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Motivated by recent experimental advances in the corresponding measurements, nonleptonic hyperon
decays are calculated, for the first time in a relativistic manner, in chiral perturbation theory at next-to-
leading order (NLO). On the one hand, relativistic loop corrections are computed explicitly based on the
ground-state octet and decuplet fields. On the other hand, the NLO weak-transition low-energy constants
are estimated by resonance saturation, inspired by the nonrelativistic tree-level computation of B. Borasoy
and B. R. Holstein, [Phys. Rev. D 59, 094025 (1999)]. In particular, the 1/2~ and the (excited) 1/2*
resonance octets are utilized. The remaining unknown parameters are fitted to the decay amplitudes.
A good combined fit to both s- and p-wave amplitudes is achieved with the caveat of not being very tightly
constrained. The role of the resonances is found to be crucial. Consequences for further investigations and

open questions are addressed.

DOI: 10.1103/bxb5-pbz6

I. INTRODUCTION

The nonleptonic weak decays of hyperons consist of
the following seven processes: L™ — nat, T+ — pa’,
Y snr-, A-prn, A-ni', E - Az, and
2% - An. They decompose in an s- and p-wave amplitude
of odd and even parity, respectively.' The description of
these processes constitutes a long standing theoretical
problem®; the present study builds upon many works that
have analyzed these decays in chiral perturbation theory

(ChPT) at different levels of sophistication and precision

“Contact author: nora.salone @us.edu.pl

“Contact author: f.alvarado@gsi.de

“Contact author: stefan.leupold@physics.uu.se

$Contact author: andrzej.kupsc @physics.uu.se

"We follow the tradition from atomic spectroscopy and call the
partial wave of orbital angular momentum L = 0 the s wave
(sharp). The L = 1 wave is denoted by p (principal).

It is worth commenting also on the numerical approach to the
question at hand, that is to say on the prospect of lattice QCD
computations. Although two-body meson-baryon states are cur-
rently studied on the lattice in scattering computations, a number of
significant challenges arise in the computation of weak nonleptonic
decays. Relevant results in this direction have been obtained in the
meson sector for K — zz, notice, for instance, Ref. [1].
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and under slightly different assumptions. In the past, all
works had in common that the nonrelativistic heavy-baryon
framework has been used.

At leading order (LO) in ChPT, one cannot describe both
s and p waves simultaneously [2], and at next-to-leading
order (NLO), the description of the two waves has been
problematic ever since the first study of Ref. [3]. In that
work, only the nonanalytic terms (M% log (M%/u?)) of the
chiral corrections were considered, arguing that the chiral
logs could, in principle, be larger than the analytic M%
terms. The results exhibit a poor agreement with data,
with the p-wave contributions being particularly large.
Afterwards, the study of Ref. [4] performed an analogous
estimation with the addition of decuplet baryons as explicit
degrees of freedom. This made it possible to describe the
s waves with a satisfying convergence pattern but not the
p waves. The same qualitative findings have also been
obtained more recently in a framework [5] that supplements
chiral perturbation theory by a 1/N_. expansion, where
N, denotes the number of colors.

Hand in hand with the convergence problems of the
chiral series comes the fact that too many unknown weak-
transition low-energy constants (LECs) contribute to the
analytic O(M%) term. There are too few decay amplitudes
to fix all of them. Previous works on the topic include a
variety of different approaches: in Ref. [6], the LECs
(counterterms) contributing to O(M%) are included to a
certain extent, while the decuplet is integrated out. In
Ref. [7], the calculation is performed at tree level, and the
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impact of baryon resonances on the counterterms is assessed.
In particular, the 1/2~ multiplet, containing N(1535), and
the 1/27 Roper-like octet were included. The authors
conclude that the effect of these resonances is beneficial
to the chiral convergence of the series; however, they call for
a higher-order calculation including loops in order to make a
“more quantitative statement”. One purpose of the present
work is to fill this gap.

Recently, the BESIII Collaboration measured nonlep-
tonic hyperon decays yielding results for the polarization
asymmetry [8,9], i.e., the s- and p-wave interference term,
considerably different from previous values (see [10] and
references therein for an overview of the experimental
situation). In light of these experimental updates, we feel
motivated to attempt also a theoretical update.

For ChPT applications in the sector of the strong
interaction, relativistic calculations have become state of
the art. Therefore, we compute the hyperon nonleptonic
decays for the first time in a relativistic manner at NLO
O(M%) in ChPT. The decuplet baryons are introduced as
explicit degrees of freedom, as they are expected to
contribute significantly via loop diagrams. Since the
inclusion of relativistic baryons in ChPT leads to the
well-known breaking of the power counting of the theory,
an appropriate renormalization scheme must be chosen.
Here, the power-counting-breaking terms are subtracted
following the extended-on-mass-shell renormalization
scheme (EOMS) [11,12], preserving power counting, as
well as covariance and the analytic properties of the theory.

Of course, this does not solve the problem that at NLO
several unknown weak transition LECs contribute. Inspired
by Refs. [7,13], we approximate all NLO counterterms by
including the tree-level contributions from the 1/2~ and the
(Roper) 1/2% resonant baryon octets. In other words,
LECs are generated by integrating out these resonances.
Potentially existing other LECs are neglected. This follows
the spirit of resonance saturation introduced in [14,15] with
large success in the strong-interaction sector [16—19]. After
computing the amplitudes, we fit the unknown weak LECs
to the updated experimental data and discuss the quality of
the description.

One aspect of the updated input concerns the decom-
position of the measured decay amplitudes into Al = 1/2
and Al = 3/2 parts. We deduce explicitly the Al =1/2
parts utilizing also recent pion-nucleon final-state phase
shifts [20]. As much as possible, we address only the
AI = 1/2 parts by our ChPT calculation. Thus, we do not
fit to the complete experimental amplitudes that are to some
extent polluted by Al = 3/2 contributions. We regard such
a more detailed analysis as timely in view of the data
quality and the already mentioned revision of old values for
the decay asymmetries. After fitting the relativistic ChPT
expressions with their NLO accuracy of O(M%) to the
decomposed decay amplitudes, we discuss the conse-
quences of our results for further developments.

Relativistic versions of ChPT have also been applied to
semileptonic [21,22] and weak radiative [23] hyperon
decays. Of course, the use of chiral effective theories is
not limited to the single-baryon sector. For applications to
hyperon-baryon, hyperon-antibaryon, and baryon-baryon
scattering with and without including baryon resonances,
we refer to [24-32] and references therein.

The paper is structured as follows: first, the theoretical
framework pertaining to our description of hyperon non-
leptonic decays is presented (Sec. II A). Afterwards, the
careful extraction of the decay amplitudes from experi-
mental data to be compared to theory is explained
(Sec. 1IB), followed by the technical details of the
ChPT calculation (Sec. II C). Then, the results from the
fit to data are discussed (Sec. III). The main text ends with a
conclusion and outlook (Sec. IV). Several Appendixes are
added to address technical details that would interrupt the
main text.

II. HYPERON NONLEPTONIC DECAYS IN
RELATIVISTIC CHPT

A. Relativistic baryon ChPT

We set out to compute the decay amplitudes at O(M%) in
ChPT. To do so, the following effective Lagrangian is
needed:

Eeff — Ed’ + ‘cd)BT + Ed)RB + ‘CZ\IBT + E}}QVB, (1)

where the first three terms on the right-hand side correspond
to standard strong-interaction ChPT, and the last two para-
metrize the weak transition. The field content is indicated by
¢, B, and T, referring to the lowest-lying mesons (Goldstone
bosons), the baryon octet, and the baryon decuplet, respec-
tively. The index R represents the resonance fields in general:
the 1/27 octet and the excited 1/2* octet. Decomposing in
chiral orders, the above terms read

Lo=LY + LY Lypr =L+ ...,
1 w(0
Lors = Lopg + oo Ly = Lo,
w(0
=yl (2)

The superscript numbers denote the respective order in the
chiral power counting. An ellipsis denotes higher-order
terms where an explicit specification is not needed for the
present work. This refers, in particular, to the mass splittings
in flavor multiplets, which appear at second order in the
chiral counting (first order in the quark masses), i.e., at the
same order as the loop diagrams. Baryon mass differences
are included in all diagrams, introducing higher-order con-
tributions while respecting the power counting. The power
counting is discussed further in Sec. II C. Higher-order
terms of the weak baryon Lagrangian are not reported since
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their counterterms are approximated by the contribution of the 1/2* resonances, as is discussed in Sec. I1 A 2.

1. Lowest-lying hadrons

The mesonic Lagrangians Efl)z), E((/?) are standard and given in Ref. [33]. We briefly describe the lowest-order relativistic
chiral Lagrangian for the ground-state octet and decuplet baryons [4,34-40],

= D - F -
Lijar = u[B(D — mp)B] + - te(By'ys{u,. BY) + 5 te(By'yslu,. B)

=0 rs H -
+ TZbC[ly”ya(DaTy)abC _ Yﬂl/mT(Tb)abC} 4+ = Tﬁbc}’u}’s(ul’>f1Tﬁbd

C -
ey,

where tr denotes a flavor trace. We have introduced totally
antisymmetric products of gamma matrices,

1 .
r =5yl =—ie®, 4)
1
yee =Sk (5)

The fields of the ground-state octet baryons are collected
in a 3 x 3 flavor matrix with matrix elements Bf. Contrary
to Ref. [4], we use a to count the rows and b for the
columns of the matrix (cf. also the discussion in [40]). The
matrix is given by

1 50 1 +
—\/52 +_¢6A > p
- 1 30 1
B = (BZ) = z _\/52 +\/6A n
=- =0 —2
= = \/6A

The baryon decuplet-octet mass difference is of the order of
the perturbative scale employed and the kaon mass, and in
consequence, the same power counting is assigned to both
quantities. This is the so-called “small scale expansion”
counting [41]. In SU(3) ChPT, this results in the same
counting for baryon octet and decuplet propagators. The
decuplet baryons are expressed via a completely symmetric
third-rank tensor 79%¢ with

1
Tlll — ATt T112 — AT
b ﬁ b
1
T122 — AO T222 = A"
V3 ’
1 1
T113 — Z*+, T123 — Z*O, T223 — Z*_,
V3 V6 V3
L, | _
T133 — \/5:‘ O’ T233 — \/g‘:‘ , T333 =Q-. (7)

2

(0, )5B¢ + €aae BE()5T3), (3)

As for Lorentz-covariant structures, the decuplet baryons
are spin-3/2 vector spinors, while the octet baryons are
spin-1/2 spinors, whose indices are not spelled out in
Egs. (6) and (7).

The meson fields are encoded in the vector and axial-
vector combinations,

=~ (uo'u’ + u'0*u), w =i(udu’ —u'0*u), (8)

N[ =

with

. exp{;f}, )

T

and ¢ the meson octet matrix,

1 _
45:@ ™ — 57 +n  KY[(10)
— 0 2

The covariant derivatives for the octet and decuplet kinetic
term are defined as [40]

D'B = 0"B + [I*, B,
(DAT, )0 = #TEPe + (DT
(T2 + ()T (1)
Turning now to the weak transition, the four-quark

effective Lagrangian relevant for the s — d (AS =1)
process reads

4G p
ras=1 _ *UF VuadViusity* Prsdy,Pru, (12)

V2

with G the Fermi constant, V the CKM matrix, and P, the
left-handed chiral projection operator. The corresponding
weak transition Lagrangian for baryons reads [4]
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ot ’ = e e - A A
(a) (b) (c) (d (e)

FIG. 1. Tree-level diagrams including resonances. The dashed, solid, and wiggly lines correspond to meson, ground-state octet baryon
(B), and 1/2* baryon resonances (R, , R_), respectively. The box depicts the weak interaction mediated by the LECs hp,r and wy ¢
(BR_), d*, f* (BR,) for the LO (13) and resonance (18), (19) Lagrangians, respectively. Diagrams (d) and (e) for R_ and diagram
(a) contribute to the s-wave amplitude. Diagrams (d) and (e) for R, together with diagrams (b) and (c) contribute to the p wave.

£ — hpu(B{h.. BY) + hyte(Blh, . B))
+ heTh, (hy)STab, (13)

abc

with 2, = u"(h + h")u and

00 0
h=|0 0 1 (14)
00 0

The weak Lagrangian (13) allows for two-point vertices
where a hyperon fluctuates directly into another baryon with
a different strangeness content. These transitions are parity
conserving, contributing finally to p-wave amplitudes.
Chiral symmetry breaking relates such a matrix element
to the process with an additional soft pion. The correspond-
ing three-point vertices, which emerge from (13), contribute
to parity violating s-wave amplitudes. Naively, one would
think that at low energies the p-wave amplitude is sup-
pressed relative to the s wave by a momentum factor.
However, the direct fluctuation of one baryon to another
gives rise to a propagator where the mass difference
between the two baryons appears in the denominator
[see also Figs. 1(b), 1(c), and 3(a)-3(t) below]. This mass
difference is essentially proportional to the strange-quark
mass my,. The corresponding enhancement by 1/m ~
1/M?% promotes the p wave such that it becomes compa-
rable to the s wave [4].

Note that (13) is not the most general weak chiral
Lagrangian of leading (zeroth) order. Following common
practice [4,42], we assume that the weak transition operator
(encoded via h) transforms as an octet and not as a 27-plet
with respect to left-handed chiral transformations. In
practice, this implies that the strangeness changing tran-
sition is accompanied by an isospin change of Al = 1/2.1In
contrast, a transition caused by a 27-plet operator contains
also a Al = 3/2 part. Four-quark operators cannot lead to
larger isospin changes. The subleading 27-plet transitions
have been studied within heavy-baryon ChPT in [43,44].
We focus here on the octet transitions. Detailed analyses
in the kaon sector suggest that in the standard model the
Al = 1/2 transitions are numerically dominant by a factor
of about 1/20 [4,42]. Also, calculations in lattice QCD
support this finding [1,45]. We assume that the same holds

in the hyperon sector and restrict the effective Lagrangian
to the octet-transition terms given in (13).

Also the phenomenology of the nonleptonic hyperon
decays fits well with the assumption that the A7 =1/2
transitions are numerically dominant, though the A7 = 3/2
contribution is not negligible and particularly big, albeit
subleading, for the decays of the Q baryon [46,47]. The
decay amplitudes are decomposed in Sec. IIB and
Appendix A into their Al = 1/2 and Al = 3/2 parts. In
principle, such a decomposition leads to two solutions: one
where the Al = 1/2 amplitude is dominant and another
solution where the Al = 3/2 amplitude is the largest. For
instance, let us have a brief look at the decay widths of
A — pr~ and A — na®. Their ratio is given by ~1.8 [46].
A pure Al =1/2 amplitude would yield a ratio of
exactly 2. The natural conclusion is that the Al =1/2
amplitude is dominant. But formally, there are two sol-
utions. Allowing for a Al = 1/2 and a Al = 3/2 ampli-
tude, a fit to the decay widths of A — pz~ and A — nz°
allows for the following two solutions for the ratio of the
3/2 to the 1/2 amplitude: —0.027 and +3.1. In this back-
to-the-envelope calculation, we have neglected the (small)
final-state interactions, because the purpose of this exercise
is just to highlight what phenomenology alone tells us and
where additional theory arguments enter. In line with the
findings from the kaon sector [1,42,45], we prefer the first
solution (—0.027) and do not attempt to analyze data with
an assumption of A/ = 3/2 dominance.

In previous studies [4,48], a three-meson weak transition
was also included. Its size can be fixed from kaon decays
and therefore does not induce additional unknown param-
eters. Such a term is of leading (second) order in the purely
mesonic sector [42]. On the other hand, when coupled to
the baryon sector, this corresponds to diagrams of higher
order than what we consider here, O(M%) [4]. We have also
checked the numerical impact of the three-meson vertex on
our analysis, which turned out to be negligible. Therefore,
we leave it out of the final analysis.

2. JP=1/2% resonances

We account for the presence of the 1/2~ and the (excited)
1/2% octets in line with Refs. [7,13]. The general term
“resonances’ is employed throughout this work only to refer
to the aforementioned excited octets. To be precise, on the
one hand, the 1/27 octet contains the N(1535) and
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A(1670), together with £(1680) and E(1810) states, which
are less well established [49-51]: we denote states belong-
ing to this multiplet as R_. On the other hand, the 1/27 octet
of excited states includes the Roper state N (1440) together
with A(1600), £(1660), and E(1790), which have been
shown to be relevant for low-energy dynamics (see, for
instance, Refs. [52,53]). The intrinsic parity of the resonant
states determines to which partial wave they uniquely
contribute. The Roper-like fields of positive parity, denoted
as R, contribute to the parity-conserving p-wave ampli-
tudes of the nonleptonic decays. Conversely, the 1/2~ octet
fields R_ contribute to the parity-violating s wave. For both
multiplets, the existence and mass of the cascade states = are
not fully established [46]. Here, the mass of the respective
E-like state is estimated using the Gell-Mann—Okubo mass
relation [54-56],

3mA — 2mN + my
) .

(15)

mg =

The resonance degrees of freedom are implemented in
the Lagrangians in Eq. (2), E(%B = [,5;1%_3 + L',E;A 5 and
E;V,gg) = L;V,@B + ﬁ%%. From Ref. [7], the Lagrangians
responsible for the strong resonant interaction, respecting
the symmetries of ChPT, are

Ll 5= itr(RZPR_) — my_te(R_R_)
+ lisqtr(R_y,{u", B})

+ isytr(R_y,[u*, B]) + H.c.], (16)

and
1 o =
ﬁﬁ/ﬂ%g} = itr(RyPRy) —mg (R Ry)

D"
+ Ttr(R+yﬂy5{uyv B})

*

F -
+ th(RH’”}’S [u,. B]) +He.|.  (17)

Also from Ref. [7], the corresponding weak transition
Lagrangians are

Ly = iwgtr(R_{h,.B}) + iwy tr(R_[h,. B]) + H.c.,
(18)
and
£y = @ (R, {h..BY) + f* u(R.[h,.B]) + He.
(19)

Also, here the weak Lagrangian gives rise to processes
where a baryon fluctuates directly into another baryon,

in particular, a ground-state hyperon into a resonance. For
the transition amplitude of the nonleptonic decay [see also
Figs. 1(d), 1(e) below], this leads to a propagator that picks
up the difference of the corresponding masses in the
denominator, as discussed in detail in Appendix B. We
have already discussed a similar process in the paragraph
after Eq. (14). There we identified a 1/m, enhancement
factor. From the point of view of the original chiral power
counting [4,57], the mass difference between a ground-state
baryon (the decaying hyperon) and a resonance is formally
not a small scale. Such a mass difference does not vanish in
the chiral limit. This is formally in contrast to the previous
situation with the 1/m, chiral enhancement. But numeri-
cally, the resonant octets are close in mass to the spin-1/2
ground-state octet, if one compares baryons with different
strangeness. The numerically small values of these mass
differences suggest that the contributions from the reso-
nances could be large. For instance, the fluctuation of the
ground-state X baryon to the nucleon induces a mass
difference of about 250 MeV. This is numerically similar
to the fluctuations of the X to a nucleon resonance:
mN(1535) — My = 346 MeV for the 1/2_ octet, mN(1440) -
my =~ 250 MeV for the 1/2" multiplet. In the present work,
we do not modify the chiral power counting. Only mass
differences that vanish in the chiral limit are formally
counted as small. But we regard it as reasonable that the
resonances contribute significantly to the transition ampli-
tudes. In light of these findings, we include the leading
contribution of the excited octets. Our approximation is that
such contributions sufficiently account for the NLO coun-
terterms of the Lagrangian of the lowest-lying baryons.3
These terms correspond to the diagrams in Figs. 1(d)
and 1(e). In the context of ChPT, the effect of such states
has been shown to be relevant in Ref. [7]. However, the
aforementioned work differs from the present one in
various aspects: it is nonrelativistic and also incorporates
the resonances only as 1/my contributions, neglecting the
ground-state mass in 1/(mg — mp). In view of the numeri-
cal smallness of the mass difference—as compared to a
baryon mass itself—we follow Ref. [13] by keeping the
mass difference in the denominators.

We stress that we restrict ourselves here to the two
lowest-lying resonance octets. Singlets are not considered.
In this context, we regard the negative-parity A resonance
state(s) in the 1400 MeV mass region [46] as a singlet in the
quark model, probably with a large or even dominant
admixture of meson-baryon components [58—64]. For the
nonleptonic decays, treated at tree level based on the
Lagrangians (16), (17), (18), (19), a A resonance appears
only in the decays of the X baryons. Here, a fluctuation of
this A resonance into a neutron contributes [see Fig. 1(e)

3See Ref. [6] if interested in the NLO counterterms, with the
caveat of the theory being nonrelativistic (heavy-baryon) in that
reference.
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below]. The corresponding mass difference is not as small
as the ones discussed previously, demoting the importance
of A resonances, in general, and singlet A’s, in particular.

B. Hyperon nonleptonic decays

The amplitude describing hyperon nonleptonic decays is
defined as

lM(Bl i Bfﬂ') = Gijzﬁlthf{S + P}/S}MB,» (20)

where the contributions to the transition amplitude are
related to the dimensionless partial waves s and p via

/|
s =S: —p_ = 21
p E,+m, (21)

The s and p amplitudes are the object of our theoretical
calculations and can be related to experimental data via the
following relations to the decay parameters:

/]

U= Grmy. o (Ep +myg)(Is” + ), (22)
|2S|1§e(s p) (23)
¢ =arg{(s +p)(s" = p)} (24)

with my, |ﬁf| E the final-state baryon mass, momentum,
and energy, respectively, in the rest frame of the mother
baryon of mass m;.

Seven hyperon nonleptonic decays are measurable. Each
decay populates two partial waves. All 14 amplitudes can
be accessed by data on decay widths (22) and decay
asymmetries (23), (24). In our calculations, we restrict
ourselves to the parts of the decay amplitudes that adhere to
the Al = 1/2 rule. In this limit, only four decay amplitudes
are independent, as isospin symmetry provides the follow-
ing relations [4]:

TABLE 1.

V2ZM(Z = pa)
- MEZE" 5 nat) + M(Z™ - nn) =0,
M(A = pr™) + V2M(A = na®) =0,
M(E™ = Az™) + V2M(E" - Az®) = 0. (25)

In many previous studies of nonleptonic hyperon decays,
data have been utilized as if they satisfied the Al = 1/2
relations (25). In view of the high quality of recent data,
we pursue here a different approach by extracting from
the data the respective Al = 1/2 contributions. This
approach is particularly meaningful for our calculational
scheme. Including the resonant contributions via the weak
Lagrangians (18), (19) together with the weak Lagrangian
for the ground states (13), the total number of weak LECs to
be estimated by a fit is also seven. It would be misleading to
view the procedure as a fit of seven parameters to 14 data
points. In order to preserve the predictive power of our fit
without assuming a priori Eq. (25), we extract the Al = 1/2
parts by comparing the pertinent isospin decompositions for
each decay. This can be written as

Lgecay = ZCZAI,ZILQA[.ZI exp(idh;),
AL
with L =S8,P§ and Al I€{1/2,3/2}, (26)

where the Clebsch-Gordan coefficients c,,;,; can be read
off from Egs. (A4)—-(A7), and the final-state interaction
phases are taken from Ref. [10], following [20]. In particu-
lar, we rearrange our theoretical amplitudes to perform a
direct comparison to eight independent L ,; “experimental”
isospin amplitudes in the A/ = 1/2 limit.

The L, ,; are estimated in the following way. The recent
experimental results for I, a, and ¢ are listed in Table I. The
partial decay widths I" are extracted using as input lifetimes
and branching fractions as reported by the Particle Data
Group (PDG) [46] with the exception of the branching
fractions for =+ — pz°and =+ — nxt taken from the latest
BESIII measurements [65]. They are given by 49.8(2)% and
49.9(3)%, respectively, and exhibit a tension of 3 to 4¢ with
the previous world averages. The « values are extracted from

Experimental values of I', @, and ¢. We include the newest results from BESIII. The remaining results

are consistent with the PDG [46]. See the discussion in the main text for more details.

[Gimy, GeV] (@) 9[°]
>t > nat 0.0793 £ 0.0005 0.0506 £ 0.0032 167 +£20
>t = pa® 0.0792 +£ 0.0004 —0.9869 + 0.0019 36 +34
D 0.0861 £ 0.0006 —0.068 £+ 0.008 10+ 15
AN - prn~ 0.03123 £ 0.00027 0.7542 £+ 0.0026 —6.5+3.5
A — na® 0.01749 £ 0.00025 0.672 £ 0.005 e
27— An~ 0.0777 £ 0.0008 —0.384 +0.002 -0.1£03
20— Azl 0.0438 £0.0014 —0.3770 £ 0.0028 03£04
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the BESIII measurements: A — pz~ [66], A — nz° [67],
2= = Az [68],E° - A#° [69], =" — pz°[70]and =t —
nxt [71] where we use the (a) = (a¢—@&)/2 hyperon—
antihyperon averages instead of a as the former are often
much more precise. The ¢ values for X and A are from the
PDG. For E the (¢) = (¢ — ¢)/2, averages are taken from
BESIII [68,69].

We used the data to extract the isospin amplitudes
for A, X%, and E using three separate sets of fits. In each
set, the y? fits were repeated twice to assess the significance
of the Al =3/2 components. Neglecting these terms
results in an overconstrained fit. Therefore, the y* value
allows us to test the hypothesis that only the A7 = 1/2
amplitudes are sufficient to describe the data. If the
hypothesis is falsified and the Al = 3/2 contribution is
necessary, the central values for the A/ = 1/2 amplitudes
are biased. We therefore perform a second fit that includes
the Al =3/2 components. This fit is unconstrained,
meaning that the y? value is zero but allows one to obtain
an unbiased value for the Al = 1/2 amplitudes relevant for
the present study, together with the correct uncertainties
obtained from the y> = 1 contour. Any ambiguities in the
solution for the second fit are resolved by requiring that the
corrections to the A/ = 1/2-only hypothesis are small. In
the following, we discuss the three sets of fits one by one.

(i) The fit for the A decays includes the known Nz strong
final-state phase shifts [10,20] but does not include ¢
since it is not known for A — nz°. The fit without
AI = 3/2 amplitudes gives y2/ndf = 29.6/2.*

(i1) The fit for the X decays includes again the known
Nr strong phases but also the values of the ¢
parameters. The fit without Al = 3/2 amplitudes
gives y*/ndf = 105/5.

(iii) The fit for the E decays does not include the Az
strong phases since they are not known well [72-74].
An alternative to determine the phase shifts would be
to use the decay parameters ¢ in the way outlined in
(A6). There one sees that ¢ is proportional to the
strong phase shift difference 57 — &}. The propor-
tionality factors are determined as —0.42(3) and
—0.41(5) for the Z~ and Z° decays, respectively.
Unfortunately, the values of ¢ are small, and the
present data situation is such that they are compatible
with zero within their uncertainties. The fit without
AI = 3/2 amplitudes gives y*/ndf = 37.8/2.

The values and errors in Table II are for the fits including
Al =3/2 amplitudes. In the case of A and E, they
are not constrained (ndf = 0) but allow to extract the
correct uncertainties. The fit leads to very small
AI = 3/2 amplitudes, which makes it reasonable to
use a theory framework with focus on the dominant
Al = 1/2 amplitudes.

*As it is standard, ndf means number of degrees of freedom.

TABLE II. The values for S and P as introduced in (20),
decomposed in (26), and finally determined by using the
experimental input presented in Table I and the final-state
interaction phase shifts & for #N scattering. Note that L}, has
been neglected; see the corresponding discussion in Appendix A.
Also note that the factor G,rmfr+ appears explicitly in (20).

S P
L}, 1.412 +0.008 11.4240.13
Ly, —0.045 + 0.009 0.71+0.13
L%, 2.044 +0.014 ~6.58 +0.10
L%, ~0.072+0.018 0.27+0.13
Lr, ~0.936 + 0.007 27.13 +0.09
L%, 1.948 + 0.006 0.15 £ 0.07
2 ~0.035 + 0.005 ~0.83 + 0.06

The L, ,; amplitudes of Table II are the data to which we
fit the ChPT amplitudes in our analysis. This constitutes a
different approach from previous studies. For instance, in
Ref. [4], the ChPT parametrization is fitted to the “exper-
imental” amplitudes in the physical basis, not the isospin
basis, and phase shifts have been neglected. For the sake of
comparison, the ‘“experimental” amplitudes extracted in
Ref. [4] are displayed in Table III as /,q (! = s, p). From
our results of Table II and Eq. (26), values of the
“experimental” amplitudes in the physical basis are com-
puted and displayed in Table III as Re(/;, ). Lastly, the real
part of the complex-valued amplitudes obtained by solving
together Egs. (22) and (23) in the Al = 1/2 limit are
displayed as Re(lcomplex). Comparing the different values
reveals in some channels significant deviations. This gives
further credit to our strategy of using the experimental
values of highest quality, those final-state phase shifts that
are well known, and a decomposition into the Al = 1/2
and 3/2 parts wherever possible.

C. Perturbative calculation

In this section, the perturbative calculation of the s- and
p-wave amplitudes is discussed. It is an O(M%) relativistic
ChPT calculation with explicit decuplet fields and includ-
ing tree-level resonant contributions. The relevant Feynman
diagrams are displayed in Figs. 1-3. Note that we do not
show explicitly those loop diagrams that renormalize the
propagators by mass and wave-function renormalization.
Those diagrams can be found in the literature, e.g., the
diagrams of Fig. 4 in [4] and diagrams (p) and (q) of Fig. 3
in [6]. For the tree-level diagrams, we use physical masses,
making mass renormalization obsolete. We take care of the
wave-function renormalization by appropriate Z factors for
all the lines appearing in Figs. 1(a)-1(c).

The loops are dimensionally regularized at the relevant
scale, y = 1 GeV. No counterterms are explicitly included,
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TABLE IIL

Different extractions of the s- and p-wave “experimental” amplitudes. Note that none of these values

constitute the data for our fits. They are displayed only for comparison. Re(/;, ) are the amplitudes obtained from the
isospin amplitudes in Table II. On the other hand, Re(leomplex) and lyq [4] are solutions to the system of equations
composed by Egs. (22) and (23) assuming the A/ = 1/2 limit. See main text for details.

Re(siso) Re(scomplex) Sold Re(piso) Re(pcomplex) Pold
>t > nx 0.033 0.062(07) 0.06(01) 1.827 1.796(09) 1.81(01)
=t > paf -1.318 —1.368(06) —1.43(05) 1.294 1.245(07) 1.17(07)
X > nn” 1.897 1.848(07) 1.88(01) —0.003 —0.064(08) —0.06(01)
AN — prn~ 1.403 1.363(07) 1.42(01) 0.610 0.634(05) 0.52(02)
A = na -0.992 —1.023(10) —1.04(01) —-0.431 —0.419(13) —0.39(04)
2 - An~ —2.046 —1.994(09) —1.98(01) 0.397 0.393(05) 0.48(02)
20 - Az 1.447 1.523(24) 1.52(02) —0.281 —0.271(08) —0.33(02)

given that this would introduce a large number of unknown
parameters. Instead, the UV divergences are subtracted in

the MS scheme [33,75] while the O(M%) counterterms are
approximated by the contributions of the resonances at tree
level as explained in Appendix B. An additional subtraction
is required to cancel the power-counting breaking terms
caused by the presence of baryon masses in the loops, which
is done following the extended-on-mass-shell (EOMS)
renormalization prescription [11]. In this way, power count-
ing is restored without altering the analytic properties of the
loops and preserving covariance. In all terms, the differences

|

2

2 M,
a +fres(M¢)+ 16”2}072

1
M=+
F

ya

The first term in the curly bracket on the right-hand side
is the tree-level plain ChPT contribution. The second term is
the resonance contribution. The third term denotes the loops,
and the last is the contribution from wave-function renorm-
alization. The quantities «, f3, v, and f,., depend implicitly
on the LECs and the baryon masses mp, my, and the latter
also on mg. F, ~0.0803 GeV is the value of the chiral-limit
pion decay constant including chiral corrections at next
order, based on the calculation of Ref. [6]. The amplitudes
were calculated with the help of FeynCalc [79-84], and the
amplitude expressions are provided without truncation in a
Mathematica notebook as Supplementary Material [85]
(see also Ref [86] therein).

1. Resonance parameters from strong decays

The contributions of the 1/2~ and (excited) 1/27" octets to
the hyperon nonleptonic decays [Figs. 1(d), 1(e)] introduce
the coupling constants related to the strong decays of the

resonances, R — ¢B. These LECs appear in E((plz%, B £$13+ B>
displayed in Egs. (16) and (17), respectively.

In general, we follow the spirit of [7] to determine these
strong resonance LECs. However, for the 1/2" excited

between baryon masses are kept, even if they constitute
corrections beyond the order of the calculation, as their
impact can be relevant.” Note that, as customary [77,78],
power-counting breaking terms are identified and subtracted
in an expansion in powers of all the light quark masses but
not in the decuplet-octet baryon mass difference.

As a result, we obtain expressions for the amplitudes
which depend on a handful of LECs. For every decay, a
different amplitude with the following structure is obtained
(summation over ¢ = K, x, n and wave-function-renorm-
alization indices ® = x, B, B’ is implied),

M My T s M, ;
)]+t [Pt o roe (S2)] +00m ] @)

|

octet, we update these values by performing a fit to the
strong decays, given the significant improvement of data
precision in recent years. We consider the six decays
N(1440) — N, A(1600) — NK, A(1600) — Xz,
%(1660) - NK, X(1660) - Az and X(1660) — 7.
The respective decay width is computed from the
Lagrangian of Eq. (17) and fitted to data [87,88], resulting
in a reasonably good description. Details are provided in
Appendix C. This constitutes an update of the previous D*
and F* constraints from Ref. [89], as listed in Table IV. In
the fit from Appendix C, the uncertainties are correlated
(not shown). For the error propagation, we assume an
uncertainty of 15%, which encompasses the uncertainties
displayed in Table IV.

>As a note to avoid possible mistakes, we emphasize that one
has to correctly identify the order of each mass-splitting contri-
bution and subtract the power breaking terms consequently. To put
it explicitly, given a radiative correction with a specific baryon, B;,
inside the loop, M (m;), one considers the expansion of the baryon
mass around the chiral limit quantity, mpg, i.e., m; = mp + /Ingp.
Then, after the subtraction of the power-counting breaking term,
the mp term contributes at leading one-loop order [Eq. (27)] and 4;
only enters two orders higher. See [76] for a similar discussion.
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TABLE IV. New value estimate for the strong resonance
LECs D*, F*.

LEC D* F*
This work 0.713 £0.046 0.342 +0.044
Ref. [89] 0.60 £ 0.41 0.11 £0.41

The situation for the states of the 1/2~ multiplet is
more complicated, both from the experimental and from
the theoretical point of view. The decay widths [46]
exhibit a significant flavor breaking, not accounted for
when using (16) at tree level. In fact, the nature of the lowest-
lying 1/2 states is extensively discussed in the literature.®
Certainly these states exhibit a strong admixture to meson-
baryon configurations [59,60,90-94]. In studies of the chiral
structure of hadrons and of chiral restoration, the N(1535) is
discussed as a chiral partner of the nucleon [95-97]. Of
course, assumptions about the microscopic structure of a
state crucially influence the coupling strengths to the various
decay channels. In view of these complications, we content
ourselves with the employment of the state-of-the-art LEC
values extracted in Ref. [7] from a fit to N(1535) — Nz and
other decays. It determines s; = 0.17 and s, = —0.12, to
which we assigned an estimated error of 15% based on the
following motivation. It is worth to recall where the
resonance states make their strongest appearance. This
happens for the diagram of Fig. 1(d) where the resonance
propagator provides a numerically large factor 1/(mg — my)
with my denoting the resonance mass and my the mass of the
decaying hyperon. For the s waves of the A and X decays,
the pertinent resonance is the nucleon resonance N(1535).
The corresponding decay into pion and nucleon has been
fitted in [7]. The experimental uncertainty amounts to about
249 [46] for the decay width. The coupling constants enter
in square, justifying our final choice for their uncertainties.
For the decays 2 — zA, the propagator in Fig. 1(d) belongs
to a X resonance. A A resonance would violate isospin when
the final state is xwA. Unfortunately, there is a lot of
uncertainty related to the X resonances [46]. These uncer-
tainties are not purely quantitative but also qualitative. What
is the nature of these states? How many states are in the
relevant mass region? In view of the unclear situation, we
have no update to offer and stick to the parameter determi-
nation of Ref. [7].

2. Contributions to s- and p-wave amplitudes

The tree-level diagrams (including resonances) are de-
picted in Fig. 1. The loop diagrams contributing to the s and
p waves are depicted in Figs. 2 and 3, respectively. Notice
that all p-wave diagrams in Fig. 3, except Figs. 3(u)-3(x),
contain the direct transition, i.e., the mixing of two baryon

®This discussion is tied to our previous mentioning of the
nature of the A singlet state(s).

states. Some of the topologies have not been included in
previous analyses [4,6,48]. In particular, there are diagrams
[Figs. 3(m)-3(p), 3(u)-3(x)] that vanish in the heavy-
baryon approximation where the baryons do not propagate
spin information. This is different in the relativistic calcu-
lation. Contributions at order O(M%) from such diagrams
are not excluded in the EOMS scheme. We recall that the
wave-function renormalization is not represented diagram-
matically but is included in our calculations. Before
proceeding to compare with data, the theoretical uncer-
tainty is assessed in the next section.

3. Estimation of the theoretical uncertainty

As in any effective field theory computation, the effect of
the systematic uncertainty has to be assessed. We quantify a
theoretical error and incorporate it in the denominator of the
2 in order to make a meaningful comparison between data
and theory. On the one hand, the truncation of the chiral
series at NLO introduces an uncertainty, which is estimated
to be of the size of the first missing order O(M3/A}) (see,
for instance, the detailed discussion in Ref. [98]). Here,
A, ~1 GeV is the scale of spontaneous symmetry breaking
of QCD. For a given weak decay amplitude M, the error
associated to the truncation of the chiral series is approxi-
mated by (M) = (My/A)M ~0.15M,y,, where
My, is the experimental value of the amplitude. On the
other hand, the LECs related to the strong decays have an
estimated error of 15%, as discussed in Sec. IICI1.
Therefore, we propagate this uncertainty to the amplitude,
denoting it 6(M,). As a result, the theoretical error is
given by

G(Mtheory)z = G(Mtrunc)z + G(Mres)z' (28)
This theoretical uncertainty dominates over the experi-
mental one, and the two of them are summed in quadrature
in the y*> when performing the fit.” This allows one to
determine amplitudes and LECs and at the same time
reflecting the degree of accuracy of the theory. Moreover,
if the theoretical uncertainty is neglected, the highly
precise experimental data points have an unrealistically
large impact on the obtained LECs. Therefore, both
experimental and theoretical errors are considered in the
x? that is then minimized and reported in the tables.
The errors of the fitted LECs that we quote correspond to
the 1o deviation from the y?> minimum. The reported
results of the theoretical determination of the decay
amplitudes have error 6(Mpeory) given in Eq. (28).

"In order to evaluate o( M, ), the values of w, wp, d*, and f*
are first taken from a fit to the weak hyperon decay amplitudes in
which 6(M,) is set to zero. The fit is then repeated updating
0(Mneory); hence, the 7, with the newly extracted (M), until
convergence, is reached.
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() (b) () (d) (e)

FIG. 2. Loop diagrams contributing to the s-wave amplitude. The types of lines and LECs are the same as in Fig. 1, except for the
double line, representing states from the baryon decuplet (7'), mediated by A from (13).Tadpole (a), bubble (b, c¢), and triangle (d, e)
loop diagrams contributing to the s-wave amplitude.

\!’(a)_ . (b)‘_' . (C)\_/ \_v(d)_
© ’ ‘\ (f; ®) ’ (h; <i>‘\ |
190 L h (rr:) [ (n)
) (k) @
(;) : ) [ @ (r>[ 1" ®
(t)l \l 1 (W : v) | é (W) - ’ x)

FIG. 3. Loop diagrams that contribute to the p-wave amplitude. The types of lines are the same as in Figs. 1 and 2. Tadpole (a—d),
bubble (m—p, w, x), and triangle (e-1, g—v) loop diagrams contributing to the p-wave amplitude.

III. FIT RESULTS

A. ChPT without octet resonances

In line with Ref. [7], we regard the resonances as
important players. But we should check how far we can
come without them. After all, an important new aspect of
the present work is the fact that our ChPT amplitudes are
determined in the relativistic EOMS framework and not in
the traditional heavy-baryon approach. For the calculation

TABLE V. Values of ChPT LECs appearing in £{y, Eq. (3).
Note that the value of the decuplet-decuplet-meson coupling
constant H is not very well known [99].

of electromagnetic form factors, it turned out that this
difference matters a lot [39].

Therefore, a combined fit of the relativistic pure ChPT
amplitudes of s and p waves is performed. In this first
approach, the theory contains the decuplet fields explicitly
but no NLO counterterms. The input values for the strong
ChPT LECs are given in Table V. We stress that those
LECs are not fitted to the weak decays. Only the weak
LECs from (13) are regarded as free parameters in our fits.

Such a parametrization is unable to describe simulta-
neously the s- and p-wave data, as apparent from the results
in Table VI® (see Sect. II C 3 for details on the uncertain-
ties). In the table, the values of the different orders show

LEC Ref. that the convergence of the chiral series is, in general, slow.
C=16 [100] -

H=-19+07 [4] %In addition, we also conducted a fit excluding the decuplet
D=08 [100] fields. It is not displayed here, because it does not improve the
F = 0.46 [100] reduced y?. The fact that NLO ChPT without decuplet fields cannot

describe hyperon nonleptonic decays was first shown in Ref. [3].
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TABLE VI. Results for the physical and isospin amplitudes from the combined fit to the s and p waves in
relativistic ChPT without the contribution of the resonant octets. Loop contributions from octet (index 8) and
decuplet (index 10) are displayed separately. The LECs are given in units of G me[+ , as well as of the physical pion

decay constant F, = 92.4 x 1073 GeV.

LEC [Gpm2.v/2F,] hp h he
Value —0.359 £ 0.056 0.205 +£0.028 —0.448 £ 0.087
)?2 E)(z/(ndat - npars) = 240/(8 - 3) =438

Sexpt stheory Stree ASS ASlO pexpt ptheory Ptree APS Apl()
LY -0.936 -0.172  -0.278 0.100 0.006 2.714 -0.034 -0.595 —-0.091 0.652
L 1.948 0.079 0.554 -0473 -0.002 0.015 0.015 0.302  -0.723  0.436
LY 1412 —0.088 0.104 -0.072 -0.119  0.625 0.408 0.078  —0.072  0.402
L%, —2.046 0.534  —-0.398 0.491 0.441 0.397 0.409 -0.217 0.596  0.031

sexpt Stheory Stree ASB As 10 pexpt ptheory Pree APS Ap 10
>t > nxt 0.023  —-0.094 0 —0.094 0 1.815 -0.003 -0.295 -0.277 0.569
>t - pa® -1337 -0.114 -0.399 0.276 0.008 1.272  -0.044 —-0.425 0.264 0.117
X" - nx 1.914 0.081 0.564 —-0.482 —-0.002 0.015 0.015 0.303 -0.725 0.437
A - pr~ 1.403 —-0.088 0.104 -0.073 -0.120 0.625 0.408 0.078 -0.072 0.402
A — na® -0.992 0.060 -0.074 0.051 0.083 —-0.442 -0.303 -0.057 0.049 -0.295
E - An -2.046 0.534 —-0.398 0.491 0.441 0.397 0.409 -0.217 0.596 0.031
20 > Ax° 1.447 —0.380 0.281 -0.349 -0.313 -0.281 —0.293 0.155 -0.421 —-0.028
TABLE VII. Results of the combined fit to s and p waves including tree-level diagrams with resonances. The total theory result (label

“theory”) is split up into the contributions from LO chPT (tree), the loop contributions with only octet baryons in the loop (8), the loop
contributions involving decuplet states (10), and the contributions from resonances as a proxy for the NLO counterterms (res). The
uncertainties of the theory results are shown in Figs. 4 and 7.

LEC [Gpm2.V/2F,] hp hp he wy Wy d* f*
Value —0.181 £0.252 0.171 £0.041 -0.090£0.472 —-7.994+3.82 791£1.32 1.10£1.55 -233+£1.50
)?2 Exz/(ndat - npars) = 011/(8 - 7) =0.11

Sexpt Stheory Stree ASS As 10 Asres Pexpt Phtheory Phree APS Ap 10 Apres

LY 0936 0342 -0.173 0.076  -0.006 —-0.238 2.714 2715 -0.317 -0.008 0.213 2.828
L% 1.948 1.947 0.346  —-0.341 0.018 1.924  0.015 0.015 0.246 —-0.475 0.192 0.053
LY 1.412 1.424 0.135 0.015  -0.044 1.319  0.625 0.624 -0.006 —0.134  0.183 0.581
LY, 2046 2032 —0.284 0.327 0.140 -2.216 0.397 0.397 -0.078 0.616  0.157 —-0.298
Sexpt stheory Stree ASS Ale ASres pexpt plheory Prree APS Ap 10 Apres

>t = nxt 0.023 0.407 0 —0.065 0 0.472 1.815 1.813 —-0.129 —0.148 0.201 1.889
>t - pa® -1337 -1.066 —0.249 0.201 -0.008 -—1.010 1.272 1.277 —-0.265 0.197 0.017 1.328
X" - onx 1.914 1.981 0.352  —-0.348 0.018 1.958 0.015 0.015 0.246 —0.476 0.192 0.053
A — pr~ 1.403 1.434 0.136 0.015 —0.045 1.327 0.625 0.624 —0.006 —0.134 0.183 0.581
A = na® -0.992 -1.009 -0.096 -0.011 0.031 -0.933 -0.442 -0.459 0.005 0.096 -0.135 -0.425
B - Az~ 2046 -2.032 -0.284 0.327 0.140 -2.216 0.397 0.397 —-0.078 0.616 0.157 -0.298
20 - Az 1.447 1.382 0.200 —-0.232 —-0.101 1.515 -0.281 —0.289 0.056 -0.434 -0.113 0.202
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FIG. 4. Results of the combined fit to the s- and p-wave amplitudes via the isospin amplitudes L,a;,;. The theoretical error,
(M) heory» is defined in Eq. (28). The error 6(M),,,, corresponds to the 1o error propagated from the fitted LECs including the

correlation coefficients and the uncertainty in the LEC H given in Table V.

We conclude that a satisfactory combined description of ~ drops all counterterms. This fact motivates our final step
both partial waves is not achieved neither by heavy-baryon = where we include the resonances as a way to estimate the
CHPT (Refs. [3,4,6,48]) nor by relativistic ChPT, if one neglected NLO counterterms.
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FIG.5. Correlation matrix for the combined fit to s and p waves
including tree-level diagrams with resonances.

B. ChPT including octet resonances

In total, we have explored two different fit strategies. First,
a separate fit to s and p waves, and second, a combined fit.
In the following, we present details on the second fit but
comment only briefly on the first option.

If one fits to the two partial waves separately, one can
obtain a good agreement with the experimental data. But it
leads to the problem that the fit parameters are not suffi-
ciently constrained. Depending on the details, one can
produce incompatible values for the common LECs #hp,
hrg, hc. Otherwise the combined fit to both partial waves
shows the same qualitative features as the separate fit.
Therefore, we focus on the combined fit being more
constraining.

The main result of this work consists in the combined fit
of s and p waves, including the A/ = 1/2 information from
all seven decays. The results are displayed in Table VII and
Figs. 4-8 (see Sect. II C 3 for details on the uncertainties).
As one can see in Fig. 4, the theory is able to describe the
data of both partial waves simultaneously.

We would like to point out some details about the fit
results. The s-wave decays for the Tt channels, X" — na™
and =t — p7°, have a relatively large uncertainty due to a
cancellation between the contributions of two LECs asso-
ciated to the strong decays of 1/2~ resonances, namely,
sgand s f.9 The low value of the reduced »? could be due to
a too conservative estimation of the theoretical uncertainty.
We also acknowledge that having relatively many param-
eters and slightly more than just as many data points can
easily result in an overconstrained system: the LECs £,

°The s, and s + LECs are determined from PDG values of the
N(1535) - Nz and N(1535) — Nn decays. From the theoretical
side, lattice QCD could constrain them. An exploratory analysis
of the zN channel on the lattice is performed in Ref. [101], and
the progress of coupled-channel scattering simulations [64,102]
suggests promising prospects.

h¢, and d* are in fact not well constrained by our fit. Even
under substantial changes to the utilized framework and the
fit procedure, as well as the presence of resonances, our
findings are in agreement with that of Ref. [4] concerning
the uncertainty determination of &1, . We note that the few,
loop-exclusive appearances of /. could explain its limited
contribution, hence its poorer statistical constraints, and
that i and & exhibit a large positive correlation (Fig. 5).
The p-wave resonance LEC d* exhibits a similarly high
correlation to f* and is as well constrained as /p. At the
same time, we stress that the goal of this project is not a
high-precision estimate of the weak LECs, be it ChPT
(hp.F ) or resonance (wy ¢, f*, d¥). ' Instead it constitutes a
systematic investigation of whether it is possible to repro-
duce the experimental data, if one combines a relativistic
EOMS calculation in ChPT with a resonance-saturation
estimate of the LECs at NLO.

Irrespective of choosing separate or a common fit for
the two partial waves, it turns out that the contributions of
the resonances dominate the amplitudes in a similar way
across different channels in each partial wave (Fig. 6). In
particular, the 1/2" resonances make up more than 90%
of the size of the s-wave predicted theoretical amplitude
for the £t p, X~ n decays, while their contribution exceeds
100% for the =*n and E decays. A similar pattern can be
seen for the 1/2~ resonances in the p-wave amplitudes for
the X decays, where they even reach a 300% contribution
in the case of X~ — nz~. These resonances contribute the
least to the p-waves for the E decays, while the A
channels exhibit the closest resembling contributions
across the resonant octets, amounting to 93% in both
channels for each partial wave. Overall, this result indi-
cates that the resonances play an important role in non-
leptonic hyperon decays, suggesting that they should be
accounted for in any computation of these decays. From a
pure ChPT point of view, this implies that an NLO effect
(the resonances are a proxy for the LECs at NLO) is more
important than the LO contributions."’ This observed slow
convergence of the ChPT expansion, also reflected by the
sizeable theoretical uncertainty, suggests that a higher-
order calculation would be of interest. In this direction, the
aforementioned resonances would still be important. It
might even be necessary to extend the ChPT framework
and include the resonances as dynamical degrees of
freedom. We come back to this point in the concluding
section.

""The weak LECs studied in this work are necessary to predict
the weak radiative decays of hyperons. Notably, the EOMS
calculation of such decays of Ref. [23] employs input from
nonleptonic hyperon decays.

It is important to keep in mind that there is a certain
arbitrariness in labeling the contribution of the resonances as
next-to-leading rather than leading order, as explained in
Sec. 1T A2.
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FIG. 6. Size comparison of /. to the various LO and NLO contributions to the physical amplitudes, corresponding to the values in the
bottom half of Table VII.

Finally, since the fit is performed using the eight
independent amplitudes L,,; extracted from data, we
display their estimate from the fit in Fig. 7. We also show

the sizes of the different contributions to a given process in
Fig. 8. The interplay between the slow convergence of
ChPT and the resonance contributions is again evident.

054051-14



HYPERON NONLEPTONIC DECAYS IN RELATIVISTIC CHIRAL ...

PHYS. REV. D 114, 054051 (2026)

N 3Ly
h
L R it
Ly
2_ I
1] 1
g L}
3 x
od L +
14 &
Ll I
Sh Sk Shy St P} P} P P,

Isospin amplitude

FIG. 7. Results of the combined fit to the s and p waves for the isospin amplitudes L,x; ;. See also Fig. 4 and Sec. II C 3 for details

about the uncertainties.

3 .
Bl (| Lexpt
— Ltree
2 | 0 ALg
1 ALy
= O Alres
1 A
0 — = I IJ_ !7—|
-1 4
_2 .
5%1 5%3 Sill\l S.152 Plzl P123 P{\I P]?Z

FIG. 8.
top half of Table VII.

IV. CONCLUSION AND OUTLOOK

In this work, the longstanding problem of hyperon
nonleptonic decays is assessed in NLO relativistic chiral
perturbation theory with explicit decuplet fields. The
NLO counterterms are approximated by the contributions
of the integrated-out spin-1/2~ and spin-1/2" resonance

Size comparison of Ly, to the various LO and NLO contributions to the isospin amplitudes, corresponding to the values in the

octets. The first multiplet contributes to the s wave and
the latter to the p wave. Such procedure introduces four
additional unknown weak LECs on top of the three
unknown weak ChPT constants. Moreover, a necessary
ingredient are the LECs governing the strong decays of
the resonances. In this regard, we update the values of the
Roper octet LECs by fitting to the results of Ref. [87,88],
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FIG. 9. Dynamical generation of %‘ resonances in meson-baryon scattering.

while the values in Ref. [7] are employed for the
negative-parity multiplet.

With respect to the data to which the ChPT amplitudes
are compared, we emphasize the inclusion of recent
experimental results from BESIII [8,9] that yield a signifi-
cant change in the polarization asymmetry with regard to
previous results. Moreover, the empirical data that con-
stitute the basis of our analysis are extracted with minimum
assumptions from an isospin decomposition and taking into
account experimental final-state phase-shifts.

First, we have shown that relativistic ChPT without NLO
counterterms does not describe the s- and p-wave ampli-
tudes together and the convergence of the chiral series is
slow. Afterwards, we have incorporated the contribution
from the two integrated-out resonant octets as an approxi-
mation of such counterterms in the theory. With all param-
eters related to strong processes fixed from outside, we have
in total seven weak LECs in our extended Lagrangian that
were fitted to the nonleptonic hyperon decays.

Remarkably, both s and p waves can be described
simultaneously by the theory. In general, the convergence
of the chiral series is still slow, which is reflected in our
conservative uncertainty estimation and results in a not very
tightly constrained fit. Expanding on the conclusions of
Ref. [4], the contribution of the spin-3/2 fields to the
relativistic amplitudes is eclipsed by the relative weight of
the resonance-exchange diagrams—as foreseen in Ref. [7].

In view of the poor convergence of the chiral series, we
do not expect that our approach is the last word on the
nonleptonic hyperon decays in the framework of an
effective field theory. Nonetheless, it is a clear success
that we managed to describe simultaneously the s- and the
p-wave amplitudes. We regard all our conceptual building
blocks as significant for future developments: a modern
relativistic framework (EOMS) for loop calculations that
respect the power counting; the inclusion of states that lie
close in mass to the multiplet of the decaying hyperons;
and, finally, the use of up-to-date high-precision data on
isospin-decomposed decay amplitudes and strong final-
state phase shifts.

Concerning additional degrees of freedom, we were
conservative by including spin-3/2 decuplet states explic-
itly in the loops but using other low-lying resonances (of
spin 1/2) only at tree level with the purpose of estimating
the counterterms. In view of our results that point to a large
importance of the spin-1/2 resonances in the numerical
results, one can speculate if one should assign to them a
corresponding larger importance in the power counting. In
other words, maybe one should consider also loop dia-
grams with such resonances. In this context, it is important

to stress the subtle difference of mass scales for pure strong-
interaction processes as compared to the case of hyperon
decays. The Roper state is about 500 MeV away from the
nucleon, a relatively large mass difference in pion-nucleon
scattering. But the Roper state is only about 250 MeV away
from the X baryon. In a strong-interaction process, this
smaller mass difference is not explicitly probed due to
strangeness conservation. But in a weak decay, this mass
difference is probed explicitly and is comparable to the
mass splitting within the ground-state multiplet.

On the other hand, including resonances beyond the octet
and decuplet ground states as dynamical degrees of freedom
is not without ambiguities. Our approach, following [7,13],
is inspired by the quark-model classification of baryon
resonances. But at least for the negative-parity resonances, it
is also conceivable to implement them through unitarized
meson-baryon scattering [58-62,90-94]. This can easily
lead to a double-counting problem as illustrated in Fig. 9
where the diagram most to the left and the diagram most to
right are both considered in our framework as the diagrams
of Figs. 2(b) and 1(d). An important driving term for the
dynamical creation of hadron states is the Weinberg-
Tomozawa interaction [103,104]. In our diagrams of
Figs. 2, 3, and 9, this gives rise to the strong meson-baryon
four-point vertices (the dots denote strong, the boxes weak
vertices). If the resonance in Fig. 1(d) was dynamically
generated by a series of meson-baryon bubble diagrams, as
illustrated in Fig. 9, then the diagram in Fig. 2(b) would be
the first of such a series. Care will be required to devise a
reasonable framework that unites a convincing power-
counting scheme with a proper handling of the nature of
the various relevant degrees of freedom.

It remains to be seen if the influence of the resonance
states, the 1/2~ and the (excited) 1/2" octets, appears to
be significant in other quantities such as semileptonic
decay amplitudes. Certainly, our results give further credit
to the suggestion of Ref. [13] that such states are of crucial
importance to understand the weak radiative decays of
hyperons.

In conclusion, our results display the significance of the
discussed resonant states in the effective field theory.
Although the proliferation of unknown parameters con-
stitutes a significant challenge, the assessment of these
states in greater detail has been shown to be important.
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APPENDIX A: ISOSPIN DECOMPOSITIONS

By changing a strange quark to a down quark, s — d, or
to three quarks, s —» W~u — udu, the weak interaction
violates isospin. Formally, this can be accounted for by the
options that the weak process contributes with Al = 1/2 or
AI = 3/2. Phenomenologically, the Al = 3/2 part is sup-
pressed but not always negligible [43,44,105].

In the main part of this paper, we restrict ourselves to
AI = 1/2 transitions following [3,4]. But we present here
the general decomposition of the nonleptonic decay ampli-
tudes. One reason for writing this down explicitly is related
to the various isospin conventions that are used in the
literature. In particular, as already noticed in [33], the
decomposition (10) does not exactly fit to the mathematical
standard conventions. The latter are used, e.g., in the tables
provided by the Particle Data Group [46]. In the present
work, we stick to the Clebsch-Gordan coefficients obtained
from the use of the particle representations specified in (6),
(7), and (10) [40].

The four-quark structure ¢”¢?g,g. of the effective weak
interaction (12) can be coupled to an external source term
tyg- In that way, the flavor (and chiral) structure can be
transferred to the effective theory. This source term can be
decomposed into irreducible representations of SU; (3): a
flavor 27-plet hjS, a flavor octet hf, and a flavor singlet (for
group theory details see [35] and references therein). Being
interested in a weak flavor changing process, the singlet is
irrelevant. Note that the 27-plet and the octet are traceless.
The 27-plet is symmetric in its upper indices and symmetric
in its lower indices. For the transition from an s to a d
quark, we need a nonvanishing element for a = 2, b = 3.
The other two quarks of the four-quark operator have the
same flavor, leading to a nonvanishing element for ¢ = d
for the 27-plet. The condition of being traceless gives us

> h¥=o.

c

(A1)

If one is interested in an isospin A/ = 3/2 transition caused
by the 27-plet, one cannot use h%g because three strange and
one down quark belong definitely to Al = 1/2. Therefore,
the condition (A1) implies 73} = —h33. Up to an overall
normalization, the symmetry properties of the 27-plet lead
to [43]

Bl = = = =172 and KB = = 172
(A2)

(and all other elements being zero). This choice leads to an
isospin change of Al = 3/2. Whenever we use hjj in the
following, we have in mind to describe Al =3/2 tran-
sitions and therefore use (A2).

But for completeness, we spell out also the other options.
For the octet, all matrix elements vanish except for h% = 1.
The process mediated by this choice for hf changes the
isospin by Al = 1/2 (and the strangeness by one unit). The
Al = 1/2 case of the 27-plet is achieved by a choice that is
orthogonal to (A2). Given that i3} = hl? appears twice
where h33 appears only once, we choose h33 = 2h3].
Finally, (Al) provides h33 = —3h3l. Up to an overall
normalization, the symmetry properties of the 27-plet lead
to [2]

)= W = = 1 = 172,
=1 = =32

22 _ 22
h32_h23 - 1’

(A3)

(and all other elements being zero). This choice leads to an
isospin change of AI = 1/2.

Pertinent Clebsch-Gordan coefficients can be determined
as follows. We imagine a formal scattering reaction via an
intermediate state with fixed isospin /. The “initial state” is
the decaying hyperon and the weak Hamiltonian, repre-
sented by the source term /4. The final state is, of course, the
meson-baryon pair. The baryon fields (6) and (7) can serve
as proxies for the respective intermediate state. We use B for
total isospin / = 1/2 and T for I =3/2. The Clebsch-
Gordan coefficients for the formation of the intermediate
state can be obtained from (B")?{h, B}’ for Al =1 =1/2.
On purpose, we wrote B, because this field is only a flavor
proxy for the fictitious intermediate state. It is not supposed
to have a spinor structure. For Al =3/2, [ =1/2, we
utilize (B")2h4<BY. If we are interested in an intermediate

state with 1 =3/2, we take T’ hbBSe“@ for the case

abc
Al =1/2 and T}, h4?Bée“d! for Al =3/2. The formal
“decay” of the fictitious intermediate state is given by
(B)¢{®, B}? or (B)I®¢T ¢, 4, respectively.

As already noted, we use isospin I to classify the two-
body final state and A/ to classify the isospin change
caused by the weak interaction [106]. Thus, we couple for-
mally the isospin of the initial hyperon with A7 of the weak
Hamiltonian to obtain the final isospin. We denote the
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partial wave (s or p wave) by L and assign the indices
2Al1,21. In addition, we split off the phase of the strong
final-state interaction &%;.

The decays A — zN have clearly I = Al€{1/2,3/2}.
We can write

. 1 .
L(A — 77 p) = LY e + ﬁLg‘se"%,

1 . )
L(A = 7%) = ——L’l\,le”s{‘ + Lg\ﬁe’%.

V2

Of course, 84, refers to the pion-nucleon scattering phase
shifts, which are well known [20].

The decays E — zA have always I = 1. We use the
decomposition

(A4)

- 1 -\
LE -7 A =[LE +—LE%, |e,
( ) < 1,2 \/E 3.2)
1 - N\ .
L(E® - 729A) = <——L= +IE >e'5z. A5
( ) Aliat L5 (AS)

Here, 8¢ refers to the pion-A scattering phase shifts.
Unfortunately, those are not so well known [72-74]. In
|

principle, there is a second method to access the phase-shift
information using the = decays themselves. Since the final
state can have only isospin / = 1, the decay parameter ¢
defined in (24) is given as

2sp
tan ¢p = sin(68 = 83),
¢ 2= p? (65 —35)

(A6)

where s and p are real amplitudes obtained by applying the
kinematical factors (21) to the terms given in the paren-
theses of (AS). If the phase shifts are small, then ¢ will be
proportional to 85 — &5, and the proportionality factor is
2sp/(s* — p*) ~ +a/V1 —a*. In the present work, we
neglect the phase shifts when extracting the partial wave
amplitudes from the data because the current experimental
values of ¢ are compatible with zero.

The decays £ — zN have the largest variety of isospin
combinations. The initial isospin can couple with A7 = 1/2
and with A7 = 3/2 to a complete isospin that can also be
reached by the final two-body state. Thus, we have to deal
with four amplitudes Lox;,; with AILI€{1/2,3/2}. The
general decomposition is given by

V2 1 . V2 2V2 )
L(Z" - pn) = 3 (L%,l +2L§,1) exp (id7) + <—3L%,3 +3L§,3> exp (i65),
L(Z™ — nn™) = (LT3 + L33) exp (i65),

2

3 2

1 . 1 2 .
Lzt ) =2 (L5, 4 328, Yo o) + (31 - S8, ) exp i),

where we have only included those decay channels that
can be measured.'” In the decomposition (A7), we have
neglected a Al =5/2 piece [106] that cannot be caused
in the standard model by the four-quark operators
of (12).

Unfortunately, there are not enough weak decays to
determine all amplitudes from data. In particular, the
amplitude L§1 appears always in the same combination
with LT . In total, the relations (A7) allow one to deter-
mine the combinations 2LT | + L3, and LT ; — 2L%; from
the =+ decays. Thus, we can determine L} 5, L}, and the
combination LT, + L} /2. Having no way to determine
L§,1 separately, we neglect it in the present work. At least
we can use the results for L?S to judge the quality of
neglecting Al = 3/2 amplitudes. The same logic has
already been applied in [106].

"The 2 has an electromagnetic decay to yA. Therefore, the
weak decay branches have so tiny branching ratios that they
cannot be observed.

; (A7)

APPENDIX B: INTEGRATING OUT A BARYON
RESONANCE FIELD

Consider the generic Lagrangian,

L = R(ig —mg)R+ RjB+ B jR + B(ig — mg)B. (Bl)
Here, R denotes the resonance field that we want to
integrate out. B denotes the baryon field that we want to
keep. The quantity j contains external sources and
Goldstone-boson fields. We imagine that j can be split
up into a weak part, j,, that is very small, and a strong part,
Js» that is of order O(q). Here, g denotes the typical small
momentum that defines the power counting. Since j might
also contain Gamma matrices, we have introduced the
Dirac conjugate j := y°jy%. Though we present the dis-
cussion for a resonance field of spin 1/2, the generalization
to other fermions is straightforward.

It is important to note that the mass mp of B introduces a
large scale. The mass my, of the resonance is supposed to be
even larger than mp. From the point of view of power
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counting in the effective field theory (EFT), it is important
to define how large the mass difference mgz —mp is
supposed to be. If this mass difference was comparable
to the small scales of the EFT, e.g., to ¢, then it would be
conceivable that one might not want to integrate out the
resonance field at all but treat it in the same way as the
baryon field B. On the other hand, if the coupling of the
resonance to all low-energy degrees of freedom is small
and/or if the resonance mass is very high, then it will make
sense to integrate out the resonance. In the following, we
see, in particular, how the mass difference myp — mp comes
into the game. In practice, we do not integrate out the A
decuplet states because their mass differences to the
ground-state baryon octet states are small, and the coupling
constants are large. We do integrate out, however, the octet
resonances from the N(1440) and N(1535) multiplets. One
purpose of the present work is to check how far one comes
with this approach that treats those resonances as heavy
enough to be integrated out and as important enough to
dominate the low-energy constants.

We integrate out the resonance field in the path-integral
formalism, but before presenting this line of reasoning, it is
illustrative to consider the equation of motion,

(ig — mg)R = —jB. (B2)
The formal solution is given by
R=——"—(jp) (B3)
o ig—mg ot

The nontrivial aspect is how to deal with the derivative
operator in the denominator. In purely mesonic chiral
perturbation theory, all derivative operators would produce
small quantities of order g. The, one can power expand in
the number of derivatives and eventually truncate this
series. This, however, is different in baryonic chiral
perturbation theory where a derivative acting on a baryon
field can produce a baryon mass, i.e., a large scale. On a
formal level, it is still possible to power expand in the
number of derivatives. But one might not truncate the series
right away. For the case at hand, the derivatives emerging
from the derivative expansion of the operator in (B3) act on
the “mesonic” quantity j and on the baryon field B. For the
latter case, one obtains the baryon mass mpg. Therefore,
one finds

1 . .
R=——jB+ O(qj).
mg — nmp

(B4)
Here, we have used the free equation of motion for the
baryon field B. If one included further interactions of the
baryon field B with the low-energy degrees of freedom, the
effect could still be expressed as O(gj). Thus, we see how
the mass difference of the baryons appears in a generic way.
Expanding the expression further in powers of mpg/mpg

would only be meaningful if the resonance mass was much
larger than the baryon mass. This is not the case for the
resonances that we consider in this work. We observe
in (B4) an interesting competition of importance. The
smaller the interaction strength encoded in j is, the less
important the whole contribution is. The smaller the mass
difference my — mp is, the more important the contribu-
tion gets.

The final step is to see the consequences of the resonance
for the low-energy dynamics. To this end, we determine the
path integral over the resonance fields,

/ DRDR exp {i / d4x[},

where the Lagrangian is given in (B1). It is of advantage to
introduce some short-hand notations,

(BS)

J = jB, RRAQ®R:= /d“xie(i;}i— mg)R.  (B6)

This allows us to write
/DRDR expiR®AQR+iR®J+iJ ®R]

= /DRDR explilR+T QAT QAR (R+AT'®J)

—-iJ®AT ®J]
~exp[—i] @ A7 ® J]. (B7)
Translating back to the explicit four-dimensional effective
action, we obtain the following contribution to the corre-
sponding effective Lagrangian:

1 — )
—— B jjB+0(qj*). (B8)
Mg — Mmp

We see that the coefficient 1/(mg — mp) can be interpreted
as a low-energy constant for the operator structure B j jB.
As alast step, we decompose j = j,, + j, and discuss the
various terms that emerge. Integrating out a baryon
resonance in the sector of the strong interaction yields

1 __
mpg

mp —

The explicit term is of order O(g?) and describes at least a
four-point interaction. This is the traditional use of reso-
nance saturation for the O(g?) low-energy constants.

We obtain also terms of quadratic order in the weak
interaction. We are not interested in these very tiny inter-
action terms. Finally, we obtain terms that are linear in the
weak interaction,
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1

mp—m

B(jsjw + jwis)B+0O(q*).  (B10)
B

The explicit term is of order O(g) and describes at least a
three-point interaction. These are exactly the terms that
matter for our applications where a baryon decays into
another baryon and a pion. Here, the momentum ¢ refers to
the momentum of the pion in the rest frame of any of the two
baryons. In powers of kaon masses, this momentum is of
order M%. Integrating out the spin-1/2 resonances yields
tree-level terms (B10). In the spirit of resonance saturation,
the corresponding coefficients are supposed to provide
reasonable estimates for the otherwise unknown low-energy
constants of the weak interaction Lagrangian at order O(gq).

Finally, we note that at the level of accuracy that we
pursue, the following three methods are completely
equivalent: 1. Integrating out a resonance field along
the lines of (B7), (B8). 2. Using the solution (B3) of
the equation of motion and plugging it back into the
original Lagrangian (B1). 3. Using the original Lagrangian
right away to generate tree-level diagrams with intermedi-
ate resonance propagators.

APPENDIX C: DETERMINING STRONG
COUPLING CONSTANTS FROM PARTIAL
DECAY WIDTHS

We consider the following J” = 1/27 states: the ground-
state octet (6) and the Roper octet,

B+ AL =t NT
R, = b —5X AL N
S g9 — Ay
(C1)

We want to describe the strong decays of a state from the
Roper multiplet to a baryon ground state and a Goldstone
boson. The corresponding three-point couplings between
baryons and Goldstone bosons are provided at LO (first
order in meson-field derivatives) by the Lagrangian (17).
For our purposes, we have u, — 20,¢/F, g, with the
meson matrix (10). For the fits, we use F, = 92.1 MeV
and Fg = 110 MeV [46]. Note that the meson decay
constants have relatively large flavor breaking corrections.
Therefore, we use F, only for the pions but F for
the kaons.

The coupling constants D* and F* are determined
(in LO) from the decays R, — B¢. The generic
Lagrangian for the decay is (here the fields do not denote
the matrices but rather specific states)

L = —cg ppBr*ysR.0,¢ = cg _py0,(Br*ysR.)¢

= Cg, py(mp + mR+)Bi75R+¢‘ (C2)

This leads to the spin averaged squared matrix element,

(IM[?) = C%LB(ﬁ(mB + mR+)22mR+ (Eg —mp)
= C%QB(ﬁ(mB + mR+)2((mR+ —mp)* — Mi) (C3)

Here, Ep denotes the energy of the outgoing baryon in
the rest frame of the decaying resonance R.. In the
nonrelativistic limit, Ez —mp provides the p-wave
factor of a squared three-momentum. The decay width
is given by

Ir By = C%+B¢(’”B + mR+)2

(g, = mp)* = MG A2 (mg  my, M)

, (C4
87rm]2e+ 2mp, (C4)

with the Kéllén function,
Ma,b,c) = a*+b*+ c* —2(ab + bc +ac).  (C5)

Next, we turn to the flavor factors relevant for the
measured decays. We find

3
C]2V+N7r =5 (D" + F*)?,

8P
C?\+NK = ﬁ(D* +3F),

A 5= 3 (O

C%+NK = é (D" = F*)?,

& re =gz (O

e F%(F*)z. (o)

As input to determine the coupling constants, we use
the Breit-Wigner masses and widths and the branching
ratios as determined from the Bonn-Gatchina partial-wave
analysis [87,88]. We identify A(1600) and X(1660) as

TABLE VIII. Comparison of calculated (calc.) and measured
(expt.) [87,88] branching ratios.

Expt. Calc.
N, —> Nz 0.63 £ 0.02 0.64
A, - NK 0.29 + 0.06 0.29
AL > 2n 0.37 £0.07 0.38
¥, — NK 0.07 £0.03 0.05
¥ - Az 0.35+0.12 0.23
DY 2 0.37 £0.10 0.21
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members of the Roper multiplet. The situation is rather
unclear for the cascade state. We use the Gell-Mann—
Okubo relation (15) to estimate the mass of the cascade
state B . We find mz, ~ 1.81 GeV.

A fit to the six measured decays yields

D*~0.713+£0.046,  F*~0342+£0.044. (C7)

This should be compared to the results used by Borasoy
and Holstein [7] given as D* = 0.60 and F* = 0.11 based
on older decay data [89]. In particular, the value for F™* is
very different.

With the values (C7), we find a very good agreement
with the branching ratios collected in Table VIII (using the
total widths from experiment).
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