for equal-mass fermion flavors are flavor blind. This fact is often used to state that
disconnected sea-quark loop contributions are equal for u and d quarks in the mass symmetric case and

therefore these disconnected sea-quark loop contributions cannot contribute to the well-known d — &
asymmetry in the proton. Instead, it is argued that one must look to the connected sector of lattice QCD
correlation functions to find this difference. In this presentation, we note that these statements are true provided
unphysical contributions in the sea-quark loop sector are included, contributions from baryons that do not
appear in the physical spectrum. To respect the Pauli principle, these unphysical contributions from the
disconnected sea-quark loop sector must cancel equally unphysical contributions in the connected sector. The

remaining disconnected sea-quark loop contributions no longer have a balance between d and #. Upon
considering only physically observed baryons in the loop contributions, we illustrate an important

contribution from the sea-quark loop sector to d — i that enhances the leading connected contribution by 12%.

DOI: 10.1103/PhysRevD.109.L031503

Introduction. Understanding the structure of the nucleon
remains an exciting challenge for modern nuclear and
particle physics [1]. One of the great surprises of the past
few decades in this area was the discovery that there is an
asymmetry between the anti-down (d) and anti-up (i) sea
quarks in the proton. While this was in fact predicted on the
basis of chiral symmetry [2], it was almost a decade later
that a hint of such an asymmetry [3] was verified exper-
imentally by the New Muon Collaboration [4], as a
significant discrepancy in the Gottfried sum rule [5,6].

Since then, the shape of d — @ as a function of Bjorken-x
has been studied in detail at leading twist through the
Drell-Yan process [7,8] as well as further measurements of
F% — F% [9]. There have also been extensive studies of the
capacity of chiral field theory to constrain this and other
asymmetries in the sea of the nucleon [10-21].

Apart from the intrinsic interest in nucleon structure,
modern tests of the Standard Model demand that the parton
distribution functions (PDFs) be known very accurately
[22-28]. Such considerations have led to interesting sugges-
tions that constraints from lattice QCD might supplement
experimental data in constraining hadronic PDFs [29-32].

In describing the structure of the proton in the context of
deep inelastic scattering and parton distribution functions,
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the convention is to distinguish between a three-quark
valence sector and a quark-number zero sea sector con-
sisting of quark-antiquark pairs and gluons [33]. Here our
focus is on the connected and disconnected quark flows
considered in lattice QCD calculations of three-point
correlation functions, where a flavor-diagonal quark-bilin-
ear current probes the structure. While the disconnected
sector generates quark-number zero sea contributions, the
connected sector contributes to both the three-quark
valence- and the zero-quark sea-quark contributions, due
to the ability of the connected quark flows to include
additional quark-antiquark sea contributions. The relation-
ship between the valence and sea sectors of phenomenol-
ogy and the connected and disconnected sector of quantum
field theory was established long ago [34,35].

Here we focus on suggestions that the difference in the
sea-quark contributions from connected and disconnected
diagrams in lattice QCD could be used to improve phenom-
enological PDF extractions. In particular, we examine the
suggestion that the disconnected diagrams have a physical
interpretation and do not contribute to the d — i asymmetry.

In the following we demonstrate that neither the con-
nected nor the disconnected diagrams in lattice QCD have a
physical meaning on their own. Each sector contains only a
subset of the Wick contractions generated in performing the
Grassmann algebra of the QCD path integral. Only the
combination of both sectors ensures that the particles
propagating are physical.

Indeed, we will show the presence of unphysical states
propagating in the valence and sea sectors and demonstrate
how some of the disconnected sea-quark loop sector is used
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to cancel off unphysical states propagating in the connected
sector. Two consequences follow from this. First, any
suggestion that the sum of all the disconnected diagrams
must have a physical interpretation is false. Part of this
contribution is used to remove unphysical hadrons propa-
gating in the connected sector. Second, the disconnected
sea-quark loop contributions remaining no longer have a
balance between d and @ contributions. This latter point
admits a nontrivial contribution to d — i asymmetry from
the disconnected sea-quark loop sector.

In other words, the symmetry required to ensure the
disconnected sea-quark loop sector cannot contribute to the
d — i asymmetry necessarily requires the inclusion of
unphysical baryon contributions, baryons that do not
appear in the physical spectrum.

Because these unphysical contributions must be elimi-
nated from the disconnected sea-quark loop sector through a
cancellation with appropriate contributions in the connected
sector, the assertion that the physical d and & disconnected
sea-quark loop contributions cancel in d — i is incorrect.
Upon considering only physically observed baryons in the
loop contributions, we illustrate an important contribution
from the disconnected sea-quark loop sector to the d — i
asymmetry.

Quark flow analysis. We begin our analysis through the
consideration of quark flow diagrams included in lattice
QCD calculations of three-point functions of standard proton
interpolating fields and a flavor-diagonal quark-bilinear
current. In performing the Wick contractions, one encounters
two topologically distinct diagrams, one in which the quark
flow is connected through the creation interpolating field to
the annihilation interpolating field of the proton, and a second
in which the quark fields of the current are contracted to form
a loop. Such a diagram is commonly referred to as a quark-
flow disconnected diagram. However, it is connected to the
two-point function through gluon interactions. The elemen-
tary considerations of interpolating fields, the direct and
exchange Wick contractions included in the connected
quark-flow diagrams, and the contractions of the fermion
fields in the bilinear current of the three-point function giving
rise to quark-flow disconnected contributions may be
reviewed in Ref. [36].

In drawing the diagrams associated with the disconnected
sea-quark loop contribution, one can consider flavor-singlet
constructions where the quark-antiquark pair of the loop
annihilates to gluons, and flavor-octet contributions where
the loop pairs with one of the quark-flow lines of the proton
interpolating fields to form flavor-octet mesons. As the
flavor-singlet mesons have an equal balance of #u and dd
components in the mass-symmetric limit neglecting electro-
magnetic interactions, these contributions do not generate a
d — i asymmetry and we do not consider them further.

Figure 1 illustrates the quark-flow diagrams having
overlap with meson dressings of the proton contributing

to the d — i asymmetry of the proton. The eight diagrams are
associated with two choices for the light quark propagating in
the meson dressing, times two choices for the antiquark,
times two topologically different quark flows giving rise to
the meson dressing. Connected Wick contractions, including
both the direct and exchange contractions, are listed in the left
column and the corresponding quark-bilinear current con-
tractions generating a disconnected sea-quark-loop contri-
bution appear in the right-hand column.

There are three connected flows to consider as the d quark
can be placed on each of the quark flow lines. With the
intermediate-state quark-flows identified, the corresponding
diagram incorporating a disconnected sea-quark loop is
illustrated. In obtaining the physical contribution, both the
connected and disconnected sea-quark loop contributions are
summed. The final row, illustrating the dd component of the
meson dressings emphasizes that there is no connected
contribution to this component. One would need two d
quarks in the valence sector of the proton. Thus, in this case,
only the disconnected sea-quark loop contributes.

We now turn our attention to the symmetries manifest in
lattice QCD calculations. These calculations are not
restricted to specific choices for the mesons and baryons
participating in the intermediate state. Rather, the lattice
correlation functions have overlap with all baryons and
mesons associated with the quantum numbers specified by
the quark flow. Thus, in this discussion of the symmetries
of lattice QCD correlation functions, we will ignore the
hadron labels on the intermediate states of Fig. 1.

The symmetry of the & and d contributions is manifest in
the right-hand column of Fig. 1. When a u valence quark is
contributing to a meson dressing, both the d and # sea
quarks contribute in diagrams (b) and (d) respectively. For
equal-mass u and d flavors, and neglecting electromagnetic
effects, these sea-quark loop contributions are equal. While
the gluonic interactions are sensitive to the mass of the
quarks, they do not differentiate flavor. Similarly, when a d
valence quark is contributing to a meson dressing, both the
# and d sea quarks contribute in diagrams (f) and (h)
respectively, again maintaining the symmetry. The naive
conclusion is that this symmetry prevents a contribution to
the d — i asymmetry. However there is a subtlety that has
been overlooked.

If one considers the connected and disconnected diagrams
on their own, without taking the sum, one must expand the
list of baryons and mesons having overlap with the quark
flows to include unphysical states that do not appear in the
physical spectrum. Indeed, the Pauli exclusion principle is
enforced by summing both of the aforementioned Wick
contractions leading to connected and disconnected quark
flows. On their own, a connected or disconnected graph will
receive contributions from baryons that do not satisfy the
Pauli exclusion principle. Fortunately, the symmetries high-
lighted in the previous paragraph can be used to determine
the properties of these unphysical states.
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FIG. 1.

(h)

Quark flow diagrams describing the one-loop meson dressings contributing to the d — iz asymmetry of the proton. The

connected flows are listed in the left column as diagrams (a), (c), (e), and (g). The corresponding flows incorporating a disconnected sea-
quark loop contribution appear in the right-hand column as diagrams (b), (d), (f), and (h). Diagram (g) contains no quark labels and
serves to illustrate there is no connected contribution to the dd meson component. We focus on contributions where the external current

acts on the anti-quark loop.

At this point, it is helpful to become more specific on the
hadrons contributing to the quark flows of Fig. 1. Thus we
turn our attention to light pseudoscalar meson dressings
having intermediate nucleon or A-baryon intermediate
states. These dressings provide the most important con-
tributions to the d — i asymmetry. Dressings with inter-
mediate baryons degenerate with the nucleon not only
isolate the leading nonanalytic contribution in chiral
perturbation theory [10,37-39] but also serve to expose
the presence of unphysical baryon contributions. The
consideration of A intermediate states serves to further
illustrate the necessity of an unphysical baryon degenerate
with the nucleon.

We commence by focusing on dressings with intermedi-
ate baryons degenerate with the nucleon. Diagrams (a) and
(b) of Fig. 1 sum to provide the physical nz* dressing of
the proton. In diagrams (c) and (d), we are introduced to the

11, meson, a meson composed of a ui pair. Similarly, the dd
meson in diagram (h) is labeled as 7,. The masses of these
neutral pseudoscalar mesons can be inferred from the
symmetries manifest at the level of lattice QCD correlation
functions.

Because the sea-quark loop contributions from diagrams
(b) and (d) are equal, we conclude that when the du meson
of diagram (b) is a z™, the 7, meson of diagram (d) has a
mass degenerate with the pion. Similarly, because the sea-
quark loop contributions from diagrams (f) and (h) are
equal, when the #d meson of diagram (f) is a z~, the 7,
meson of diagram (h) has a mass degenerate with the pion.

The axial couplings of these mesons are provided in a
meson basis in which the diagonal entries of the nonet
pseudoscalar meson matrix are 7,, 14, and 7,. In other
words, the square of the axial couplings of the 7, and 7,
mesons is associated with a linear combination of z°, n, and
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1 mesons in the proportion 3 : 1:2 respectively for standard
SU(3) symmetry. We emphasize this is simply a change of
basis. The masses of the mesons are governed by the
symmetries encountered in lattice QCD calculations.

The low-lying baryons associated with the quark flows
are also labeled in Fig. 1. It is here that one encounters an
unphysical baryon labeled “p™*” in diagrams (e) and (f).
While the charge of +2 is manifest in the presence of a 7~
and the necessity of charge conservation, the label of a p
emphasizing the propagation of a baryon degenerate with
the proton requires further explanation.

Because QCD interactions are flavor blind when
m, = mg, diagrams (f) and (h) make equal contributions.
It is clear that diagram (h) has overlap with the normal
proton propagating in the intermediate state. Indeed dia-
grams (c), (d), and (h) sum to provide the physical pz°
dressing of the proton. Thus, through the equivalence of
diagrams (f) and (h) established by the symmetries of lattice
QCD calculations, one concludes that the mass of the p**
is also that of the proton. The mass of the intermediate
proton in diagram (h) excludes the identification of the p™
as the physical AT,

Because the Pauli exclusion principle does not allow
octet baryons with charge 42, we must look to the other
connected Wick contractions to cancel the unphysical
contribution of the sea-quark loop in diagram (f). This is
the role of diagram (e) and thus we conclude that the
contribution of diagram (e) is equal and opposite to that of
diagram (f). In other words, if we were to restrict our
diagrams to those having physical intermediate baryons, we
would need to eliminate diagrams (e) and (f) in the third
row of Fig. 1. With the loss of diagram (f), the symmetry of
the disconnected sea-quark loop contributions is lost.
Flavor-blindness in QCD interactions equates the contri-
butions of diagrams (b) and (d), leaving the contribution
from diagram (h) to break the symmetry. Thus, we
conclude that disconnected sea-quark loops do in fact
make physical contributions to the d — i asymmetry in
the proton.

We now turn our attention to pion-loop dressings with A-
baryon intermediate states. A survey of these baryon labels
in Fig. 1 reveals all of the required charge assignments are
associated with physical A states. Indeed, the problem
encountered in considering diagrams (e) and (f) where a
pt1 baryon degenerate with the proton was required, now
presents no problem. This time, diagram (h) has overlap
with a A™ propagating in the intermediate state. Now
the equivalence of diagrams (f) and (h) established by the
symmetries of lattice QCD calculations demands that the
mass of the intermediate baryon propagating in diagram
(f) is degenerate with the A*. Noting the A baryons are
degenerate in the mass-symmetric limit when electromag-
netic effects are neglected, the ATt baryon of diagram
(f) satisfies this condition.

In summary, all the intermediate A-baryon states can be
associated with physical A states. Cancellation between
diagrams (e) and (f) is not required for A-baryon inter-
mediate states. In this case, diagram (f) remains available to
complete the symmetry of d and i disconnected sea-quark
loop contributions and the disconnected sea-quark loop
sector does not generate a contribution to the d—i
asymmetry of the nucleon when the intermediate propa-
gating baryon is a A baryon. As such, we will not consider
A baryons further.

Partially quenched chiral perturbation theory. Partially
quenched chiral perturbation theory for baryons [40-44]
provides a mechanism for understanding the relative con-
tributions of the connected and disconnected quark-flow
diagrams. While the label “partially quenched” has a
historical origin, the results presented here pertain to that
of physical QCD. Here we draw on the results in Tables I and
IT of Ref. [43] using the diagrammatic approach for obtaining
the meson-baryon couplings in terms of the familiar SU(3)-
flavor axial couplings, F and D. There the physical basis was
used for the axial couplings and the #,, and 1, couplings are
obtained by summing over the z°, 5, and #’ entries.

Our focus is now on the meson-loop dressings of Fig. 1
with intermediate baryons degenerate with the proton.
These dressings provide the leading nonanalytic contribu-
tions to the d — i asymmetry and we refer to them
succinctly as the leading contributions in the following.

Diagrams (a) and (b) of Fig. 1 sum to generate the full
physical z* dressing of the proton, The disconnected sea-
quark loop coefficients are provided in Table II of Ref. [43]
and the coefficients of the connected diagrams are obtained
by subtracting the disconnected contributions from the full
contributions provided in Table I of Ref. [43].

Working with the normalization of Ref. [43] where the
contribution of the nz™ dressing of the proton is propor-
tional to 2(D + F)? = 2¢3, the contribution of each dia-
gram in Fig. 1 generating the leading contribution is
summarized in Table I. Here the numerical values corre-
spond to D = 0.77 and F = 0.50, such that g4, = 1.27.

Note how the symmetries discussed in the previous
section in the context of lattice QCD quark-flow diagrams
are manifest in Table I for pseudoscalar dressings of the
proton. The equivalence of diagrams (b) and (d) is reflected
in the equivalence of the axial couplings for these diagrams.
The equivalence of diagrams (f) and (h) is similarly
reflected in equal axial couplings for those diagrams.

With regard to the d — & asymmetry of the nucleon, we
recall that diagram (f) is combined with (e) to eliminate the
unphysical propagation of the p™*. While the contributions
of diagrams (b) and (d) maintain the symmetry of d and 7
contributions in the disconnected sea-quark loop contribu-
tions, diagram (h) stands alone. As a result, there is an
enhancement of d in the disconnected sea-quark loop sector
coming from diagram (h). The symmetry is broken as
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TABLE I. The leading contribution for each diagram of Fig. 1
from SU(3) partially quenched chiral perturbation theory. Here
we use the normalization of Ref. [43] that sums diagrams (a) and
(b) to give the physical naz™ dressing of the proton equal to
2(D + F)* = 2¢3. Numerical values correspond to D = 0.77 and
F = 0.50. The right-hand column entitled relative contribution
describes the percentage split of the strength between the
connected and disconnected contributions in each row of Fig. 1.

Relative
Diagram Contribution Value contribution (%)
(a) 2D?/3 4 4DF - 2F? 1.44 44.5
(b) (D+3F)?/3+(D-F)?* 179 55.5
(© 4(F? - D?/3) 0.21 10.5
(d) (D +3F)%/3 + (D F)? 179 89.5
(e) -2(D - F)? —0.15 50.0
63) 2(D - F)? 0.15 50.0
(h) 2(D - F)2 0.15 100.0

unphysical baryons are removed from the intermediate states.
Thus, the assumption of equal d and # in the disconnected
sector of the sea is wrong in principle.

The axial couplings of Table I allow one to quantify the
relative contributions of the connected and disconnected
sectors to d — ii. Commencing with the connected sector,
the third column of Table I provides the couplings for
diagrams (a) and (c). Their difference leaves a net effect of
1.44 —0.21 = 1.23 favoring the d contribution. Now the
disconnected sea-quark loop contribution of diagram
(h) further enhances the d excess, raising it from

1.23 - 1.23 4 0.15 = 1.38. Thus a 12% enhancement of
the pion-nucleon contribution to d — & in the proton has its
origin in the disconnected sea-quark loop sector.

Conclusions. We have analyzed the role of connected and
disconnected quark-flow diagrams in generating a d — i
asymmetry in the sea of the proton. The formalisms of
lattice QCD and partially quenched chiral perturbation
theory have been considered. It has been shown that the
naive assertion of the equality of the d and # contributions
from disconnected sea-quark loops relies on contributions
from an unphysical baryon. There is an unphysical con-
tribution to # arising from the process involving an inter-
mediate 7~ and a charge 27" baryon degenerate with the
proton, illustrated in Fig. 1(f). In a full QCD calculation this
unphysical contribution is precisely cancelled by the con-
nected contribution to # shown in Fig. 1(e). Once the
unphysical contribution associated with Fig. 1(f) is removed,
one finds an enhancement of approximately 12% in the d — i
asymmetry arising from pion-baryon-octet components of
the proton wave function.
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