PHYSICAL REVIEW D 114, 074005 (2026)

Unified study of hyperon semileptonic decays in a relativistic
three-quark model

Ru-Hui Ni®,' Zhen-Yang Wang,2 Jia-Jun Wu®,"*" and Bing-Song Zou .
'School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
2Physics Department, Ningbo University, Zhejiang 315211, China
3Southern Center Jor Nuclear-Science Theory (SCNT), Institute of Modern Physics,
Chinese Academy of Sciences, Huizhou 516000, China
4Department of Physics and Center for High Energy Physics, Tsinghua University, Beijing 100084, China

® (Received 3 July 2026; accepted 9 September 2026; published 1 October 2026)

We present a unified theoretical study of semileptonic decays of ground state octet hyperons using the
relativistic three-quark model (R3QM). A key innovation of our approach is that all baryon wave functions
are determined by fitting the baryon mass spectrum with a semirelativistic potential model, leading to
predictions for weak transition amplitudes without free parameters. Adopting these wave functions, we
calculate the decay widths, branching fractions, lepton flavor universality ratios, as well as the angular
correlation and spin asymmetry parameters for the octet channels. The calculated values agree with the
available experimental data and give predictions for channels with limited experimental information. We
further compute the complete set of octet transition form factors without any additional free parameters, so
that the weak current can be examined beyond the rate observables. In the well measured A — pZ~ v,
channel, the calculated leading vector and axial-vector form factors, f(0) and g, (0), agree well with recent
lattice QCD results, and the g,/ f ratio is consistent with recent BESIII measurements. Beyond the leading
vector and axial-vector terms, the complete form factor set separates the weak magnetism, second class, and
the pole contribution associated with the partially conserved axial current (PCAC) relation. The weak
magnetism term f, shows the clearest channel dependence compared with lattice QCD results, and its
smaller values in some channels may point to transverse current strength not fully saturated by pure gqq
valence components. This work provides a framework for connecting octet hyperon weak form factors to
the spin-flavor and spatial structure of baryons at the quark level, and gives testable weak current
observables for future hyperon semileptonic decay measurements.

DOI: 10.1103/q49g-5nvz

I. INTRODUCTION

Hyperon semileptonic decays proceed through the
charged current weak interaction. At tree level, the ampli-
tude separates into two vertices. The leptonic vertex W£v,
is fixed by the Standard Model, while the effective hadronic
vertex WH H contains the nonperturbative baryon transition
dynamics. With the leptonic vertex fixed, the baryon matrix
element can be used to examine the spin-flavor and spatial
structure of hyperons. In this sense, the virtual W boson
plays a role analogous to that of the virtual photon in deep
inelastic scattering. The separation of the fixed leptonic
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vertex from the hadronic matrix element makes semilep-
tonic decays cleaner than purely hadronic decays, where
final-state interactions mix the weak transition with sub-
sequent hadronic rescattering.

Theoretically, all descriptions of these decays rely on
Lorentz invariant hadronic form factors. For ground state
spin-1/2 — 1/2 octet transitions, the matrix element is
usually described by six form factors, including three vector
form factors f 3 and three axial-vector form factors g 3
[1-4]. The leading form factors f; and g; determine the total
decay rate, encoding the vector charge and axial-vector
strength, respectively. The subleading form factors carry
more detailed structural information, with f, describing
weak magnetism, f3 and g, corresponding to second-class
currents induced by flavor symmetry breaking, and g¢;
representing the longitudinal axial-vector component.
Despite decades of theoretical effort, our understanding
of these form factors remains incomplete.

These form factors have been studied using various
approaches at both the hadron level and the quark-gluon
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level. At the hadron level, flavor SU(3) analyses [1-11]
adopt the Cabibbo F and D couplings, introduce flavor
SU(3) breaking through fitted parameters, and estimate f,
from the baryon magnetic moments with the conserved
vector current (CVC) hypothesis. At the same level, baryon
chiral perturbation theory (ByPT) [12-26] treats the weak
current in a chiral expansion, where meson loops and low-
energy constants generate the recoil corrections, induced
terms, and flavor breaking effects. All approaches at the
hadron level rely on phenomenological parametrizations,
such as the widely used dipole form factor, to describe the g>
dependence of form factors. These parametrizations remain
purely descriptive, because the form factors are fitted to
experimental decay data and the same fitted parameters are
then used to account for those data. This procedure leads to a
circular interpretation and gives little insight into the
hadronic structure behind the weak transition.

At the quark-gluon level, hyperon semileptonic matrix
elements can be computed from first principles in lattice
QCD (LQCD) [27-37]. These matrix elements give the
hadronic part of the decay amplitudes, from which the decay
rates and rate ratios are obtained. The g>-dependent form
factors can also be obtained from correlation functions in
QCD sum rule (QCDSR) studies [38—40] and used to
calculate decay widths and branching fractions. However,
the matrix elements and form factors obtained in this way
are usually given as complete numerical quantities. Their
decomposition into intuitive quark-gluon level mechanisms,
or their connection to specific features of the baryon wave
function, is still difficult. Furthermore, none of these
approaches provide a unified, dynamically consistent
description of all ground state hyperon semileptonic decays.

Such a unified description can be naturally carried out in
quark models, since the weak matrix elements for all
ground state hyperon channels can be calculated with
the baryon wave functions and the appropriate quark weak
current. In early quark model studies [41-43], the relevant
axial-vector, weak magnetism, and weak electricity form
factors in baryon semileptonic decays were calculated.
Recoil corrections, relativistic spin effects, and chiral SU(3)
breaking contributions were later incorporated in light-
front, covariant, chiral-quark, and chiral-soliton calcula-
tions [44-51]. These calculations showed that explicit
internal dynamics beyond the static SU(6) limit are needed
for a realistic description of the hyperon weak form factors.
However, most existing quark model calculations are still
affected by the same circularity problem, because the wave
function parameters are typically tuned to reproduce weak
decay data rather than fixed independently, and the calcu-
lations are often restricted to only a few channels.

In the past decade, two critical experimental develop-
ments have made a new approach both timely and feasible.
First, experimental information on hyperon semileptonic
decays has become much more precise and complete. Early
fixed target experiments established the branching fractions

and leading form factor ratios ¢,/ f; for the main A, X, and
E decay channels [52-58]. The KTeV and NA48/1
Collaborations later measured the rare Z° — e~ 7, decay
[59-62]. Most recently, the BESIII Collaboration reported a
precise measurement of the A — pu~p, branching fraction
[63], and the LHCb Collaboration reported the lepton
flavor universality ratio R,, [64]. In a landmark 2025
study, the BESIII Collaboration further reported the first
experimental determinations of the subleading weak mag-
netism and weak electricity ratios in A — pe~p, [65].
These determinations marked the first experimental sensi-
tivity to the full structure of the hadronic weak current.
Second, with high-precision measurements of the ground
state baryon mass spectrum [66], the spatial and spin-flavor
structure of baryon wave functions can now be constrained
much more tightly, making it possible to determine these
wave functions with much higher accuracy.

Against this background, we present a unified study of
all ground state octet hyperon semileptonic decays within
the relativistic three-quark model (R3QM), with no addi-
tional free parameters in the weak transition amplitudes.
Compared with our previous nonrelativistic work [67], the
present R3QM calculation differs in both the input wave
functions and the treatment of recoil dynamics. The
constituent quark masses and baryon wave functions are
fixed a priori by fitting the baryon mass spectrum, and the
transition amplitudes are calculated in the instant-form
Bakamjian-Thomas relativistic formalism with full Dirac
spinors, finite recoil, and Wigner rotations. These ampli-
tudes are used to obtain the decay widths and branching
fractions and to project out the full set of form factors, with
g3 reconstructed through the partially conserved axial
current (PCAC) relation.

This approach addresses all limitations of previous
methods: it breaks the circular logic of parameter fitting,
provides a unified treatment of all channels, enables explicit
tracing of form factors to wave function structure at the
quark level, and establishes a clean valence three-quark
reference against which future studies can quantify non-
valence contributions, such as meson cloud effects and other
higher Fock components. With the branching fractions, rate
ratios, angular correlation and spin asymmetry parameters,
and form factors obtained in the same calculation, we
compare them with available experimental data and theo-
retical calculations. We also discuss how these observables
reflect the internal structure and weak transition dynamics
of hyperons.

This paper is organized as follows. In Secs. II and III, we
introduce the semirelativistic potential model and the
relativistic three-quark model. In Sec. IV, we present the
numerical results for the form factors, branching fractions,
angular observables, and compare them with the exper-
imental data and other theoretical predictions. Finally, a
summary is given in Sec. V.
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II. BARYON WAVE FUNCTIONS
AND MASS SPECTRUM

A. Baryon wave functions

In the constituent quark model, a baryon is described as a
bound state of three constituent quarks. The total wave
function takes the form

1B,JP) =[1.) @ ¢ ® [¥ ® xs),- (1)

Here |1.) is the antisymmetric SU(3), color singlet wave
function, and W, ¢3, and y¢ denote the spatial, flavor, and
spin wave functions, respectively. The subscript J denotes
the coupling of the orbital angular momentum carried by ¥
and the total quark spin S to the baryon spin J. The parity P
is determined by the spatial wave function.

The common color factor is suppressed in the following.
Its antisymmetry requires the remaining spatial-spin-flavor
wave function to be symmetric under permutations of
identical quarks. For light baryons, this remaining part is
classified by combining the flavor and spin wave functions
into SU(6) spin-flavor wave functions, while the spatial
wave functions are classified under O(3) [68-70]. For
heavy baryons, unequal constituent quark masses break the
exact S5 permutation symmetry, so the basis is organized
according to the exchange parity of a selected quark pair.

For the spatial wave function W, the center-of-mass
motion is first separated, and the two internal modes are
described by the mass-independent Jacobi coordinates

—L(r r)
p_\/i 1 2)
1
A=—(ry+r,—2ry),
\/6(1 2 3)
1
Rcm §(r1+r2+r3) (2)

where r; is the position of quark i. The coordinate p
describes the relative motion of quarks 1 and 2, A describes
the motion of quark 3 relative to the (12) pair, and R,
describes the center-of-mass motion. The corresponding
Jacobi momenta are

1
k,=—(k, — k),
4 \/5(1 2)
1
k, =—(k, +ky —2k;),
A \/6(1 2 3)
PB:k1+k2+k37 (3)

where k; is the momentum of quark i and Pj is the baryon
momentum. In the baryon rest frame, Pz =0, and the
inverse transformation becomes

| L
k k,+—

VARV A
ky = 1k+1
2=~ et Gk

ks = — | 2Ky,

The rest-frame spatial wave function therefore depends
only on the internal coordinates (p, 1), or equivalently on
the momenta (k. k).

In this work, we expand the spatial wave function in the
simple harmonic oscillator (SHO) basis [68,69]. In coor-
dinate space, the basis function for each Jacobi mode takes
the form

Wn515m5 (E) = Rn515 (5’ af) Ylgmg (é)’ (4)

where & denotes either p or A, £=|€[, and a; is the
corresponding oscillator parameter. The quantum numbers
ne, lg, and m; denote the radial excitation, orbital angular
momentum, and its projection, respectively. The normal-
ized radial wave function is

2027 (21 + 20 + 1)!!} 1/2 oy
Vangl[(21; + )12 :

X exp H (a£5)2] Fy (—nf; I: +§; (a§§)2> .
(5)

The function | F(a; b; z) is the confluent hypergeometric
function.

The orbital angular momenta of the p and 4 modes
are coupled to a total orbital angular momentum L. The
corresponding spatial basis function is defined by

R, (&az) = az/z [

N;;”LML '(p.2)
= Z (I,m lAmA|LML>l//n,,1,,m O)Wn,m,(A).  (6)

my,,m;

Here the oscillator shell number is Ny = 2n, +1,+
2n, + [;. It counts the total number of oscillator quanta
carried by the two internal modes. The parity of the
baryon is determined by the internal orbital angular
momenta, P = (—1)b*%,

For the ground state baryon spectrum, the spatial basis is
restricted to L = 0. To include configuration mixing, the
expansion is truncated at the first positive parity excited
shell, N, < 2. This truncated space contains four primi-
tive channels (n,l,,n;l;): the N = 0 ground state (00,
00), two N, = 2 radial excitations (10, 00) and (00, 10),
and one N, = 2 internal orbital excitation (01, 01) where
two P waves (I, = 1; = 1) couple to L =0.
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These primitive functions are combined into spatial
states with definite permutation symmetry:

s qy(00.00)
Yoo = Yoo

. 1 10,00 00,10
W0 = ﬁ (\Péoo ) + lIJéoo )>’
01,01
l1”2)00 = _ngoo )’
1 1 (10.00) (00.10)
Yoo = 75 (_‘ono + %500 ) (7)

The superscripts s, p, and 4 specify the exchange symmetry
of the first two quarks: s denotes a totally symmetric state,
while p and A denote odd (antisymmetric) and even
(symmetric) exchange parity, respectively. The functions
WS 0s Poo0- and W4, consist purely of S-wave modes. The
function W), carries the angular correlation absent from
these pure S-wave products.

For the light octet, the lowest spin-1/2 state consistent
with the Pauli principle is

B}, 1/27) = @k ¢ W00
1 )
= NG (47/)8)(/1)/2 + 4’?;)(/11/2)‘1’600- (8)

Here @5 ¢ denotes the complete spin-flavor wave function
of the flavor octet in the 56 representation of SU(6), while
¢g and y,/, denote the flavor-octet and spin-1/2 wave
functions, respectively. Their explicit expressions for all
light octet baryons are collected in Appendix A.

At N = 2, the mixed-symmetry spin-flavor functions
in the 70 representation are

gy = % (‘ﬁpsljll/z + ¢M/2>’
(D/710 = % (WSXT/Z - ¢§Z%/2>‘ 9)

Combining the spatial and spin-flavor functions with the
same permutation symmetry gives the remaining light octet
basis states,

B3, 1/27) = W3 Pl s

1
|B%,1/2%) = A (‘1’500‘13’770 + lP%oo‘D%) (10)

The states |[BS,1/2") and |BS, 1/2") are direct products of
totally symmetric spatial and spin-flavor wave functions. In
|BS,1/2%), the p and A spatial functions are paired with
spin-flavor functions of the same exchange symmetry,
giving a totally symmetric sum. The four spatial products
reduce to three independent light octet configurations
allowed by the Pauli principle. A physical light octet

baryon is expanded in these three configurations as

3
1B, 1/2%) = > 2 |BE 1/2+). (11)

k=1

Here k=1, 2, 3 labels |B%, 1/2%), |B%,1/2%), and
|BS,1/2%), and A2 s the corresponding mixing coef-
ficient, satisfy S3_, |[c&!/217 = 1.

For the light flavor decuplet, the flavor wave function

10 and the spin-3/2 wave function 3, are both com-
pletely symmetric. Their product gives the totally sym-
metric spin-flavor wave function in the 56 representation,
D319 = P10X3)2- Because Dy 4 is totally symmetric, the
Pauli principle restricts the spatial wave function to the
symmetric modes ¥,, and ¥%,. With S = 3/2and L = 0,
the total angular momentum is J =S =3/2, and the
retained N, < 2 basis for a J* = 3/2% decuplet baryon is

|B}0’ 3/2%) = P00 Ps6.10 = lp(s)oofﬁio)(%/zv
|BY,3/2%) = Y300Ps6.10 = ‘Piooﬂb‘;oﬂfg/z- (12)

The decuplet component in the mixed-symmetry 70 rep-
resentation has S = 1/2; for L =0, it couples only to
JP =1/2%, whereas a J* = 3/2" state requires L = 2 and
is thus excluded from the present truncation. The physical
decuplet state is therefore expanded in these two configu-
rations as

2
[BY.3/27) =3 e |BY.3/27),  (13)
k=1
with the normalization S22 [ci*¥?2 = 1.

For heavy baryons, the basis is organized by the
exchange symmetry of quarks 1 and 2. Under the 1 < 2
permutation, the Jacobi coordinates transform as p — —p
and A — 4, yielding the spatial exchange parity

o (nyl,myl;) (n,l,.n;1;)
PRy Ty, = (DY RN (14)

Thus, the spatial functions ‘P(()%%’OO), ‘I‘%%’OO)

symmetric, whereas ‘I’é%})’m) is antisymmetric. To satisfy the
Pauli principle, each spatial function is paired with a spin-
flavor state of the same exchange parity. Their product is
symmetric under 1 <> 2. Together with the antisymmetric
color wave function, it gives an antisymmetric three-quark
state. For a singly heavy baryon, quarks 1 and 2 form the
light pair. The light pair flavor wave function is antisym-
metric (¢,) for the 3 multiplet (Ag,Ep) and symmetric
(¢s) for the 6, multiplet (X, Zf, Q). For the nsQ system,
the constituent mass difference m, # m, breaks the light
flavor SU(3) > symmetry, allowing the color-magnetic spin-

(00.10)
,and ¥, are

074005-4



UNIFIED STUDY OF HYPERON SEMILEPTONIC DECAYS IN A ...

PHYS. REV. D 114, 074005 (2026)

spin interaction to mix the 3; and 6, configurations. The
physical E, and E|, states with JP =1/2" are therefore
obtained by diagonalizing the Hamiltonian in the combined
eight-dimensional basis. For J© = 3/2%, the three sym-
metric spatial functions are combined with ¢y /2 For &),

the antisymmetric product ‘I‘g%})’m)d) A3 P provides the
fourth basis configuration. For the doubly charmed baryons
considered here, quarks 1 and 2 are identical charm quarks,
so ¢, vanishes and only ¢ remains. The explicit basis
states and the expansions for all heavy baryons are given in
Appendix B.

B. Mass spectrum
The physical baryon mass spectrum and configuration-
mixed wave functions are determined within a semirela-
tivistic quark potential model [69,70] using the N, <2
basis constructed above. The Hamiltonian takes the form

3
H = Z\/IerZV(W)JFCO’ (15)
i=1

i<j

where m; is the constituent mass of quark i, r;; = |r; —r,],
V(r;;) is the quark-quark interaction, and C is a common
zero-point energy. The interaction V(r;;) contains a Cornell
potential and a contact hyperfine interaction [69,71],

V(rij> = Vcom(rij) +Vhyp(rij)' (16)
The Cornell potential is

2(127 b

el 1)
3rij 2 /

Vcorn(rij) -

where b is the string tension of the linear confinement. The
flavor-dependent Coulomb coupling is ai = g 97"
[72], and gPCE is the one-gluon-exchange (OGE) coupling
for quark flavor i. The spin-dependent term V', (7;;) is the

OGE contact interaction smeared by a Gaussian function,

1670l exp[—r7;/ r§(ij)]
m2rg(if)

Vigp(7ij) (Si-S;), (18)

9m,-mj

where S; is the spin operator of quark i. The reduced mass

. . . . m;m; .
of the interacting pair is y;; =, ~-., and the smearing
i 7

radius is parametrized as ro(ij) = Agn(2p;;) % [73]. Tt
should be emphasized that spin-orbit and tensor inter-
actions are omitted in the present Hamiltonian, so the
spatial basis is restricted to the L = 0 subspace.

For a baryon with spin J, the mass eigenvalue My and
the mixing coefficients cBJ satisfy the eigenvalue equation

TABLE I. Parameters of the semirelativistic potential model.
myq (MeV) my (MeV) m,. (MeV) m; (MeV)
368.5 460.7 1550.8 5005.7
gg/(zlﬁ gOCE gOGE gOCE
0.9445 0.7592 0.3888 0.4245
Ay (GeVEBm—1) B b (GeV?) Cy (MeV)
0.9425 0.8869 0.1472 —654.7

ng

> (Hy! = Mpde)el’ =0, (19)

K'=1

where np is the basis dimension and the Hamiltonian
matrix element is H2) = (B, J'|H|B,.J"). To calculate
the Hamiltonian matrix elements, the harmonic oscillator
size parameters @, and a; in Eq. (4) are parametrized in
terms of the harmonic oscillator stiffness factor /C,

A = (3/Cﬂp)]/4» a, = (3Ku,)'*, (20)
where p, = 2mym,/(my + my) and p; = 3(m; + my)ms/
[2(m, + my + m3)] are the reduced masses for the p and 4
Jacobi coordinates, respectively. Here I serves as a
variational basis parameter rather than an adjustable
parameter in the Hamiltonian. For a given set of potential
parameters, /C is determined by minimizing the proton
ground state energy of the spin-independent Hamiltonian in
the N, <2 space. With K fixed by the proton, the size
parameters a, and a; for all other baryons are directly
determined by their corresponding reduced masses.
Diagonalizing the Hamiltonian matrix in this optimized
basis yields the physical baryon masses and configuration
mixing coefficients.

The Hamiltonian parameters are determined by mini-
mizing y? against the reference masses of light, singly
heavy, and doubly charmed baryons. The fitted potential
parameters are listed in Table I, and the calculated mass
spectrum is compared with experimental and lattice data in
Table II. In the truncated harmonic oscillator basis
(Nose £2, L =0), we obtain the physical baryon states
as configuration mixtures of the basis states. The fitted
constituent quark masses and these configuration mixed
baryon wave functions are directly adopted in our sub-
sequent calculations of the hyperon semileptonic decay
form factors and decay observables. The explicit configu-
ration mixing coefficients for all light, singly heavy, and
doubly heavy baryons included in the spectrum fit are
collected in Table XIV of Appendix C.

III. SEMILEPTONIC DECAY

In the R3QM framework, we calculate all kinematically
allowed octet-to-octet hyperon semileptonic decays. The

074005-5
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TABLEIIL. Ground state baryon masses obtained with the semirelativistic potential model, compared with the reference masses used in
the fit. All masses are in MeV. The 12 model parameters are determined by minimizing y* = >, (Mj,my. — M}, r.)?/ 07, for the 26
reference masses listed in the table. A common fitting uncertainty ¢, = 5 MeV is used for all states. The experimental masses of the 23
observed light and singly heavy baryons are taken from the RPP [66]. The lattice QCD result Mg ~ 6085 MeV [74] is used for the
unobserved Q; . For the doubly charmed baryons, the reference mass of the isospin symmetric =, state is set to the measured =" mass,
Mg+ =~ 3622 MeV [75]. The preliminary result of the LHCb Collaboration, Mg =~ 3726 MeV [76], is used for Q... The fit gives
x%/d.o.f. = 148.76/14 = 10.63.

Light baryons Charmed baryons Bottom baryons

States My, M . States My, M States My, M .
P 947 938 A, 2281 2286 Ay 5611 5620
A 1251 1235 >, 2448 2453 >, 5803 5811
A 1123 1116 poss 2498 2519 z; 5827 5830
z 1180 1193 = 2465 2469 g, 5799 5794
> 1397 1385 =, 2580 2579 = 5936 5935
B 1319 1318 B 2624 2646 g, 5956 5952
B 1535 1533 Q. 2706 2695 Q, 6062 6046
Q 1666 1672 Q 2743 2766 Q 6079 6085

S 3633 3622

Q.. 3753 3726

constituent quark masses and baryon rest-frame wave
functions are taken from the spectrum calculation in

lepton mass, and E, = |p,| is used for the massless
antineutrino. The charge raising case follows by inter-

Sec. II, leaving no additional free parameters in the weak
matrix elements. The transition matrix elements are calcu-
lated in the impulse approximation, with final-state recoil
and Wigner spin rotations implemented through the
Bakamjian-Thomas boost [77,78]. From these helicity
amplitudes, we obtain the decay widths by phase space
integration and extract the corresponding octet-to-octet
form factors.

A. Weak transition amplitudes

At tree level, the leptonic and hadronic weak currents are
connected by the virtual W boson propagator. The tran-
sition amplitude is then given by [66],

G
M(Sfasa§/1f’/1i):—FVCKML (5£55) G

HY (A ',ii;Pi,P s
\/E ( f f)

(21)

where G is the Fermi constant and V iy is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element for the
selected flavor transition. Here L is the charge-lowering
leptonic current, while H” is the hadronic weak current
matrix element. The labels 4; and 4 are the initial and final
baryon helicities, while s, and s; are the charged lepton and
antineutrino spin labels.
The leptonic current is

L (sp,55) = p(pesse)r" (1 =17 )vs(pus 52). (22)
Here p, = (E;,p;) and p,= (E,,p,) are the charged
lepton and antineutrino four momenta, m, is the charged

changing the charged lepton and neutrino spinors together
with the corresponding momentum relabeling.

In the impulse approximation, the hadronic weak current
is taken as a sum of one-body quark currents, and the
baryon transition matrix element is defined by

3
HY (4.4 P Pr) =Y (By(Pr.Ap)[75(0)|Bi(P.Ay)). (23)
j=1

Here P; and P; denote the initial and final baryon four
momenta. For each term in the sum, J' ’]’ acts on quark line j,
while the remaining two quark lines are spectators. The
spatial overlap is calculated in the initial baryon rest frame,

= (M;,0), with the initial spatial wave function
expressed in the Jacobi momenta (k,.k;).

In the Bakamjian-Thomas (BT) formalism [77,78], the
final baryon spatial wave function in the moving frame is
related to the rest-frame wave function by [79-81]

vy (D) = [T (P P (). (24)
Here p!, = (e,,p,,) and k|, = (¢,,k,,) denote the constitu-
ent quark four momenta in the final baryon moving frame
and rest frame, respectively, with k' = [A~'(P,)]*, pr.
The Jacobi variables on the two sides are defined with the
same convention. The corresponding boost Jacobian is

Tp) =T H =, (25)
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where a = 1, 2, 3 runs over the three constituent quark
lines in the final baryon, e, =+/(m))*+ (p,)>

2 2 _ 2 2
(mi, 2+ (K,)% and E; = /M3 + P2,

The boost in Eq. (24) carries the final baryon spatial
wave function to the recoil frame. It also acts on the spin
part of the baryon wave function. Since the canonical boost
of the baryon is not, in general, collinear with the boosts of
the individual quarks [82], the spin wave function acquires
Wigner rotations [83,84]. For a constituent quark of mass m
and a baryon of mass M, the corresponding spinor boost
matrices are

€, =

(e+m)+o-p
2m(e +m)

V2M(E+M)

(26)

Sm(p): ’ SM<P):

where I, denotes the 2 x 2 identity matrix. For a constitu-
ent quark with rest frame momentum k in a baryon of
momentum P, the corresponding moving frame momen-
tum is

p:k-i—%(e—l— Pk ) (27)

E+M
The Wigner rotation is then the mismatch between the

direct constituent quark boost and the boost induced
through the baryon [85,86],

S (P)Su(P)S,, (k).

Multiplying the three 2 x 2 boost matrices gives the Pauli
form

D(k,P;m. M) = (28)

vVE+M
(e +€)\/2M(e +m)(e + m)

x {[(e + m)(e +m)
+p -k, +ic- (p xk)}.

D(k,P,m,M) =

(29)

For the active transition ¢q; — ¢, the weak vertex is
taken in the V — A form

)= VIEE; [ 2%

(W@ (Af)|[J%(0)]W;D; (4

x W5 (k). k) ¥ (k, kz)Z@f(ﬂf)|ﬁ7fqi§?ﬂ|‘1’i(ﬁi)>[ w17

[O¥ ;’pj)}wj — L_’qf(P;’ S})y”(l —7%)
where p; = (e;,p;) and p); = (¢/,p") are the initial and
final four momenta of quark line j. The Wigner rotations
are then attached to the initial and final spin lines of quark j,

”q,-(Pj’Sj)7 (30)

(O 1
B [DT(k;’Pf;m}’Mf)Oy(p;"pj)D(kiji;mj,Mi)]S}sf.
(31)

For a spectator quark » # j with constituent quark mass m,.,
the three momentum is unchanged in the calculation frame,
P, =p,, whereas k, and k). are defined in the initial and
final baryon rest frames. The spectator spin line is repre-
sented by the normalized scalar overlap

1
Sr:ETr[DT(k;"Pf;mwa)D(kr?Pi;mrﬂMi)]? (32)
where the factor % normalizes the trace over the two-
dimensional spectator spin space.

Substituting the configuration expansion [Eq. (11)] into
Eq. (23), the hadronic transition matrix element is
expressed as

HU(/lfaj'l’Pl?Pf)

_ Z Z By, 1/2 *c B l/zHfo (if'yﬂi;Pi’Pf)’

kp=1 K=

(33)

where HY -, is the transition matrix element between the
unmixed basis configurations |B;,) and By, ),

3

HY « (Af. i P Py) EZ By (Pr.Ap)|J5(0)|Bi, (PisAi)).
j=1

(34)

In the impulse approximation, the single-quark transition
matrix element for a given spatial-spin-flavor component
product takes the form

dk,l \/jf {p.p5.05}, Pf <H8>

4e e’

Jj€j r£j

(35)
ap

Here, ‘i’i(kp, k;) and ‘i’; (kj,.k}) are the momentum space spatial wave functions obtained by Fourier transforming the
coordinate space wave functions determined from the baryon mass spectrum in Sec. II. The factor | /2E;2E arises from the
covariant normalization of the external baryon states, while the boost Jacobian J ; and spectator spin overlap S, (r # j) are

074005-7



NI, WANG, WU, and ZOU PHYS. REV. D 114, 074005 (2026)

TABLE III. Static SU(6) spin-flavor coefficients for semileptonic decays of the hyperon octet. The reduced overlaps 1;,’;,’; and Iﬁ are
obtained from the pp and A1 components of the octet wave function in Eq. (8). Their spin parts correspond to spectator pair spins s, = 0
and s, = 1, respectively. Here /" is the corresponding SU(3) Clebsch-Gordan coefficient, and gi™" is the Cabibbo F-D combination
[1-3] evaluated at the static SU(6) values F = 2/3 and D = 1 [87,88]. The static columns follow the Chen phase convention adopted in
the present work [89]. The Cabibbo columns follow the Cabibbo-Rabl convention [3,90].

Decay process Type Scale I{,,’, Iﬁ S gL Fsee g5ab:
A=y as=1 v o R T I -
S —n AS =1 V.. 0 -2 1 1 1 D—F
- — 1 1
oA AS =0 Vi — 2 & 0 Y 0 D
s o 30 AS =0 Vo 5 s NG 2 3 J3F
0 -3t AS=0 Via NG 5 V2 22 ) —VaF
¥ 5 p AS =1 Vs 0 _g —% ﬁ —% %(D—F)
+ . 1 1
>t =S A AS=0 Va 7% - 0 \/% 0 %D
= — _ 1 _ 1 _ L _ L
S A AS=1 Vs 7 7 _\/g 7 % \/—(D 3F)
5 - =0 AS=0 Vi 0 2 1 -1 1 D-F
=- 0 = 1 - 1 _5_ 1 1
=k As=1 Vs 7 B 7 Wi 7 (D +F)
=0, 3+ AS =1 V., 1 i 1 3 1 D+F

given in Eqgs. (25) and (32), respectively. The flavor  expressions for the blocks C,, C,, and C_ are presented in

operator I:"jf = [SZ A j)lA)ql_( Jj) and spin projector 3‘;’-‘” =  Appendix D.

la) (B (a.pe{t i}) act on the active quark line j Since the total wave functions are symmetric under the
o B i fha . . " permutation of identical quarks, the sum over the three

and [Of, ;] is the effective weak vertex in Eq. (31).

i o ) . quark lines in Eq. (34) reduces to three times the repre-
The flavor overlap and spin transition matrix elements in  gahiative contribution from quark line j = 3. Combining
Eq. (35) are defined as

the nine configuration matrix elements HY i through
Eq. (33), one obtains the total hadronic matrix element

?C] = <¢ f:;{/‘li|¢g;3‘>’ (36)  H"(4f,4; P;, Py), which determines the decay amplitude
! - M in Eq. 21).
( ;’f/‘; J ) 5= 0(1/“ | Saﬂ P )(1/2,1 ), (37) B. Octet to octet form factors in the helicity basis
i Jap T f

To compare the R3QM matrix elements with other form
factor calculations, we project them onto a covariant basis.
For spin % - % octet transitions, we separate the hadronic
weak current into its vector and axial-vector parts,

where {;,(; € {p, 4} and 0,0, € {p, A} denote the flavor
and spin components, respectively. Using the explicit flavor
wave functions in Appendix A, the flavor overlap factors

I fi. ’ for various decay channels are calculated and listed in T =T =T (38)
a ,

Table III. More details on the spin transition matrix
elements, the SU(6) spin-flavor recoupling, and the explicit ~ and define the corresponding current matrix elements by
|

HY 4 (g, Ais P Pp) = (Bp(Pr. Ag) 34 (0)[Bi (P, 4;)). (39)

The full current matrix element is then H* = HY, — H};. With ¢* = P} — P, and M = M, the on shell decompositions are
given by [3,44],

HY (g, A P Pr) = g (Pr Ag) | F1(g?)y" — i

%qz)o_y(l MQD Mi(Pia/li)’ (40)

Gat 7,
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H%<j'fﬂll’PhPf)

where 6% = i[y¥, y%]/2.

At each ¢°, the R3QM overlap is calculated for fixed
initial and final baryon helicities and for one Cartesian
component of the weak current in the initial baryon rest
frame. The boost of the final baryon, the Wigner rotations
of the constituent quark spins, and the spatial overlap of the
baryon wave functions are all contained in this matrix
element. The direct output of the calculation is the current
matrix element /Y, , (4, 4;). The form factors are obtained

after these current matrix elements are matched to the
covariant decompositions in Egs. (40) and (41). The three
vector components determine f;, f,, and f3, while the
corresponding axial-vector components determine g;, g,
and g3, giving two 3 x 3 linear systems.

The same current matrix element is used differently in
related approaches. In light front quark model calculations,
one usually chooses a light front frame and the good current
J*, whose spin conserving and spin flip matrix elements
give compact projections for fi, f,, g1, and g, [44,91]. In
helicity amplitude descriptions of decay rates and angular
distributions, the same current matrix element is used at a
later step. After the weak current is expressed in terms of
form factors, its Lorentz index is contracted with the virtual
W polarization vectors, H, 3, = €;(w)H" (s, 4;), to form
the W helicity amplitudes [92-95]. This projection reor-
ganizes the decay amplitude, but it is not the projection
adopted here for the form factor extraction. In the present
instant form calculation, the independent inputs are
Cartesian components of H” in the initial baryon rest
frame, and these components are matched directly to the
vector and axial-vector form factor decompositions.

(33wl
(1) e

)y (~3.3) = AR |7 +

Hﬂ(%%) :N[R () + o1

=iy (Pp, ) |91 (a*)r*7°

92(512) g +gz(q2) i

(P A 41
T gt + B gy (P ), (41)

For the projection below, we introduce the following
recoil variables:

g _MitM;-g P |_/1'/2(M?,M.%,q2)

f 2M, ’ ! 2M, ’
_ Pl N = \2M,(E; + M 42
TE M, =\ 2Mi(Ey + My), (42)

where A(a,b,c) = a* + b*> + ¢* — 2ab — 2ac — 2bc. The
coefficients in the projection equations are fixed by the
corresponding Dirac bilinears of these spinors. For exam-
ple, the time component of the vector current without
helicity flip gives

L_tfyow = N l?tfui = Ny

g =N ). @)

i (—ic"q

where the tensor bilinear follows from the Gordon identity
for —ic**q,, with P* = P} + P%. With ¢ =M; — E;inthe
decay convention, the fy, f», and f5 terms in HY(3.3)
contribute  N'fi(q*), —N(E;—M;)f2(¢*)/M, and
N(M; - E;)f3(¢*)/M, respectively. The longitudinal
component without helicity flip and the transverse compo-
nent with helicity flip are matched by the same spinor
algebra. The six Cartesian components of the vector and
axial-vector currents for the projection are

)+ )] (44)
R ) =Tt ()
Mo ) (46)

9:(¢*) - R A;Ef 93(q2)], (47)
L)+ R )| (48)

11 M;,—-E
H3(272> IN[gl(qz) -
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iy (=5.3) = Vot -2 )| ()
Inverting the six vector and axial-vector currents relations above gives

)= e T ) < ) a)l
fi(g?) :—sz(qz)_%’ (51)
fa(q*) = MiA_lEf [H?/J(\%/’%) - f1(4%) +¥fz(q2)]. (52)
o= [1(22) M a) () (a)l o
) =2 (j’%> H (), (54)
9 (q°) = #Pﬂ Hz/(\%/’ %> - ai(q®) + MiA;Ef 92(612)] : (55)

The above equations are the algebraic inverse of the
selected current component system. This inverse cannot
be evaluated literally at the zero recoil endpoint. At
q* = (M; —M;)?, one has [P;| =0 and R|P;| =0, so
the selected components are no longer independent. We
therefore extract the form factors at nonzero recoil and use
their smooth limit for the end point values.

The inversion above gives the regular overlap part of the
octet form factors. We use it for [, f», f3, g1, and g,. The
induced pseudoscalar form factor needs a separate treat-
ment, because the axial-vector divergence contains the
corresponding Goldstone boson pole term. Thus, we deter-
mine the physical g; from the divergence of the axial-vector
current. Contracting Eq. (41) with ¢, and using the on-shell
Dirac equations gives

2
v q
q,HY(Ap. 4) = |=(M; + M;)gi(¢*) + 9

M
X ﬁj(Pf,ﬂj)ysul(P,,ll)

(4%)
(56)

Keeping the pseudoscalar pole contribution, the axial-vector
divergence is approximated by [96]

2
fpmpgppp, _
2 uy

qul;\(lf’/li) = (Pf7/1f)75”i<Piv/1i)7 (57)
mp —q

where P = z for |AS| = 0 and P = K for |AS| = 1. Using
the pseudoscalar pole prescription and the generalized
Goldberger-Treiman relation [97], the pole part of the
induced pseudoscalar form factor is fixed by the axial form
factor g; and takes the generalized pseudoscalar pole form
[29,31]:

M(M,-—i—Mf)

2 2
mp —q

93(612) == 91(612)- (58)

The g5 in the decay amplitudes below is therefore recon-
structed by the pole prescription in Eq. (58), whereas g5
denotes only the smooth overlap contribution without
the pole.

C. Static spin-flavor coefficients and Cabibbo mapping

In the Cabibbo theory, the hyperon semileptonic decay
matrix elements at zero momentum transfer are parame-
trized by the symmetric and antisymmetric SU(3) couplings
D and F [1-3]. To establish the connection between our
quark model calculation and the Cabibbo framework, we
calculate the leading form factors f; and g, in the static
SU(6) limit. In this limit, each baryon is approximated by
its unmixed ground state configuration |B%,1/2%) in
Eq. (8), the spatial wave function overlap is set to unity,
and relativistic corrections (such as the boost Jacobian and
Wigner rotations) are neglected.
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Substituting the ground state wave function
|B8,1/2%) = % (87 2 + D 1) Wogo into the hadronic
matrix element, the single-quark weak current operator
acting on quark line j = 3 gives

1
(Bf.1|05]B; 1) ==

(T G4 )3l o) + 133

118506t o)),
(59)

[\.)

where the cross terms between the p and A components
vanish because the single quark operator preserves the
exchange symmetry of the (12) spectator pair. Here, I,f,,', =
Iﬁ,j and Iﬁ = Iﬁ’3 denote the flavor overlap integrals for
the third quark line (j = 3) defined in Eq. (36). Taking into
account the sum over the three identical constituent quarks,
the total static matrix element acquires an overall prefactor
of 3x(1/2) =3/2.

For the vector form factor f;, the active quark spin
operator is the unit operator, yielding (y} /2|]1 1 /2>
(ot /2|]I|;(1 s2) = 1. For the axial-vector form factor g;, the
spin operator o, gives +1 for the spin-singlet (s, = 0)
spectator pair in )/1’ /2 and —1/3 for the spin-triplet (s, = 1)
spectator pair in )(? /2 The static form factors are therefore
given by

3 s i 3 (i Ly
e = (I£p+1£/1), g =5 <];)p —§1M>. (60)

The flavor overlap factors If;,’) and Iﬁ for all hyperon decay
channels are listed in Table III. In the static SU(6) limit,
Eq. (60) reproduces the standard SU(6) relations F = 2/3
and D = 1 [87,88]. For instance, for 20 — ¥+ "Dy, ONE
has I}, =1 and I}, = —1/3, which gives f5** =1 and

g™ =5/3 =F+ D. The corresponding static coeffi-
01ents expressed in terms of F' and D are listed in the last
two columns of Table III for comparison. In our full R3QM
calculation, the physical form factors depart from these
static values due to the configuration mixing in the baryon
wave functions, the momentum dependent spatial wave
function overlaps, and the relativistic recoil and Wigner
rotation effects.

For |AS| =1 transitions, the Ademollo-Gatto theorem
protects the vector form factor f,(0) against first order SU
(3) breaking corrections [98]. By contrast, the axial-vector
form factor g, (0) receives no such protection. Its deviation
from the static SU(6) reference value is generated by the
lower components of the Dirac spinors, the mass-dependent
Wigner rotations, and the spatial mismatch between the
initial and boosted final baryon wave functions [44].

Some coefficients in Table III differ by a common sign
between the static columns and the Cabibbo comparison
columns, since we follow the Chen convention [89] which
is different from the Cabibbo-Rabl convention [3,90]. In the

Chen convention, it carries an extra minus sign for the £,
A, and E° fields [99]. Specifically, the A — p, = — A,
¥ 53t B> A, and E - Z° channels carry a
common minus sign, while the other listed octet channels
show no sign difference. This common sign flips f and g;
simultaneously and has no effect on decay widths or ratios
such as g;/f,. For the £° - =+t channel, we take % =

2 in the Cabibbo comparison column. This sign
preserves the isospin relation with the ¥~ — X transition,

and the 4++/2 sign given in Ref. [3] is not adopted in the
present comparison.

D. The experimental observation variables

For an unpolarized initial hyperon, averaging | M|? over
the initial spin and summing over the final state spins gives
the differential decay width [66]

2r)* 1 )
= E SH(P. —pP,—p, —
dQPf dpf dp,,

X (2n)2E; (2x)2E, (21)2E, (61)

Integrating Eq. (61) over the three-body phase space yields
the partial decay width I'. The branching fraction 5 = I'z is
then obtained by combining this partial width with the
experimental hyperon lifetime z from the RPP [66]. It
should be emphasized that we do not theoretically calculate
the total decay width or lifetime of the initial hyperon;
rather, the experimental lifetime is adopted as an external
input to convert the predicted semileptonic partial width
into the corresponding branching fraction.

Besides the decay width and branching fraction, the
angular distributions of the decay products in hyperon
semileptonic decays provide important observables to
probe the structure of the weak current [3,94]. In the initial
hyperon rest frame, these angular observables include the
lepton-antineutrino correlation «,, for an unpolarized
hyperon, and three spin asymmetry parameters a,, a,,
and ap when the initial hyperon is polarized [2,3,100]. The
opening angle between the charged lepton and the anti-
neutrino is defined as

cos by, :ﬁf 'ﬁw (62)
where p, and p, are the unit three momenta of the charged

lepton and antineutrino, respectively. The differential decay
rate is parametrized as [100]

dl r
—=—(1 .
dCOS 9{,/ 2 ( + afl/ CosS Hfl/) (63)

Integrating the differential width over the three-body phase
space, the correlation parameter a,, is extracted from the
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forward-backward asymmetry [2,100]:

re —rs
L (64)
‘v 147
where I'f and T2 denote the partial decay widths
integrated over the forward (cosé,, > 0) and backward
(cos 0,4, < 0) hemispheres, respectively.

For a polarized initial hyperon, the three spin asymmetry
parameters a,, @,, and ap characterize the angular corre-
lations between the hyperon spin polarization and the
momentum directions of the final-state particles. Taking
the polarization vector along the Z axis, P; = P,Z, the
directional cosines of the decay products are defined by
cosl,=2Z-p,, cosb,=Z-p,, cosHB:Z-ﬁf. (65)
With the initial spin density matrix p; =1 (I, + P; - 6)
[94], the differential decay rate for each emission angle
takes the form [94,100]

dr r
> (1 + P;ay cosby), (66)

dcos By

where X € {Z, v, B}. The asymmetry parameter ay is then
determined by the forward-backward asymmetry [100,101]

I i

==X X 67
P, TE+T% (67)

ax

where T4 and T2 are the partial decay widths integrated
over the forward (cos @y > 0) and backward (cos Oy < 0)
hemispheres, respectively.

The lepton asymmetry parameters @, and «, are directly
calculated from Eq. (67) by integrating the polarized decay
distribution over the forward and backward hemispheres.
For the final baryon asymmetry ap, it can be conveniently
expressed in terms of the helicity amplitudes H, dy
[93,94]. In the initial hyperon rest frame, by choosing
the z axis along the final baryon momentum p s, the reduced
decay rates for the initial spin states 4; = £1/2 at a given
g* are expressed as

m> 3m>
Ri = (1 +2—q€> <|Hi%.0|2 + |H1F%,1F1 |2) +g§|Hig,t|2-
(68)
The differential asymmetry ag(g?) is then given by
R.(¢*)—R_(¢*
anlq?) = KAL)= RAG ) (69)

Ru(¢?)+R(4)

Integrating ag(g®) weighted with the differential decay
width dI"/dg? over the physical ¢> region, we obtain the

total integrated asymmetry:

1 /(Mi—Mf)2 dar
apg = — dq* —— ag(q*). (70)
B r m?, dqz B

To illustrate the connection between these angular
observables and the leading form factors f; and g;, we
consider the leading-order allowed approximation [2,100].
Neglecting recoil and lepton mass effects, for the B; —
B¢ U, mode these observables reduce to the simple
analytical relations

fi-g
ay, =L I (71)
1+3g1
Zgl(fl_gl)
Ay ~—FF——, 72
R 7
29:(f1 +91)
uﬁ%» (73)
S1+39;
oy ——T191 (74)
TR +3g)

For the corresponding positron mode B; — B,/ *v,, the
V — A chiral projector remains unchanged, whereas replac-
ing the external lepton spinors by their charge-conjugate
counterparts reverses the sign of the antisymmetric Levi-
Civita term in the leptonic tensor [94]. In the allowed
approximation, this sign reversal directly interchanges the
expressions for a, and a,:

o) o 29,(f1 +a1)

(+)N291(f1—91>
¢ =T 2 =
f1+34;

f1+3g

El ’

while a,, and ap remain unchanged. These relations clearly
show that
(i) The lepton-neutrino correlation a,, depends only on
the ratio |g,/f1|, approaching +1 for a pure vector
current (g; = 0) and —1/3 for a pure axial-vector
current (f; = 0).

(ii) The lepton asymmetries a, and a, directly probe
the vector and axial-vector interference. For
B; — By Uy, a, vanishes when f; = g;, while
a, vanishes when f, = —g;. For B; = B;/"v,,
these two conditions are interchanged.

(iii) The baryon asymmetry ap arises from the parity-
violating vector-axial interference. It vanishes if
either f{ =0 or g; =0, and its sign is determined
by the relative sign of g,/f;.

Since the common CKM factor cancels out in these angular
observables, they are free from CKM uncertainties and
provide clean probes of the form factor ratio g,/f;.
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It should be emphasized that the analytical relations in
Egs. (71)—~(74) hold only in the leading-order allowed
approximation. In our practical calculations, all angular
observables are obtained by integrating the complete
transition amplitudes over the full three-body phase space.
Therefore, relativistic effects, including finite recoil, boost
Jacobians, Wigner spin rotations, and nonzero lepton
masses, are fully incorporated into our numerical results.

E. Parameters and form factor conventions

In the numerical calculation of the weak transition
amplitudes, the wave functions and constituent quark
masses are fixed by the spectrum calculation, with no
additional adjustable parameters in the weak matrix
element. The constituent quark masses m, are taken from
Table I, and the spatial wave functions are obtained
variationally from the same potential model. The physical
baryon masses and lifetimes, the charged lepton and
pseudoscalar meson masses, the Fermi constant Gp =
1.16636 x 107 GeV~2, and the CKM elements are taken
from the RPP [66] for the decay widths and branching
fractions.

We compare the calculated form factors f, g1, f2, 2, 3,
and g; at g> = 0 with the available lattice QCD results and
other theoretical predictions. For a uniform comparison, all
form factors reported in the literature are converted to the
present sign and mass denominator conventions. The
conversion is made as follows.

(i) For channels in which the baryon fields differ

by a common minus sign between the Chen and

Cabibbo-Rabl phase conventions, all form factors
for that channel are multiplied by the corresponding
sign factor.
(ii) For works that use (M; + M) in the denominator of
the subleading form factors, the listed f», f3, ¢», and
g5 are rescaled to the M; convention before they are
included in the comparison tables.
For works that define the momentum transfer as
q* = P — P; with the same Lorentz decomposition,

(iii)

the signs of f; and g; are reversed before com-

parison.
Furthermore, in our R3QM calculation, the induced
pseudoscalar form factor g3 is obtained from the pseudo-
scalar pole form in Eq. (58). For comparisons with other
calculations, the literature values of g5 are converted only
to the present baryon phase, momentum transfer, and mass
denominator conventions. No extra pole contribution
is added.

IV. RESULTS AND DISCUSSION

In this section, we present the calculated semileptonic
decay widths I', branching fractions, LFU ratios, and six
form factors for the A, Z, and E semileptonic decays, and
discuss them in comparison with available experimental
data and theoretical predictions. The predicted decay widths
and branching fractions for all channels are systematically
compiled in Tables IV, VI, and X alongside other theoretical
calculations and experimental data. The branching fractions
are shown in Fig. 1, where they are compared with the
average values listed in RPP [66]. Except for the ¥ — ne~r,

12
10.230.3 e channel
© 9 }83+01 8.741.7 ® Exp
'g ; % This work
e 75 L 5.740.3 5.640.3 756
= 6 7.0 ¢ ¢
= * x
8 3L >0 2.3+0.4 4.4 2.540.1 2,-;3
- ; 15:6 L3 0.9 *
1.6 o x 24
0 1 1 1 1 1 1 1 1 1 1 1
8
4 channel
= 4.5+0.4
; AL 3.555
g x
= [ 3.2 S g S s S
| 1.5+0.2 - = = 3 =
& [ s T s 3 3
1 B 2 x S S i 0.1 0023:0004 ‘£
oF = = 0.7 £ S ’ X | =
1 1 1 1 1 1 1 1 1 0920 1
A>p Ton To5A oA 2sp I3 253 EoA B3 23t EHE
(x10")  (x10%) (x10%) (x10¥) (x10%) (x101%) (x10?%°) (x10%) (x10®) (x10%) (x107%)

FIG. 1.

Branching fractions for the hyperon semileptonic decays. The upper panel shows the electron channels, and the lower panel

presents the muon channels. The blue circles with error bars denote the experimental averages from RPP [66]. The red crosses represent

the theoretical predictions of this work.
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FIG. 2. Form factors f;(¢?) and g;(¢?) in the standard Lorentz decomposition for the A — p#~i, decays. The solid lines denote our
R3QM results. The data points with error bands denote the lattice QCD results [36] for comparison.

channel, our results are consistent with the experimental
data. In addition, Fig. 2 shows that the A — p form factors
are consistent with the recent lattice QCD results [36].

The empirical Cabibbo parametrization in the last
column of Table III provides a compact way to reorganize
the leading axial-vector form factors. In this comparison,
the vector form factor does not introduce an additional F'—D
structure. Its static reference value is fixed by the SU(3)
Clebsch-Gordan coefficient listed in Table III. The Cabibbo
parametrization is applied only to the leading axial-vector
form factor g;(0). The two calculated axial charges in
A — p and £~ — n form an independent basis for the two
reduced couplings. In this basis, g;(A — p) = 0.853 cor-
responds to +/3/2(Fes + Degr/3), while g (2~ - n) =
0.218 corresponds to Dy — Fo. Solving these two equa-
tions gives F.; = 0.468 and D = 0.686. Using these two
effective couplings Fg and Dy and the relations given in
the last column of Table III, we derive the g;(0) values for
all transition channels. The largest discrepancy between
these SU(3)-derived values and the direct R3QM results is
merely 6%, confirming that the R3QM calculation pre-
serves excellent consistency with the leading-order flavor
symmetry contributions.

With these experimental and lattice QCD comparisons
included, our model is quite successful in describing the
weak current structure of the hyperon octet, with the
remaining differences mainly appearing in selected weak
magnetism amplitudes. The channel by channel compar-
isons below further compare the decay widths, branching
fractions, LFU ratios, vector charges, and subleading form
factors with the available experimental data and lattice
QCD results.

A.A > pf_if

The A — p¢Z~ D, transitions are the most precisely
measured hyperon semileptonic channels. In Table IV
and Fig. 1, we present the predicted branching fractions.
These values are consistent with the experimental averages
compiled in RPP [66] and with the recent measurements
by the BESII Collaboration [63,65] and the LHCb
Collaboration [64]. They also agree with the lattice QCD
[36] and QCD sum rule [39] results listed in Table I'V. The
g,/ f ratio is also consistent with the RPP average value
and the recent BESIII determination in the electron chan-
nel [65,66].

Indeed, f, and g, give the dominant contribution to the
branching fractions and the LFU ratio R,. The recoil and
charged lepton mass factors suppress the subleading terms
in the total decay rates. The weak magnetism and induced
tensor terms, f, and g¢,, appear in the transition current
through the recoil order structure 6*%q,/M;. Although these
two terms carry the transverse magnetic response and the
second-class axial-vector current, respectively, the recoil
factor keeps their contributions small in the decay rates.
The induced scalar and induced pseudoscalar structures,
f3q*/M; and g;q*y’/M;, are further suppressed by the
charged lepton mass. Since these terms are proportional to
q*, their contraction with the lepton current gives a factor
q,L* = msii,(1 — y°)v; for a massless antineutrino. Their
effects are negligible in the electron channels and remain
subleading in the muon channels. For the decay width, the
g5 term is still suppressed, even though the PCAC relation
and the pseudoscalar meson pole increase the magnitude of
g5- Thus, the absolute rates mainly follow the leading vector
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TABLE 1V. Partial decay widths T', branching fractions B, and the lepton flavor universality (LFU) ratio R,, for A — p£~v,
(¢ = e, p), compared with other theoretical calculations and available experimental data. For theoretical calculations that report only
decay widths (or branching fractions), the corresponding branching fractions (or widths) are obtained viaI" = 3/7, using the A lifetime

75 = 2.617 x 107'° s from RPP [66].

(106 s7!) B(1074)
Method ‘=e =up ‘=ce =pu Ry
SU@) IRA [11] 3.18(5) 0.53(1) 8.32(14) 1.40(2) 0.168(4)
LFQM [44] 3.51 0.58 9.19 1.52 0.165
CCQM [50] 3.28 0.57 8.58 1.49 0.174
NR3QM [67] 4.09 0.70 10.70 1.82 0.170
451 0.75 11.8 1.95 0.165

QCDSR [39] 2.95(24) 0.52(4) 7.72(64) 1.35(11) 0.175(31)

2.72(27) 0.44(4) 7.12(70) 1.15(11) 0.162(35)
LFD [102] 3.18(117) 0.53(*2) 8.32(132) 1.38(%) 0.166(*%)

3.18(%57) 0.50(*2) 8.32(*22) 131() 0.158(17,)
LQCD [36] 2.93(18) 0.51(6) 7.68(48) 1.33(16) 0.1735(98)
BESIII [65] - . 8.16(22)(15) - .
BESIII [63] - 1.48(21)(8) 0.178(28)
LHCb [64] - 1.462(16)(100)(11) 0.175(12)
RPP [66] - . 8.34(14) 1.51(19) 0.181(23)
This work 2.85 0.47 7.46 1.24 0.166

and axial-vector part of the helicity amplitudes together with
the available phase space. In Table V, we list the values of
six form factors at g> = 0, compared with various model
and experimental data.

For the vector form factor f(0), flavor SU(3) breaking is
protected by the Ademollo-Gatto theorem [98]. The first-
order correction vanishes, so the vector charge can deviate
from its SU(3) value only at second order. In the present
R3QM calculation, we obtain |f(0)|/[f}™" |~ 0.954,
where f{* is the SU(3) Clebsch-Gordan vector charge
listed in Table III. This 4.6% reduction is mainly caused by
the constituent quark mass difference, m,/m, ~ 1.3,
included in the baryon wave functions. The size of this
correction is close to the octet baryon chiral perturbation
theory [16] value (—5.7 +2.1%) and is also compatible
with the recent lattice QCD [36] result |f,(0)/f{*"| =
0.9674 + 0.0047.

The axial-vector form factor g¢;(0) shows a larger
deviation from its static spin-flavor value than f;(0).
The axial-vector weak current contains spin operators,
and its matrix element therefore depends directly on the
internal spin polarization of baryons and on the spatial
wave function mismatch induced by m, > m,. The lower
components of the Dirac spinors and mass-dependent
Wigner rotations further suppress the spin-flavor overlap.
All these effects are automatically incorporated in our
calculation through the initial and final baryon wave
functions. The ratio of axial-vector to vector form factors
at zero momentum transfer is g, (0)/f;(0) ~ 0.730, in good
agreement with the PDG average 0.718 £ 0.015 [66], the
measurement by Bourquin et al. [55] of 0.70 + 0.03, and
the recent BESIII value 0.706 035 obtained with the weak

electricity term included in the fit [65]. The strength of the
flavor symmetry breaking effect can be quantified by the
ratio of ¢;(0) to the static SU(6) reference value gi" listed
in Table III. Our calculation gives a ratio of 0.696, which
falls within the 0.668-0.808 range of theoretical predic-
tions presented in Table V.

For the subleading form factors, the values of f5(0) and
93(0) in our calculation are still in the range of various
theoretical models, while f,(0) and g,(0) are both much
smaller than those of others. Furthermore, in Fig. 2, we
compare the calculated g> evolution of the six form factors
for the A - p£~ v, decays with the recent lattice QCD
results [36]. The leading form factors f and g, show good
agreement with the lattice QCD results in both magnitude
and ¢? slope. For the subleading form factors, f3, g,, and g3
also have the same signs and comparable magnitudes,
although their values differ slightly from the lattice QCD
results. The largest separation appears in the weak magnet-
ism form factor f,. Our result is much smaller than that of
the lattice calculation. The recent BESIII Collaboration
[65] measurement gives (f5/f1)ey,. = 0.772035. Its central
value is also larger than our prediction, but the present
experimental uncertainty is still too large to distinguish the
two results.

The suppressed value of f, reflects how the transverse
magnetic current is generated in the present calculation.
The constituent quarks are treated as pointlike Dirac
particles, and neither anomalous quark magnetic moments
nor explicit exchange currents are introduced. With these
assumptions, the weak magnetism form factor is generated
by recoil kinematics and Wigner spin rotations in the
valence three-quark wave functions, as in instant-form
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TABLE V. Our predicted transition form factors at ¢g> = 0 for A = p£~D,, compared with available experimental information and
other theoretical results. All values are expressed in the unified convention of Sec. III E. The last two columns give the ratios to the static

SU(6) reference values, where |f5*]| = |¢i*"| = \/3/2. The labels yQM, yQSM, and yCQM denote the chiral quark, chiral quark-

soliton, and chiral constituent quark models, respectively.

Method £1(0) /2(0) 13(0) 91(0) 9,(0) 93(0)
LFQM [44] 1.190 0.950 e 0.990 0.028 -
QM [45] 1.220 0.913 —0.337 0.820 0.054 —11.407
CCQM [50] 1.226 1.226 —0.067 0.888 0.072 —6.760
ZQSM [47] 1.225 0.870 . 0.830 - o
#CQM [48] 1.225 0.563 —0.225 0.909 0.092 —11.244
QCDSR [39] 1.179(75) 0.888(74) . 0.843(10) . -
LFD [102] 1.305(119) 1.139(*%) —0.917(*14) 0.924(112) 0.269(*{1) —7.487(1377)
LQCD [36] 1.185(6) 0.821(19) 0.062(13) 0.818(6) —0.082(19) —5.14(11)
This work 1.169 0.354 0.148 0.853 —0.180 -8.017
Method £2(0)/£1(0) 91(0)/£:(0) 92(0)/£1(0) Lf10)I/1£7 l91(0)1/1g7*|
LFQM [44] 0.798 0.826 0.023 0.972 0.808
QM [45] 0.748 0.672 0.044 0.996 0.670
CCQM [50] 1.000 0.724 0.059 1.001 0.725
ZQSM [47] 0.710 0.678 e 1.000 0.678
Z#CQM [48] 0.460 0.742 0.075 1.000 0.742
QCDSR [39] 0.752(74) 0.708(47) e 0.963(61) 0.688(8)
LFD [102] 0.872(*3) 0.708(*12) 0.206(*37) 1.065(*12) 0.755(*19)
LQCD [36] 0.693(17) 0.690(4) —0.069(16) 0.967(5) 0.668(4)
BESII [65] 077(435) 0.706(*33) —0.19(°3) - -
RPP [66] 0.718(15)
This work 0.303 0.730 —0.154 0.954 0.696

calculations with structureless quarks [103]. A related issue
appears in baryon magnetic moments and electromagnetic
magnetic form factors, where pion cloud effects or gqqqq
components can add magnetic strength beyond the valence
quark contribution [104—107]. The comparison with other
calculations in Table V makes the same point for weak
magnetism. The axial ratio g;/f; remains in the common
range of existing calculations. For the weak magnetism
ratio, the present value f,/f; is much smaller than most
model results, mainly because the weak magnetism
strength is treated differently. In the other models, larger
f> values usually receive contributions from chiral dynam-
ics, collective motion, configuration mixing, or phenom-
enological magnetic inputs, which add to or effectively
absorb magnetic strength beyond the valence three-quark
core [44,45,47,48,50]. The small f,/f, in the A - p
channel then points to transverse current strength beyond
the three-quark core, which may be supplied by meson
exchange currents, meson cloud dressing, or five-quark
Fock components.

The scalar form factor f3 and the induced tensor form
factor g, test the flavor breaking part of the overlap. Since
they vanish in the exact SU(3) limit, their nonzero values in
the present calculation arise from the spatial wave function
mismatch induced by flavor symmetry breaking.

The induced pseudoscalar form factor g; has a separate
origin, being governed mainly by the PCAC relation and
the pseudoscalar meson pole. The direct overlap extraction
gives only a smooth contribution, g3"(0) ~ —1.1, and does
not contain the corresponding kaon pole in the ¢ channel.
We reconstruct this pole contribution using the generalized
Goldberger-Treiman relation in Eq. (58), obtaining

93(0) ~ —8.017. This value has the same sign and order

of magnitude as the lattice QCD result, gg‘QCD(O) o~

—5.14 £0.11 [36], and sets the correct scale of g5 in the
physical decay region, as shown in Fig. 2.

As a whole, the A — p transition serves as the reference
channel for the present R3QM calculation. Our calculated
branching fractions, LFU ratio, and leading form factors f
and g; are compatible with the available experimental data
and lattice QCD results. For the second-class form factors,
the present three-quark calculation relates f; and g, to the
spatial overlap generated by SU(3) breaking. The induced
pseudoscalar form factor gz is obtained from the PCAC
pole relation. For weak magnetism, the calculated f, is
smaller than the lattice QCD value, suggesting that the
transverse weak current may not be fully saturated by the
valence three-quark core in this channel. Meson cloud
effects or five-quark components may therefore be relevant
for a more complete description of f5.
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B. X hyperon

The X semileptonic decays separate three symmetry
effects. The first is the |AS| =1 structure in X~ —
nt¢~v, and X0 — pf~i,, where the vector charge is fixed
by the SU(3) Clebsch-Gordan coefficient and the axial-
vector strength is given by the small Cabibbo combination
D — F. The neutral mode X° — p shares the same weak
current structure with £~ — n, but its branching fraction is
strongly suppressed by the short X0 lifetime. A different
limit is reached in the AS = O transitions ~ — AZv, which
isolate a structure dominated by the axial-vector current
because the leading vector form factor f; vanishes in the
exact SU(3) limit. The remaining X — X transitions stay
inside the isotriplet. Their very small phase space makes the
isospin breaking effects visible.

The experimental information is also uneven among
these three groups of X transitions. For the measured
X > nl vy L —> Ae b, and ET — Aetv, channels,
Table VI shows that our branching fractions are slightly
lower than the RPP averages, whereas R, for X~ — n¢" v,
stays close to the listed value. It should be emphasized that
the present rate comparison is still limited by the exper-
imental data, since the RPP averages for these channels are
largely inherited from legacy fixed target measurements
around 40 years ago [52,54,66]. Future measurements of
the branching fractions and decay distributions would test
whether the lower X rates and the axial-vector matrix
elements discussed below are supported by data.

1.X- >nlvp,and ° - pt-v,

The ¥~ — n and X° — p channels are two isospin
projections of the same s — u weak matrix element
between a X hyperon and a nucleon. The charged channel,
X~ — n, carries the available comparison with experiment
and lattice QCD. The neutral channel, X° — p, gives the
corresponding neutral isospin projection of this matrix
element. In the exact isospin limit, its form factors are
related to those of X~ — n by the Clebsch-Gordan fac-

tor 1/v/2.
This isospin relation appears directly in the leading form
factors. For X~ — n, the static coefficients are f{*" = —1

and ¢ =D —F =1/3. For £ — p, they are f§@ =
~1/v/2 and g® =1/(3v/2). At ¢* =0, the present
calculation gives f(0) = —0.929 and ¢,(0) = 0.218 for
¥ - n, and f,(0) =-0.658 and g¢;(0) =0.155 for
0 — p. The corresponding ratios to the static SU(6)
reference  values are |f;(0)]/|f{*|~0.929 and
|g1(0)]/]g7™| 2 0.655 for the charged channel, and 0.930
and 0.656 for the neutral channel. The near equality of
these ratios shows that the neutral channel mainly changes
the flavor Clebsch-Gordan projection.

For the £ — N pair, the charged channel X~ — n gives
the direct comparison with lattice QCD and with the
measured ¢;/f, ratio. The vector charge is close to its

static SU(6) reference value, with f(0) = —0.929 and
|f1(0)|/|ff*| ~0.929. This ratio is slightly below the
lattice QCD central values 0.957(10) [35] and 0.988(49)
[29], with the size of a moderate Ademollo-Gatto protected
correction [98]. The clearer difference appears in the axial
ratio. The calculated |g,(0)/f,(0)] 2 0.235 lies below the
RPP average 0.340 £ 0.017 [66] and the older Tanenbaum
result 0.435 £ 0.035 [108]. This ratio is governed by the
small D — F matrix element in the axial current. The value
g1(0) = 0.218 is also slightly below the lattice QCD central
value 0.284(53), while ¢;(0)/f;(0) ~—0.235 remains
compatible with the lattice QCD result —0.287(52) within
the present uncertainty [29]. Future measurements would
give a stricter test of the present model. More precise
branching fractions would fix the rate scale, and decay
distributions would determine whether the lower rate is
accompanied by a smaller D — F axial contribution
through ¢,/f;.

Among the subleading form factors, the weak magnetism
term f, is the one with direct lattice QCD and RPP
comparison in X~ — n. It also gives the clearest compari-
son with the A — p channel. The present calculation gives
f2(0) =0.780, which falls within the theoretical range
0.742-1.025 listed in Table VII. After division by f, this
gives f,(0)/f1(0) ~ —0.841, also within the corresponding
theoretical range (—1.042 to —0.765) and close to the lattice
QCD central value, —0.852 [29], as listed in Table VII.
With the same sign convention, it is also compatible with
the RPP average (f3/f1)ex,. = —0.97 £ 0.14 [66]. Unlike
in A — p, where the present value is much smaller than
the lattice QCD result [36], the weak magnetism ratio in
2~ — n remains close to both comparison values.

The spectator spin decomposition in Table III may
explain why f,/f, is less suppressed in £~ — n than in
A — p. The A — p flavor overlap comes mainly from the
pp component, where the spectator pair has s, = 0. The
X~ — n flavor overlap instead comes mainly from the 14
component with s, = 1. A spin-1 spectator may retain
more of the spin recoupling induced by recoil, so the
transverse magnetic response in the present valence three-
quark calculation with pointlike quark weak currents need
not be as suppressed as in scalar spectator channels such as
A — p and E° - Xt (discussed below). The £~ — n
channel then shows how an axial-vector spectator compo-
nent may keep a sizable weak magnetism contribution
without introducing additional nonvalence transverse
currents.

2.X" > Ae V,and Tt — Ae'y,

The AS = 0 transitions £~ — Ae™7, and Tt - AeTy,
are related by isospin reflection, and the leading vector
charge vanishes in this pair. In the exact SU(3) flavor limit,
the static coefficients are f{*" = 0 and ¢{"*" = F /2/3, so
the leading transition strength is axial-vector dominated.
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TABLE VI.

Partial decay widths I, branching fractions B, and LFU ratios R, for semileptonic X hyperon decays, compared with

available experimental data and other theoretical results. For theoretical sources that report only branching fractions, the displayed
widths are obtained via I = B/7 using the hyperon lifetimes 75~ = 1.479 x 10710 s, 750 = 7.4 x 1072 5, and 75+ = 0.8018 x 10™10 5
from RPP [66]. The experimental values are taken from RPP [66]; centered dots denote unavailable data, while “Forbidden” denotes

muon modes that are kinematically inaccessible.

(106 s71) B
Method ‘=e ‘=p ‘=e C=pu Ry,
¥~ = nf~v, [Bin units of 107%]
SU@3) IRA [11] 6.88(23) 3.06(10) 10.17(34) 4.53(15) 0.445
LFQM [44] 5.74 2.54 8.49 3.76 0.443
CCQM [50] 6.50 3.15 9.61 4.66 0.485
NR3QM [67] 5.52 2.67 8.16 3.95 0.484
7.00 3.28 10.35 4.85 0.469
QCDSR [39] 6.76(122) 3.20(59) 10.00(180) 4.73(88) 0.473
5.88(95) 2.53(42) 8.70(140) 3.74(62) 0.430
RPP [66] e e 10.17(34) 4.54) 0.442(56)
This work 473 2.17 6.99 3.22 0.460
¥~ = Ae~p, [Bin units of 1077]
SU@3) IRA [11] 0.39(2) 5.73(27)
LFQM [44] 0.39 5.75
CCQM [50] 0.43 6.36
RPP [66] e e 5.73(27) e
This work 0.34 Forbidden 4.98 Forbidden
=t = Aetv, [B in units of 107°]
SU@3) IRA [11] 0.23(1) 1.88(11)
LFQM [44] 0.24 1.92
CCQM [50] 0.26 2.08
RPP [66] e e 2.3(4) e
This work 0.20 Forbidden 1.62 Forbidden
30 — pf~b, [Bin units of 10713]
SU@3) IRA [11] 3.26(43) 1.42(19) 2.41(32) 1.05(14) 0.436
LFQM [44] 2.72 1.18 2.01 0.87 0.434
NR3QM [67] 2.54 1.19 1.88 0.88 0.469
3.22 1.46 2.38 1.08 0.453
QCDSR [39] 3.38(95) 1.59(46) 2.50(70) 1.18(34) 0.472
2.95(78) 1.27(34) 2.18(58) 0.94(25) 0.431
This work 2.22 1.00 1.64 0.74 0.449
¥~ = X%~ o, [B in units of 10719]
SU@3) IRA [11] 2.95(271) x 107° 4.36(401)
LFQM [44] 1.47 x 107° . 2.17
This work 8.49 x 1077 Forbidden 1.26 Forbidden
20 — ¥te~p, [Bin units of 1072]
SU@3) IRA [11] 4.61(432) x 1077 3.41(320)
LFQM [44] 3.65 x 1078 e 0.27
This work 1.17 x 1077 Forbidden 0.86 Forbidden

The two charge channels share the same weak transition
dynamics, and the different rates listed in Table VI mainly
reflect the longer lifetime and the larger available phase
space of the X~ channel.

The leading form factors listed in Table VIII display the
same isospin reflection. With the present phase convention,
the calculation gives f,(0) = +0.001 and g;(0) = —0.562
for £~ — A, and f,(0) = —0.001 and g,(0) = +0.564 for

>t — A,; the two vector charges are numerically consistent
with the symmetry limit value zero. The corresponding
axial-vector ratios are |g;(0)|/|g{"*"| ~0.689 and 0.690,
respectively. The nearly equal ratios show that the two
charge channels have the same axial-vector scale, with the
relative sign fixed by the charge convention. For the
measured £~ — A channel, the RPP average (f1/91)exp. =
0.01 £0.10 [66] and the WA?2 value +0.034 + 0.080 [52]
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TABLE VII.  Our predicted transition form factors at > = 0 for ¥~ — n¢~ 9, and £° — p£~i,, compared with available experimental
information and other theoretical results. The last two columns give the ratios to the static SU(6) reference values, where (f{*", gi*") =

(=1,1/3) for ¥~ = n and (=1/v/2.1/(3v/2)) for 20 - p.

Method 11(0) f2(0) f3(0) 91(0) 9:(0) 95(0)
X" o> nl

LFQM [44] -0.970 0.742 e 0.270 0.007
2 QM [45] —1.000 1.020 0.471 0.220 —0.017 —4.034
CCQM [50] —1.009 0.971 0.055 0.262 —0.078 -2.199
2QSM [47] —1.000 0.960 e 0.270
2CQM [48] —1.000 1.016 0.345 0.314 0.010 -5.155
QCDSR [39] -0.993 1.025 e 0.324
LQCD [35] —0.957(10)
LQCD [29] —0.988(49) 0.841(450) 0.232(122) 0.284(53) —0.349(145) —3.376(1834)
This work —0.929 0.780 0.011 0.218 —0.050 -2.292
ZO d pf_l_/f

LEFQM [44] —0.690 0.524 e 0.190 0.005

QCDSR [39] -0.702 0.725 e 0.229 e e
This work —0.658 0.552 0.007 0.155 —0.035 —1.612
Method f2(0)/f1(0) 91(0)/f1(0) f1(0)1/1/7 | |91 (0)1/ 197" |
T - nl

LFQM [44] —0.765 -0.275 0.970 0.811
2 QM [45] -1.020 -0.220 1.000 0.661
CCQM [50] —0.962 —-0.260 1.009 0.787
2QSM [47] —0.960 -0.270 1.000 0.811
2CQM [48] -1.016 -0.314 1.000 0.943
QCDSR [39] —1.042(90) —0.327(46) 0.993 0.973
LQCD [35] e e 0.957(10) e
LQCD [29] —0.852(454) —0.287(52) 0.988(49) 0.851(160)
RPP [66] —0.97(14) —0.340(17) e e
This work —0.841 -0.235 0.929 0.655
ZO - pbp_l_/f

LEFQM [44] —0.759 -0.275 0.976 0.805
QCDSR [39] —1.042(90) —0.327(46) 0.993 0.970
This work —0.839 -0.235 0.930 0.656

TABLE VIII. Our predicted transition form factors at ¢g> = 0 for £ — A semileptonic hyperon decays, compared with available

experimental information and other theoretical results. The last two columns give f,(0)/g;(0) and g,(0)/g{*", where g{*" = —/2/3
for 27 —» A and ¢ = /2/3 for Z* —> A.

Method f1(0) f2(0) f3(0) 91(0) 92(0) 93(0) 12(0)/9:(0) 91(0)/ g™
2T = Aer,

LEFQM [44] 0 —1.245 e —0.600 0 e 2.08 0.735
7QM [45] 0 —-1.413 —0.052 —0.550 0.129 124.200 2.57 0.674
CCQM [50] 0.002 —1.206 0.016 —-0.633 -0.013 84.446 1.91 0.775
¥QSM [47] 0 —1.240 e —0.600 e e 2.07 0.735
2CQM [48] 0 -1.173 —0.041 —0.646 0.079 140.500 1.82 0.791
RPP [66] 2.4(17)
This work 0.001 —0.722 —0.030 -0.562 0.121 79.981 1.28 0.689
>t = Aefy,

LFQM [44] 0 1.237 e 0.600 0 e 2.06 0.735
QM [45] 0 1.404 0.046 0.550 -0.114 —108.400 2.55 0.674
¥CQM [48] 0 1.165 0.037 0.646 —-0.070 —126.900 1.80 0.791
This work —0.001 0.720 0.028 0.564 —0.119 —79.342 1.28 0.690
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both support a small vector charge contribution. The 2™ —
A channel has no corresponding form factor measurement,
but the same suppression follows from the matrix element
related by isospin reflection.

The weak magnetism term f, is the main vector response
left after the vector charge vanishes. We obtain f,(0) =
—0.722 and f,(0)/g,(0)~1.28 for X~ — A, while
f2(0) =40.720 and f,(0)/g;(0) ~1.28 for " — A.
Our charged channel ratio is compatible with the measured
value (f2/91)exp. = 2.4+ 1.7 [52,66], but the present
experimental uncertainty is still too large to determine
the transverse magnetic strength. Compared with CVC and
other model estimates, the main difference is in the size of
f» itself. Our value |f,(0)]~0.72 is below the CVC
estimate based on octet magnetic moments and also below
the model values around 1.2-1.5 [3,44,45,47,50]. This
smaller weak magnetism strength suggests that the present
valence three-quark calculation with pointlike quark weak
currents may not fully saturate the transverse magnetic
response, leaving room for meson cloud or exchange
current contributions. A more precise measurement of
f2/g; would determine whether the transverse magnetic
response in £ — A is below the CVC estimate.

The remaining terms have two separate roles. The
induced scalar and induced tensor pieces are small, with
f3(0) = —0.030 and g,(0) = +0.121 for X~ — A, and
f3(0) = 40.028 and ¢,(0) = —0.119 for =" — A. They
are SU(3) breaking second class components, and their
contributions to the electron widths are suppressed by
recoil kinematics and the ¢“ contraction. The induced
pseudoscalar form factor is different. In the AS =0 X —
A transitions, the Goldberger-Treiman reconstruction uses
the pion pole rather than the kaon pole of the |AS| =1
channels. The replacement of (m% — ¢*)~! by (m2 — ¢*)~!
in Eq. (58) makes the pole factor larger by about m% /m?2 =~
12 at g> = 0. This gives g3(0) = +79.981 for =~ — A and
g3(0) = =79.342 for £t — A, with the opposite signs
fixed by isospin reflection and the expected pion pole
scale. The X~ — A value is close to the CCQM result
84.446 [50], while the two charge channels stay below but
on the same pion pole scale as the yQM values 124.200 and
—108.400 [45].

3. 5Xe7,and X' - Xte i,

The two transitions inside the X isotriplet are driven by
the same isospin raising weak current /. Their branching
fractions in Table VI are tiny because the mass splittings are
small, with an additional suppression in £° — X* from the
short X0 lifetime. For this pair, the useful comparison is
carried by the form factors rather than by the rates. With the
present phase convention, both channels have f{*" = V2
and i =2v/2/3. At ¢> =0, our calculation yields
f1(0) =1.413 and g¢,(0) =0.671 for X~ — X0 and
£1(0) = 1.414 and g¢,(0) = 0.671 for X — X*. Relative

to the static SU(6) reference values, |f1(0)|/[f}™| = 0.999
and 1.000, while |g;(0)|/|g{*"| 2 0.712 for both channels.
The vector charge is almost fixed at its CVC value, while
the axial-vector charge shows the same relativistic spin
reduction seen in the ¥ — N and X — A channels.

The stable leading form factors preserve the expected
isospin relation, while the subleading form factors require
more caution. The inversion returns the diagnostic central
values f,(0) = 0.154 and 0.153, corresponding to f,/f =~
0.109 and 0.108 for £~ — X0 and X — X+, respectively.
However, the propagated inversion errors of these f,
values, as well as those of f3 and g,, exceed the adopted
resolution criterion in the production run. They are there-
fore marked by daggers in Table IX and are retained only as
diagnostic central values; no quantitative weak magnetism
conclusion is drawn from them here.

C. E hyperon

The = semileptonic channels are separated by the axial-
vector combination and by the available phase space. The
&~ — AZ U, channel contains the small Cabibbo combi-
nation D — 3F, while the 2= — X°/~7, and Z° — Zt¢ 1,
pair carries the much larger D + F axial-vector strength.
The rare AS = 0 channel Z~ Oe~p, is instead a near
threshold isodoublet transition controlled mainly by the
tiny 2~ — E° mass splitting. Table X lists the corresponding
branching fractions and LFU ratios. For 2= — Ae~7,, our
result lies between the current RPP average [66] and the
recent BESIII absolute measurement [109], while our value
for the muon channel is close to the lower side of the broad
RPP average. For the E — X pair, our predictions are
consistent with the RPP values for the two electron
channels and with the available information on the muon
channel [66], and the small R,, values mainly reflect the
narrow phase space near the muon threshold. The rare
2~ — B, channel is strongly suppressed by the tiny
2~ — =% mass splitting and remains far below the current
BESII upper limit [110].

The 2 — X isospin pair carries the large Cabibbo axial-
vector combination D + F. At g*> = 0, the calculation gives
£1(0) =0.689 and g¢,(0) =0.846 for = — X0, and
£1(0) = 0.975 and g, (0) = 1.197 for 2% — X*. The neutral
channel amplitudes are nearly v/2 times the charged channel
amplitudes, showing that the same D + F matrix element is
combined with the expected isospin Clebsch-Gordan factor.
The common ratio g,(0)/f;(0) ~ 1.228 is consistent with
the measured values for the isospin-related channel
20 - ¥+, for which the RPP [66] gives g¢,/f =
1.22 +0.05, and the KTeV [60] and NA48/1 [61] results
are 1.32702) £0.05 and 1.20 4 0.05, respectively.

The Z= - A and E~ — E° channels have different
leading current roles. The E~ — A channel combines
an Ademollo-Gatto protected |AS| =1 vector charge
with the small D —3F axial-vector combination. Here

—
— =
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TABLE IX. Our predicted transition form factors at g> = 0 for © — X semileptonic hyperon decays, compared with other theoretical
results. The last two columns give the ratios to the static SU(6) reference values, where (f§%, i) = (v/2,2v/2/3) for both £~ — X°
and X° — XF. The dagger marks central values for which the helicity amplitude inversion did not satisfy the propagated error criterion in

the production run; these entries are retained as diagnostics and are not treated as numerically resolved form factors.

Method f1(0) 12(0) 13(0) 91(0) 9,(0) 93(0)
¥ - X0,

LFQM [44] 1.410 0.910 e 0.690 0 e
2QM [45] 1.410 0.922 0 0.630 0 —-95.190
xQSM [47] 1.414 0.780 e 0.650 e e
2CQM [48] 1.414 0.518 0.003 0.676 —0.005 —100.850
This work 1.413 0.154 0.170 0.671 —0.115 —-98.566
0 Ttemp,

LFQM [44] 1.410 0.906 e 0.690 0 e
This work 1.414 0.153 0.169 0.671 -0.114 —-97.861
Method 12(0)/£1(0) 91(0)/£1(0) [£1O)|/1f3 91 (0)|/197"|
> = Xy,

LFQM [44] 0.645 0.491 0.997 0.732
QM [45] 0.654 0.447 0.997 0.668
xQSM [47] 0.552 0.460 1.000 0.689
2CQM [48] 0.366 0.478 1.000 0.717
This work 0.109 0.475 0.999 0.712

0 ¥tep,

LFQM [44] 0.643 0.491 0.997 0.732
This work 0.108 0.475 1.000 0.712

f1(0) = —1.165 stays close to the static SU(6) reference
value —+/3/2, while ¢;(0)/f,(0) ~0.249 agrees with the
RPP average (g1/f1)exp. =0.25£0.05 [53,66] and
remains compatible with the BESIII value 0.18 £ 0.07 £
0.02 [109]. The measured g;/f; ratio supports the
small axial-vector scale expected from the D — 3F combi-

nation. For the rare 2~ — E° channel, the vector charge

gives f1(0) =0.999, nearly the CVC value, while
191(0)]/]g7™"| ~ 0.690 follows the axial-vector reduction
discussed above for the other channels.

Among the subleading form factors, the weak magnetism
term f, is where the E — X pair differs most from other
calculations. For 2~ - X% and 2 - X*, we find
f2(0)/f1(0) 2 1.069 and 1.065, respectively. The near
equality of the two ratios shows that the lower weak
magnetism strength is common to the isospin pair, rather
than a difference between the two charge channels. Both
values are below most other central values in Table XI,
which lie around 1.5-2.4, and below the lattice QCD
central value for 2° — X* [31]. The smaller weak magnet-
ism term may be connected with the flavor overlap
structure in Table III. In both E — X channels, the larger
pp overlap contains a scalar spectator pair, whereas the
spin-1A4 component is smaller. The valence three-quark
core may then retain less transverse magnetic strength in
these channels than calculations with additional or effective
magnetic mechanisms. The 2~ — A weak magnetism is

less settled, because f,(0)/f1(0) = —0.216 lies in a model
spread with different signs, and no precise decay distribu-
tion or lattice QCD result is available.

Tables XI and XII also list f3, ¢, and gz for the same
transitions. In the present decomposition, f3; and ¢,
describe the SU(3)- or isospin-breaking second-class
current terms. However, they exhibit substantial discrep-
ancies with predictions from other studies, even differing
in sign. One likely reason is that these two terms are much
smaller in magnitude than the other form factors, so their
precise values are difficult to determine reliably within the
current model framework. In contrast, g; gives the corre-
sponding PCAC pole contribution, which is consistent
with other work.

D. Angular correlation and spin asymmetry parameters

To further understand the weak transition dynamics, we
calculate the angular correlation and spin asymmetry
parameters (a,, oz, a,,ag) for all octet hyperon semi-
leptonic decays. In Table XIII, our numerical results are
summarized and compared with the light front quark model
(LFQM) [44], the 1/N, expansion [6], the SU(3) fit [3],
and available experimental data [58,111]. Since the weak
coupling factor G%|V,,,|* cancels out in these asymmetry
ratios, which are also independent of the initial hyperon
lifetime 7, these observables directly reflect the relative
vector and axial-vector contributions, while a,, a,, and ap
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TABLE X. Partial decay widths I', branching fractions 3, and LFU ratios R, for semileptonic E hyperon decays, compared with
available experimental data and other theoretical results. For theoretical sources that report only branching fractions, the displayed
widths are obtained via T' = B/7 using the hyperon lifetimes 7z- = 1.639 x 1070 s and 75 = 2.90 x 107'° s from RPP [66]. The
experimental values are taken from RPP [66]; centered dots denote unavailable data, while “Forbidden” denotes muon modes that are

kinematically inaccessible.

(100 s7!) B
Method =e C=pu ‘=e C=pu Ry,
B~ — Af" D, [B in units of 1074]
SU@3) IRA [11] 3.34(9) 0.96(2) 5.47(15) 1.58(4) 0.289
LFQM [44] 2.96 0.80 4.85 1.31 0.270
CCQM [50] 3.35 0.96 5.49 1.57 0.287
QCDSR [39] 3.15(45) 0.94(14) 5.17(73) 1.54(23) 0.298
2.85(40) 0.76(11) 4.67(66) 1.24(18) 0.266
BESIII [109] e e 3.60(40)(10) e ce
RPP [66] . . 5.63(31) 3.5(48) -
This work 2.69 0.76 4.41 1.24 0.281
B~ — 2% 7, [B in units of 107°]
SU@3) IRA [11] 0.50(4) 6.59(55) x 10-3 8.12(60) 0.11(1) 0.013
LFQM [44] 0.55 7.47 x 1073 9.00 0.12 0.014
CCQM [50] 0.52 6.70 x 1073 8.52 0.11 0.013
QCDSR [39] 0.48(5) 6.47(73) x 1073 7.80(77) 0.11(1) 0.014
0.47(5) 5.92(67) x 10-3 7.72(86) 0.10(1) 0.013
RPP [66] e e 8.7(17) < 80 e
This work 0.47 6.29 x 1073 7.62 0.103 0.014
20— =+~ 0, [B in units of 1074]
SU@3) IRA [11] 0.87(3) 7.52(34) x 10-3 2.52(8) 0.022(1) 0.009
LFQM [44] 0.94 7.74 x 1073 2.73 0.022 0.008
CCQM [50] 0.93 8.10 x 1073 2.70 0.024 0.009
QCDSR [39] 0.83(10) 7.14(93) x 1073 2.41(28) 0.021(3) 0.009
0.82(11) 6.59(86) x 1073 2.39(32) 0.019(3) 0.008
RPP [66] e e 2.52(8) 0.023(4) 0.0092(15)
This work 0.81 6.98 x 1073 2.35 0.020 0.009
E~ — 2%, [B in units of 1071°]
SU@3) IRA [11] 2.56(146) x 1076 4.2(24)
RPP [66] <259 % 10°
This work 1.77 x 107 Forbidden 2.90 Forbidden

further characterize the correlations between the initial
hyperon polarization and the momenta of the final particles.
At present, direct experimental measurements are available
only for the electron modes of A — p and X~ — n, while
all muon mode observables remain unmeasured.

The two measured channels in Table XIII exhibit
contrasting angular correlations and polarization asymme-
tries. For A — pe~p,, the strong constructive V —A
interference leads to a nearly maximal neutrino angular
asymmetry, a, = 0.978, indicating that the antineutrino
momentum is preferentially directed along the hyperon
spin polarization direction. This prediction agrees well with
the LFQM and 1/N, results, but is higher than the
experimental value 0.72(12) reported by Lindquist ef al.
[111]. Meanwhile, the lepton-neutrino correlation «a,, =
—0.034 is close to zero, reflecting an almost isotropic

opening angle distribution between the electron and anti-
neutrino. In addition, the negative final baryon asymmetry
ap = —0.625 shows that the proton is preferentially emitted
opposite to the initial hyperon polarization. Our prediction
is slightly lower than the central value —0.47(12) reported
by Lindquist ef al. [111]. In contrast, for X~ — ne~v,, the
leading vector and axial-vector form factors have opposite
signs, leading to different angular asymmetries. The lepton-
neutrino correlation a,, = 0.522 and final baryon asym-
metry ap = 0.526 are both positive, while the electron and
neutrino asymmetries are negative (a, = —0.463 and
a, = —0.324), indicating that the leptons tend to be emitted
opposite to the X~ polarization. Our predicted @, = —0.463
and ap = 0.526 agree with the E715 results [58] within
their uncertainties, while our result a,, = —0.324 is slightly
lower than the measured value —0.230(61). Our predicted
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TABLE XI. Our predicted transition form factors at ¢°> =0 for 2~ = X%/~7, and E° —» =*£~0,, compared with available
experimental information and other theoretical results. The last two columns give the ratios to the static SU(6) reference values, where

(f3ue, gia) = (1/v/2,5/(3v/2)) for = — £° and (1,5/3) for E° — X+

Method £1(0) 12(0) 13(0) 91(0) 9:(0) 93(0)
B - X0,

LFQM [44] 0.690 1.296 0.940 0.029
2QM [45] 0.710 1.431 -0.231 0.790 0.147 —15.254
CCQM [50] 0.737 1.770 -0.035 0.885 0.037 —-11.419
xQSM [47] 0.707 1.440 0.820
2CQM [48] 0.707 1.067 —0.153 0.898 0.163 —15.307
QCDSR [39] 0.676(35) 1.394(150) 0.874(48)
This work 0.689 0.737 0.082 0.846 —0.128 —11.535
EO g Zerﬂ_l_/f

LFQM [44] 0.980 1.815 1.330 0.040
QM [45] 1.000 2.011 -0.326 1.120 0.221 —-21.525
CCQM [50] 1.042 2.503 —-0.050 1.252 0.052 —16.150
yQSM [47] 1.000 2.036 1.160
2CQM [48] 1.000 1.498 -0.217 1.270 0.234 —-21.368
QCDSR [39] 0.956(50) 1.971(212) 1.236(68)
LQCD [31] 0.987(19) 1.733(126) —0.071(49) 1.232(37) 0.438(115) —13.960(760)
This work 0.975 1.038 0.115 1.197 -0.179 —16.178
Method £2(0)/£1(0) 91(0)/£1(0) 9,(0)/£1(0) If1 (0)|/‘f§m'| g1 (0)|/\9Tat'|
2 - Eof_l_/f

LFQM [44] 1.878 1.362 0.041 0.976 0.798
2 QM [45] 2.015 1.113 0.207 1.004 0.670
CCQM [50] 2.402 1.201 0.050 1.042 0.751
xQSM [47] 2.037 1.160 1.000 0.696
2CQM [48] 1.509 1.270 0.231 1.000 0.762
QCDSR [39] 1.957(255) 1.293(100) 0.956(50) 0.742(41)
This work 1.069 1.228 -0.186 0.974 0.718
e A7

LFQM [44] 1.852 1.357 0.041 0.980 0.798
7QM [45] 2.011 1.120 0.221 1.000 0.672
CCQM [50] 2.402 1.202 0.050 1.042 0.751
¥QSM [47] 2.036 1.160 1.000 0.696
2CQM [48] 1.498 1.270 0.234 1.000 0.762
QCDSR [39] 1.957(255) 1.293(100) 0.956(50) 0.742(41)
LQCD [31] 1.756(132) 1.248(29) 0.444(117) 0.987(19) 0.739(22)
RPP [66] 2.0(9) 1.22(5) _1,7@%)(5) S
This work 1.065 1.228 -0.184 0.975 0.718

a,, = 0.522 is larger than the LFQM (0.437) and SU(3)
(0.345) results. A direct measurement of «,,, in this channel
would be useful to distinguish different theoretical models.

As for the other decay channels, our predictions show
distinct physical features across different transition dynam-
ics. For the ¥ — Aev transitions, the leading vector charge
f1 vanishes in the isospin limit, so the leading transition is
dominated by the axial-vector current. This leads to a
negative lepton-neutrino correlation a,, ~ —0.41, close to
the pure axial-vector limit —1/3, while the small positive
baryon asymmetry ap ~0.04-0.05 arises mainly from
weak magnetism and recoil effects. In contrast, for
Oe‘De, the vector current dominates, leading to a

—_— —
= - =

strong forward lepton-neutrino correlation «,, = 0.793,
which approaches the pure vector limit +1. For the ¥ —
Y and E — X modes, the constructive V — A interference
leads to large neutrino angular asymmetries (@, ~ 0.84 and
0.99, respectively), showing that the antineutrino momen-
tum is strongly aligned with the initial hyperon polariza-
tion. For 2~ — Ae™7,, the dominant vector contribution
leads to a positive lepton-neutrino correlation a,, = 0.589,
while the constructive V — A interference yields a negative
final baryon asymmetry ap = —0.507.

Isospin symmetry is well preserved in these
angular observables. In the isospin limit, the hadronic
transition form factors of each isospin pair, such as
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TABLE XIL

Our predicted transition form factors at ¢°> =0 for = — A¢"D, and E- — Z%~p,, compared with available

experimental information and other theoretical results. The last two columns give the ratios to the static SU(6) reference values, where

(fye, gat) = (=+/3/2,-1/+/6) for = — A and (1,-1/3) for = — E°.

Method f1(0) £2(0) f3(0) 91(0) 92(0) 93(0)
= - AL D,

LFQM [44] —1.190 —-0.092 s —-0.330 -0.010 cee
2QM [45] —1.220 0.038 0.504 -0.270 —0.005 5.420
CCQM [50] —1.252 -0.162 0.052 -0.332 -0.076 4.111
xQSM [47] —1.225 0.040 cee —-0.260 cee cee
2CQM [48] —1.225 0.244 0.357 —-0.262 —-0.025 4.824
QCDSR [39] —-1.202 —-0.118 cee -0.309 cee cee
This work —1.165 0.252 —0.053 —-0.290 0.057 3.831
B~ - B,

LFQM [44] 1.000 —0.965 cee —-0.240 0 s
7QM [45] 1.000 —-1.137 0 —-0.220 0 41.583
yQSM [47] 1.000 —1.080 cee —-0.270 . S
2CQM [48] 1.000 —-1.129 —-0.002 -0.314 0.004 -57.014
This work 0.999 -0.816 0.120 —-0.230 0.040 41.336
Method £2(0)/£1(0) 91(0)/£1(0) L1 (0)]/1f3] l91(0)]/1g7*|
E_ g Af_ljf

LFQM [44] 0.077 0.277 0.972 0.808
QM [45] —-0.031 0.221 0.996 0.661
CCQM [50] 0.129 0.265 1.022 0.813
yQSM [47] —-0.033 0.212 1.000 0.637
2CQM [48] —-0.199 0.214 1.000 0.642
QCDSR [39] 0.098 0.257 0.981 0.757
RPP [66] cee 0.25(5) e s
BESTII [109] S 0.18(7)(2) . o
This work -0.216 0.249 0.951 0.710
- Eoe_ﬁe

LFQM [44] —0.965 —-0.240 1.000 0.720
2QM [45] —1.137 —-0.220 1.000 0.660
yQSM [47] —1.080 -0.270 1.000 0.810
2CQM [48] —1.129 -0.314 1.000 0.942
This work —-0.821 -0.230 0.999 0.690

—

(X" - n, X0 - p), (- 30 30 X), and (E
¥0, 8% — ¥+), differ only by an isospin Clebsch-Gordan
factor (e.g., 1/ \/§ between X0 — p and X~ — n). Because
this common isospin factor cancels out in the numerator and
denominator of the normalized asymmetry ratios, the
predicted angular observables for each isospin pair are
nearly identical, with minor differences originating mainly
from the physical baryon mass splittings in the phase space
integration.

The finite lepton mass leads to pronounced differences
between the electron and muon modes for certain angular
observables. In all channels with allowed muon modes, the
neutrino angular asymmetry «, is barely sensitive to the
lepton mass, shifting by no more than 0.005. In contrast,
the lepton-neutrino correlation a,, and charged-lepton
asymmetry a, are noticeably affected by the finite muon
mass, where the helicity-flip contributions proportional to
m,% /q* generally reduce their magnitudes. For example, in

X~ — nf"Up, the lepton-neutrino correlation decreases
from a,, = 0.522 in the electron mode to @, = 0.276 in
the muon mode. For the daughter baryon asymmetry ap, its
value is sensitive to the available phase space. In
X~ - nf"v,, ag varies slightly between the electron and
muon modes. However, in 2~ — X%/~ 7,, because the mass
splitting is small (AM ~ 129 MeV), the helicity flip terms
proportional to m}% /q* significantly suppress the asymme-
try, shifting ap from —0.49 in the electron mode to —0.24 in
the muon mode.

Compared with the branching fractions, the angular
correlation and spin asymmetry parameters provide com-
plementary and cleaner information on the weak transition
dynamics. In channels dominated by the leading form
factors f; and g;, these asymmetry observables are par-
ticularly sensitive to their relative magnitude and sign,
while recoil, lepton mass, and subleading form factor
effects are retained in our full numerical calculation.
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TABLE XIII.

Predicted angular correlation and spin asymmetry parameters (a,,, a,, @,, ag) for electron and muon modes in octet

hyperon semileptonic decays, compared with available experimental data and other theoretical predictions. Dashes represent unavailable
values, while “Forbidden” denotes kinematically forbidden muon modes.

Ay Ay a, adp
Method ‘=e =y ‘=e C=pn ‘=e ‘=u ‘=e C=u
A — pf_ljf
LFQM [44] -0.100 —-0.021 0.992 —0.582
1/N,. expansion [6] —-0.03 0.01 0.98 —0.59
Exp. [111] 0.07(12) 0.05(12) 0.72(12) -0.47(12)
This work -0.034 -0.133 0.042 —-0.020 0.978 0.975 —-0.625 —0.455
> — l’lf_ljf
LFQM [44] 0.437 —-0.537 -0.318 0.569
1/N,. expansion [6] 0.34 —0.63 —0.35 0.67
SU(3) analysis [3] 0.345 —-0.603 -0.391 0.685
Exp. [58] —0.519(104) —-0.230(61) 0.509(102)
This work 0.522 0.276 —0.463 -0.337 -0.324 -0.320 0.526 0.457
>0 = ptfo,
LFQM [44] 0.443 e -0.536 e -0.318 e 0.568 e
This work 0.526 0.276 —0.464 -0.335 -0.324 -0.320 0.525 0.456
2™ = Ae7p,
LFQM [44] -0.412 —-0.704 0.645 0.077
1/Ncexpansion[6] —-041
This work —0.418  Forbidden -0.697 Forbidden 0.658 Forbidden 0.049 Forbidden
T = AeTy,
LFQM [44] —-0.404 -0.701 0.647 0.070
I/Ncexpansion[6] _0.41 e
This work -0.410 Forbidden 0.659 Forbidden —-0.694 Forbidden 0.044 Forbidden
> - Xy,
LFQM [44] 0.436 e 0.287 e 0.850 e -0.710 e
This work 0.440 Forbidden 0.284 Forbidden 0.836 Forbidden —-0.699 Forbidden
X0 ¥tep,
LFQM [44] 0.438 . 0.288 e 0.850 e -0.711 e
This work 0.425 Forbidden 0.274 Forbidden 0.836 Forbidden —0.692 Forbidden
= - Abﬂ_l_/f
LFQM [44] 0.531 0.236 0.592 -0.519
l/Ncexpansion[6] 0.60 e
This work 0.589 0.288 0.258 0.150 0.542 0.537 -0.507 -0.404
2 > Zof_ﬁf
LFQM [44] -0.252 e -0.226 e 0.973 e —-0.437 e
This work -0.214 —0.150 -0.170 —-0.093 0.987 0.990 —-0.491 —0.243
EO g ZJrf_l_/f
LFQM [44] —0.248 -0.223 0.973 -0.439
1/N, expansion [6] —-0.14 e —0.11 e 1.00 e -0.52 e
This work -0.211 -0.139 —-0.168 —0.086 0.987 0.990 —0.493 —0.228
E- - 2y,
LFQM [44] 0.793 -0.514 -0.314 - 0.518 .
This work 0.793 Forbidden -0.479 Forbidden -0.307 Forbidden 0.496 Forbidden

Experimentally, although most of the angular correlation
and spin asymmetry parameters (especially for the muon
modes) remain unmeasured, high-precision measurements

are promising with the large data samples of spin-entangled
hyperon pairs at BESIII and the proposed super tau-charm
facility, as well as polarized hyperons at LHCb. These
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future measurements will provide stringent tests of our
theoretical predictions, help pin down the SU(3) flavor
symmetry breaking effects, and offer deeper insights into
hyperon structure and weak decay dynamics.

V. SUMMARY

In this work, we study the semileptonic decays of ground
state octet hyperons within the R3QM. The rest-frame
baryon wave functions and constituent quark masses are
fully determined from the baryon mass spectrum, so the
weak transition calculation introduces no additional free
parameters. From the R3QM helicity amplitudes, we
calculate the decay widths, determine the angular correla-
tion and spin asymmetry parameters, and extract the
complete set of octet form factors f; and g;.

Our calculated branching fractions are consistent with
the available measurements for A - p£~v,, 2= — A7 D,,
and the E — X isospin pair. The main exception is
X~ — nf~v,, where both our electron and muon branching
fractions lie approximately 30% below the RPP averages.
Since the two rates are suppressed by nearly the same
magnitude, the LFU ratio remains close to the experimen-
tal value.

For the leading form factors, the vector and axial-vector
currents play distinct roles. The vector charge f(0) is
protected by the Ademollo-Gatto theorem: in the |AS| = 1
octet channels, its deviation from the SU(3) limit is only
about 3%—-7%. In the AS = 0 near-threshold channels, the
same vector current reduces to the CVC or isospin charge.
The axial-vector form factor g;(0) is far more sensitive to
the baryon wave function structure. Relative to the static
SU(6) reference values, our g; (0) results are suppressed to
about 66%—72% of the symmetric limit. This suppression
originates from the spatial wave function mismatch
between the initial and final baryons, the lower components
of the Dirac spinors, and the mass-dependent Wigner
rotations.

The subleading form factors provide a more discrimi-
nating probe of the weak current structure. The weak
magnetism form factor f, probes the transverse magnetic
response and exhibits pronounced channel dependence: it is
suppressed in A — p and E° — XF, but remains close to
the lattice QCD and RPP values in £~ — n. This pattern
follows directly from the spectator spin content of the octet
wave functions: the scalar spectator pp component yields
only a limited transverse response, whereas the A4 compo-
nent with total spin s, = 1 retains a larger spin recoupling
contribution. The reduced f, strength in scalar spectator
channels identifies A — p and Z° — X7 as ideal channels
to test additional transverse current contributions, such as
meson cloud or exchange current effects. The second-class
form factors f3 and g, trace the flavor- or isospin-breaking
wave function overlap. The induced pseudoscalar form
factor g5 is fixed by the PCAC pole reconstruction, with
kaon pole dominance in the |AS| = 1 channels and a much

stronger pion pole enhancement in the AS=0 X - A
transitions.

For the near-threshold £ — ¥ and 2~ — E° transitions,
the small mass splittings strongly suppress the branching
fractions, while rendering the vector charges clean probes
of the CVC and isospin limits. The present calculation also
provides a unified estimate of the branching fraction scales
for these rare semileptonic channels.

Further experimental measurements of branching frac-
tions and decay distributions, together with high-precision
lattice QCD calculations of octet-to-octet form factors, will
enable stringent tests of our R3QM predictions. For the
form factors, such studies will directly constrain the
channel dependence of f,, the second-class terms f3 and
¢», and the induced pseudoscalar form factor g;. A
comparison with our R3QM results, particularly for f,,
will help clarify how much transverse current strength is
inherently retained by the valence three-quark core, and
whether additional transverse current mechanisms are
required in hyperons. Since such extensions lie beyond
the scope of this work, we plan to expand the present
R3QM framework in future studies by including higher
Fock components, such as five-quark |gggqg) configura-
tions, and to investigate possible nonvalence contributions
to the weak magnetism form factor and the internal
structure of hyperons.
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APPENDIX A: SPIN AND FLAVOR WAVE
FUNCTIONS OF LIGHT BARYONS

In this appendix, we give the spin and flavor wave
functions used in the calculation. We classify them accord-
ing to their S3 permutation symmetry. The p and A
components are antisymmetric and symmetric, respec-
tively, under the interchange of quarks 1 and 2. In the
octet wave function of Eq. (8), these two components are
kept explicit, with separate flavor overlaps and spin
recoupling matrices.

The spin wave functions y are obtained by coupling the
SU(2) spin states of individual quarks, |1) and || ). For the
mixed symmetry S = 1/2 states, the two orthogonal basis
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functions with S, = +1/2 are

L ey -

)/l)/2,1/2 :7§

1),

1
Hipap = _%(Miﬁ + 1

The corresponding states for S, =
flipping all spins as

“241). (Al

—1/2 are obtained by

B = —=(1144) = [LA4)),

V2

1
)(/11/2,—1/2 = %(Mii) + 1)

The p and A spin states correspond to spectator pair spins
s1o =0 and s;, = 1, respectively.

The flavor wave functions are expressed in the same p—1
exchange basis as the spin states, so each flavor component
in Eq. (8) is paired with the spin component of the same
symmetry. For the nucleon states, one has

—201). (A2)

= s )~ ),
¥ = %(thd) ludu) — |duw));  (A3)
P = 7—(|“dd> |dud)),
i 76(|udd> |dud) —2|ddu)).  (A4)
For the X triplet, the p and 4 components are
W = %(\dm (sdu) + |usd) — |sud)),
L= \/% (2ldus) + 2|uds) — |dsu)
— |sdu) — |usd) — |sud)); (AS5)
1
¢§+ = E(|usu> — |suu)),
1= \%6(2|uus> ~lusu) — [suu)):  (A6)
¥ = 5((dsd) = |sdd)).
#h — \%(2|dds> _|dsd) — |sdd)). (A7)

For the isoscalar A, one has

1
= \/—1_2(|usd> + |sdu) — |sud) — |dsu)
+ 2|uds) — 2|dus)),
P = %(\usd) + |sud) — |dsu) — |sdu)). (AB)

For the = doublet, the corresponding components are

Voo =5 () = ).
o = %(Wss} + |sus) —2|ssu)); (A9)
L= ()~ sas).

#h — %ﬂdss} 4 [sds) = 2|ssd)).  (A10)

Using the flavor wave functions given above, the flavor
matrix elements IZCJ in Eq. (36) are calculated. The

operator Fgf " changes the flavor of the jth quark from
g; to gy, and leaves the other two quarks unchanged. For
quark line j = 3, the operator F g’ " does not act on quarks
1 and 2, and commutes with the exchange operator P,.
Since ¢” and ¢ are antisymmetric and symmetric under the
exchange of quarks 1 and 2, respectively, the cross terms
vanish, If - If ¥ — 0. The calculated flavor factors I})

and IL for various decay channels are listed in Table III.

APPENDIX B: TOTAL WAVE FUNCTIONS
OF SINGLY HEAVY AND DOUBLY
CHARMED BARYONS

In the mass spectrum calculation (Sec. II), singly heavy
baryons (q;g,Q with Q = ¢, b) and doubly charmed
baryons (c;c,q with ¢ = n, s, where n denotes a u or d
quark) are also included. In these systems, quarks 1 and 2
define the p-mode Jacobi coordinate, while quark 3 defines
the A-mode coordinate. The three quark spin wave func-
tions are the same as those of light baryons given in
Appendix A. Because the color wave function is com-
pletely antisymmetric, the total spatial-spin-flavor wave
function must be symmetric under the exchange of quarks 1
and 2.

To construct the physical basis states, we first determine
the exchange properties of the flavor, spin, and spatial wave
functions under P,. For a pair of nonidentical quarks
(91 # q»), the antisymmetric and symmetric flavor wave
functions are defined as
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1

ta = —=9019293) = 1929193))

bs = (B1)

(1919293) + 19291953))-

S-S

which satisfy Py = —¢, and 1312455 = +¢g. For an
identical pair (¢, = ¢,), the antisymmetric state ¢, van-
ishes, and only the symmetric state ¢g = |¢;¢»¢3) remains.
Meanwhile, the three quark spin wave functions satisfy

PlZZp/z = _)(,0/2’ P12Z1/2 —|—)(1/2’

Plﬂ%/Z +)(3/27 (B2)
where x3 , is the totally symmetric spin-3/2 wave function.
In spatial space, according to Eq. (14), the states q;(()%%OO)’
\Pg:)%,w)’ and ‘I’%%’lo) are symmetric under P,,, while
010 . .

500 1 antisymmetric.

By combining these spatial, spin, and flavor wave
functions to satisfy the 1 <> 2 permutation symmetry,
the eight basis states for J” = 1/2* are constructed as

[BE.1/2%) = oo™ part .
|B§1’1/2+> = 21)%00 ¢A)(p/2’
|Bf31’ 1/2%) = LI'2(())(())10 ¢A)(/1/2’
B3 1/2%) = Wieo " hard .
|st 1/2%) = \Po(())%oo bsx| A1/2°
|BS’ 1/2%) = Tz%)%oo bsx| A1/2
1BS.1/2%) = Pie' " s} 21/2>
1B5.1/2%) = Wa" bt - (B3)

For singly heavy baryons, ¢, belongs to the flavor
antitriplet 3 (Ag, Ep), while ¢g belongs to the flavor
sextet 65 (ZQ, E’Q QQ). For AQ, EQ, and QQ, the two light
quarks have identical masses, and their wave functions are
expanded in the four A-type basis states |B2,1/2")
(ng = 4) or four S-type basis states |BS, 1/2%) (ng = 4),
respectively. For the Z(, and E, baryons with nsQ flavor
composition, the mass difference m, # m, breaks the
flavor symmetry between quarks 1 and 2, which allows
configuration mixing between the 3; and 6 states.
Therefore, all eight basis states |B2,1/2%) and
|BE, 1/2%) (np = 8) are used to diagonalize the 2,5,
system. For doubly charmed baryons E,. and Q... the two
charm quarks are identical, so only the four S-type basis
states | B, 1/27) (ng = 4) are allowed.

For the JP =3/2% states, because the spin wave
function 3 P is symmetric, the spatial and flavor wave

functions must have the same exchange property under
1 <> 2. The allowed basis states are

00,00)
|BY,3/2%) = lI'(()00 bsx3)2-
10,00)
1B5.3/2*) = o bsis .
p(00.10)
|BS.3/2%) = ¥y ¢s)(3/27
BA,3/2+) = @by s B4
|B3.3/27) =¥ ¢A)(3/2- (B4)
Here, the state |B4,3/2") is present only for Ep (nsQ).

Thus, the basis dimension is ng = 4 for 2f,, and ng = 3 for
X5, Qp, Ei, and QF,.

For heavy baryons with definite exchange symmetry
[AQ7 Z(Q*>7 Q(Q*)7 E‘E‘t‘),
expressed as

and Qgt)], the physical state is

4

BA,1/27) = " edV2(BEL 1/27), (B5)
k=1
4

1BS.1/2+) =" c'|BS. 1/27), (B6)
k=1
3

|BS.3/2%) =Y *|BS.3/27), (B7)

k=1

where the A-type expansion applies to AQ, and the S-type
expansions apply to Z(Q*>, Qg), EE’Z), and Qgt). For the
coupled E5-E, (J* =1/2%) and B}, (J* =3/2%) sys-
tems, the physmal states are expanded in the combined
basis as

4 -0
_E : =0 | pA
- CK.AlBK

k=1

420
2. 1/2%) /25043 e g 1B 1/27),
k=1

(B8)
3

=> CL0|BS,3/2%) + ¢,4| B, 3/2%).

k=1

E5.3/2") (BY)

The mixing coefficients and the mass eigenvalue My are
obtained by solving the eigenvalue equation in Eq. (19).

APPENDIX C: CONFIGURATION
MIXING COEFFICIENTS OF BARYON
WAVE FUNCTIONS

The physical baryon wave functions are obtained by
diagonalizing the semirelativistic Hamiltonian [Eq. (15)] in
the truncated harmonic oscillator basis (N <2, L = 0).
The explicit basis configurations for light octet and
decuplet baryons are defined in Egs. (8) and (12), while
those for singly and doubly heavy baryons are given in
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TABLE XIV. Configuration mixing coefficients of the ground
state baryons obtained with the semirelativistic potential model.

State Coefficients

Light octet: (|BY, ;. 1/2%))
(0.9908, 0.0906, —0.1002)
(0.9940,0.0417,-0.1010)
(0.9959, 0.0202, —0.0880)
(0.9955,—-0.0186, —0.0934)

Light decuplet: (|B]%.3/27))

1M >

A (0.9942, —0.1075)

o (0.9889, —0.1486)

= (0.9825, —0.1863)

Q (0.9754, —0.2202)

A-type (1/2%): (|B/14,2,3,4» 1/2%))

A, (0.9854,0.0963, —0.1388,0.0211)

Ay (0.9909, 0.1259, —0.0458,0.0102)

S-type (1/27%): (\Bf,2~3’4, 1/27))

z. (0.9906, —0.0555, —0.1209, 0.0314)

Q. (0.9783,-0.1285, —0.1602, 0.0260)

2, (0.9979, -0.0337, —0.0533,0.0168)

Q, (0.9881,—-0.1107, —0.1055,0.0143)

B (0.9704,-0.2331, —0.0593, 0.0226)

Q.. (0.9658, —0.2342, —0.1094, 0.0204)

Mixed Ep-2)) (1/2%): A:(|Bly 5.4 1/27)): 82 (1BS 5.4 1/27))

= A:(0.9849,0.0361, —0.1639,0.0217)

$:(0.0353,-0.0017, —0.0027,0.0004)
= A:(—0.0343,-0.0007,0.0094, 0.0027)
S:(0.9844, —0.0930, —0.1425, 0.0286)

=, A:(0.9946,0.0657, —0.0790, 0.0108)
$:(0.0135,-0.0002, 0.0001, 0.0003)

E;) A:(-0.0132,-0.0006, 0.0029, 0.0030)

$:(0.9938,-0.0728, —0.0816,0.0155)
S-type (3/27%): (\B‘f,2~3,3/2+>)

b (0.9806, —0.0820, —0.1782)

Q; (0.9673,—0.1481, —0.2059)

= (0.9953,—0.0485, —0.0840)

Q; (0.9837,-0.1227, —0.1312)

Ep (3/2%): (IBf,5.3/2%):|B3.3/27))

B (0.9741,-0.1161,-0.1938, —0.0007)
= (0.9902, —0.0864, —0.1098, 0.0012)

Appendix B. For the coupled E,-E, and Ef, systems, the

physical states are expanded in the combined A- and S-type
basis due to the color-magnetic spin-spin interaction. In
Table XIV, we collect the configuration mixing coefficients
for all ground state baryons.

APPENDIX D: SPIN-FLAVOR TRANSITION

MATRICES FOR LIGHT OCTET BARYONS
For the active quark line j = 3, by contracting the spin
recoupling tensor (Cj:j:s)aﬁ in Eq. (37) with the single
quark weak current dperator, we define the baryon spin

transition matrix as

00;,3
Sua)y = 0%
ap

(D1)

where 64,6, € {p. A} label the spin components, A/, 4; =
+1/2 are the baryon helicities, and O%; =[O}, ;]
(a,pe{1,]}) denotes the weak current operator of
quark 3.

For y/ /2 the spectator quarks 1 and 2 couple to s, = 0,

so the baryon spin is carried entirely by quark 3. The spin

matrix is then
s (O?T ﬁ)
p = .
oL O

For ;(f /2> the spectator pair has s;, = 1. Using the spin

(D2)

wave functions in Appendix A, one obtains

1w 2 1
30 +301, =304

2 1
204, +10%,

o (D3)
37

Since the weak transition operator acts only on quark 3, it
cannot connect the p and A components with different
exchange symmetries of the (12) spectator pair.
Consequently, the transition matrix elements between the
p and A components vanish,
_ _ Ji3 _ pfi3 _

S,,=8,,=0, Ip; =L, =0. (D4)

For octet baryons, the flavor space {¢4§, ¢§} and spin
space {y| /2 Vi J»} are each spanned by two mixed sym-

metry components. Their direct tensor products form a
four-dimensional uncoupled spin-flavor basis, (¢gr] /20

DX 2 D5 o b33 ;)" In this uncoupled basis, the
transition matrix element for quark line j = 3 factors into
the flavor overlap and spin matrix as Iéf’;S

010;
(¢.o€{p,A}). Since all off-diagonal cross terms between
the p and A components vanish, the total spin-flavor

transition matrix takes a purely block-diagonal form:

s, 0 0 0
. 0 1S 0 0
T/i3 = pp DA s ’ (DS)
0 0 7S, o
0 0 0 IS,

where each diagonal block is a 2 X 2 matrix in baryon
helicity space. The flavor overlap factors 1//;;‘7.3 and Iﬁ’3
depend on the specific decay channel and are collected in
Table III, while the spin matrices S,, and S;; are universal
for all octet-to-octet transitions.
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In the physical baryon states, the flavor and spin wave
functions are coupled into the SU(6) spin-flavor wave
functions ® D g <I)’7)0, and (1370 defined in Egs. (8) and (9).

They are related to the product basis via the transformation

N "y
56.8 P A
X1 )
o | =Rr[ 7 (D6)
o’ Py 1/2
70 !
by /2
with the transformation matrix
| 1 0 0 1
R = 75 01 1 O (D7)
1 0 0 -1

Here, the first row corresponds to the totally symmetric 56
state, while the second and third rows represent the p and A
components of the mixed-symmetry 70 representation,
respectively.

Applying this transformation to Eq. (D5), the spin-flavor
matrix in the (@, g, D5y, @%,) basis is obtained as

C., 0 C_
RT/BRT =1 0 C, 0 [, (D8)
cC_. 0 C.

where the three distinct spin-flavor blocks are defined as

1 i, 1,3

C. =5 (I’S,, + 1;7S), (D9)
1

C, 2(1{];,*su+zf’3s ). (D10)
1 i i

C_=_-(1);’S,, - ;’S,). (D11)

2

Here, C describes the transitions within the symmetric 56
octet states (Pzqq — P3eg) as well as between the 4
components of the 70 representation (®%, — ®%). The
block C gives the transition within the p component of the
70 representation (CI)’;0 - (1)/7’0), where the crossed combi-
nation of flavor and spin factors arises because ®%, pairs
flavor and spin functions with crossed exchange sym-
metries. The block C_ mediates the configuration mixing
transition between ®g¢ ¢ and <I>’710. The off-diagonal matrix

elements between @) and (@, . P5)) vanish identically

because their (12) exchange parities cannot match.
Combining these spin-flavor blocks with the spatial wave
functions of the light octet configurations |BS, 1/2%)

(x =1, 2, 3) in Egs. (8)—(11), we obtain the spatial-spin-
flavor transition factors gﬁ;ﬁ, for quark line j = 3 as

[ = Bsio (k) k) Boo (K K )C
G5 = Bt (k) k) P30 (ko K, )C
Ga* = Wiy (I k) B0 (K . ) C,.

1 = @;a)(k;,,k;)\i%o(k,,,kna,

i3
gl \/ilpooo(k/ ) oo (k. k) C
g,é;‘s = ! 200("' K, )‘iﬂzlooaf )C
NG
ggi’B = ! 200("/ k,)‘Pg)oo(kpvkz)C—v
\/_
o = L (k) k)W kK,
\/_
i | R
gf = =5 [\I’goo(k' k' )Tgoo(kp7kﬁ)cx

+ \PZOO(k,ID’k;l)‘PZOO(kp’kﬂ)C-ﬁ-}' (D12)

Here, ‘i‘i(kp,k,l) and ‘i’f(k;,,k’ ) are the momentum space
spatial wave functions obtained by Fourier transforming the
coordinate space wave functions determined from the

baryon mass spectnlm in Sec. IL
Substituting GLi3 % into the master integral of Eq. (35)

yields the single quark contribution Hy ;Kl. (A7, 43 P;, Py) for
the active quark line j = 3. Because the physical light octet
baryon states are totally symmetric under constituent quark
permutations, each of the three active quark lines j = 1,2, 3
gives an identical matrix element to the total weak current
JV = j 1 J%. Thus, the total hadronic transition matrix
element is given by

Hy<j’f’/113Pt9Pf)
3

3
8 1/2 * 3 1/2
=3 Z Z A / Hz;K (/1fv/1i§Pi7Pf), (D13)
kp=1x;=1

where the factor of 3 arises from the equal contributions of
the three quark lines under the permutation symmetry of the
baryon wave functions.

APPENDIX E: ¢> DEPENDENCE OF HYPERON
SEMILEPTONIC FORM FACTORS

This appendix collects the figures for the ¢> dependence
of the X and E hyperon semileptonic form factors. Figures 3
and 4 show the X hyperon form factors, while Fig. 5 shows
the E hyperon form factors. The A — p form factors are
compared with the lattice QCD results in Fig. 2 in the
main text.
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