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Pions in proton structure and everywhere else

Mary Albergo,

2" Lucas Ehinger®,

' and Gerald A. Millero™*

"Deparment of Physics, Seatile University, Seatle, Washingion 98122, USA
*Department of Physics, University of Washington, Seattle, Washington 98195, USA
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‘The pion cloud is important in nuclear physics and in a variety of low-energy hadronic phenomena. We
argue that it i natural to expeet it 10 also be important in lepton-proton deep inelastic scattering and Drell-

Yan stu

ies of proton structure. We compute the necessary consequences of the pion cloud in connection

with the recent SeaQuest data. The effects are detailed by using the exact kinematics of the experiment.

Good th

DOL: 10.1103/PhysRevD.105.114054

The recent striking experimental finding [1] that anti-
down quarks are more abundant in the proton than antiup
quarks for all observed values of the Bjorken x variable
demands an interpretation and assessment of the conse-
quences. This paper is aimed at providing such.

‘The results of [1] provide definitive experimental mea-
surements of the ratio d/i. Although our early prediction
[2] using a pion cloud model is in qualitative agreement
with that experiment, it is necessary to update the calcu-
lation by providing results for the specific kinematics of the
experiment that are known only since the publication [1],

‘We begin by explaining why it s natural to expect that
the pion cloud would play a role in probes of proton
structure. Pion exchange between nucleons provides in the
one pion exchange potential (OPEP) the longest-ranged
component of the strong force. It is an element of all
models, from the ancient to the newest, of the nucleon-
nucleon interaction. The OPEP is crucially responsible for
the binding of nuclei [3.4]. Moreover, the presence of the
pion as a significant component of the nuclear wave
function is reinforced by the dominance of the pion in
‘meson exchange corrections to a variety of nuclear proper-
ties. This was discussed long ago [5.6] and recently [7].

If a nucleon emits a virtual pion that is absorbed on
another nucleon, as in the OPEP, it can emit a pion that is
absorbed by itself. This is because nucleons are identical
particles and a pion can be absorbed on any nucleon. Thus,
the nucleon must consist, at least part of the time, of a
nucleon and a virtual pion. The very significant contribu-
tions of pions to nucleon and baryon properties have
been well documented for a long time [8-12]. Pa
examples in which the pion-cloud effects are prominent

“alberg@seatleu.edu
ehingerlucas @seatleu.cdu
‘miller@uwcdu

2470-0010/2022/105(11)/ 114054(8) 1140541

Thus, of pionic effects is understood.

are the neutron charge distibution [9] and baryon
magnetic moments

Given that the proton wave function has nz* (ud) and
pr° components, with a two to one ratio of probabilities,
there should be more antidown quarks than antiup quarks in
the nucleon. This means that the textbook description that
nucleons are composed of u and d valence constituent
quarks, cannot be the whole story. Furthermore, the gluons
inherent in QCD generate quark-antiquark pairs via per-
turbative interactions. Thus, one is led to the question; Do
the pairs arise only from perturbative evolution at high
tum scales, or do they have a ive origi
as in the pion cloud? A definitive answer would provide
great help in understanding the nature of confinement and
also the fundamental aspects of the nucleon-nucleon force.
Perturbative QCD predicts a sea that is almost symmetric in
light flavor. However, the discovery of the violation of the
Gottfried sum rule told us that d quarks are favored over @
quarks [13). This highlighted the importance of the pion
cloud of the nucleon [14,15]. Reviews are presented in
[16-19). More recent calculations of the difference d — ,
the isovector component of the proton sca, have been
published in [20-23]. We focus on the ratio &/, deter-
mined by the SeaQuest experiment. The ratio has been a
greater challenge for theory, since it depends on both the
isoscalar and isovector components of the sea.

‘The concept of a component of a nucleon wave function
makes sense only within a light front description of the
‘nucleon. Our previous formalism [2] provided a light cone
perturbation theory approach capable of making predic-
tions with known uncertainties. Previous calculations had
noted ambiguities related to the dependence of the pion-
baryon vertex function on momentum transfer and on
the possible dependence upon the square of the four-

omentum of intermediate baryons, and much discussion
ensued [16,24-34]. Another more fundamental issue
involving the loss of relativistic invariance occurs when

© 2022 American Physical Society
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Pions in Proton Structure and Everywhere Else

Mary Albergh2,* Lucas Ehinger!," and Gerald A. Miller?*
! Department of Physics, Seattle University, Seattle, WA 98122, USA and
2 Department of Physics, University of Washington, Seattle, WA 98195, USA
(Dated: July 12, 2022)

The pion cloud is important in nuclear physics and in a variety of low-energy hadronic phenomena.
We argue that it is natural to expect it to also be important in lepton-proton deep inelastic scattering
and Drell-Yan studies of proton structure. We compute the necessary consequences of the pion cloud
in connection with the recent SeaQuest data. The effects are detailed by using the exact kinematics
of the experiment. Good agreement with the measurements is obtained. Thus the universality of

pionic effects is understood.

30,’— T T T T T T T T T T T T T T T T T T T T T T T T T T “J
25i 4
e theory -
20 === ]
S s T
A +11H"' 4
n: + SeaQuest |
0.5;
[ -+— NuSea ]
00 ' L n 1 " L 1 ' ) " 1 L L L 1 " ' L ' 1 " L |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

X

FIG. 5. d(z)/u(zx) Blue symbols from E866 [73]. Red symbols
are from SeaQuest [1]. The solid band is computed using min-
imum and maximum values of the splitting functions shown
in Fig. 3 in convolution with ASV or xFitter pion pdfs, plus
the bare sea of [53]. All pdfs were evolved to the SeaQuest
scale of Q% = 25.5 GeV?. The dashed lines include the effects
of varying the bare sea by a factor of 0.75 or 1.25.

- BEREHHALEME (SeaQuest)FF

SR ELF;
- BESTBEZALES

are unalterable consequences of our approach. Signifi-
cantly changing any of the input parameters would cause
severe disagreements with other areas of nuclear physics,
and would be tantamount to changing the model. If
the high—z E866 results were to be confirmed by the
SeaQuest experiment, the model would be ruled out.”

It turned out that our predictions were in agreement
with the SeaQuest data, even though we did not know
the exact values of the kinematics. The present pa-
per updates the earlier calculation by including evolu-
tion of the bare nucleon sea and using the now known
SeaQuest kinematics. The present calculations show that

18
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the vertex function is treated as depending on only three of
the four necessary momentum variables. Our formalism
resolved both of these problems by using a four-
dimensional formalism and by using experimental con-
straints on the pion-baryon vertex function.

In a light-front formalism the proton wave function can
be expressed as a sum of Fock-state components [35-38].
Our hypothesis is that the nonperturbative light-flavor
sea originates from the bare nucleon, pion-nucleon (zN)
and pion-Delta (#A) components. The interactions are
described by using the relativistic leading-order chiral
Lagrangian [39,40]. Displaying the interaction terms to
the relevant order i ion field, we use

1
Ly =— gi‘ﬁ?’ﬂﬂ“‘l’%”“ - —21/77/4’[‘11//6“})0”170/4”6
2fx [z

Ir Ki v i
= 2111V/1A (Alg™wa,n' +H.c.),

PIONS IN PROTON STRUCTURE AND EVERYWHERE ELSE

p) =VZIp)o+ Y

[ d0slaB)asip). )
B=N,A

where [dQ,p is a phase-space integral [37,38]. In this
formalism the pion momentum distributions f,z(y), which
represent the probability that a nucleon will fluctuate into a
pion of light front momentum fraction y and a baryon of
light front momentum fraction 1 — y, are squares of wave
functions, |(zB|¥)|? integrated over k.

The Lagrangian of Eq. (1) is incomplete because it is not
renormalizable. We tame divergences using a physically
motivated set of regulators, depending on four-momenta,
that are constrained by data. If chiral symmetry is main-
tained, one finds that the zN vertex function g,y(?)
and the nucleon-axial form factor are related by the
generalized Goldberger-Treiman relation [43] (obtained
with m, = 0),

_SHSREY. D 105, 114054 (2022)

Using F(k,p,y) allows us to obtain a pion-baryon
light front wave function. The pion-nucleon component
is given b

Mgy [y a(p—K)ir’z,u(p)
v k,p,s)= Fy(1),
a,LF( p S) 2fﬂ(27[)3/2 l—y t+”2 A( )
2A%
Fu(t)= . 7
alt) (A4t 4+p?) (2N +t+4?) (

with s and a the spim abels for the proton.
Expanding F4(t) to first order in ¢, then comparing the

FIG. 2. (a) External interaction, X, with bare nucleon (solid
line), (b) External interaction, X, with the pion, (c) External
interaction, X, with the intermediate baryon. Here X represents
the deep inelastic scattering operator.
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FIG. 5. Flavor asymmetry of the nucleon sea: (7Top) d — i;
(Bottom) d/u from the perturbative and non-perturbative
solutions of a pion cloud model with scalar type interac-
tions in comparison with available experimental data from
NuSea/E866 [13-15] and SeaQuest/E906 [7, 9]. The non-
perturbative result is obtained with a Fock space truncation
up to four-body (one baryon plus up to three pions). The
difference between the results with three-body and four-body
truncations are shown as bands to indicate the convergence of
the Fock space expansion. Results from the pion cloud model
with light-cone perturbation theory by Alberg et. al. [45] and
from the statistical model by Basso et. al. [37] are also shown
for comparison.
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