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FIG. 5. Flavor asymmetry of the nucleon sea: (top) d — ii; (bot-
tom) d/a from the perturbative, and nonperturbative solutions of
a pion cloud model with scalar type interactions in comparison
with available experimental data from NuSea/E866 [13-15] and
SeaQuest/E906 [7,9] at the scale Q> = 25.5 GeV>. The nonperturba-
tive 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. [47] and from the statistical model by Basso er al. [39]
are also shown for comparison.
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Figure 5 shows the flavor asymmetry of the “scalar nu-
cleon” sea from this theory along with available experimental

)} the nonperturbative nucleon sea

Xingbo Zhao®,>*° Yang Li®,"”" and James P. Vary ©®*

data at the scale Q* = 25.5 GeV?. Results from the pion cloud
model by Alberg et al. [47] and from the statistical model
by Basso ef al. [39] are also shown for comparison. While
perturbative and nonperturbative results for d — i are close to
each other, their difference in d/ii is moderately large, which
signifies the high Fock sector contributions in the nonpertur-
bative regime especially at large x. Within the same theory, ¥
our three- (one baryon plus up to two pions) and four-body ErazR.
(one baryon plus up to three pions) truncation results show a 9534t
good convergence pattern as seen in Fig. 4. However, these

results are different from the two-body truncation results. The

flavor asymmetry results exhibit significant sensitivity to the

two-body versus four-body truncation, as shown in Fig. 5, ths%

- : - : e IeN=H
which signals important nonperturbative effects originating

from the multipion sea contributions.

Finally, as a consistency check, Fig. 6 shows the quark-
antiquark asymmetry d(x) vs d(x) obtained from this model
using the nonperturbative solutions. The CT18 NNLO results
are shown for comparison [92].
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The PDF describes the probability of finding a collinear
parton with fractional momentum x inside the proton. In anal-
ogy to the QCD definition, we introduce an LMDF as [86]

/n,m_—fdf '
8 <l’|B(_§)B(%)I”)I:*=:i=0‘ (3)

where x = k*/p* is the longitudinal momentum fraction of
the baryon B inside the physical nucleon, B = N, A. This ex-
pression is diagrammatically shown in Fig. 2. In the light-front
wave-function representation [87],

fx) = fikx)+ o(x)+---, (4)
where the n-body contribution is (the nth particle is taken as

the baryon)

Ju(x) =

du;
(S = An
(rt—l)’l_[/('?n)?\, B or=%)

X (S(.\.l + L +-‘-n e 1)8-(k|l + Kb + EII.L)
X | W1, KiLs X2, Kot s ey Yo Kai)E: (5)

Since the scalar theory is super-renormalizable, the “factor-
ization scale” of the LMDFs can be taken to infinity [88]. The
PDFs of the physical nucleon are obtained from convoluting
the LMDF with the PDFs of its constituent hadrons, as shown
in Eq. (1). We adopt the same pion and bare proton PDFs as
/Wgetul. at a scale 12 = 25.5 GeV? [47,89-91].
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v

We demonstrate, in the context of a scalar version of the chiral effective-field theory, that the multisea
quark contribution to the nucleon is significant and highly nontrivial, in sharp contrast with the prediction of

ABSTRACT

perturbation theory. The nonperturbative calculation 1s performed 1n the Fock sector dependent renormalization

scheme on the light front, in which the nonperturbative renormalization is incorporated. The calculation suggests
that a fully nonperturbative calculation of the chiral EFT is needed to obtain a robust result to be compared with
the recent experimental measurement of flavor asymmetry in the proton.

v

IV. SUMMARY AND OUTLOOK

We investigated the nonperturbative effects of the nu-
cleon sea within a scalar version of the pion cloud model.
The nonperturbative dynamics is generated by the light-
front Schrodinger equation with a systematic Fock sector
expansion. Within this simple model, the convergence is ob-
served already with three-body contributions (one baryon plus
two pions) though we proceed to include four-body con-
tributions as well. We show that the obtained longitudinal
momentum distributions from the nonperturbative solutions
are considerably different from those obtained from a lead-
ing order light-front perturbation theory. The difference can
be attributed to the multipion dynamics, which are the sea
contributions within the pion cloud model. We also applied

the solutions to describe the nucleon flavor asymmetry us-
ing the pion cloud model. While both the perturbative and
nonperturbative sea can describe the d — i data well, the
nonperturbative nucleon sea can describe the d/ii data better
for x 2 0.1. These comparisons between the perturbative and
nonperturbative pion clouds indicates that the nonperturbative
effects are important and may help improve the model. Indeed,
part of the multipion sea can be taken into account by evolving
the sea, which may help to explain the improved agreement
in their updated prediction [47]. Nevertheless, a full investi-
gation of the nonperturbative sea requires a nonperturbative
calculation of chiral effective-field theory [85], which 1s a
natural next step.
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I. INTRODUCTION

Understanding the sea-quark contribution of hadrons is of
fundamental importance [1—4]. It not only provides a sharper
view of the fundamental structure of matter [5] but also serves
as a tool for detecting physics beyond the standard model
[6]. Recently, the SeaQuest/E906 experiment published their
first measurement of the flavor asymmetry d /it of the proton
sea from the muon pair production within the Drell-Yan pro-
cess of high-energy proton-ion collisions [7-9], challenging
the previous measurement by the NuSea/E866 experiment at
large momentum fraction x 2 0.3 [10-15]. In particular, the
NuSea/E866 experiment predicted that d /ii dips below unity
at x &~ 0.3, which is contrary to the SeaQuest/E906 measure-
ment. The tension between these experimental measurements
calls for a better understanding from theories, including global
analysis [6,16-21]. It was generally believed that the flavor
asymmetry of the proton encodes the nonperturbative physics
of quantum chromodynamics (QCD), making it a particular
challenge for calculations from first principles [22,23]. The
flavor asymmetry is also related to other sea quark asymme-
tries, such as the nucleon strangeness as well as the intrinsic
charm [24].
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Pions in Proton Structure and Everywhere Else

Mary Alberg!2,* 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.
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2.5:—
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s i |
Lok - SeaQuest |
1
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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 @ = 25.5 GeV?. The dashed lines include the effects
of varying the bare sea by a factor of 0.75 or 1.25.

- RESHPYLIEME (SeaQuest)FF

SR ELF;
BESLBERMHELE RS

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
SeaQQuest kinematics. The present calculations show that

27
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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 (7zA) components. The interactions are
described by using the relativistic leading-order chiral
Lagrangian [39,40]. Displaying the interaction terms to
the relevant order in ion field, we use

9a - L . B
B = -E;—”W}’ﬂsf“waﬂa - f—zw,ﬂ“we“" n*d,r
__gnNA Ni uv i
oM (A, g*wo,x' +H.c.),

PIONS IN PROTON STRUCTURE AND EVERYWHERE ELSE

lp) = VZ|p)o + Z

[ d0uslaByaIp), )
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),

__PHYS REV, 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

Mg, [y a(p-k)ir’zu(p)
Y. r(k = F
a.LF( ,p,s) 2f;;(27f)3/2 1_y t+”2 A(t)’

2A4

FA(I)E (7

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.

(A2 +t+u2) 2N+t +42)’

with s and a the spin abels for the proton.
Expanding F,(t) to first order in 7, then comparing the

Alberg & Miller B FFEFFEL, FRARNF=EE, EEGILCHEAFITE T RTFE5ERHNKEARITFRME
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