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1. Introduction

In this talk, we discuss our refined computation of the d — i flavor asymmetry in the proton
sea with a complementary effort to reveal the dynamics of pion exchange in high-energy processes.
This complementary effort has been the study of leading neutron production in semi-inclusive
deep inelastic scattering (DIS) on the proton, in which a forward moving neutron is produced in
coincidence with the scattered lepton in the high-energy reaction ep — enX. Several dedicated ex-
periments at the ep collider HERA [1, 2, 3] have collected high-precision data on the spectrum of
leading neutrons carrying a large fraction of the proton’s energy. Moreover, the upcoming tagged
DIS (TDIS) experiment at Jefferson Lab [4] plans to take data on the production of leading pro-
tons from an effective neutron target in the reaction en — epX, which, in analogy with the HERA
leading neutron leptoproduction, can be described through the exchange of a 7. In the proposed
experiment, the effective neutron target will be prepared by tagging spectator protons with mo-
menta between 60 MeV and 400 MeV at backward kinematics in the DIS of the electron from a
deuteron nucleus, using the same technique that was developed for the measurement of the neutron
structure function in the BONuS experiment at Jefferson Lab [5].

In particular, we have recently addressed [6] the question of whether one can reduce the model
dependence of F)* extracted from the HERA data [1, 2, 3] by using additional constraints from the
data on the SU(2) flavor asymmetry d — ii, especially those from the E866 Drell-Yan experiment [7].
Because the E866 data are at relatively high x values compared with the HERA measurements,
within the pion exchange framework they are sensitive to the pion PDFs at large x;, where these
are well determined from pion—nucleon Drell-Yan data [8, 9, 10]. The main variable in describing
the d — ii asymmetry is therefore the pion distribution function in the nucleon. In our study [6], we
use methodology adopted from global PDF analysis [11, 12] to simultaneously fit both the HERA
leading neutron and E866 d — it asymmetry data. This study allows us to refine the analysis of
the d — it asymmetry and at the same time discuss a possible prediction of the future tagged DIS
(TDIS) experiments in JLab.

2. Pion exchange models

In this section we briefly review the computation of the pion light-cone momentum distribu-
tions in the nucleon (sometimes also referred to as the pion splitting functions), for both 7N and
A fluctuations of the proton.

For the fluctuation of a proton (with four momentum p) to a positively charged pion (momen-
tum k) and a neutron (p — k), illustrated by the “rainbow” diagram in Fig. 1 (a), the p — nt" split-
ting function derived from chiral effective theory is expressed as a sum of on-shell and -function
pieces [13, 14],

Fera) =2 0)+ 1700 @0
where y = k™ /p* is the fraction of the proton’s light-cone momentum carried by the pion, and
the “+” component of the four-vector is defined as k™ = k" 4+ k%. The on-shell contribution fjs,on)
corresponds to the region y > 0 and can be written as [15, 16]
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where M is the nucleon mass, g4 = 1.267 is the axial charge, f; = 93 MeV is the pion decay
constant, and

Dy = t—mi = —11))[ki+y2M2+(1 —y)m,zr] (2.3)
for an on-shell nucleon intermediate state, with the pion virtuality = k* = — (k3 +y*M?)/(1—y).
The second term in Eq. (2.1), f1£,5> , arises from off-shell nucleon contributions and is proportional to
O(y). The significance of this term has been discussed [17] with respect to the model-independent
nonanalytic structure of the vertex renormalization constant as a function of the pion mass. One
may regard this nonanalytic function of m2 as the first principles constraint on the infrared behavior
of the chiral effective theory consistent with the chiral symmetry of QCD. In scattering processes
this term contributes only at x = 0, and is therefore relevant only for the lowest moment of the
parton distribution. In the work of analyzing data at nonzero values of x, fjﬁ,a) plays no direct role.

Figure 1: Contributions to the pion distributions
in the proton from the rainbow diagrams involv-

P S PR S ing (a) a nucleon (solid lines) and (b) a A iso-
I’ \\ ,/ \‘ bar (double solid line) in the intermediate state.
The external operators couple to the virtual pions

(@) (b) (dashed lines).

Note that the factor 2 in Eq. (2.1) is an isospin factor specific to the p — nz* fluctuation;
the distribution for the fluctuation p — p 7z is related to that in Eq. (2.1) by fr+,(y) = 2f0 ()
In writing the coefficient in front of the integration in Eq. (2.2), we have assumed the Goldberger-
Treiman relation, g4/ fr = gzvn /M, where g%NN /4w~ 13.7 gives the strength of the TNN coupling
[18].

In addition to the nucleon intermediate states, contributions from A baryons in Fig. 1 (b) are
known to play an important role in hadron structure. Within the same chiral effective theory frame-
work, using an effective ZNA interaction [14], the p — A® £+ splitting function can be written as a
sum of three terms,

d-

Feew () = A0+ 7 0)+ A7 ). 24

The on-shell piece fA(OH), corresponding to the A pole, is given for 0 <y < 1 by
oy =y [di? y (M —m) M A2 —m2) — [3(A2—m2) + 4MMAD 25
A A (1— )DZA ( mn)( mz) — [3( my) + AlDza (2.5)

.
where
1

Dup = t—m2 = —m[ki—y(l—y)Mz—l—yMi—i—(l—y)mfr] (2.6)

for an on-shell A intermediate state of mass M, with M = Ms +M and A = M, — M. The pion
virtuality here is given by t = k> = —(k} —y(1 —y)M? +yM3)/(1 —y). The coefficient C, =
g2na/[(47)?18M3] contains the TNA coupling constant, which is given from SU(6) symmetry
by gxva = (3V/2/5)ga/fx ~ 11.8 GeV~! [20]. For the other charge channels in the p — Ax
dissociation, the splitting functions are related by 2 f;—a++ = 3 fzop+ = 6f7+p0-
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Note that the on-shell contribution in Eq. (2.5) differs from the “Sullivan” form often used
in the literature [19, 20, 21, 22], which is obtained by taking the A-pole contribution, D;p — Mi.
In particular, it has a higher power of k| (k6L compared with ki in Eq. (2.5)), which arises from
the neglect of the end-point contributions in the Sullivan process.The other two terms in Eq. (2.4),
fA(S) and fA(end_pt), correspond to a §-function contribution at y = 0 and an end-point contribution
proportional to a §-function at y = 1, respectively.

From the on-shell nucleon and A splitting functions in Eqs. (2.2) and (2.5), it is evident that
integration over contributions from large k, will introduce logarithmic divergences in the point-like
theory, which must be regularized in order to obtain finite results. Since the nucleon is not point-
like, but has a finite spatial extent of &'(1 fm), this introduces an additional scale into the effective
theory, along with the chiral symmetry breaking scale [23]. The precise way that the finite range
of the nucleon is implemented in order to regularize the ultraviolet divergences depends on the
prescription adopted [23, 24], although any prescription must correctly incorporate the infrared
behavior of pion loops which is model independent. In practice, the model dependence amounts to
a choice of form factor F (y, ki) multiplying the integrands of Eqs. (2.2) and (2.5) which suppresses
the large-k | contributions. In our recent paper [6], we have extensively discussed the available
regularization prescriptions and noted that the best results for the E866 data were obtained with the
t-dependent exponential form factor given by

F =exp|(t— m2)/ Az} [t-dependent exponential], (2.7)

where the best fit values of the ultraviolet cutoff parameter A were found as A ~ 0.85(0.88) GeV
with the SMRS [25] (ASV [26]) parametrization for the pion PDFs.

3. SU(2) flavor asymmetry of the sea

The E866 experiment at Fermilab measured the ratio 67¢ /PP at high (projectile) proton mo-
mentum fractions x; and low target momentum fraction x,, where at leading order in the strong
coupling constant o it is approximately given by [7]

d
a’ ~ 1 <1+ d(xz)> 7 [x1 > xo]. 3.D

2oPP 2 L_L(JQ)

The cross sections were measured for x, between 0.015 and 0.35, at an average dimuon mass
squared of Q% = 54 GeV?, and the extracted d /i ratio was found to exceed 1.5 for x, =2 0.1 —0.2.

We have examined [6] the constraints on the models of the pion cloud of the nucleon that can
be inferred from a detailed analysis of the d — it asymmetry in the proton. Within the effective
chiral framework described in Sec. 2, the contributions to the d — i difference from the pion loop
diagrams in Fig. 1 can be written as [14]

- 2 _
d—ii=(fon—Sfear) 04, (3:2)
where gF = d™ —d™ =@a® —u" is the valence quark PDF in the pion, and the symbol “®”

denotes the convolution integral f ® g = fol dy fol dz f(y)q(z) 6(x —yz). This convolution expres-
sion (3.2) is the standard one used in calculations of chiral loop corrections in meson cloud models
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and its appearance in the effective chiral theory is made manifest recently[27]. As we discuss the
efficacy of the pion exchange model [6] in Sec. 4, we focus on the kinematic region where it is
natural to treat the peripheral modification of the nucleon in terms of pions [28]. The convolution
in Eq. (3.2) follows from the crossing symmetry properties of the splitting functions f(—y) = f(y)
[29], and isospin symmetry relations have been assumed for the A distributions. The contributions
from neutral pions cancel in the asymmetry.

Performing a y? fit to the E866 data, we have compared the results for the various regulariza-
tion prescriptions with the best fit cutoff parameters and )(gof values [6]. For the valence antiquark
distribution in the pion we used the SMRS parametrization [25] of the world’s data from /N Drell-
Yan and prompt photon production, evaluated at the E866 average Q> of 54 GeV2. As indicated in
Sec. 2, the fits with the lowest xgof values were obtained with the /-dependent exponential regulator
[Eq. (2.7)]. For much greater details including the analyses of other comparable regularizations,
one should take a look at our recent paper [6]. We note that the biggest contributions to the 2 arise
from the high-x data points, which have a steeper fall-off than can be accommodated in any of the
models. We anticipate that the new SeaQuest experimental result at Fermilab [30] will in the near
future check the high-x behavior of the d /ii ratio more stringently up to x ~ 0.45.

While the pion PDFs at small x values have never been directly measured, in the valence quark
region the 7N Drell-Yan data [8, 9, 10] provide strong constraints on the x dependence of gl for
x 2 0.1. Interestingly, the distributions at x — 1 were observed [10] to be more consistent with a
~ (1 —x) behavior [31, 32, 33] than with the ~ (1 — x)? expectation from perturbative QCD [34]
or model calculations using the Dyson-Schwinger equations (see Ref. [35]). The large-x behavior
in the SMRS parametrization [25] was consistent with the ~ (1 —x) form indicated by the data.

Figure 2: Comparison of the pion model fits to
the d — i data from the E866 experiment [7] with
the #-dependent exponential form factor(2.7) for
the valence pion PDFs from the SMRS [25] and
z ASV [26] parametrizations.

Later, an analysis including next-to-leading order (NLO) corrections [36] found that the higher
order effects soften the distributions, leading to a behavior that was intermediate between (1 —x)
and (1 —x)z. More recently, Aicher et al. (ASV) [26] found that inclusion of threshold resum-
mation at next-to-leading log (NLL) accuracy produces valence distributions that behave approxi-
mately as (1 —x)? at a low energy scale Qy = 0.63 GeV.

In order to assess the possible impact of the different x — 1 behaviors of the valence pion PDF
on the d — ii asymmetry, we repeated our analysis using the ASV parametrization [26], evolved
from the low energy scale Qg to Q> = 54 GeV?2. The best fit results are compared in Fig. 2 for
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the 7-dependent exponential form factor (2.7) with the result using the SMRS parametrization. As
expected, the result with the ASV distribution leads to a softer asymmetry, with slightly better
agreement at large x but marginally worse at x < 0.1. The overall Xgof values are slightly better
for the ASV fit, mostly because the softer distribution allows a smaller asymmetry at x > 0.2, as
preferred by the E866 data, although the differences are not significant. The new results for the
flavor asymmetry from the SeaQuest experiment [30] at large x will provide further insights into
these comparisons.

4. Efficacy of the pion exchange model in leading neutron production at HERA

We have examined [6] the efficacy of the pion exchange model described in Sec. 3 in fitting
the HERA leading neutron production data [1, 2], and the compatibility of the results with the d—i
asymmetry extracted from the E866 Drell-Yan measurement [7]. While some dedicated analyses
[37] have attempted to describe the HERA leading neutron spectra at all kinematics, our aim here
was instead to maximize the sensitivity to the basic one-pion exchange contribution, which has
the most direct connection to the chiral effective theory. This has been achieved by restricting the
analysis to regions where one-pion exchange is expected to be the dominant process, and contribu-
tions from other backgrounds are minimal. In practice, since the calculation of the backgrounds is
significantly more model dependent, the exact choice of kinematics may be somewhat subjective.
To determine in a more objective way the region of kinematics where the one-pion exchange is
applicable, we performed a x2 analysis of the data as a function of the maximum value of y up to
which the data were fitted, i.e. y < ycu. Although this reduced the total number of data points in
the fit, the analysis of the more restrictive kinematic range allowed for a cleaner interpretation and
extraction of the pion exchange parameters.

©)

The tagged neutron structure function F2L NG) extracted from the differential cross section for

the production of leading neutrons (LN) in semi-inclusive ep scattering can be written as [6]

FZLN(3)(X7 szy) _ 2f1£,on) (y) Fzﬂ(me2)7 “4.1)

where fls,on)(y) is given by Eq.(2.2) and FJ (xz, Q%) is the pion structure function. The H1 exper-
iment [2] measured FZLN(3> over a large range of kinematics covering 1.5 x 107 <x <3 x 1072
and 6 < Q% < 100 GeV? for average y values between 0.05 and 0.68. A similarly extensive range
of kinematics was covered by the ZEUS data [1]. Taking the z-dependent exponential model with
veut = 0.3 as the optimal result of our fits, we obtained the spectra of leading neutrons from the
ZEUS [1] and H1 [2] experiments, as shown in Figs. 3 and 4, respectively.

With the inclusion of the E866 d — i asymmetry data in the fits together with the HERA leading
neutron cross sections, the correlations between the pion flux and pion structure function parame-
ters decreased dramatically for all cutoff models. For the 7-dependent exponential model (2.7), the
correlations between the A parameter and the normalization parameter of the pion structure func-
tion were reduced to between —8% to —16% over the range of cutoffs between yq,; = 0.1 and 0.4.
There was significantly greater discriminating power between the form factor models, with much
stronger dependence of the fit results to the value of y¢. It is interesting to note that the behavior
of the ¢ variable at small y is given by # ~ —ki /(1 —y) so that any undesirable suppression at small
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Figure 3: Leading neutron structure function F2L NG from ZEUS [1] as a function of x at fixed values of Q>
and y. The panels at 9% = 480 and 1000 GeV? are shown as a function of y for fixed x = 3.2 x 1072, The
fitted results have been computed for the #-dependent exponential model (2.7) with y¢, = 0.3. For clarity,
the values of F2L NG) in the first six panels (for Q% < 240 GeV?) have been offset by multuplying by a factor
2/ for i = 0 (for y=10.06) to i =3 (for y =0.27).

v such as the poor fit to the small-y HERA and E866 data does not occur for the ¢-dependent form
factors. Through the convolution formula (3.2), one can see that less strength at small y also trans-
lates into suppression of the calculated PDFs at small x values. Again, for much greater details of
this analysis, one should take a look at our recent paper [6].

5. Pion structure function at small x

Having systematically quantified the efficacy of the various pion exchange models in describ-
ing the HERA leading neutron and E866 d — ii asymmetry data, we now assess whether and to what
extent the combined analysis is able to unambiguously determine the x; dependence of the pion
structure function. Choosing the #-dependent exponential model for the ZNN form factor (2.7) as
the one best capable of giving a consistent description of the data over the largest range of kine-
matics, in Fig. 5 (a) we illustrate the stability of the results for £ with respect to the value of ycy,
at a fixed Q? = 10 GeV2. With the exception of the yc, = 0.1 fit, the extracted F;* shows remark-
able stability across all cuts up to the optimal y., = 0.3 and even beyond, over the entire range of
Xz 2> 4 x 10~* constrained by the ZEUS and H1 data. Note that each of the curves is plotted for x,

down to different values of xr,‘r‘i“ = Xmin/Ycut because of the varying yey values in each fit.
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® from HI1 [2] as a function of x at fixed values of Q2
and y. The fitted results have been computed for the #-dependent exponential model (2.7) of the pion flux
with ycur = 0.3. For clarity, the values of F2L NG have been offset by multuplying by a factor 2/ for i = 0 (for
y=0.095) to i =3 (for y = 0.275).

Figure 4: Leading neutron structure function F2L N

Although the #-dependent exponential model gave the smallest xﬁof of all models in the com-
bined fit, up to yc, = 0.4, the dependence of the fitted F;* on the functional form of the ZNN form
factor is rather weak, as Fig. 5 (b) illustrates for y., = 0.3. All the models listed in the legend
of Fig. 5 (b) were defined in our recent paper [6]. Interestingly, the best fit model (2.7) gives the
smallest £ result.

For a given model, the propagated fit errors from the analysis are rather small as indicated
by the band around the extracted F;* in Fig. 5 (c) where the r-dependent exponential model with
Yeut = 0.3 was shown. The PDF error is also generally substantially smaller than the difference
between our fitted result for £ and the values from the SMRS [25] and GRS [38] global PDF
analyses, extrapolated to the small-x region of HERA kinematics. In particular, while our extracted
F has a similar shape to the GRS parametrization, its magnitude is ~ 30% — 40% smaller at
xz ~ 1073 — 1072, The magnitude is closer to the result from the SMRS parametrization at similar
xz values, but the latter shows considerably less variation with x;. More detailed assessment on
our extracted F;F can be found in our recent paper [6].
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Figure 5: Pion structure function FZ” as a function of x at Q2 = 10 GeV?, extracted from a simultaneous fit
to the ZEUS and H1 leading neutron data and the E866 d — ii asymmetry for (a) the z-dependent exponential
model with different y. values, (b) various models at fixed y.y, and (c) the best fit -dependent exponential
model with y¢,; = 0.3, compared with the GRS [38] and SMRS [25] parametrizations, with the latter shown
for a 10% (lowest), 15% (central) and 20% (highest) pion sea.

6. Future direction

Our analysis has sought to determine whether both the d — i asymmetry in the proton ex-
tracted from the E866 Drell-Yan data [7] and the HERA leading neutron cross sections [1, 2, 3]
can be obtained consistently within a common pion exchange framework. Rather than relying on
assumptions about specific forms for the pion distributions in the nucleon, we have addressed the
model dependence empirically, by performing the first comprehensive statistical analysis of the
combined HERA leading neutron and E866 data sets, for a wide range of prescriptions adopted in
the literature for regularizing the pion—nucleon amplitudes. Our findings suggest that we can in-
deed describe both HERA and E866 data within pion exchange models, if the cutoff parameters in
the ZNN form factors are fitted simultaneously with the pion structure function. The combined fits
to both the HERA and E866 data are significantly more restrictive, with models with #-dependent
form factors, such as exponential or monopole, giving the best descriptions of the combined data
sets over the largest range of kinematics, up to yey =~ 0.3 [21, 22, 20].

In the near future, the new SeaQuest [30] experimental result on the d — i difference up to
x ~ 0.45 will allow improved constraints on the models of the pion distribution function in the
nucleon. Beyond that, the TDIS experiment [4] at Jefferson Lab will provide precise information
on pion exchange in leading proton production from an effective neutron target at kinematics com-
plementary to the range covered by the HERA and Drell-Yan measurements. This should reduce
the uncertainty in F¥ in the intermediate x region, x; ~ 0.1.

One may also examine in more detail the k|, dependence of leading neutron (or proton) cross
sections, which was studied in some of the HERA measurements [3] and will be explored in the
TDIS experiment. Comparison of the unintegrated pion flux with the empirical transverse momen-
tum distributions could provide a more incisive test of the momentum dependence of the ZNN form
factor. In the longer term, a necessary goal would be to perform a global PDF fit, in terms of both
sea and valence quark PDFs, to the 7N Drell-Yan data at moderate and high values of x, together
with HERA leading neutron data at small x, and the new TDIS data on leading proton production
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in the intermediate x, region. We look forward to these endeavors revealing much more consisely

and completely the partonic structure of the pion, and the role of the pion cloud in the structure of

the nucleon.
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