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Purely baryonic weak decays of heavy baryons in a Skyrme model
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Purely baryonic weak decays of heavy baryons are investigated within the framework of the Skyrme model.

These decays belong to a new class of unobserved decay channels, which would help us to test the standard
model, particularly potential sources of CP violation in the baryonic sector. By interpreting the heavy baryon as
a bound state of a heavy meson and a baryon (Skyrmion), a direct calculation of the decay process A, — ppn is
performed. The resulting branching fraction is of O(107%), in agreement with previous estimates.

DOLI: 10.1103/6mwr-98zh

I. INTRODUCTION

The search for physics beyond the standard model (BSM)
is one of the central goals of contemporary particle physics.
Among the various possible signatures, new sources of CP
violation are of particular interest, as they may help to explain
the baryon asymmetry of the universe and other fundamen-
tal open problems. While most experimental and theoretical
studies have traditionally focused on mesonic decay channels,
purely baryonic weak decays constitute a complementary and
largely unexplored new class of processes with potential sen-
sitivity to BSM interactions. In this context, the decay of
a heavy baryon into three light baryons provides a novel
probe. Although such processes are conceptually simple, they
capture essential features of baryonic weak dynamics and
have only begun to receive attention in the literature [1,2].
Since the decay modes involve four spin-1/2 baryons, T-odd
triple-product correlations associated with the spins of the
final state particles can be easily constructed. They therefore
represent a promising framework for future investigations of
new physics. Motivated by these considerations, the present
work undertakes a detailed study of purely baryonic weak
decays of heavy baryons within the standard model.

One of the classical approaches to heavy-baryon physics
is provided by the skyrme model within chiral perturbation
theory (ChPT), which offers a low-energy effective descrip-
tion of QCD [3-5] and is primarily formulated to describe
pion dynamics. To incorporate baryonic degrees of freedom,
additional structures must be introduced. Within this frame-
work, baryons emerge as topological solitons (Skyrmions) of
the chiral Lagrangian [6-9]. This soliton picture has proven
effective in describing various baryonic properties, including
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form factors [10,11]. When extended to incorporate heavy-
flavor degrees of freedom [12,13], the Skyrme model further
allows heavy baryons to be interpreted as bound states of a
heavy meson and a soliton [14-16]. This provides a unified
framework for treating both light and heavy baryonic systems.

This paper presents a detailed theoretical study of the
purely baryonic weak decay A, — ppn. Within the bound-
state picture of heavy baryons, the A, baryon is treated as
a composite system consisting of a heavy meson bound to
a soliton. This representation allows the decay rate to be
computed in terms of the relevant hadronic matrix elements
in a controlled and systematic manner. In this context, time-
like form factors associated with the weak current between
nucleon states are required. To obtain these quantities, the
method developed in Ref. [11] is adopted and extended. In
particular, timelike form factors are constructed through ana-
Iytic continuations of numerically determined spacelike form
factors, generalizing the original electromagnetic treatment
to the weak-current case. Using these ingredients within the
Skyrmion framework, the decay rate can be derived and eval-
uated numerically.

This paper is organized as follows. In Sec. II, the basic
building blocks within the framework of ChPT are introduced,
including a brief overview of ChPT, the solitonic description
of baryons, and the construction of baryon form factors in
the Skyrme model. In particular, the timelike form factors
relevant to the weak current are computed. The incorporation
of heavy-flavor degrees of freedom and the interpretation of
heavy baryons within the Skyrme model are then discussed.
Section III presents a detailed analysis of the weak decay
mechanism and the evaluation of the relevant matrix elements.
Numerical results for the decay rates are given and discussed
in Sec. IV. Finally, Sec. V summarizes the main results and
discusses possible future extensions.

II. SKYRME MODEL

This section introduces the interpretation of heavy baryons
in the Skyrme model and presents the building blocks required
for subsequent decay-rate calculations. Since several theoreti-
cal ingredients are involved, a collective overview is provided
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below. For further details, see Refs. [8,9,11,14,16,17] and
references therein.

A. Pion

In the framework of ChPT, quark and gluon degrees of
freedom are integrated out via hadronization, leaving hadronic
fields as the effective degrees of freedom. The basic building
block of the chiral Lagrangian is the chiral field, U(x) =
exp(%), where ¢(x) denotes the pion fields and F}; is the
pion decay constant. The leading-order chiral Lagrangian is

given by £ = FT“ZTr(Z)“UB,LUT).

B. Baryons as solitons in the Skyrme model

Within ChPT, baryonic degrees of freedom can be incor-
porated through the Skyrme model [7,8]. In this approach,
baryons emerge as topological soliton solutions, so-called
Skyrmions, of the chiral field. The Skyrme model extends the
leading-order chiral Lagrangian by introducing a stabilizing
higher-derivative term, known as the Skyrme term [6,7]. This
term prevents soliton collapse and ensures the existence of
finite-energy configurations. For static field configurations,
the corresponding energy functional takes the form

FZ
Loy = - Tr(@,U U™

1 T ¥ Tau Tqv
—I—WTr([U 9, U, UBUIU""U, U'9°U)),
(H

where e is the Skyrme coupling constant. Minimization of
this energy functional yields the classical Skyrmion solution.
The Skyrmion configuration corresponds to a topologically
nontrivial mapping from spatial infinity, compactified as S°,
to the group manifold SU(2). The associated integer-valued
topological charge is identified with the baryon number, es-
tablishing a direct connection between topology and baryon
number conservation in low-energy QCD.

1. Hedgehog ansatz and soliton equation

To obtain explicit finite-energy soliton solutions, a sym-
metric parametrization of the chiral field is required. Imposing
spherical symmetry under combined spatial and isospin rota-
tions naturally leads to the adoption of the hedgehog ansatz

Ur)=explit-tF()], 2)

where t are the Pauli matrices, £ = r/r, and F (r) is the radial
profile function.

Substituting this ansatz into the Skyrme Lagrangian yields
the classical equation of motion for F'(r):

1~2 .2 " 1~ ’ : N2 1 :
Zr + 2 sin“ F |F +§rF + sin2F (F") _ZSIHZF

sin® F sin2F
;.2

0, 3

where 7 = eF,r. This nonlinear differential equation is
solved numerically under the boundary conditions F(0) =

7, F(oco) = 0. The corresponding soliton mass is given by

F (> (1], . sin® F
Mgy = 4w — drrd=|(F)"+2
e 0 2 }’2

1 sin® F [sin® F o
+5—5 s— +2(F)7 |- 4
2 r r

2. Collective quantization of the soliton

The classical skyrmion solution carries topological charge
but lacks definite quantum numbers such as spin and isospin.
To obtain physical baryons, one introduces collective coordi-
nate quantization by promoting the global SU(2) orientation
to a time-dependent variable [8]:

(%, 1) = A() To(x) A7 (1), )
where A(t) € SU(2) and Xy (x) = exp[iF (r) X - ]. Quantiza-
tion of the rotational degrees of freedom in A(z) leads to
wave functions defined on the SU(2) collective space, whose
eigenstates correspond to the nucleon and the A resonance
with definite spin and isospin quantum numbers.

The baryon mass spectrum can be obtained through
collective-coordinate quantization. The moment of inertia of
the Skyrmion is given by

8t [, . , 1 , sin’F
ISkyr = ? A redr sm2F{Fﬂ + 3_2((F/) + 2

(6)
and the nucleon mass takes the form My = Mgy + 8%“
This quantized soliton framework allows systematic com-
putation of baryonic observables such as magnetic moments,
axial charges, and form factors [8,10]. These results exhibit
good agreement with experimental measurements, lending
strong support to the solitonic interpretation.

3. Electroweak form factors in the Skyrme model

The electroweak form factors of baryons can be system-
atically derived following the above mentioned collective
quantization [10]. At leading order in 1/N,, the electric and
magnetic form factors G%/"(¢?) and G%/"(¢?), together with
the axial and induced pseudoscalar form factors G4(g°) and
Gp(q?), obey the relations

1 1 1
Gp 2=—l02—2——l02—2 _b00_2,
2 (q) ZAS[l(q) 32(q)+20(61)
G = ——| 12(=g®) — 212(=g®) | + 2 B0 (=)
E ZAS 1 3 2 2 0 ’
My 2My
G = 3 A b (—¢*) + = 1N(—¢?),
. My 2My
Gy = T b (—¢*) — = (=%,

1
Ga(d?) = —5(2w8°<—q2> — w(—¢%)
1
_ §q2(w(2)0(_q2) + w]2()(_q2))’
aM?

Gr(g") = —

(w3 (—g*) + wi’(—=¢?), 7
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where the A; is the moment of inertia of the soliton and the b,
t, and w functions are given by

2 2 sin? F
to(r?) = 1(?) = (r?) = ZF
1 sin®F[_, sin®F
+ 2 2 Fo rz2 |
1 sin? F
bo(r*) = =— (—F"),
272

5 1 _,sinF 2 sin
wo(r”) = =F,——cosF + —
2 r ez r

F
cos F (F’2 +

F?  4sin’F
wl(rz) = _(77r + @T)F/ (8)

Their momentum-space representations are obtained through
the spherical Bessel transform:

o
™G = 1ql™ / dnrdr julgir) " (%), 9)
0
where j,,(|g|r) are the spherical Bessel functions.

4. Timelike form factor

At this stage spacelike form factors are expressed in terms
of the functions ¢, b, and w, which are defined through the
Skyrme profile function F(r). However, the matrix element
(p, n|j*|0) involves timelike momentum transfer and there-
fore requires the corresponding timelike form factors. This
necessitates an analytic continuation from the spacelike re-
gion to the timelike region. A further complication arises
from the fact that the Skyrme profile function F(r) is deter-
mined by a nonlinear differential equation. As a consequence,
F(r) is known only through numerical solutions and the re-
sulting spacelike form factors do not admit closed analytic
expressions.

In this section, a multipoint Padé approximation of the
form factors is employed to enable a controlled analytic con-
tinuation, following the approach of Ref. [11]. Within this
framework, a systematic procedure is developed to construct
timelike form factors from the corresponding spacelike ones.
The method is then adopted to study the weak-current case
in the present work. The corresponding w functions are in-
troduced to describe the weak-current form factors, whose
explicit expressions will be given below.

To construct the Padé fitting formula, the asymptotic be-
haviors of the functions w are required as input constraints.
These asymptotic forms restrict the admissible functional
structure of the approximation and improve the numerical
stability of the fit. They are obtained by adopting the standard
pion tail for the hedgehog profile, F(r) ~ ge Mzr sinF ~
F, cosF ~ 1, and F'(r) ~ —Mﬂge‘M” For the function

. . . - M”I
wo, the leading contribution derives from 2 F cosF ~ r2
The next-to-leading term comes from * £ cos F(F? + ““ sin Py

. . —Mzr ,—2Mxr 7?M r
which behaves asymptotically as ‘- = <~ Fur_

ther contributions are more strongly suppressed, scahng as
~e~3M=" /r6 and can be neglected at this order. Consequently,

retaining the first two asymptotic terms is sufficient for the
construction of the Padé approximant

—Mxr e—SMr,r
+B

wo(r) ~ A (10)

For the function w;, the leading contribution is given by
—F' ~ ¢ M7 /r, while the next-to- leading term behaves as

sin® F/r2(—F') ~ () () = . Accordingly, the
asymptotic form of w1 is
—M,r 673M,,r
wi(r) ~A +B—
’

Based on these asymptotic behaviors, the fitting functions
used in the Padé approximation can be parametrized as

PDn,(r)
— —Hal , 11
Su®) Za < 0Om(r) o
with m, = n, + p,.
So for the w functions,

(1) wo: two tails ((u1, p1) = My, 2) — my =n; +2),
((u2, p2) = BMy, 4) = my = ny +4);

(2) wy: two tails ((ug, p1) = My, 1) > m; =n; + 1),
((n2, p2) = BMy,5) — my = ny +5).

For the cases considered in this paper, the results can be
further simplified using the Mittag-Leffler expansion due to
the simple pole structure obtained from the Padé approxima-
tion. For each tail component

M —1 m
P, (r) () k P(a)(") Ryj
_— C J (l" — Z) n = _—,
Po(r) ; k;/ ¢ ’ 09 (r) J; r— 24

R.— P’ga)(Zaj)
aj — ( (a))/(z )
m aj

Hence the analytic model becomes

Z%Raje*““". (13)

We insert the fitted function f5 into the definition in
Eq. (9). The resulting expressions reduce to integrals of the
generic form fo dr2<"™ To evaluate these integrals, we
define the function

(12)

Ja(r) =

r—z

o0 e—(){)‘
H(x, B) = /0 p— ﬂdr [Re(x) > 0],

H(a, B) = ¢PEi(ap). (14)
together with the corresponding moment kernels

oo Lk, ,—ar

r X ok
Hia ~2)= | dr = (=1 2 H(a, ~2). (15)
0 r—=z oo

These functions are closely related to the exponential in-
tegral and can be written explicitly in terms of E;. Using
H(a, —z) = e E | (— otz) the higher moments are obtained
as Hi(, —2) = (— 1)Ly [e By (—az)].

With these deﬁmtlons the specific building blocks appear-
ing in the w functions can be constructed straightforwardly.
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(a) wo-function building blocks. The function w, contains two asymptotic tails with u; = M, > = 3M,. For w)’, the

result is
2 m(]U)
W) = %[ZR“”( (o1 = iQ. —21Y) — Hi (ua +i0. ~=7))
=1
+ZR(O) Hy(p2 —iQ, =25)) — Hi(ua2 +iQ, =25 ))} (16)
For w3’, one finds

(0)

3
(Q2)—4n[ZR<0>(2 o [H-1 (11 — iQ, —zﬁg)) H_ (1 +i0, _Zg))]

1
—[Hi (w1 —i0, —le) — Hy(p1 +i0, —Zi(j))]

- 2i0
3
- = 0. <) + ol + 0 _zg<;>)])
m(O)
2 0 3
+ZR(21 2Q3 [H_ (Mz_lQ ZZJ) (H’2+1Q _ZZJ )]
j=1
1
— il = 10.~8)) ~ (s + 10. ~=5))]
— @[Ho(/LQ —iQ, —zzj ) + Ho(p2 + i0, —zgj))])]. a7
(b) wy-function building blocks. Similarly, the function w; has two asymptotic tails, u; = M, u, = 3M,. For w?o, one
finds
m(]])
wi®(Q%) = [ZR(“ Hy(y — Q. —2{7) — Hy (1 +i0. —z{Y))
+ZR(') Hy(pa — iQ, —2) — Hy(na2 + Q. -zg';))] (18)
For w?°, one has

ml 3
w (@) =4”[ZR§E)(2I-Q3 [H-1 (1 = Q. =21])) = Hoa (ua + Q. =217
1
—_— H](/L] i0, le) HI(MI+IQ _le)]

— E[HO( —iQ, —2{\)) + Ho(u1 +iQ, —zﬁ?)])

+ ZR(I)<2 o -1 (2 = 10, ~2) = Ha(ua +i0, =24))]

1
- E[HI(MZ iQ, —Zg)) Hi(u2 +iQ, —Zg))]

3
~ 20 — [Ho(1a — iQ. —25) + Ho(u2 + iQ, —zg))]>i| (19)
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As a result, the individual components of the functions
w admit analytic representations in terms of pole residues
and special functions. This formulation enables a controlled
analytic continuation to the timelike region, implemented by
the replacement Q — iq (¢ > 0), and yields the timelike form
factors required for the decay-rate calculation.

C. Heavy meson

When systems contain both light and heavy quarks, it is
necessary to incorporate heavy-quark symmetry in addition to
chiral symmetry. This requirement leads to the framework of
heavy-meson ChPT [12], which systematically combines the
low-energy chiral expansion with the heavy-quark effective
theory (HQET) expansion [13]. Within this framework, the
heavy-meson field is conventionally defined as

Ha=1+—/{}(
2

where v* is the four-velocity of the heavy meson, P, and
P,,, denote the pseudoscalar and vector heavy meson fields,
respectively, and the subscript a labels the light flavor index.
This field transforms linearly under heavy-quark symmetry
and nonlinearly under the chiral SU(3), x SU(3)g symme-
try. Specifically, under a chiral transformation, H, — H,U,,.
Under heavy-quark spin symmetry, the transformation reads
H, — SH,, with § an element of the heavy-quark spin sym-
metry group. Finally, under a Lorentz transformation A,
H, — D(A)H,D(A)™!, where D(A) denotes the spinor rep-
resentation of the Lorentz group.

The effective Lagrangian for heavy mesons is constructed
to respect both chiral symmetry and heavy-quark symmetry
and is typically written as

Ly = —iTr(H,v,0"H,)

Paﬂy“' _Pay5)7 (20)

i _ . .
+ 3 TrlH,H, vV UT9,U + U8,U )]

n %Tr[HaHb Yoys(UT0'U = U3 U el + -+,
@1)

where the ellipsis denotes higher-order or symmetry-breaking
contributions. The parameter g is the axial coupling constant
of the heavy meson, while fy denotes its decay constant. The
decay constant fy is defined through the axial-vector current
matrix element (0| gy*ysQ |H(p)) =i fyg p*, where Q and g
represent the heavy and light quark fields, respectively, and p*
is the four-momentum of the heavy meson.

D. Heavy baryons as bound states in the Skyrme model

Within the Skyrme model framework, a heavy baryon can
be interpreted as a bound state of a heavy meson and a
Skyrmion. In this picture, the Skyrmion is associated with
the light-quark degrees of freedom, while the heavy meson
encodes the dynamics of the heavy quark. Their interaction
leads to the formation of a bound state that can be identified
with a physical heavy baryon.

Starting from Eq. (21), when the chiral field is replaced by
its classical Skyrmion configuration, the Lagrangian can be

rewritten equivalently as
L= —iTe(H v, 0"H') + %Tr[H;H,; VA (218, )]

+ ST HH, y ys(E 0, Dl + - 22)
where X(x) denotes the static Skyrmion field configuration
and H represents the heavy meson field redefined in the
Skyrmion background. The interaction between the heavy
meson and the Skyrmion then induces an effective bind-
ing potential that governs the dynamics of the heavy-baryon
system.

Solving the corresponding bound-state equation yields the
energy spectrum and wave functions of the heavy baryons.
In the large-N, limit, where the soliton mass scales as M ~ N,
and the heavy-meson mass is treated as static (My — 00), the
relative motion between the heavy meson and the Skyrmion
can be well approximated by a harmonic-oscillator potential.
Within this approximation, the overlap wave function ¢(p)
takes the form

¢(p) = (23)

1 2
) expl—p~/(2y/ b)),
where « is defined as k = g[$[F'(0)]* — 2F""(0)] with g de-
noting the axial coupling parameter and w;, given by u, =
(MyMpg)/(My + Mg), with the My and Mg denoting masses
of the nucleon and heavy meson, respectively.

III. WEAK DECAYS

In this section, a general formulation for the study of
purely baryonic weak decays of heavy baryons is presented.
Specifically, to compute the decay rate of A, — ppn, ' =
[d®|M|?, and the corresponding branching fraction, the
analysis begins with the effective weak Hamiltonian. In
the present case, the effective Hamiltonian can be written
schematically as

G -
Her = —=ViV, @y, (1 — ys)b)dy" (1 — ys)u).  (24)
V2
Subsequently, the decay amplitude is given by
M = (n(p1, s1), p(p2, $2), p(p3, $3)|Heit | Ap(P, 5))
G
= Tgw,bvud (nppld ™ | A, (25)

where the currents are defined as J, = ity, (1 — y5)b and
I =dyr(1 = ysu.

In the bound-state picture, the initial heavy baryons can be
interpreted as

AP, s) = / k $(K)Cy 555l PP, ) |B(ps, 8)),
s',sp
(26)
where Cy g,.; stands for the CG coefficients, the kinematics are
Pt = p'* 4 ph and k = p’ — pg, and the bound-state wave
function is given by Eq. (23). We insert this expansion into
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FIG. 1. Schematic diagrams of the tree-level contributions to the purely baryonic weak decay A, — ppn within the Skyrme-model
framework (a) the factorizable contribution and (b) the nonfactorizable contribution.

the amplitude:

Gr / 3
M=—=V,V, d’k ¢k Cx’ SBiS
75wV E d(k)Cy,

x (npplJJ" |p(p', s))IB(pg. 58))- 27)

The decay amplitude receives contributions from several
Feynman diagrams corresponding to different topologies. In
the present study, attention is restricted to the dominant tree-
level topology, shown on the left in Fig. 1, which captures
the essential features of the baryonic weak decay process.
The nonfactorizable topology, shown on the right in Fig. 1,
involves a multihadron matrix element and does not benefit
from the color-singlet enhancement present in the factoriz-
able contribution. Owing to its more intricate color structure
and nonperturbative dynamics, and since the present work is
intended as a first test of the Skyrme-model application, we
assume this contribution to be suppressed at this stage.

The amplitude corresponding to the leading contribution
implements the spectator approximation for the soliton sector
and factorization for the heavy-meson component. Explicitly,
the spectator approximation implies that the proton in the
initial bound state is identified with the final-state proton,
p(p',s") = p(ps, s3), and the overlap produces a momentum-
spin delta function. Taking into account that the remaining
matrix element can be further factorized, the full matrix el-
ement reduces to

s',sp

(npp|J, JJ" |pB) ~ (p(p3, s3)|p(p, s))
x (n(p1, s1)p(p2. $2)1J™10)
x (0|J.|B(pa, 5B)), (28)

indicating that the proton acts as a pure spectator, while the
weak interaction operates solely on the heavy-meson compo-
nent to produce the (p, n) pair. Consequently,

G

M= "V Y / d*k p(K)Cy 5,5 [2E, 8% (p3 — p)]
V2
X (nplJ"™10){01J,.|B), (29)

where (0|J,,|B) can be expressed in terms of the heavy meson
decay constant (0|J,,|B(pg)) = —ifpq. The vacuum-to-(n, p)
matrix element is expressed in terms of timelike form factors.
A standard decomposition in the timelike region is given by

i
(nplJ™"|0) = ﬁn(P1)|:Fl (@ + MF2(q2)GMVQU

1
2My

—(GA(qZ)J/" + Gp(qz)q")ys]vp(pz).

(30)
Putting all ingredients together, the final expression for the
decay amplitude can be written as

G
_F Vubvud [2Ep3 ¢ (k* )]Cs/,sg 1)

2

x (=i fpq,)i ()T (@ )vp(p2), (31)

M =

with
i
2My

- (GA (@)y" +

F(gH)o"q,
1
2My

The momentum transfer is defined as g = p; + p, and its
relation to the final-state proton momentum pj3 is given by

Al/z(Mib, q*, M})
2My,

I“(¢*) = Fi(¢*)y"* +

Gp(cf)q“) ys.  (32)

M3, + My — ¢

2M,,

Ip3(q?)| = , Ex(¢®) =

3

(33)

where the Killén function is defined by A(x, y, ) = x> 4+ y*> +
22— 2xy — 2xz — 2yz.

After straightforward algebra, the squared amplitude can
be expressed as

G>
IMP? = (f)|Vubvud|2(2Ep3)2|¢<k*>|2f§q2
q ’
2
, 4
2MNGP(q ) 34

X

My Ga(g*) +
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FIG. 2. Real and imaginary parts of the G4 and Gp in the timelike
region as functions of the momentum transfer squared g°.

Then the decay rate can be given:

Tovax 1
r= dq? M(g?))?
/qu q 2MA,,| (gl

L AP, M) A M, M)
25673 M3, t

s 1 G2
:/ 94 S <TF>
qzmn T Ay

X [VasVua > £3 |0 (ke (@) [2E3 (gD
2

2
x [2MyGa(q®) + ﬁ@n(qz)
N

< MM, @ MNP (P My MR, (35)
M3, .q* M)
M3,
matic limits are g2, = (2My)* and ¢2,,, = (Mx, — My)*.

where k, is defined by |k, (¢?)|* = and the kine-

IV. NUMERICAL RESULTS

To perform a quantitative evaluation of the decay width,
the relevant input parameters are specified as follows [18]:

My, = 13497 MeV, M, = 139.57 MeV,
My =938.3 MeV, M,, =5.619 GeV,

Mp = 5279 GeV, Mp: = 5.279 GeV,

Tio (Ap) = 4.48(3) x 107 GeV,

F, =130.2(1.7) MeV,  fp = 190.0(1.3) MeV,
Gr = 1.166 x 107 GeV~2,

Via = 0.97349(16),  V,;, = 0.003732F0000032,
e=4.84, g=0.54(3),

where e is the Skyrme coupling constant and g is the axial
coupling constant.

Figure 2 shows the axial-vector and pseudoscalar form
factors G4 and Gp as functions of the momentum transfer

14
12}
£ o]
(5]
O gt
S
2 6
— | [
SRS
2.
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FIG. 3. Differential decay rate as a function of the momentum
transfer squared ¢°.

squared ¢? in the timelike region obtained in this work. As
shown in the figure, the real parts of G4 and Gp provide
the dominant contributions in the considered ¢ region, while
the corresponding imaginary parts remain relatively small
throughout the range studied here. It should be noted that
the present numerical results are still influenced by several
computational approximations. In particular, the analytic con-
tinuation of the form factors is implemented using the Padé
approximation, whose pole structure depends on the order of
the approximation and may affect the behavior of the imag-
inary parts in the timelike region. In addition, only relatively
low-order Padé approximants are adopted here for illustration,
mainly to demonstrate the basic structure of the method and
the numerical stability of the procedure.

Using these inputs, the decay width is evaluated nu-
merically, leading to the corresponding branching frac-
tion B(A, — ppn) = (1.10 £0.27) x 107®. Here the un-
certainty only reflects the numerical inputs used in the
calculation. Additional theoretical uncertainties from the
large-N, approximation (1/N,) and the heavy-mass expansion
(1/Mp) should also be understood, although they are not dis-
played explicitly for clarity.

Figure 3 illustrates the differential decay rate as a function
of the momentum transfer squared ¢, evaluated using the
central values of the input parameters. As shown in the figure,
the differential decay rate exhibits an enhancement near the
kinematic end point. This sharp increase is mainly driven by
the kinematic structure of the three-body phase space, together
with the momentum dependence of the form factors in the
timelike region. In the present framework, the momentum
transfer is largely determined by the transition of the heavy
baryon into the pp system. As a result, the available phase
space is concentrated in the region of relatively large g%, which
naturally enhances the differential decay rate near the upper
end of the g spectrum.

A comparison with previous studies [1,2], which give a
typical branching fraction B ~ 2 x 1079, is illuminating. The
result obtained here agrees with the previous estimates of
O(107%), but the center value is approximately half of the
previous one. This difference may suggest that additional
mechanisms could play a role in the decay process. However,

015204-7



CHAO-QIANG GENG AND CHAO HAN

PHYSICAL REVIEW C 114, 015204 (2026)

the present calculation should be regarded as a preliminary
attempt and a more refined analysis is required to clarify the
origin of this discrepancy.

Following the same method, the present framework can be
extended to other purely baryonic decays involving additional
flavors, such as A, — ppA, where the A baryon is treated
as a bound state of a kaon and a skyrmion [19]. In particular,
the heavier mass of the A baryon reduces the available phase
space and suppresses the decay rate, so that the branching
fraction is expected to be smaller than that of the ppn mode.
This expectation can be compared with recent experimental
progress. A preliminary result reported by the LHCb collab-
oration indicates that the branching fraction of Ag — ppA is
estimated to be B(Ag — ppA) ~ 0.8 x 107° [20], which is
smaller than previous theoretical expectations at the level of
3 x 1079,

In addition to the branching fraction and the invariant-mass
distribution, an angular analysis of A, — ppn could provide
more differential information on the structure of the decay
amplitude. This is especially relevant for the present chan-
nel, since the final state contains three baryons and therefore
has richer kinematic configurations and spin-correlation struc-
tures than conventional two-body decays. A future angular
analysis may reveal suppressions or enhancements of specific
helicity or angular-momentum components that are otherwise
hidden in the total rate. It may also help clarify the threshold
enhancement observed in the invariant-mass distribution. In
this way, one may investigate whether the threshold behavior
is dominated by specific angular-momentum configurations
of the baryon-antibaryon subsystem or by particular helicity
amplitudes. The same angular information is also relevant
for possible BSM searches. Compared with simpler two-body
decay modes, the three-body baryonic final state provides
a richer angular environment in which nonstandard helicity
patterns, polarization structures, or CP-sensitive correlations
may be probed more directly. A particularly suitable class
of observables for the present process is provided by triple-
product correlations. For example, one may construct Cy =
Sa, - (Pp x pp) or analogous correlations involving the polar-
ization vectors of the final-state baryons. The corresponding
asymmetry can be defined as Ay = %. More
generally, C;y may be replaced by a scalar triple product of
the form ¥ - (U, x U3), where the vectors denote momenta
or spin-polarization vectors. Such observables are sensitive to
interference among helicity amplitudes and can provide useful

probes of the spin and phase structure of the decay amplitude.
A quantitative prediction of the corresponding standard-model
angular coefficients requires a dedicated treatment of the full
spin-dependent angular distribution, which goes beyond the
present model calculation. To the best of our knowledge, an
evaluation of the complete set of SM angular coefficients for
this specific baryonic mode has not yet been performed in the
literature. We leave such a calculation to follow-up work.

V. CONCLUSION

In this paper, the purely baryonic weak decay of a heavy
baryon is investigated within the Skyrme model. In this frame-
work, the heavy baryon is treated as a bound state of a
heavy meson and a soliton. In particular, the decay channel
Ap — ppn is studied in detail. Employing the large-N, ap-
proximation, the leading contribution to the decay amplitude
arises from the spectator mechanism, under which the rele-
vant hadronic matrix elements factorize into a set of tractable
components. The corresponding matrix elements are derived,
leading to an explicit prediction for the branching fraction.
It turns out that our result is approximately half of the pre-
vious estimate, which calls for a more detailed investigation
in future studies. The present calculation provides only a
rough estimate, as it is restricted to the leading contribution
in the large-N, expansion, and relativistic effects such as those
discussed in Ref. [21] are not included. These ingredients may
influence the soft and near-threshold dynamics. The present
framework can also be extended to include additional flavors
and to study other purely baryonic decay modes such as
Ap — ppA. These may provide useful guidance for future
theoretical studies and experimental searches for purely bary-
onic decays.

ACKNOWLEDGMENT

This work is supported in part by the National Natural Sci-
ence Foundation of China (NSFC) under Grant No. 12547104.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further information
or data should be sent to the authors.

[1] C. Q. Geng, Y. K. Hsiao, and E. Rodrigues, Exploring the
simplest purely baryonic decay processes, Phys. Rev. D 94,
014027 (2016).

[2] Y. K. Hsiao, C. Q. Geng, and E. Rodrigues, Baryon decays to
purely baryonic final states, Sci. Rep. 9, 1358 (2019).

[3] S. Weinberg, Phenomenological Lagrangians, Physica A 96,
327 (1979).

[4] S. Weinberg, Nuclear forces from chiral Lagrangians, Phys.
Lett. B 251, 288 (1990).

[5] S. Scherer, Introduction to chiral perturbation theory, Adv.
Nucl. Phys. 27, 277 (2003).

[6] T. H. R. Skyrme, A non-linear field theory, Proc. R. Soc.
London Ser. A 260, 127 (1961).

[7]1 T. H. R. Skyrme, A unified field theory of mesons and baryons,
Nucl. Phys. 31, 556 (1962).

[8] G. S. Adkins, C. R. Nappi, and E. Witten, Static properties
of nucleons in the Skyrme model, Nucl. Phys. B 228, 552
(1983).

[9] Y.-L. Ma and M. Harada, Lecture notes on the skyrme model,
arXiv:1604.04850 [hep-ph].

[10] E. Braaten, S.-M. Tse, and C. Willcox, Electroweak form fac-
tors of the Skyrmion, Phys. Rev. D 34, 1482 (1986).

015204-8


https://doi.org/10.1103/PhysRevD.94.014027
https://doi.org/10.1038/s41598-018-37743-9
https://doi.org/10.1016/0378-4371(79)90223-1
https://doi.org/10.1016/0370-2693(90)90938-3
https://doi.org/10.1007/0-306-47916-8_2
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0029-5582(62)90775-7
https://doi.org/10.1016/0550-3213(83)90559-X
https://arxiv.org/abs/1604.04850
https://doi.org/10.1103/PhysRevD.34.1482

PURELY BARYONIC WEAK DECAYS OF HEAVY BARYONS ...

PHYSICAL REVIEW C 114, 015204 (2026)

[11] P. Alberto, A. Drago, A. Mangoni, S. Moretti, and S. Pacetti,
Analytic continuation of nucleon electromagnetic form factors
in the time-like region, J. Phys. G: Nucl. Part. Phys. 48, 085007
(2021).

[12] M. B. Wise, Chiral perturbation theory for hadrons containing
a heavy quark, Phys. Rev. D 45, R2188 (1992).

[13] A. V. Manohar and M. B. Wise, Heavy Quark Physics (Cam-
bridge University Press, Cambridge, UK, 2000), Vol. 10.

[14] E. E. Jenkins, A. V. Manohar, and M. B. Wise, The baryon
Isgur-Wise function in the large-Nc limit, Nucl. Phys. B 396,
38 (1993).

[15] E. E. Jenkins, A. V. Manohar, and M. B. Wise, Baryons con-
taining a heavy quark as solitons, Nucl. Phys. B 396, 27 (1993).

[16] H. Weigel, Chiral Soliton Models for Baryons (Springer, Berlin,
2008), Vol. 743.

[17] G. Holzwarth and B. Schwesinger, Baryons in the Skyrme
model, Rep. Prog. Phys. 49, 825 (1986).

[18] S. Navas er al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[19] C. G. Callan and I. R. Klebanov, Bound-state approach to
strangeness in the Skyrme model, Nucl. Phys. B 262, 365
(1985).

[20] R. Aaij et al. (LHCb Collaboration), Observation of the charm-
less purely baryonic decay A) — App, , arXiv:2605.04348

[21] X.-D. Ji, A relativistic Skyrmion and its form factors, Phys.
Lett. B 254, 456 (1991).

015204-9


https://doi.org/10.1088/1361-6471/abfbc2
https://doi.org/10.1103/PhysRevD.45.R2188
https://doi.org/10.1016/0550-3213(93)90257-P
https://doi.org/10.1016/0550-3213(93)90256-O
https://doi.org/10.1088/0034-4885/49/8/001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1016/0550-3213(85)90292-5
https://arxiv.org/abs/2605.04348
https://doi.org/10.1016/0370-2693(91)91185-X

