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semileptonic hyperon decays

T. Ledwig,l’* J. Martin Camalich,z”” L.S. Geng,‘”E and M. J. Vicente Vacas'®
lDepartamento de Fisica Teorica and IFIC, Centro Mixto,

Institutos de Investigacion de Paterna—Universidad de Valencia-CSIC, 46980 Paterna, Spain
2Departmem‘ of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla,
California 92093-0319, USA
SPRISMA Cluster of Excellence Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz,
55128 Mainz, Germany
*School of Physics and Nuclear Energy Engineering and International Research Center for Particles

and Nuclei in the Cosmos, Beihang University, Beijing 100191, China
(Received 5 June 2014; published 5 September 2014)

The octet-baryon axial-vector charges and the g/ f, ratios measured in the semileptonic hyperon decays
are studied up to O(p?) using the covariant baryon chiral perturbation theory with explicit decuplet
contributions. We clarify the role of different low-energy constants and find a good convergence for the
chiral expansion of the axial-vector charges of the baryon octet, g,(0), with O(p?) corrections typically
around 20% of the leading ones. This is a consequence of strong cancellations between different next-to-
leading-order terms. We show that considering only nonanalytic terms is not enough and that analytic terms
appearing at the same chiral order play an important role in this description. The same effects still hold for
the chiral extrapolation of the axial-vector charges and result in a rather mild quark-mass dependence. As a
result, we report a determination of the leading-order chiral couplings, D = 0.623(61)(17) and
F =0.441(47)(2), as obtained from a completely consistent chiral analysis up to O(p?). Furthermore,
we note that the appearance of an unknown low-energy constant precludes the extraction of the proton octet
charge from semileptonic decay data alone, which is relevant for an analysis of the composition of the

proton spin.
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I. INTRODUCTION

The nonperturbative regime of QCD is dominated by the
spontaneous breaking of the chiral symmetry. Based on
that, an effective field theory of QCD at low energies is
constructed using the pseudoscalar mesons and baryons as
basic degrees of freedom. This theory is called baryon
chiral perturbation theory (ByPT) [1-4], and it parametrizes
the axial-vector (AV) structure of the octet baryons and the
meson-baryon interaction at leading order (LO) by the only
two low-energy constants (LECs), D and F. These are
essential parameters in this model-independent approach,
and they are one of the main topics of this paper.

A reliable experimental source to determine D and F are
the ratios of the axial-vector and vector couplings, g,/ f1, as
measured in the semileptonic hyperon decays (SHD).
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'In the SU(2) version of ByPT, only the combination D + F is
accessible, which is at leading order equal to the AV charge of
the nucleon g4 = 1.2701(25) x gy as measured in neutron /3
decay [5].
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It has already been several decades since Cabibbo
proposed a SU(3) symmetric model [6] for the weak
hadronic currents. A fit of this model to the current data
is very successful, yielding D ~ 0.804 and F =~ 0.463, and
implying that SU(3)-symmetry-breaking effects in the
SHD are small [7]. Supporting this interpretation, the
experimental measurements of ¢g;/f; in the n — per and
=% — X*ep decays, which are predicted by this model to be
exactly equal, differ only by a ~5% [5,8,9].

From a modern perspective the success of the Cabibbo
model is intriguing given that the SU(3)-flavor symmetry
is explicitly broken by m, > m, ~ m, For instance, in
ByPT this model corresponds to the LO approximation,
while nearly all higher-order corrections break the SU(3)
symmetry. As a consequence, the next-to-leading-order
(NLO) contributions must arrange themselves in such a
way that the net breaking effects remain small. Additionally,
the total NLO effect has also to be small compared to the LO
one for the chiral expansion to make sense.

These issues were discussed in the foundational papers
of the heavy-baryon (HB)yPT approach [10,11], where it
was found that the NLO chiral corrections to the AV
charges can be large and problematic. However, a cancel-
lation mechanism between loops with intermediate octet
and decuplet baryons was revealed and shown to produce a
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reasonable description of the data and convergence of the
chiral series. This was later found to be a consequence of
the SU(6) spin-flavor symmetry that emerges in the large
N .. limit of the baryonic sector of QCD. Thus, much of the
subsequent work on the axial structure has focused on the
combination of HByPT and large N, to ensure the octet-
decuplet cancellations at each level of the perturbative
expansion [12-17].

Nevertheless, from the point of view of the chiral
expansion all the early and later works in HByPT were
not entirely systematic as they focused on the loop
corrections but neglected the effects of various local
operators appearing at NLO. In fact, there are a total of
six new LECs that contribute to the AV charge in the SHD
at this order. Four of them break SU(3), whereas the other
two have the same structure as D and F but come
multiplied by a singlet combination of quark masses. As
a result, one can absorb the latter into D and F and fit the
resulting six LECs to the six available measurements of
g1/ f1- Such a study has been carried out in the infrared (IR)
scheme of covariant ByPT [18,19], and it was shown that
the recoil corrections included in the relativistic calculation
of the loops in this approach could be as large as the LO
contributions. The main conclusion of this work was that
the chiral expansion of AV charges is not convergent [18].

These findings and, in general, the analysis of the AV
couplings in ByPT need to be revisited. In the first place, the
IR-ByPT employed in the latter work is known to introduce
spurious cuts that can have important effects in phenom-
enology [20-23]. Second, the decuplet contributions were
neglected despite the fact that the typical octet-decuplet
mass splitting, (M, — My)/Agp = 0.3, is smaller than the
perturbation Mg /Asp ~ 0.5, with Agg ~ 1 GeV, and their
effects provide the important source of cancellations at NLO
induced by the symmetries of QCD at large N .. Finally, the
absorption of the two O(p?) singlet LECs into D and F
precludes a definite discussion on the chiral convergence as
these contributions appear at different orders.

In this work we analyze the AV charges of the baryons in
a completely consistent fashion within ByPT and put the
description of the experimental g,/ f ratios on a systematic
ground. We employ the extended-on-mass-shell renormal-
ization scheme (EOMS) [24,25], which is a relativistic
solution to the power counting problem found in [4] that
leaves the analytic structure of the relativistic loops intact.
To include explicit decuplet contributions and to ensure the
decoupling of the spurious spin-1/2 components of the
spin-3/2 Rarita-Schwinger fields, we use the consistent
couplings of [26-30]. In contrast to the IR-ByPT study
[18], we do not absorb O(p?) LECs in D and F. In order
to disentangle the two singlet LECs we use the recent
Ny =2+ 1 lattice QCD (IQCD) calculations [31,32] of the
isovector AV constants g3 of the proton, £ and Z°. These
are additional data points which we include in our fits along
with the experimental SHD data.
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We report that ByPT at O(p?) successfully describes the
AV charges of the baryon octet. The NLO corrections are
typically about ~20% of the LO ones, which is consistent
with the expectations for a convergent expansion. We
extract D and F at this order and we discuss further
implications of our study for the structure of the spin of the
proton.

The work is organized as follows. Section II defines the
AV form factors and gives the measured transitions used as
fit input. The third section introduces the covariant SU(3)
ByPT with explicit decuplet degrees of freedom and the
EOMS renormalization scheme. In the fourth section we
present and discuss the results of our SHD study. The fifth
section summarizes our work and relevant technical
expressions are given in the Appendixes.

II. SEMILEPTONIC HYPERON DECAYS AND
AXTAL-VECTOR FORM FACTORS

The AV structure of the baryon octet can be accessed via
the f-decays of hyperons, B — B’er,. We parametrize the
decay amplitude as [7]

M = O iy (1 2) + O ()
X u(p)ite(pe) Ve + var’lv.(po), (1)
with u(p), @' (p’) the spin-1/2 spinors for the baryons B and

B’ with momenta p, p’ and @,(p,), v,(p,) as the electron
and anti-neutrino spinors with momenta p,, p,. The
coupling G is defined by G = G¢V,, for the strangeness-
conserving and G = GV, for the strangeness-changing
processes with [AS| = 1, where Gy and V4, are the
Fermi coupling constant and the respective Cabibbo-
Kobayashi-Maskawa matrix elements. Using parity-
invariance arguments, both the vector and AV operators

V(BB (p p) and OF BB (p p) contain three indepen-

dent Lorentz structures,

O@(B’B)(Plap) = ff’B( 2)y” —M—Baaﬁ%fz (g )
1 ,
+ M—Bq"f?B(qz), (2)
O% (P P) = a2 (Prr —M—Bc"/’q g5 (q?)
1
+M a"r’ P (q?), (3)

with 6 = i[y?,y#]/2 and ¢* = (p' — p)* and f;, g; as
the vector and AV form factors, normalized by the mass
Mg of the baryon B. These functions contain information
about the internal structure of the baryons as probed by
AV sources.
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Upper table: Semileptonic hyperon data for the decays B — B’e~D,. The values are taken from [5] where the experimental

result for £~ — A is obtained as described in the text. The last two rows correspond to the SU(3) symmetric values of the Cabibbo
model. Lower table: The IQCD data from [31,32] entering our fits for the AV charges gfs for the proton (P), =+ and Z°. Note that the
normalization of £* in [31] is half the one used here. For M, we use the Gell-Mann-Okubo mass relation.

n—-p A->p X >n T =AY =205 oA
a/f 1.2703) 0.718(15) —~0.340(17) 0.698(33) 1.210(50) 0.250(50)
£ 1 —\/3 = 0 1 NE
$UO D+F =L(D + 3F) D-F \/§D D+F =L(D - 3F)
» - =0 z 2 M, [MeV] Mg [MeV]
122 2% 0.418 ~0.262 354 604
0.76 ~0.23 350 485
0.76 ~0.22 377 473
0.78 ~0.22 414 459
0.77 ~0.23 443 443
0.78 ~0.23 481 420

Since f, = 0, we list \/3/2g, instead of g,/f;.

The quantities we study in this work are the AV
charges g¥%(q* = 0) = g¥%. They are part of the ratios
91(0)/f1(0) = ¢g;/f, which are measured through the
SHD. The SU(3) breaking corrections to the vector charges
are of a few percent [33-36] and can be safely neglected at
the NLO accuracy in the chiral expansion of g;/f;. Thus,
we use the SU(3) symmetric values for f;(0) = f, to
extract experimental values for g;.

In Table I we list the only six measured SHD processes
which are not related by isospin symmetry, as e.g. f IEUy =
V25 and 67" = V/2¢7 *'. The data is taken from [5],
where a different notation for the f-decay is used, which
results in a different sign of the g; definition. For the sign of
the mode =° - Xt we also refer to Refs. [8,9].
Furthermore, we list the SU(3) symmetric values for the
f1 and g; results of the Cabibbo model [7], which are
equivalent to the ByPT at LO. Finally, for the ¥~ — Ae™ D
channel, we expand the decay rate formula [7] in powers of
6 = (Myg- — M)/ Ms- to leading order. Given that f; = 0
up to O((my — m,)?) in this channel, we obtain a formula
directly relating the decay rate only to our form factor of
interest, g;, with an accuracy2 that is better than a 10%.

In addition to the experimental data, we use also IQCD
results from Ny =2+ 1 ensembles for the isovector AV
charges of the proton, X and Z. Introducing these results at
different nonphysical quark masses allows for separating
the LO parameters D and F from other p? LECs. In
particular, we include the lowest M, data points from
the Hadron-Spectrum Collaboration [31] as well as the
whole set of the AV ratios for */P and =°/P from the

*We have checked that including corrections up to &* and
SU(3)-symmetric values for the other form factors involved up to
this order of the expansion have very little impact in the
phenomenological discussion below.

QCDSF-UKQCD Collaboration [32]. The latter study is
done along the SU(3) singlet line where the quantity
2M?% + M? is kept constant with the pion and kaon masses
each chosen to be smaller than the physical kaon mass. We
individually list all these data points in Table I. However,
we have to note that the AV coupling of the proton is known
to suffer from not fully understood lattice artifacts [37,38].
Therefore, we increase the 1QCD uncertainties to be a
~10% relative to the central values, which is roughly a
factor of 5 larger than the errors usually quoted. We assume
this accounts for lattice systematic effects such as excited-
state contamination, finite-volume or discretization correc-
tions which will not be addressed in this work.

For the isovector AV form factors we use the following
parametrization,

(B(p)lgy“r’»*q|B(p))

with A3 as a Gell-Mann matrix and G} z5(¢* = 0) = g55 as
the isovector AV constant and G3} gs(p*) the induced
pseudoscalar form factor. It is worth recalling that these
form factors are related by isospin symmetry to those
appearing in the p-decays n — p, ¥~ — X0, X0 - ¥F

and == — =0,

III. BARYON CHIRAL PERTURBATION THEORY

Chiral perturbation theory (yPT) allows for model-
independent and systematic studies of hadronic phenomena
in the low-energy regime of QCD. It consists of a perturba-
tive expansion in p/Agz where Agg = 4nf, =~ 1 GeV is the
scale of the spontaneous chiral symmetry breaking and p is
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FIG. 1. Feynman diagrams contributing up to O(p?

) to the g?/B AV form factor. Single solid lines denote octet baryons and double

lines decuplet baryons. The dashed lines correspond to mesons and the wiggly line to the external AV field. A number inside the vertex

denote its chiral order.

either the typical energy involved in the process or the quark-
masses which break the chiral symmetry explicitly [1-3].
Only chiral-symmetry arguments are used to construct the
effective Lagrangian. The free LECs appearing with the
different operators must be determined using nonperturba-
tive calculations in QCD (e.g. 1QCD) or experimental data.
The extension of yPT to the baryon sector implies some
difficulties. One is that the baryon mass introduces a new
hard scale which leads to the breakdown of the naive power
counting [4]. This can be solved by integrating out these
hard modes from the outset, like in HByPT, although the
recoil corrections to the loop functions, incorporated order-
by-order in the HB expansion, can be large, especially in
SU(3) [20,30,39,40]. Alternatively, one can use a mani-
festly covariant formulation exploiting the fact that all the
power-counting breaking terms are analytic [19]. Therefore,
they have the same structure as the local operators of the
most general chiral Lagrangian and can be cancelled by a
suitable renormalization prescription. Two schemes stand
out among the manifestly covariant formalisms, the IR-
ByPT [19] and the EOMS-ByPT [24,25]. The IR-ByPT [19]
uses a regularization procedure which has been shown to
alter the analytic structure of the loops and to spoil the
description of some observables [20-23]. On the other hand,
the EOMS scheme is a minimal-subtraction scheme in
which the finite parts of the available bare LECs cancel
the power-counting-breaking terms [24,25]. This procedure
has the advantage that it incorporates the recoil corrections
of the loop graphs to all orders in consistency with
analyticity. A second difficulty in ByPT is related to the
closeness in mass of the decuplet resonances. Indeed, the
octet-decuplet mass splitting A is about 300 MeV, which is
|

2 (Brrstu, BY) +

LY = (B(iD — M,)B) +

smaller than the maximal scale of perturbations Mg ~
495 MeV, and the decuplet baryons should be introduced
as dynamical degrees of freedom in the framework.

In this work we employ the covariant SU(3) ByPT up to
order p* with inclusion of explicit decuplet degrees of
freedom and the EOMS renormalization scheme [24,25].
The field content of the theory are the octet baryons, B(x),
and decuplet baryons, T'(x), interacting with the pseudo-
scalar octet ¢(x) and an external AV field a,(x). We use an
equivalent of the small-scale-expansion (SSE) scheme [41]
to count p ~ M, ~ A ~ e, denoting all small scales com-
monly by e. Accordingly, the chiral order n of a Feynman
graph is given by

n=4L—2Ny-Ng—Np+ > kV, (5)
k

for a graph with L loops, N internal mesons, Np internal
octet baryons, N internal decuplet baryons and V; vertices
from a £*) Lagrangian. Using Eq. (5) together with the
Lagrangian and the renormalization scheme specified
below, we list in Fig. 1 all Feynman graphs that contribute
to the AV charges up to order p>.

For our study, we need the following four terms from the
ByPT Lagrangian,

C=2Ly +L5)+ Ly + Ly, (6)

where the last two contributions contain the decuplet fields.
The number in brackets denotes the chiral order of each
part. The first term is the standard leading-order baryon-
octet Lagrangian and the second term the p3-order part
constructed in [42—-44]. Their explicit expressions are

u (By”ys[u BJ),

3 _ —_ —_
559) = +hag(Buty,ysBy i) + hyo(By.y,ysBut) + hao(Bu'y,ysB)(x ) + hai (By,ysBu"){(y.)
+ hap(By,ysB) 'y ) + hys(By,ysB{u". y . }) + haa(B{u¥ .y }y,7sB) + - - (7)

where (...) denotes the flavor trace and all further notations
are explained in Appendix A. All the LECs in the chiral
Lagrangians are formally defined in the chiral limit where,
for instance, Mp, represents the corresponding baryon

[
mass. At LO, the complete meson-baryon and AV baryon
interactions are parametrized by only the two LECs D and
F.The [,% ) does not contain operators that contribute to the
AV couplings of the baryons, while several appear at O(p?)
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that are parameterized by the #; LECs. Note that here we
choose the /; with the opposite sign as in [42—44] and that
only the structures h3g 39 and /43 44 contain explicit SU(3)
symmetry breaking terms while the structures /4 4; include
SU(3)-singlets. Finally, the LEC /4, does not contribute to
the SHD or the isovector couplings (in the isospin limit),
although it contributes to the singlet and octet charges
of the baryons. We will discuss in Sec. IV C the important
consequences of this on the interpretation of the proton’s
spin.
For the decuplet Lagrangians we use

ﬁg) — szc [},m/al'aa _ MDOy;w]Tgbc

ToME, (O TN Ul Yy i (XTI, (8)
DO

ﬁg; :_MDO [(ay Tblk)yﬂuiulekm _'_Bmk},ﬂuﬂuﬁ/ (aﬂijk)]gzlm’
©)

where X“? denotes the matrix element in the ath row and
bth column. Each entry of the totally symmetric tensor 7¢4¢
is a spin-3/2 Rarita-Schwinger spinor representing a
decuplet baryon. In Appendix A we define explicitly all
relevant quantities. The C and H are the AV octet-decuplet
and decuplet couplings, respectively, and M p is the chiral-
limit decuplet baryon mass. In the case of C, our definition
differs by a factor of 2 as compared to the large N,
work [14].

The above decuplet Lagrangians implement the consis-
tent couplings of [26-28]. They are consistent in the sense
that the invariance of the free theory under a decuplet field
redefinition of # — W* 4 O¥e(x), with e(x) a spinor field,
carries over to the interacting theory. This ensures the
decoupling of the spurious spin-1/2 components of the
Rarita-Schwinger spinor. In this way we also obtained
the last term in Eq. (8), i.e. by substituting " —
(i/Mpo)y*™(0,%,) [29] in the nonconsistent Lagrangian

E}(}C) — %sziu;/y”ysT”hj”. (10)

With the above Lagrangians, we can now write down all
terms that contribute up to order p? to the AV charges g% ?

TABLE IL.
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and ¢8%. The full unrenormalized result in dimensional

regularization is

9P = \/Zy\ZyCPP + CEP + TEE + BES + BES
+DEB 4+ DEE + O(p*). (11)

where the notation matches the one of Fig. 1 and we list all
contributions explicitly in Appendix B. The factors Z are
the wavefunction-renormalization constants of Fig. 2
which, at this order, only contribute through the LO terms.
Furthermore, we apply the EOMS renormalization scheme
[24,25] at a scale A = M.

We use Eq. (11) to fitin Sec. IV the data of Table I. Some
of the LECs appearing in the loop functions are already
well constrained by other observables than the AV charges
and we will use this additional information. Explicitly,
these are the meson decay constant f,, the baryon masses
M o and M py, and the couplings of the decuplet C and H, all
in the chiral limit. The former three can be determined using
the extrapolation of IQCD data, namely, f, = 87 MeV [45],
Mp, =880 MeV [46] and Mpy=1152 MeV [47]. The
decuplet couplings in the chiral limit are not well known
and we use the large N relations C = —D and H = 3D —
9F [14], which are valid up to 1/N? corrections.

However, one can also use an alternative set for these
parameters based on their experimental values which are
better known. In this case, fo=f, My = My and
My, = My, where f is the average of physical pion, kaon
and 5-decay constants and M s(p) the average of the physical
baryon masses in the respective multiplet. The octet-
decuplet coupling is determined from the (strong) decuplet
decays to C = —0.85(15). The experimental decuplet cou-
pling H is not known and we use again the large N relation.

In Table II we list the input parameters used in each case.
Note that both choices are equivalent as one can rewrite one
into the other at the expense of higher order contributions.
We will perform our analysis with these two sets of values
in order to assess systematic uncertainties. Furthermore, for
the mass of the  meson, we use the Gell-Mann Okubo
mass formula, 3M; = 4M% — M3, as a deviation from this
would result again only in higher order effects.

As a final remark concerning the determination of D and
F at O(p?), we note that the LECs &y 4, have the same
structure as the LO couplings but come multiplied by a
singlet of quark masses. We introduce 1QCD results on the

Values of low-energy constants fixed in our fits. We list the meson decay constant f, the pion, kaon and n masses M ,, M g

and M, and the octet and decuplet masses M g, and M p, respectively. As described in the text, we use two perturbatively equivalent sets

for the explicit numerical values entering the fits.

Appearing quantity fo [MeV] M, [MeV] Mg [MeV] M, [MeV] My, [MeV] Mpy [MeV] C H
Chiral limit choice 87 140 496 547 880 1152 -D 3D -9F
Physical average choice  1.17-92 140 496 547 1149 1381 -0.85 3D-9F
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AV couplings in our statistical analysis precisely to disen-
tangle these LECs from the D and F.

IV. RESULTS

In this section we analyze the SHD data and the 1QCD
results described in Sec. II and listed in Table I. We use the
covariant ByPT in the EOMS scheme [24,25] up to O(p?),
which leads to Eq. (11) for the octet-baryon AV charges. In
its complete form, there are eight fitted LECs appearing: D,
F, h3g_41 43.44- The Table I contains updated experimental
data as compared to the ones used in previous works. We
start discussing earlier results obtained in analyses done at
LO in the chiral expansion or at NLO in the HByPT or
IR-ByPT approaches.

A. Leading-order results and previous
NLO ByPT analyses

We examine first the description of the data at leading
order in ByPT, i.e. to O(p). This is equivalent to the
SU(3)-symmetric Cabibbo model [6,7] and the fits are
shown in Table III. We approximately reproduce the results
of [7], taking into account the updated SHD data and also
excluding the ¥~ — A channel. Its consideration worsens
the LO fit as it produces the highest contribution to the »>.
However, in the next section we will see that the description
improves at NLO. For illustration, we also include the
IQCD data in one of the fits. This gives similarly good
results, which already indicates that the quark-mass
dependence of the AV charges is moderate. Additionally,
this suggests that the interpretation given in [7] that there
are only mild SU(3) breaking effects in SHD carries also
over to unphysical quark masses. We will discuss this later
in more detail.

At NLO there are several works on the AV charges in
HByPT [10,11,48]. Many more studies implement a
combined chiral and 1/N, expansion that aims at exploit-
ing the cancellations between octet and decuplet loop
diagrams arising in the large N limit [12-17]. Here we
will restrict ourselves to the discussion of the previous
analyses of the chiral expansion of g;(0).

The HB results can be obtained by keeping only the
LO term of a (nonrelativistic) expansion of the covariant

TABLE III. Cabibbo model fits to the SHD data. The leading-
order ByPT is equivalent to the Cabibbo model. In the second
column we use the old data of [7] and in the others the data
of Table I where the Z° — X+ mode is updated [8,9] and the
¥~ — A one is included.

[7] SHD SHD +1QCD
D 0.804(8) 0.800(8) 0.785(5)

F 0.463(8) 0.469(8) 0.483(5)
F/D 0.58 0.59 0.62

Xia 20=07 16—45 B3—14
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loop-functions in powers of 1/M . We have checked that
we recover all the nonanalytic structures reported in these
earlier HB works, including those concerning the decuplet
contributions in the SSE [15]. The main difference of
these studies with respect to ours is that all the contribu-
tions from analytic parts were neglected. That is, those
stemming from the loop contributions were removed and
h; = 0 was assumed, as well as the approximations A =
Mpy— Mpy =0 and M, = 0 were employed. To account
for all this, the errors of the SHD data were increased
globally to 0.2. In using these same approximations and the
data of Table I, we are able to qualitatively reproduce the
results and conclusions of [10,11].

In any case, this treatment of NLO corrections and the
increment of error bars is not systematic. In particular, we
will see below that the role of the analytic terms is
very important and they are a source for cancellations at
NLO that dominate those between the octet and the
decuplet.

Apart from the HB studies, the work in IR-ByPT of
Ref. [18] correctly incorporated the O(p?) contact terms,
i.e. included all the LECs ;. To perform fits, the two SU(3)
symmetric LECs 4,4, are absorbed into D and F, leading
to the same number of fit-parameters as of input data. They
specifically investigated the effect of the leading recoil
corrections in the IR-ByPT, and found that these, which
formally are of O(p*) in the HB expansion, are typically
larger than the LO ones. Naturally, the conclusion of this
study was that the convergence of the chiral expansion of
91(0) is severely broken.

However, this work has some weaknesses that need to
be scrutinized. Firstly, the fitted parameters D and F are
not those defined in the chiral limit but an effective
parametrization which mixes O(p) and O(p?) contribu-
tions. This hinders any definite discussion about the
convergence of the chiral expansion of g;(0). Secondly,
the decuplet contributions are neglected despite of the
important role they play in reducing the overall size of
the loop corrections, as suggested by the previous HB
and large N, studies. Finally, and most importantly, it
must be investigated if the large size of the recoil
corrections reported in this paper, which are roughly a
factor of 10 larger than expected by power counting, is a
genuine problem of the chiral expansion or, instead, an
artifact introduced by the IR renormalization scheme. In
the next section, we discuss our complete results in the
EOMS scheme where we tackle all the issues men-
tioned above.

Yp3 YBD3

FIG. 2. Diagrams contributing to the wave-function renormal-
ization. The notation is the same as in Fig. 1.
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FIG. 3 (color online). Axial-vector charges g?B/ and g§.3 of the SHD and octet baryons compared to our fits including explicit virtual
decuplet states. Blue circle markers denote the fitted input data points. The square markers denote our full ByPT results while the
triangle markers show the LO contribution. The shaded area corresponds to the IQCD input from [31] and [32]. In the case of the IQCD
data from [32], the data points are listed from left to right with increasing M.

B. Results in the EOMS-ByPT at NLO

In Table IV and Fig. 3, we show our final results of the
EOMS-ByPT fits to the SHD data and 1QCD results
discussed in Sec. II. The description is excellent at NLO

whether decuplet resonances are explicitly included or not.

Also, the ¥~ — A mode can now be consistently described.

For each channel and fit strategy, we separate the
different contributions to g;(0). By looking at the last
row in Table IV, it can be noticed that the total NLO
contribution is typically smaller than 20% (30%) of the LO
one, except for the X~ — n channel which could be up to a
~68% (~118%) in the theory with (without) explicit
decuplet baryons. The overall picture is consistent with

TABLE IV. Axial-vector charges and couplings of the octet baryons. We used the average of the physical values for the fixed LECs.
The results are decomposed into their chiral order contributions, i.e. into LO and the individual p* contributions of the graphs C5, T3 and
loops with virtual octet baryons B'°°P* or decuplet baryons D'°°P$. We also show the total NLO contributions relative to the LO one. In
the last four columns are predictions for the strangeness-conserving SHD where the values of ng/ and gfj are connected by isospin

symmetry.

g N->P A->P S osn oA Eos3t ZTosA o mmo2 s g/?;
Exp 1.27(0) —0.88(2) 0.342)  0.57(3) 1.21(5) 0.31(6) na na na na
Cov

LO 1.16 —0.89 0.15 0.54 1.16 0.35 0.72 0.15 1.01 —0.150
C; —0.45 0.59 0.14 -0.30 -0.92 —-0.49 -0.50 —0.01 -0.71 0.01

T, 0.27 —-0.40 0.07 0.13 0.52 0.16 0.17 0.04 0.24 —-0.04
Bloops 0.29 —0.19 —0.03 0.23 0.45 0.22 0.34 0.02 0.48 —0.02
full 1.27(0) -0.89(2) 0.33(2) 0.60(2) 1.21(4) 0.24(4) 0.72(5) 0.20(4) 1.02(7) —-0.20(4)
|p3/p1 | 0.09 ~0.0 1.18 0.11 0.04 0.32 ~0 0.33 ~0 0.33
Cov+D

LO 1.08 —0.80 0.20 0.52 1.08 0.28 0.62 0.20 0.89 —0.20
C; —0.18 0.24 0.01 —0.18 —0.28 —0.17 0.08 -0.22 0.11 0.22
T; 0.25 -0.36 0.09 0.12 0.48 0.13 0.15 0.05 0.21 -0.05
Bloops 0.18 —-0.09 -0.02 0.17 0.30 0.12 0.24 0.06 0.34 —-0.06
Dloops —0.07 0.13 0.06 —0.03 —-0.37 —0.15 —0.36 0.15 —0.51 —0.15
full 1.27(0) —0.88(2) 0.33(2) 0.60(2) 1.22(4) 0.21(4) 0.74(6) 0.23(4) 1.05(8) —0.23(4)
|p*/p'| 0.17 0.10 0.68 0.14 0.13 0.24 0.18 0.15 0.18 0.15
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the naive power counting by which one expects the
O(p?) corrections to be around (Mg/A)* ~25% of the
O(p) ones.

As a consequence, ByPT at NLO is compatible with
small SU(3)-breaking effects in the SHD. This is remark-
able since only at LO the Lagrangian is fully SU(3)
symmetric and most NLO operators or loop corrections
break the symmetry. This structure, together with the actual
number of LECs, is not arbitrary but dictated by sponta-
neous chiral symmetry breaking and chiral power counting.
In practice, the successful description of the SHD data and
the good convergence are achieved by sizable cancellations
between the different NLO terms. These cancellations
are different in the theories with or without the explicit
decuplet baryons.

In the theory without the decuplet, the loop contributions
are given by the tadpoles (75) and the diagrams with
internal octet baryons (B'°°P*) only. Individually, these are
typically 25% of the LO value although they can be as large
as a 50%. On top of that, they have the same sign in almost
all the channels. The large SU(3)-breaking thus produced
is not compatible with the SHD data and, as a result,
the LECs &; coming from the O(p?) contact-terms (C3)
are adjusted in the fit to largely cancel the effects of
the loops.

On the other hand, in the theory with explicit decuplet
contributions, the new loops (D'°°P%) can be as sizable as the
other ones but, generally, with the opposite sign. We observe
that the octet-decuplet cancellations found in [11] carry
over to the covariant formulation of ByPT and using a finite
octet-decuplet mass splitting. The main consequence of
this is an important reduction of the net contribution of the
loops and, hence, of the size of the C5 terms. Although the
results and overall convergence patterns look equivalent in
both theories, the inspection of the different pieces reveals
that the values of the LECs in the theory with the decuplet are
more natural.

In Table V we show the values of our fitted parameters.
As discussed in Sec. III, one has the freedom at NLO to fix

PHYSICAL REVIEW D 90, 054502 (2014)

some the LECs to either their chiral limit values or the
average of their physical ones. Our default choice is the
latter, which corresponds to the results of Table IV.
However, we list the values of the fitted LECs for both
choices and notice that the results are rather insensitive with
respect to these sets of input parameters. In addition, we
also tested the impact of our treatments concerning the
decuplet LECs and the f; values used to extract the
experimental g; values. For the former we performed fits
with an up to 10% ~ 1/N? uncertainty to the large N,. input
as well as fits with fixed H = —g,(8/5). For the latter, we
investigated the impact of possible deviations from the
SU(3) symmetric f1 by randomly up to 5% [34-36]. In all
cases we obtain results that are compatible within the
statistical uncertainties of those given in Tables IV and V.

In the last row of Table V we show the reduced y? for the
different fits. By comparing them to those from the LO fits
in Table III, one notes that the description of the data
improves at NLO. The values of D and F change by ~21%
and ~6%, respectively. Furthermore, it is remarkable that at
NLO the ratio F/D is closer to its large N, prediction of
2/3. As for the O(p?) LECs, there are large differences
between the results in the theory with or without the
decuplet. This is expected on general grounds since the
effects of the resonances are encoded in the values of
the LECs in the latter case.

As a final result for D and F we report

D =0623(61)(17),  F=0441(47)(2).  (12)

which is the average between our results with explicit
decuplet states as listed in Table V. This accounts for the
“naturalness” issue we addressed above for the decuplet-less
theory and the fact that integrating out decuplet resonances
in a SU(3) context is not well justified. The first error is
statistical and the second a systematical one, that covers
the central values of the two fits. As an interesting by-
product of our results, we predict the chiral-limit value of

TABLE V. Fit results of our EOMS ByPT analysis of the data in Table I. In the large N limit one has F/D = 2/3
and C = —D. We list the results with respect to the choices of fixed parameters as shown in Table II. The choice of

chiral limit parameters is marked with chiral.

Cov Cov +D Cov chiral Cov + D chiral

D 0.658(64) 0.639(61) 0.634(59) 0.606(53)
F 0.507(56) 0.443(47) 0.492(52) 0.439(42)
F/D 0.77 0.69 0.78 0.72

hys [GeV ] 0.146(29) —0.008(34) 0.143(27) —0.051(37)
hyo [GeV~2] —0.002(36) 0.032(36) 0.006(38) 0.049(42)
hyy [GeV~2] —0.349(135) —0.077(102) —0.354(133) —0.030(52)
hyy [GeV~2] —0.009(47) —0.151(49) —0.004(45) —0.113(59)
hyy [GeV~2] 0.082(39) 0.159(49) 0.083(39) 0.159(53)
hys [GeV~2] —0.111(26) -0.062(22) —0.118(25) —0.062(15)
2ig =064 =067 12=0.65 =072
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FIG. 4 (color online).  Chiral extrapolation of the AV charges 934(.3 of the proton (red), =* (blue) and Z° (green) as function of M. The
left figure shows the lowest M, data from [31] with My = 604 MeV. The right figure shows the data from [32] along the SU(3) singlet

line for gﬁ_g / gﬁj (blue) and gf_; / gfzy3 (green). We also plot the LO contribution as obtained from the full p? fit, dashed line, as well as the

LO results of Sec. IVA, dotted line.

gao = 1.064(77)(19) in the SU(3)-ByPT, which is smaller
than the physical AV charge of g, = 1.270(3).

Having obtained a reliable description of the g,/ f ratios
of the SHD, we are also able to discuss the channels that
did not enter in our fits. These are the SHD X~ — X0
and - — Z° and the isovector AV charges g% ; and

=0=0 . . .
gai; at the physical point. They are not experimentally
measured yet and our values are predictions. We list the
results in the last four columns of Table IV. Note that the
values shown for the SHD and the charges are related by
isospin. However, for convenience we give both of them
explicitly.

Since we can apply a nonrelativistic expansion to our
covariant formulas, we are also able to perform a similar
SHD study in the HB formalism. We list the results for the
decuplet-less case in Table X of Appendix C. Also with this
approach, we obtain an excellent description of the SHD
data with equivalent conclusions to those discussed above.
These findings, together with our EOMS results above, are
quite the opposite to those in the covariant IR-ByPT study
[18] where very large recoil corrections are reported. As a
result, we conclude that the stated poor chiral convergence
might be related to the problems this covariant prescription
introduces in the analytic structure of the loop functions
[20-23]. Apart from this, we want to stress that the
agreement between covariant and HByPT is quite remark-
able given the sizable differences that have been found
between these approaches in other SU(3)-ByPT applica-
tions [20,30,39]. Probably this is a consequence of the large
number of LECs at NLO, as it can be seen by comparing
the values in the different columns. Differences between the
two approaches might show up in other observables where
the values of these LECs also appear, e.g. in meson-baryon
scattering processes.

Finally, we are also able to discuss how the
SU(3)-breaking effects behave for unphysical quark-
masses. In Figs. 4 and 5 we show the chiral behavior of
the isovector AV charges as function of M, together with
the ratios of the NLO contributions over the LO ones, i.e.
their chiral convergences. We also plot the LO contribu-
tions of the NLO fits as well as the results of the pure
Cabibbo model fits (LO ByPT) of Sec. III.

We see that the chiral behavior is quite flat and is in very
good agreement with the LO result and the dependence
shown by the IQCD studies. Therefore, the cancellations
among various p> terms at the physical point also hold for
unphysical quark masses. The overall chiral convergence is
very acceptable for the whole quark-mass region. Similar

M, [MeV]
139 300 400 500

0.0 0.05 0.1 0.15 0.2 0.25
M? [GeV?]

FIG. 5 (color online). Chiral convergence of the AV charges. We
show the ratio of NLO contributions over the LO one for the g 5 of
the proton (red), =+ (blue) and Z° (green) as function of M.
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chiral extrapolations can be found in the theory without
explicit decuplet states as well as in the HB approach.

C. Octet axial-vector charges and the quark
contribution to the proton’s spin

A very important application of the study of the SHD has
been the prediction of the octet axial charge of the proton,
g5. This is defined as the axial charge corresponding to
(P(p")|grysA®q|P(p’)) and its importance lies on the fact
that it gives a crucial constraint to obtain the flavor structure
of the quark contribution to the proton’s spin (see [49] for a
recent review). Even though this is an old and persisting
question in nucleon structure, the value of ¢ is not well
known yet. At LO in the chiral expansion one recovers
the SU(3) prediction that ¢§ = 3F — D = 0.58. The suc-
cess of the Cabibbo model in the description of the SHD
suggests that this determination could be accurate and it is
often used in the phenomenological analyses. However, a
model-independent understanding of the quark contribu-
tion to the proton spin requires a better determination
of ¢ and efforts in this direction have been undertaken in
1QCD [50,51].°

In principle, ByPT can be used to improve the deter-
mination to higher orders in the chiral expansion. Such
studies were carried out in the HB [10] and IR [18] schemes
and the conclusions were in both cases that the NLO
correction could be very large which hampered the con-
vergence of the chiral expansion of g§. However, these
conclusions are afflicted by the same caveats as those
addressed above in Sec. IVA, and they should be revised
in the context of the current full NLO calculation.
Furthermore, the octet axial charge receives a contribution
from a LEC, hy,, that is not constrained by SHD data as it
does not contribute to the flavor-changing transitions or to
the isospin related isovectorial charges. This fact has been
overlooked in the previous chiral analyses and it precludes a
determination of ¢ from the SHD alone.

Nevertheless, even without a precise value for i4, we are
able to study the convergence of gi under quite general
assumptions. For this, we assume that gi is close to its
SU(3)-symmetric value, g5 ~0.58, as suggested by a
recent 1QCD determination [50], and we fix /4.

In the two first columns of Table VI we show the size
of the LO (3F — D) and NLO contributions to ¢. The
other columns of the table split the NLO part into the
contribution of the corresponding diagrams of Fig. 1.

By comparing the overall LO and NLO contributions,
we see that the convergence in this scenario is good, with
NLO corrections about a 20% (30%) the LO ones in the

3As a side remark, we note that the quark contribution to the
proton spin is an important input parameter for constraining
beyond-the-standard-model parameters from the spin-dependent
cross section in direct dark matter searches.

PHYSICAL REVIEW D 90, 054502 (2014)

TABLE VI. Different contributions to g§ in EOMS-ByPT up to
O(p?) and assuming ¢§ = 0.58.

LO NLO C; T Bs D;

Octet 0.84 -0.26 -0.72 0.55 -0.09 -
Octet + Decuplet 0.71 -0.13 -0.38 047 -0.13 -0.09

decuplet (decuplet-less) theory. In the theory without
decuplet baryons one finds that the total loop contribution
is quite large. As a consequence, the NLO contact-terms are
sizable and as large as the total LO. This leads to the same
naturalness considerations discussed above for the AV
charges. On the other hand, the diagrams with decuplet
baryons reduce the net loop contribution and improve the
convergence.

The current analysis clarifies the structure of the chiral
expansion of the octet axial coupling of the proton and
opens the possibility for a model-independent treatment of
its SU(3)-breaking corrections and for an improvement
of the phenomenological extractions of the quark content of
the proton’s spin.

V. SUMMARY

We have studied the axial-vector charges of the octet
baryons in SU(3) covariant ByPT up to O(p?) using the
extended-on-mass-shell scheme and including decuplet
resonances. We report that ByPT at this next-to-leading
order consistently describes the charges as well as the ratios
g1/ f1 of the axial-vector and vector couplings measured in
the semileptonic hyperon decays. This is a novel feature as
compared with previous ByPT studies in the nonrelativistic
heavy-baryon scheme or the relativistic infrared approach.

Explicitly, we have been able to determine all appearing
low-energy constants from simultaneous fits to the semi-
leptonic hyperon decay data and available IQCD results.
This includes the leading-order constants D and F as well
as all the NLO constants /135_4; 43.44. Along this, we have
clarified the role of the different contact terms appearing at
this order which were not treated systematically in the
previous works. Especially, we disentangle the two singlet
LECs hyy4; from D and F, which lead to an accurate
determination of the latter and a consistent discussion of the
chiral convergence for the axial-vector charges.

We report a systematic improvement of the theoretical
understanding of the data with respect to the SU(3)-
symmetric Cabibbo model, which is equivalent to the
ByPT at LO. That is, at NLO we are also able to
consistently include the mode £~ — A, as well as we
obtain NLO corrections that are typically 20% of the LO
ones. This size of NLO effects is in agreement with the
naive power counting. Therefore, our analysis shows that
SU(3)-symmetry-breaking effects, as given by the sponta-
neous chiral symmetry and the chiral power counting in
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ByPT, are important to understand the semileptonic
hyperon decays data accurately.

In practice, the agreement at O(p?) is achieved by
sizable cancellations between different SU(3) breaking
terms, in particular those parameterized by the p*-LECs
h; and the ones from the loops. We showed that considering
only NLO nonanalytic terms is not enough and that NLO
analytic terms play an important role. The cancellations
themselves appear in both theories with and without
explicit decuplet states, however, they have a different
structure. In the case with decuplet baryons, we found that
their explicit contributions are a source of cancellations
which lead to more natural values for the O(p?) LECs. This
is in agreement with the expectations derived from the
analysis at large N.. Furthermore, the fact that in the
decuplet theory we can successfully describe the small
SU(3)-breaking in ¢;(0) by means of a chiral expansion
without anomalously large or small chiral corrections at
NLO is a very nontrivial outcome of our study.

A phenomenological consequence of our work is
the determination of the LO axial couplings D =
0.623(61)(17) and F = 0.441(47)(2) up to O(p?) accu-
racy in a completely systematic fashion. Remarkably, these
values are closer to the large N, ratio F/D ~?2/3 than at
LO and they predict the axial coupling of the nucleon in the
chiral limit and in SU(3) to be g4y = 1.064(77)(19).
We also predict the isovector axial-vector charges for the
A, =* and Z° or, equivalently, for the semileptonic hyperon
decays channels of £~ — X0 and =~ — =~.

Finally, we have discussed an important application of
the analysis of the axial-vector charges, namely the
prediction of the octet axial coupling g5 and its role in
the determination of the quark content of the proton spin.
More specifically, we have found that there is a contribution
from a NLO contact term (whose LEC is labeled by hy,)
which is unconstrained by the semileptonic hyperon
decays. Therefore one needs additional experimental or
nonperturbative information to determine this parameter.
Nevertheless, we studied the chiral convergence of ¢5 and
concluded that it is reasonable. This should allow for a
model-independent determination of this quantity.
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APPENDIX A: NOTATION

The notation for the baryon Lagrangian Eq. (6) is as
follows. The meson field ¢ = ¢(x) is defined by

2
U=en and u=+U (A1)
¢3 +\/L§¢8 ¢1 —i¢2 ¢4—i¢5
At 1 14 42 31 48 46 _ 17
V=" | P P i
¢4 + i¢5 4)6 + i¢7 _%458
\/iiito—l—\/ian ot Kt
= n -5+ gn K (A2)
_ 70 2
The octet baryon field B(x) is defined by
[ 130+ A Tt p |
Aa - 150, 1
B:%Ba— )y —ﬁZ +¢6A n
= =0 2
L - - \/EA_
= (B®), (A3)
(150 4 1 A $— = ]
. %Z +%A z =
p_ tap _ S+ _ 150 LA =0
BfﬁBaf ) 504+ LA
s P ER
= (B®). (A4)

The decuplet field 7'(x) is defined by the totally symmetric
tensor 7%b¢,

1 1
T§, = ATy, =— AT T, =—=A%TS, =A™

V3 V3

(A5)

v 1 *+a v 1 *0a 3 1 *—
T3 :%Z T123:76Z T5; :%2
(A6)
v —=x0a a 1 k=

T3 = 7§: T3 = ﬁ: (A7)
T2, = Q™ (A8)

together with the decuplet baryon propagator as
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+M 1
Sa/} o ﬁ DO _ap a.,f
a(p)= pP—M3,+ie +D_1yy
1 D-2
4+ yapﬂ _}/ﬂpa +7p(zpﬂ
(D~ 1), ETENT
(A9)
The external axial-vector field is defined by
/10
a,=a,(x)—
= au( )\/§
%ao +ﬁa” ar ak’
— ar —ﬁao—l—\/iga” ak’ (A10)
ak” oK’ —\/iga”

All other yPT quantities appearing in Eq. (6) are given by

Ty = 5 0 (0,) + ()] = & '+ udl], (AT

w, = ilu' (,u) — u(@,u")] + [u'ru — ul,u’l, (A12)

xe =uyu" +uyu, (A13)

D,B = 9,B+[T,.Bl, (A14)

x = diag[M2, M2,2M% — M2], (A15)

= uFu’ — u' Fi u, (A16)

P = orxv — 0°X* — i[x*,X*] with X=r1 (Al7)
a/}#_llflﬁ H 1 !llfﬂ_ﬂ/fa

v —2{2[%3/},7} S P =ryye). (A18)

The external fields r, = v, + a, and [, = v, — a, contain

the external vector and axial-vector fields v, = v,(x) and
a, = a,(x). For the present work we set v, = 0.

The Lagrangian Eq. (6) produces the contributions of
Fig. 1 for which we need the following loop integrals in
D = 4 — 2¢ dimensions,

|

1 [ 5
B! = 1K¢f / dz2z{<3 —58>Jf -
0

C? 1 1 1
DY — —i[k?. +K? —/ d / d2z—M
3ab 1[ D3a T D3b}f(2)M%) A y o < 218 B

x (((9—6e)Mp + Mg(30 — 12z + &(7z — 19)))JPE + (e = 3)M3%(z = 2)*((z — 1)Mg — M) J2E),

C*H 1
0 CT [N g Lo
D3 Jo 7108 5l

+ (60 —319¢)JP

D} = iK

M3(-1 =322+ e(2+2%))JE + Mézﬁﬂ ,

—2(31e = 15)M3(1 = 2)2(My + M}, — Myz)2J?),
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Jo(M? AZ):_—"(MZ)2 —1+1nﬂ2—l (A19)
’ (4n)? AZ 2]

—7 MZ
Jl (MZ, Az) = (47;)2 MZ |:L -1+ IHF] s (A20)

2 A2y — ! M
Jy(M?,A%) = ()’ [L—i—ln A2]’ (A21)

-i 11

J3(M?,A?) = @A (A22)

with L = —%—I— v — In4z. We renormalize all contribu-
tions proportional to L.

APPENDIX B: AXIAL-VECTOR FORM FACTORS

We list here all unrenormalized results of Figs. 1 and 2
that contribute to the structure i’ (p')y*ysu(p) at ¢> = 0.
The explicit contributions of Eq. (11) for a given process
B’ — B are

Cl = KCl, (Bl)
C3 = Kes, (B2)
Z X? for
¢=n.Kn
X = T3, B3, B3, D3gp,, D3, Zp3(p). Zps(#).  (B3)
10 _p3
VZ =1+ 55 % (M) + Op"). (B4)
with
2 M2
T = — My { —l—l—ln—}, (B5)
( nfo)? A2
Bl = =ilKY, = K412 [ (2 1 607 - M52

(B6)

(B7)

(B8)

2((109¢ — 60)M2%, —2(139e — 60)M gM ,(z — 1) + 6(41e — 15)M%(z — 1)?)JP

(B9)
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TABLE VII. Coefficients of the graphs C;, T3, B3,,, B3z C3 and the decuplet ones Ds,;, and D5 contributing to the semileptonic
hyperon decays.

n—p A->p X —>n > oA B0 5 »F 2530 = A
Kel D+F ~/iD+3F) D—F 2p D+F VD + F) \AGF - D)
Kz D+F ~L D +3F) iD-F) 2p YD+F) D+ F) -3 AD-3F)
K LD+F) =L AD+3F) 3(D-F) 1p +F) Ao+ R) - A0-3R)
K, 0 ~LAD+3F) 2= 0 D+F) ZD+F) - AD-3F)
Kz, D+F “3ip+F) LD+ F) 20 LD+2F) L(D+2F) 5\
KX, 1(D+F) 0 D-F - DiF ENA —-1./3(D-3F)
K1, 0 }T\/%(D - 3F) 1(D=3F) 0 2 2% —-1./3D
K%, -D-F ~1./2D 1(2F - D) 0 e - f%\/%(D—F)
K& —L(D+F) %\/g(DJrSF) W=D+F)  —\iD  —(D+F) ~D4r 0
K, 0 /b - 0o -wen e g s
Kezin—p 8(hsg + hag)My — (4hsg — 4hag — 8hay) M7
Kozt A= p —\/%(Shss + 8hyg — dhyy — Ahyz + 8hyy) MR — \/%(_4}138 = 2h39 + dhyg = 2hy )M
K3t X7 > 8(hay + haz)Mi + 4(hsg + hay) M7
Kozt Z7 > A 4\/%(}140 + hy )M — \/%(—Zh% = 2h39 = 2hyg — 2hgy — Ahyz — 4has) M7
Kes: 2" = XF 8(hao + has) My + 4(hsg + hag) M7
Kez: 27 =20 4v/2(hao + haa) My + 2V2(hsg + hao) M
Kzt 27 = A —\/§(8h39 — dhyg + 8hyy + 8hyy — dhyy)M3 — \/%(_21138 — dhyg — 2hyg + 4hyy )M
K¢ p=n ¢ =K ¢=n
n—p H(D+F)? 1(D? = D*F 4+ 3DF* - 3F%) -5 (D=3F)?*(D+F)
A= p %\/éD(—Dz + F?) 5D3—15D2§&96DF2+27F3 D(D;\;ng)
> +(D* - 2D*F + 3DF* 4 6F°) +(D? + D*F 4+ 3DF* + 3F%) LD(D* —4DF +3F?)
s oA ~1\ /B - 6F?) D) 1 /2p3
=0 _, v+ w w w
= 30 D3+2D2[;-¢\—/3§DF2—6F3 D3—D2Fg—\;§DF2—3F3 D(DZ+23§+3F2>
= 5 A %\/éD(—Dz ) 5D3+15D2167\7%DF2—27F3 D(li\;ng)
K% n—p A-p X" —>n oA 203t 230 = > A
Kiy,  S(D+F) —\/§(D+F) 2(D+F) ~2,/p 2D+2F) LD +2F) —\/2D
K, YGD+F) -2/ o* LD ror) et 1pi5E D - F)
K, 0 0 —L(D-3F) Ne 2p 2p 2p
K — S(D+F) ~4\/3D o JAp+2F)  3D-F)  W2AD-F)  \D-F)
K5,  L(BD+F) DoSE LD+ F) VAP +F) S(D+F)  VAD+F) 0
Ky, 0 0 0 0 D337 DisF 0
K % _2\/% _g : 3 ! % %E \/g
Ko /i -3 < ¥ 5 :
K, 0 0 0 0 2 vz 0
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5 (p) = 1K¢f0/ dz[2?p*(p(1 — 2) = Mp)J5 + (-2 + e)Mp — (1 + 32)p + e(1 + 2)p)JT], (B10)

She(r) = K |z Mo - 0028 (B11)

note that we put Mgy = My and Mpy = M, and used JX = J¥ (M3, A?) with

Mz = (1 =2)Mj - z(1 = z)p* + M3, (B12)
Mg = (1 = 2)Mj + 22M5 + zy(M}, — M3), (B13)
Mj = (1= 2)Mj — z(1 = 2)p* + M}, (B14)

All the coefficients K; are listed in the Tables VII-IX.

TABLE VIII. Coefficients of the self-energy graphs contributing to the octet baryon mass.

N A p) =
K? 3(D+F)? D? 1(D* + 6F?) 3(D - F)?
KK L(5D* —6FD + 9F2) 2(D?> +9F?) (D* + F?) L(9F* + 6FD + 5D?%)
K 5 (3F = D)? 1D? i1D? 5 (3F + D)?
K%, —4 -3 -2 -1
KX -1 -2 - -3
K 0 0 -1 -1

TABLE IX. Coefficients for graphs C,, T, Bs,;,, B3 C3 and the decuplet graphs D5,;, and D5 contributing to the axial-vector isovector
baryon charges ¢’ 755.

p—p PRSI 20— =0 p—p - Bt 20— =0
Kc D+F 2F -D+F
K%, D+F 2F -D+F K7, 9 2 -3
K%, J(D+F) F (=D +F) K7, 5 ? 5
K1, 0 0 0 K, 0 2 :
K, D+F 2F -D+F K%, B(O4F) ADLF) D-E
KX 1(D+F) F 1(-D+F) KX, D+£ 2D L(-D=5F)
K7, 0 0 0 K., 0 e (=D =3F)
K%, -D-F —2F D-F K%, BO+F) (DLF) DF
KX -1(D+F) —-F 1(D-F) KK, D+£ 2D (=D = 5F)
K’ 0 0 0 K., 0 D 1(-D -3F)
K% ¢=x p=K ¢ =1
p—=p 1(D+F)? (D —F)(3F(-D + F) + D(D + 3F)) -5 (D=3F)?*(D+F)
IS L(4D?F - 6F?) F(D? - F?) - 2°F
20 —» =0 -1(D-F)> -1(D+F)(D(D-3F)+3F(D+F)) (D= F)(D+3F)?
Kes:p—p 8hasM7 + 4hyg(2My — M) + 4hyo(2M§ + M7)
Koy Tt = 2t AhsgM?2 — dhsgM?2 — 8hys M2 + 8hyy,M2 + 4hy(2M% + M2) — 4hy (2M7% + M2)
Ky B0 = =20 —8hy3s M2 — 4h3g(2M% — M2) — 4hy (2M% + M2)
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APPENDIX C: HEAVY-BARYON RESULTS

TABLE X. Results for the heavy-baryon scheme. Notation is as in Table IV.

D F F/D  hy [GeV™?] hsg [GeV™?] hyy [GeV™] hyy [GeV™?]  hy3 [GeV™?]  hyy [GeV~?] Kred

0.626(57) 0.465(48) 0.71  0.053(19)  —-0.007(30) —0.175(77)  0.002(41) 0.044(33)  —0.159(21) &8 =0.62
q1 n—p A-p S on X oA Z0o3Zt EEosA oY 252 gﬁ_g gf_g

Exp 1.270(3) —0.879(18) 0.340(17) 0.588(16) 1.210(50) 0.306(61)

HB LO 1.09 -0.82 0.16 0.51 1.09 0.31 0.66 0.16 0.93 -0.16
C; —-0.28 0.50 0.08 -0.15 -0.67 —0.33 -0.27 —-0.01 -0.38 0.01
T, 0.26 —-0.37 0.07 0.12 0.49 0.14 0.15 0.04 0.22 —-0.04

B»s (.21 —-0.06 0.02 0.12 0.30 0.10 0.17 0.02 0.23 —-0.02

full  1.270(3) —0.886(18) 0.330(16) 0.599(22) 1.210(39) 0.228(42) 0.707(52) 0.212(36) 1.000(73) —0.212(36)

[p?/p' 0.16 0.07 1.04 0.17 0.11

0.27 0.08 0.31 0.08 0.31
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