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Abstract

We compute the s—s™ asymmetry in the proton in chiral effective theory, using
phenomenological constraints based upon existing data. Unlike previous meson
cloud model calculations, which accounted for kaon loop contributions with on-
shell intermediate states alone, this work includes off-shell terms and contact
interactions, which impact the shape of the s—s™ difference. Using a regulariza-
tion procedure that preserves chiral symmetry and Lorentz invariance, we find
that existing data limit the integrated value of the first moment of the asymme-
try to the range —0.07x10—3 x(s—s~) 1.12x10—3 at a scale of Q2=1GeV2. In
contrast to some suggestions in the literature, the magnitude of this correction
is too small to account for the NuTeV anomaly.
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Abstract

We compute the s — s asymmetry in the proton in chiral effective theory, us-
ing phenomenological constraints based upon existing data. Unlike previous
meson cloud model calculations, which accounted for kaon loop contributions
with on-shell intermediate states alone, this work includes off-shell terms and
contact interactions, which impact the shape of the s — s difference. Using a
regularization procedure that preserves chiral symmetry and Lorentz invariance,
we find that existing data limit the integrated value of the first moment of the
asymmetry to the range —0.07 x 103 x(s —s) 1.12 x 10 % at a scale of Q?
= 1 GeV2. In contrast to some suggestions in the literature, the magnitude of
this correction is too small to account for the NuTeV anomaly.

Introduction

The nature of the quark-antiquark (q q) sea, which complements the three-
valence quark structure of the proton, continues to puzzle and surprise us, as new
generations of experiments provide deeper insights into its dynamical origins.
From the early simple expectations of a featureless, virtual sea consisting of q
q pairs generated by gluon radiation in perturbative quantum chromodynamics
(QCD), a major paradigm shift occurred with the observation [1-4] of a predicted
[5] large asymmetry between d and u quarks in the proton. This challenged our
traditional view of the nucleon’ s peripheral structure, calling into question long-
held assumptions about the role of nonperturbative physics in understanding the
phenomenology of parton distribution functions (PDFs).

With the realization that nonperturbative aspects of QCD were vital for un-
derstanding the 5-quark Fock state components of the nucleon light-front wave
function [5-9], an obvious question to ask was whether such effects could lead
to other nontrivial features in the q q sea. An asymmetry between s and s
quarks in the nucleon, as anticipated by Signal and Thomas [10], was a natural
consequence of SU(3) chiral symmetry breaking in QCD, and speculation later
also arose about quark-antiquark asymmetries for charm and heavier quarks
[11-14]. Similar considerations led to questioning the traditional expectations
of flavor symmetric polarized sea quarks [15] and even the assumption of charge
symmetry in the nucleon PDFs [16-18].

Apart from its intrinsic interest, the possible strange quark asymmetry, s —
s, is of great importance in connection with its contribution to the Paschos-
Wolfenstein ratio and the NuTeV anomaly [19], which suggested a surprisingly
large value for the weak mixing angle, sin> _W. A positive value of the integrated
difference S x(s —38) = !dx x (s(x) — 8(x)), of the order S 2 x 103,
along with other corrections such as charge symmetry violation, was found to
significantly reduce the excess and bring the NuTeV sin? _ W measurement closer
to the standard model value [20].

Unfortunately, a reliable estimate of the strange asymmetry has been very diffi-
cult to obtain. An analysis of early and~ deep-inelastic scattering (DIS) data
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from BEBC, CDHS and CDHSW [21] found a harder s distribution compared
with 8, albeit with a rather large uncertainty, S (2 &+ 3) x 10 2. More recent
experimental information has come from dimuon production in neutrino-nucleus
reactions at Fermilab by the CCFR [22] and NuTeV [23] collaborations, with an
NLO analysis finding S = (1.96 £+ 1.43) x 103 at Q2 = 16 GeV?2 [24].

On the theoretical side, calculations based upon fluctuations into meson-baryon
Fock components [25-32] have led to a fairly wide range of predictions, S (-1
to +9) x 10 2, resulting from the ad hoc assumptions of those models. Clearly, if
one is to make reliable predictions for S , a more systematic approach is needed,
one which has a more direct connection to the underlying QCD theory.

In this Letter we present the first systematic chiral treatment of the s — s
asymmetry guided by the need to preserve the model independent leading non-
analytic (LNA) behavior of the moments of the strange PDFs. This work builds
upon the unambiguous connection between the kaon cloud of the nucleon and
QCD which followed the realization [33] that in chiral expansions of moments
of strange quark PDFs, the coefficients of the LNA terms in the kaon mass
m__ K are model independent and can only arise from pseudoscalar meson loops.
Starting from the most general effective Lagrangian consistent with the chiral
symmetry of QCD, at a given order in the chiral expansion a unique set of dia-
grams can be identified and computed systematically [34, 35]. The long distance
(m_K — 0) effects in such expansions are thus dictated solely by chiral sym-
metry and gauge invariance, while the short distance contributions are treated
with a particular regularization procedure.

Theoretical Framework

Expanding the chiral SU(3) Lagrangian to lowest order, the complete set of
diagrams that contribute to s — s is illustrated in Fig. 1. The direct couplings to
the kaon loops in Fig. 1(a) and (b) contribute to the s PDF, while the s-quark
PDF contributions arise from the diagrams involving couplings to hyperons
illustrated in Fig. 1(c)-(e). A general feature of the chiral effective theory
constrained analyses is the presence of contact terms in Figs. 1(b) and (d) that
give rise to contributions at zero kaon light-cone momentum fractions y =k /p,
where k is the four-momentum carried by the kaon and p the four-momentum of
the proton. These are typically not accounted for in model calculations, which
include only the rainbow diagrams in Figs. 1(a) and (¢). The Kroll-Ruderman
(KR) terms represented in Fig. 1(e) are needed to preserve gauge invariance.

The loop contributions to s from the kaon rainbow and kaon bubble diagrams
can be written as a standard convolution of nucleon — kaon + hyperon splitting
functions, f~(rbw)_KY and f~(bub)_K, with the s PDF in the kaon:

5(x) = X_KY [f"(rbw)_KY s_K] + X_K [{"(bub)_K 5§ K]

where the rainbow terms are summed over KY = K A, KX and K X, and the
kaon bubble terms over K = K, K, and denotes the convolution [36, 37].
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The s-quark PDF is also a convolution:

s(x) = 3 YK ["(thbw)_YK s Y] + 3 YK [{(KR)_YK s (KR) YK] +
¥ K[t (tad) K s (tad)_ K]

whereT(y) f(1 —y), with 1 — y the hyperon momentum fraction when the kaon
carries y. The hyperon rainbow contributions ™ (rbw)_ YK are again summed
over all YK combinations, and f~(KR)__ YK are the splitting functions associated
with the KR diagrams. The splitting functions for the tadpole diagram, Fig.
1(d), are equal to the f~(bub) bubble functions from Fig. 1(b). The strange
quark hyperon PDFs s_Y, s"(KR)_YK and s™(tad) K for the rainbow, KR
and tadpole diagrams, respectively, can be related to the u and d PDFs in the
proton using SU(3) symmetry.

The splitting function f~(rbw)_KY in Eq. (2) for the kaon rainbow diagram
can be written as a sum of two terms:

7 (rbw) _KY(y) = (1/(4 £_P)?) [f"(on) _K(y) + () _K(y)]

where f7(on) K and f7() K are the on-shell and -function contributions, re-
spectively, M (M_Y) are the nucleon (hyperon) masses, and f P is the pseu-
doscalar meson decay constant. The couplings C_KY are given in terms of the
SU(3) coeflicients D and F.

The on-shell hyperon piece:
T (on)K(y) =y d% C_KY?[k_ 2+ (M_Y-(1-yM)?/[(1-y)?D_KY?
F~(on)

contributes at y > 0, where D_KY -[k_ 2+ (1 -y)M2-y(1-y)M?/(1-y)
is the kaon virtuality for an on-shell hyperon intermediate state, and F~(on) is
an ultraviolet regulator function.

The function £~( )_K, on the other hand, arises from kaons with y = 0:
) K(y) = d% log(Q_K) (y) F7()
where QK =k_ 2+ m_ K2 and F7() is the corresponding regulator.

The K bubble diagram in Fig. 1(b) originates with the Weinberg-Tomozawa
part of the chiral Lagrangian, and has a distribution {~(bub)_K similar to the
-function part of the rainbow contribution, but with a normalization that is
independent of the SU(3) couplings:

£ (bub)_K = 2f™(bub) K =- (1/(4f P)?) £°()_K

For the splitting function associated with the hyperon rainbow contribution in
Eq. (3) one finds:

7 (rbw) _YK(y) = (1/(4 £_P)?) [f"(on) _K(y) + £ (off) _K(y) - () _K(y)]

where the first (on-shell) and third ( -function) terms are as in the kaon rainbow
contributions, and the hyperon off-shell term is:
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T (of)K(y) = 2M d% C_KY [M_Y - (1-y)M] / [(1 - y)D_KY] F~(off)
with F~(off) the corresponding off-shell regulating function.

For the KR contributions in Fig. 1(e), necessary for the preservation of gauge
symmetry [38], one has:

(KR)_YK(y) = (1/(4 £_P)?) [-{(off) _K(y) + 2f7() _K(y)]

so that the rainbow and KR contributions satisfy ™ (rbw) YK + f(KR) YK
= {"(rbw)_KY.

Finally, the tadpole contribution in Fig. 1(d) is related to the bubble term in
Eq. (7), f~(tad)_K = f~(bub)_K. These two conditions guarantee that the net
strangeness in the nucleon is zero, s-s = 0.

Regularization and Parameters

To regulate the ultraviolet divergences in the splitting functions one introduces a
regularization procedure, such as a cutoff [37] or a phenomenological form factor
[39]. Physically, this takes into account the finite size of the baryon to which
the chiral field couples [40, 41]. Here we adopt the Pauli-Villars (PV) method,
which preserves the required symmetries and offers many of the advantages of
finite range regularization. In this approach one subtracts from the point-like
amplitudes expressions in which the propagator mass is replaced by a cutoff mass

, so that at large momenta the difference between the amplitudes vanishes [42].
For the -function term, because both the k and k__ 2 integrations are divergent,
a second subtraction, with regulator mass | is necessary to render the integrals
finite.

For the valence PDFs of the mesons we use the recent fit by Aicher et al. [43],
assuming s. K =s_ K = d_ . The strange quark PDFs in the hyperons are
related using SU(3) symmetry to the u and d PDFs in the proton: s_ A = (2u
-d)/3 and s_ ¥ =s_3 = d, for which we use the parametrization of Martin
et al. [44]. For the KR diagrams, the strange PDFs at the KNY vertex can be
related to the spin-dependent PDFs in the proton: s (KR)_A = (2Au- Ad)/(3F
+ D) and s7(KR)_¥ = Ad/(F - D), and the fit from Leader et al. [45] is used
for both the polarized PDFs and the D and F values to ensure each of the PDFs
is normalized to unity. Finally, for the strange PDF at the ppKK vertex of the
tadpole diagram, one has s™(tad)_K = u/2 and s (tad)_K = d.

With these relations, the only free parameters in the calculation are the cutoffs

and , which can be constrained phenomenologically. The ideal process for
constraining  is inclusive A hadroproduction, pp — AX. At small values of
y and k__ the K exchange contribution in Fig. 1(a) is expected to dominate,
while at higher momenta heavier meson and baryon intermediate states, as well
as multi meson-exchange processes, will become more important [39].

In Fig. 2 we compare the available bubble chamber data from the CERN proton
synchrotron [46] for the lowest available transverse momentum bins. For the
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differential cross section here the current operator corresponds to the total pK
cross section, for which we take the constant value ~pK _tot = 19.9 £+ 0.1 mb
[47]. We find the best fit value for the cutoff = 545 MeV, which is taken to
yield an upper limit on the kaon contribution. Contributions from non-kaonic
backgrounds may reduce this upper limit, although at these kinematics the effect
should not be large. As a conservative estimate of the impact of this uncertainty,
we also consider the fit that is two standard deviations away, which corresponds
to = 526 MeV. These limits yield a range of momentum fractions carried by
s quarks in the nucleon from s = 3.4 x 103 to 5.7 x 10 3.

Because the convolution in Eq. (2) transforms the y = 0 contribution in £7( )_K
to x = 0, in practice the s distribution will not provide information on the cutoff

. For the s-quark PDF, since the convolution in Eq. (3) is expressed in terms of
the splitting functions evaluated at 1 - y, the f~( )__K contributions here will be
transformed to nonzero values of x and appear valence-like. Comparison with
the x dependence of the s PDF can then constrain the value of

Our strategy is to fix to the maximum value allowed by the comparison with
the A production data and obtain the corresponding maximum value for such
that the calculated s + s does not exceed the errors on the total phenomenolog-
ical PDFs, (s + 5)_loops (s + §)_tot. This is illustrated in Fig. 3, where the
individual s and s PDFs from K loops are compared with the average (s + 5)/2
parametrization from Ref. [48].

For a fixed |, the allowed range for with the PV regularization is m_ K

“max. At the preferred value found in Fig. 2, = 545 MeV, the upper limit
on is “max = 600 MeV. The corresponding range for the strange asymmetry
is -0.07 x 103 S 0.42 x 103 at Q2 = 1 GeV2 Using the lower value,
= 526 MeV, reduces the allowed momentum that the s quark can carry, and
consequently permits a higher upper limit on that still satisfies the constraint
in Fig. 3. The limit in this case becomes ~max = 894 MeV, and the range for
the strange asymmetry is -0.01 x 103 S 1.12 x 10 3.

Combining these limits, the strange asymmetry for the maximum allowed vari-
ations on and consistent with the available data lies in the range -0.07 x
102 S 1.12 x 103.

Results

For these extremal S values, the corresponding shape of x(s - §) is displayed in
Fig. 4. For =526 MeV, the asymmetry remains positive for all x, peaking at x

0.15. Interestingly, for this case there is no zero crossing at x > 0; conservation
of strangeness is ensured by the presence of the nonzero contributions from the
-function term f7()_K at x = 0. This feature is not present in previous loop
calculations based on kaon loops, which include only rainbow diagrams, nor in
phenomenological PDF fits. For the parameters that give the minimal S value,
the x(s - 8) distribution also peaks at x 0.1, but has a significantly smaller
magnitude. Furthermore, the distribution becomes negative for x 0.2, which
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leads to strong cancellation with the positive distribution at smaller x.

To assess the impact of these asymmetries on the NuTeV anomaly and the
extraction of the weak mixing angle, we fold the calculated distributions with the
acceptance functional for the NuTeV data [23]. Varying the and parameters
over their maximally allowed range, we find a correction, A(sin?> W), to the
weak angle from the strange asymmetry of -7.7 x 10 A(sin? _ W) -6.7 x 10
at Q? = 10 GeV2. Remarkably, for all acceptable values of the cutoff parameters,
the correction A(sin? _ W) remains negative. While this has the same sign as
that needed to reduce the NuTeV discrepancy, the small numerical values that
we find reduce the NuTeV anomaly by less than 0.5 .

We have also considered contributions to the asymmetry from kaon loops ac-
companied by decuplet hyperons, such as the X. Any contribution to S from
these is tempered by the need to reduce the cutoff for the octet component so
that the constraint on s + § is still respected. As a result, for the range of
PV cutoffs considered here we find the net effect of the decuplet to be rather
small. Inclusion of higher mass mesons, such as the strange vector K mesons
[27, 28], goes beyond the chiral theory framework and these are more naturally
treated as short-distance contributions, which should not be added incoherently
to other DIS processes.

Conclusion

The virtue of the current analysis is that we have for the first time computed the
full set of diagrams to lowest order within the effective chiral theory, revealing a
small but nonzero valence-like component of the strange sea which has important
phenomenological implications. With the conservative uncertainties chosen for
the parameters, we believe this is the most reliable estimate to date of the
chiral correction to the NuTeV extraction of sin? _ W from the strange quark
asymmetry. Ultimately, s - s should be determined empirically and, in the
absence of high precision and ~ data on protons, the best hope for better
constraints may lie with the associated production of charm with weak bosons
at the LHC [49].
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Figure Captions

FIG. 1: Loop contributions to the s PDF from (a) kaon rainbow and (b) kaon
bubble diagrams, and to the s-quark PDF from (c) hyperon rainbow, (d) tadpole,
and (e) Kroll-Ruderman diagrams. Nucleons N and hyperons Y = A, ¥ are
denoted by external and internal solid lines, respectively, and kaons K by dashed
lines. The KR diagram with a current insertion on the right-hand vertex is not
shown.

FIG. 2: Differential cross section for the best fit to the pp — AX data [46] in
the region y < 0.35 (solid curve, = 545 MeV), as a function of 1 -y fork =
75 MeV, and for a fit 2 (90% CL) from the central values (dashed curve, =
526 MeV).

FIG. 3: Strange xs (solid red curve) and antistrange xs (dashed blue curve)
PDFs from kaon loops for cutoffs = 545 MeV and = 600 MeV that give the
maximum total s + 5, compared with the average x(s + 8)/2 distribution from
the MMHT14 global fit [48] (gray band).

FIG. 4: Strange quark asymmetry x(s - 8) at Q> = 1 GeV? (solid blue curves)
and evolved to Q2 = 10 GeV? (dashed red curves). The upper (lower) curves

correspond to the maximum (minimum) value for S = 1.12 x 1032 (-0.07 x
10 3), for cutoff parameters = 526 MeV, = 894 MeV ( = 545 MeV, =
m_K).
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Note: Figure translations are in progress. See original paper for figures.
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