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We analyze the two purely isospin-violating decays A, — Z0¢ and A, — Z°J /y, proceeding merely via

the exchange topologies, in the framework of the perturbative QCD approach. Assuming X° baryon
belongs to the idealized isospin triplet with quark components of usd, the branching ratios of the two decay
modes are predicted to be tiny, of the order 1078 — 107°, leading to difficulty in observing them. We then
extend our study to include the X — A mixing. It is found that the mixing has significant effect on the
A, — Z decays, especially it can greatly increase the rate of the J/y process, by as much as two orders of
magnitude, yield 1077, which should be searchable in the future. We also estimate a set of asymmetry
observables with and without the mixing effect, which will be tested in coming experiments.
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I. INTRODUCTION

Isospin symmetry is an approximate symmetry in the
Standard model (SM) which has been widely used in the
phenomenological analysis of heavy quark decays. For
example, the amplitudes for the family of B — Kz decays
are expected to obey a quadrilateral relation imposed by
isospin symmetry [1-4], which allow us to constrain the
SM parameters, and to look for signs of new physics (NP).
Based on isospin arguments, the difference between the
direct CP asymmetries for the modes B* — K* 7" and
B — K7~ are expected to be zero at the leading order in
the SM [5], as the two decays differ only by the spectator
quark. Nevertheless, a nonzero CP asymmetry difference
with a significance of more than six standard deviations (o)
was observed in the latest measurements of LHCb [6],
suggests a violation of the strong isospin symmetry may
beyond the SM expectation, which was referred to as the
longstanding “Kz puzzle” [7-11].

To resolve above puzzle, a sizeable electroweak (EW)
penguin contribution, offering an attractive avenue for new
particles to enter, will be requested [12—16]. In the beauty-
hadron decays aspect, the EW penguin contributions are
usually overshadowed by the larger QCD penguins. For this
reason, it is of particular interest to consider those purely
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isospin-violating decays, in which the isospin-conserving
QCD penguin amplitudes do not contribute at all.

The representative examples in hadronic B meson decays
are the B; — (11,1, ¢)(x, p) modes [17-19], whose branch-
ing ratios were predicted to be relatively small in the
SM, of order 1073-10"7 [20-30]. The inclusion of NP
effects [31-34] in EW penguin greatly increases their rates
by an order of magnitude with respect to the SM pre-
dictions, making these decays are interesting for LHCb and
future B factories searches. Up to now, only the 40 evidence
for BY — ¢p° was seen by LHCb with a branching fraction
of (2.7 +0.8) x 1077 [35], which is compatible with its
SM expectation albeit still with a significant uncertainty.
This consistency leaves little room for NP contributions
and motivates us to explore further information from other
hadronic decays which are also sensitive to EW penguin
contributions.

In the b-baryon sector, the similar promising processes
are the A, — X%, X%/ /y decays, which received less
attention in the literature. Since A, is an isospin singlet
while the final state have total isospin [/ =1, these
processes thus also fully break isospin symmetry. Their
amplitudes receive contributions from the tree and EW
penguin operators, which are isospin-violating. By contrast
for the QCD penguin operators, which preserve isospin
symmetry, do not affect these processes. In the SM, isospin
violation arises from the quark mass difference m, — m,
and from electromagnetic corrections [36]. In this case, the
QCD-penguin operators can contribute through the isospin-
conserving amplitudes if the X — A mixing under strong
isospin-symmetry breaking is permitted [37].

The factorization approach (FA) and the diquark approx-
imation failed in describing such purely isospin-violating
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decays because the A, — X transition is forbidden
due to the orthogonality of the A, and X° spin functions.
They can only proceed via the exchange diagrams, thus the
observations of them would provide valuable information
on the role of exchange topologies in b-baryon weak
decays. This poses serious challenges to precise theoretical
calculations based on factorization. However, FA is not
necessary in the perturbative QCD (PQCD) approach [38].
Except for the factorizable diagrams, one can valuate all
relevant Feynman diagrams including the exchange
topologies in a self-consistent manner. In PQCD factori-
zation [39], the decay amplitude for a exclusive process is
obtained as a convolution of a perturbative kernel and the
nonperturbative hadronic light-cone distribution ampli-
tudes (LCDAs). After summing the large logarithms
associated with parton transverse momenta, the PQCD
formalism with Sudakov suppression can give converging
results and have predictive power. Therefore, it can serve
as a useful tool for investigating the heavy bottom
decays [22,40—44]. Inspired by the success of the PQCD
approach in various weak decays of A, baryon [45-55], in
this work we shall perform a phenomenological analysis
of the above two purely isospin-violating decays and
explore the exchange topological contribution inside.
The ¥ — A mixing effects in the two reactions are also
investigated.

The rest of the paper is organized as follows. We briefly
review the LCDAs, kinematics, and the X — A mixing
phenomenon in Sec. II. The numerical analysis including
the results for the decay amplitudes, branching ratios and
various asymmetry parameters are presented in Sec. III.
Section IV is reserved for a summary and conclusions.
Finally, we give the explicit expressions of the factorization
formulas in the Appendix.

II. THEORETICAL FRAMEWORK

A. Light-cone distribution amplitudes

The LCDAs are primary nonperturbative quantities for
calculating the heavy baryon decays based on the PQCD
approach, which can be constructed via the nonlocal matrix
elements. We now summarize the definitions of the LCDAs
for the initial and final states.

Heavy baryons containing a b-quark can be regarded as a
system of an effective heavy quark and a pair of light
quarks with aligned helicities, called diquark in the heavy
quark limit. The heavy quarks are nonrelativistic particles
which decouple from the diquark in the leading order
of the heavy quark mass expansion. The investigation of
heavy-baryon distribution amplitudes has made brilliant
progress [56-61] since the complete classification and
renormalization group equations (RGE) that govern the
scale-dependence are presented [57]. Following Ref. [58],
the A, baryon LCDAs up to twist-4 accuracy in the
momentum space is defined by

1
8N,

+ Y )M (2, x3)75CT] g A (D) s
(1)

where A, (p) is the spinor of the A, baryon with on-shell
momentum p and a, f3, y are Dirac indices. The variables x,,
x5 are the momentum fractions carried by the quarks u, d,
respectively. N, is the number of colors. C is the charge
conjugation matrix with the properties C}/ZC‘1 = —y, and
CyIC™! = y5 and the superscript T indicates a transposition
in the spinor space. The color antisymmetrization, which is
needed to form a color singlet, is not written out explicitly

(P, gy (60 1) = o LI (W) M (2. 63757

but implied. The two couplings fE\lb'z) are expected to be
equal due to a nonrelativistic constituent quark picture of the
A, [57]. For their numerical values we quote the result
in [51]: £~ £ =y, = 0021 £0.004 GeV?, at the
scale 4 =1 GeV. M| and M, are the chiral-even and
-odd projectors, respectively, which read

M (xp,x3) = %TT(%,&) + gq'?(xz’%)’
My () = oW, (3 5) + Ly (1 m3). @)

V2 V2

where n = (1,0,07) and v = (0, 1,07) are dimensionless
vectors on the light cone, satisfying n - v = 1. The above
definition indicates the daughter baryon momentum is along
the n direction in the massless limit. Several asymptotic
models for the various twist LCDASs, in which the twist is
indicated by the subscript numbers, have been proposed in
Refs. [56-58] and summarized in Ref. [51]. We adopt the
exponential model, whose explicit expressions can be found
in the previous work [51,53,54] and shall not be repeated
here. The twist 2 and twist 4 LCDAs are symmetric under
exchange of x, and x3, while the two twist 3 ones do not
have any definite symmetry but satisfy W3~ (x,,x3) =
W3 (x3.x,) because of the isospin zero condition for the
diquark.

Similar to the A° case, the nonlocal matrix element
associated with the X° baryon is decomposed into three
terms to leading twist accuracy:

T P O lrs2(p 0 )

+ (75 2], K )

+ (i6,,p" C) g, [r'rsZ(p)] @7 (Kj. 1) }.
o)

with 6,, = i[y,.7,]/2. Z(p’) is the X baryon spinor that
satisfies the Dirac equation p'X(p’) = msX(p') with

(¥s)apy (ki 1) =
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momentum p’ and mass my. ®Y, ®* and ®7 are the
vector, axial-vector and tensor structure LCDAs, respec-
tively. Their explicit expressions have been studied using
QCD sum rules [62-65] and lattice QCD [66-68].
Quite recently, the one-loop perturbative contributions
to LCDA of a light baryon has been derived in

|

large-momentum effective theory [69], which provides
a first step to obtaining the LCDA from first principle
lattice QCD calculations in the future. In this work, we
adopt the Chernyak-Ogloblin-Zhitnitsky (COZ) model
for the X° baryon LCDAs at the scale u =1 GeV
proposed in Ref. [62]

OV (x), x5, x5) = A2 5husy[0.3(x5 + x3) + 0.14x2 — 0.54x)x; — 0.16x] (x} + x4)],

DA (x), ¥y, Xy) = —42f5¢h,s,[0.06(x2 —

x2) + 0.05(x, — x5)],

O (], xy, x5) = 421 Leh 5, [0.32(xF + x57) + 0.16x7F — 0.47xhxy — 0.24x] (x, + x5)], (4)

where ¢, (], X3, x3) = 120x] x3x5 denotes the asymptotic
form at infinitely large scales. It can be seen that the
LCDAs at the scale 4 = 1 GeV differ greatly from their
asymptotic forms. It is easy to observe that ®¥ and ®7 are
symmetric under permutation of u and d quarks, but ®* is
antisymmetric under the same operation. These symmetry
properties are completely opposite to those of the A°
baryon. The normalization constant f(zn are defined in
such a way that [62]

/ (dr)ovT) = £, (5)

with the integration measure for the longitudinal momen-
tum fractions:

1
/ [dx] = A dx, dx,d,d(1 = Xt — Xy — %), (6)

whT(y.b) = Ty

- 22N,
y'(y,b) = 2\2’%
_
- 22N,

v (v.b)

with m, being the charm quark mass. y is the charm quark
momentum fraction with the shorthand y = 1 — y, while b
is the corresponding transverse momentum in the b
space. We take the shape parameters @ = 0.6 GeV for
J/w [71,72]. NIV are the normalization constants and
obey the normalization conditions

| i
LTVt ,Od — v . 9
v = s ©)

me _[(y=7\?
Wil "=

0) 2yy
me _[(y=y\?

-y 2—_
@ yy

NY[1+ (y =) exp{—n:;yy[();;;)z

NETyy exp{—

NGy —y)zexp{

|
The ¢ function enforces momentum conservation. Their
values are fixed to be fy = 0.51 x 1072 GeV? and fL =
0.49 x 1072 GeV? [62].

For the J/w meson, the longitudinally and transversely
polarized LCDAs up to twist-3 are defined by the following
expansion [70]

¥, = \/2ITC(mV¢Ly/L +drdw’),
Yy = %N (mydry" + drdw’”). (7)

where my, g, and €, r are the mass, momentum, and
polarization vectors of vector meson, respectively. The
expressions of various twists w7V have been derived
[71-73] based on the harmonic oscillator wave functions
potentials.

+ wzbz] } (8)

|
The longitudinal (L) and transverse (7)) polarizations
LCDAs for the vector ¢p meson are written, up to twist 3,
as [74-76]
1
N,

O (y) = [myd Ly (y) + drddy (y) + mydy, (v)],

-3

O (y) =

Nop (mydrdy (v) + drddi ()

+ imVeﬂypGySyyeTuUpnod)t\l/ (yﬂ’ (10)
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respectively. Here, we adopt the convention €% = 1 for the
Levi-Civita tensor e#*7°. The leading-twist distribution ampli-
tude is conventionally expanded in Gegenbauer polynomials,

(T)
A1) = T =l + a3y - 1)
+dP3(502y - 12 - 1)/2], (11)

where the values of the Gegenbauer moments and decay
constants for the ¢» meson are taken as [76,77]

d\,=at, =0, a},=0.18+0.08, a3, =0.14£0.07,
fp=(215£5)MeV, f]=(186+9) MeV. (12)

As for the twist-3 ones, we adopt the asymptotic form:

3fv 3£V

(/(y):2\/m(2y_l)27 ¢{/(y):_2\/m<2y_1)7
)= gl (231 $400) == (v =)
(13)

B. PQCD FORMALISM

As mentioned above, the QCD penguin operators do not
give contributions to the purely isospin-violating decays, so
the related effective Hamiltonian can be written as [78]

G
Har = % (&1, 0010) + C20008(0)
10
=360k ) + He. (14)
=7
where &,;) = VL,(,),,VZ([)_Y represent the product of the

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
O, are the so-called current-current operators and
0,_,9 are EW penguin operators, read as

Oy = ity (1 =ys5)bs @ 557" (1 = 5)uy,
Oy = ey, (1= 75)ba ® Spr*(1 = v5)up,
3_ _
0, = Esﬁy”(l - Ys)b/} ® Zeq’q/ayﬂ(l +75) 40
q/

3_ _
Os = Esﬂyﬂ(l ~75)be ® %:eq,qjly”(l + ys)q’ﬁ,

3 _
Oy = isﬁYy(l —75)by ® zq;eq/q;y”(l —¥5)q0

3. _
01 = 551u(1 = 75)by ® ;eq/qay”(l =75)qp  (15)

with @, f being colors. The sums over quark flavors in
Eq. (15) run over u, d, s, ¢, and b for the b hadronic decays.
C;(u) are the corresponding Wilson coefficients at the
renormalization scale y, which describe the strength with
which a given operator enters the Hamiltonian.

At leading order in a, expansion, the A;, — X%¢ decay at
quark level occur via the exchange topological diagrams
involving two hard gluon exchange in PQCD demonstrated
in Fig. 1. The first two rows are classified as E-type
exchange diagrams marked by E;; with i =a— f and
j = 1-7. The first diagram in the third row is the E-type
three-gluon one labeled by E; with j = 1-4. The last two
topologies, denoted by B;; with i = a, b, and j = 1-4, can
be obtained from the E-type diagrams by exchanging the
two identical strange quarks in the final states. Note that the
s5 pair must attach two gluons to form a color singlet ¢
meson, so only four diagrams contribute to each topology.
As for the A, = XJ/y decay, the E-type diagrams are
forbidden while B-type diagrams can contribute to the decay
by substituting s5 — cc¢ in Fig 1. Now, the decays ampli-
tudes can be derived from these diagrams by inserting
the four-quark operators shown in Eq. (15). To match the
fermion flows of the diagrams, one must perform the
Fierz transformation to the penguin operators, then both
(V—A)(V—-A)and (S — P)(S + P) amplitudes contribute
to the considered decays.

To derive the decay amplitudes one has to specify the
kinematics of initial and final states. Within the A, rest
frame, two final states flight back to back. The A,
momentum satisfy p = % (1,1,07) with M being the A,

baryon mass in the light-cone coordinates. One may further
choose the two daughter particle momenta as

M M

/:— :—1— +,1— _,0 ) 16
"= q ﬂ( [T 1=17.07), (16)
such that the =¥ travels in positive and the vector meson in
negative direction on the light cone. These choices are
consistent with the definitions of the LCDAs in the
previous subsection. The on-shell conditions p"? = m3

and ¢*> = m?, for the final-state hadrons lead to

(f".f7.0r).

1
rr=s(1-R+REJu-R+Ar-43). (7

with the mass ratios ryy = myy /M.

For the vector meson, the longitudinal and transverse
polarization vectors (e, 7) can be determined by the
normalization and orthogonality conditions as

1
V20 -0 -1
er = (0,0,17). (18)

(S =L1=f7.0g).

€r
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FIG. 1. W exchange diagrams for the decay A, — Z%¢. The first two rows are called E-type diagrams marked by E; jwithi=a—f
and j = 1-7. The first diagram in the third row is the three-gluon E-type marked by E,; with j = 1-4. The last two diagrams can be
obtained from the W exchange diagram by exchanging the two identical strange quarks in the final states.

For the evaluation of the hard kernels, we need define eight valence quark momenta inside the initial and final states,

which are parametrized as

M M M M
ky = (7-2-,7_2‘)61,1(17), kys = (Qﬁxzs,kzr,w), Kip3 = <7§f+x’1‘2’3,0, kllT,ZT,ST)’

G = (%y@)a —fﬂ%y@)(l ). <—>qT).

Here we keep the parton transverse momenta kgT) and qr to
smears the endpoint singularities. Both longitudinal and
transverse momenta are subject to the momentum con-

servation constraints

ixg/) =1,
=1

By using H, in Eq. (14), the amplitude for the decay of
A, into a final state X’V is then simply given by

(20)

Sk =o.

=1

M = (ZV[Heir | Ap). (21)

with V = ¢, J/w. As demonstrated in [53,54], one can
divide the formula Eq. (21) into two components, one that

(19)

|

contributes only to longitudinally polarized vector meson
labeled by M¥, and the other to transversely polarized one
marked by M. The two components can be expanded with
the Dirac spinors and polarization vector as

/

. . P p,
ME=Z(p")éi" |ALy,rs +A§M”Ys +Bly, +B%M” Ap(p).

MT =5 (p") e [ATy,vs + BTy, A (p). (22)

where A and B respectively stand for the parity-violating
and parity-conserving amplitudes. Their analytic formulas
are collected in the Appendix. Summing over the final state
polarizations and averaging over the initial state spins, we
can obtain the total decay amplitude square

033004-5
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1
AP =3 ST IMop, (23)

o=L.T

The helicity amplitudes H, , are more convenient to
describe the various physical asymmetry observables in the
decay angular distribution. Here, Ay = £1/2 and A, =
0,=£1 are the helicity components of the baryon X° and
vector meson, respectively. Angular momentum conserva-
tion in the A, decay imposes |Ay — Ay| <3 such that the
allowed helicity amplitudes are H%l, H_%_l, H%O, and H 1>
which are related to the invariant amplitudes A and B in
Eq. (22) as [79,80]

Hiyy = :F\/ 0. Al —\/O_BY,

Hyp = \/— [/ Q1 (M —my)AT F /Q_P A}
my
+VO-(M + mg)B} + /O, P.Bj]. (24)

where we use the abbreviations Q, = (M + my)?> — m?,

and P, =~ S;WQ is the momentum of the daughter baryon

in the rest frame of A,. The Hyiyy terms in Eq. (24)
corresponds to the transverse polarizations and the H 4

ones to the longitudinal ones. After the helicity amplitudes
summation, we also get the total squared amplitude

|AP = [Hy P + [H_y [ + [Hy* + [H . (25)
The two-body decay branching ratio reads

= AR (26)

Some asymmetry observables can be expressed in terms of
the helicity amplitudes as (see details in Refs. [54,81,82])
Ay P 1A

P [Hy P = Ayl

ro = |H%0|2 + |H-io| :
rn = |H%0|2 - |H-go|2’

@, = [Hy|* + [Hy [P = [H > = [A_y|*,

3 = Hyl? + [H ] = |Hy* — A, [ (27)
where the hatted helicity amplitudes A ety = Hyy, /| Al are
normalized to 1. The a; parameter is the parity violating
asymmetry characterizing the decay. a; represents the
longitudinal polarization of the X° and @, denotes the
asymmetry between the longitudinal and transverse polar-
izations of vector meson. r, and r; are the longitudinal
unpolarized and polarized parameters, respectively. Finally,
the direct CP asymmetry of decay is defined by

AP — AP

cP — |A|2 (28)

where A denotes the decay amplitude of the CP conjugate
process.

C. X - A mixing phenomenon

Isospin symmetry can be broken either by electroweak
effects or by the strong interaction through the up and down
quark mass difference, which might lead to the quark flavor
mixing. In other words, the observed physical states with
definite mass are actually mixtures of the idealized isospin
states. In the SM, A? and X° baryons are part of the baryon
octet and share the same valence quarks (uds). Their
different isospin separates the former as a singlet and the
latter as part of the triplet with two partners X*. The
physical baryons are made of the mixing of isospin triplet

and singlet states’
A cos —sinf\ [/ A°
()= (o o)) @
z sind cosd >0

with 6 being the mixing angle. Since the mixing phenome-
non in the A —X system was first proposed in the late
1970s, many fruitful theoretical works on the mixing angle
have been made so far [83-92]. Although the mixing angle
has not yet been given experimentally, its value has been
estimated to be in the range (0.55 — 1.2)° [90-94]. The
smallness of the mixing angle indicates the degree of
isospin-symmetry breaking is weak. In general, the initial
states of A, and X, corresponding to / = 0 and [ = 1, are
also mixed. However, the mixing receive an additional
suppression from the bottom quark mass [95]. As a
consequence, it is ignored in following analysis.

Considering above mixing effect, the physical decay
amplitude for the concerned processes can be written
as [37]

(ZV[Hete|Ap) & O(AVIHo|Ap) + (ZOV[H1|A,),  (30)
where H, and H, refer to isospin conserving and breaking
Hamiltonian, respectively. It can be seen the isospin
breaking effect affect not only the mixing of the states
but also the amplitude. The first term on the right-hand side
(rhs) of Eq. (30) conserves isospin and hence receives
contributions from both electroweak and QCD-penguin,
but the second term belongs to an isospin-violating
transition to which the QCD-penguin component does
not participate. The tree operators, mediated by the
b — u transition, contribute in both terms but suffer from
CKM suppression. Though the mixing is small, there is

'We use 30 A9 to stand for the unmixed isospin states and 2, A
to denote the physical particle states.
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TABLE 1. The invariant amplitudes (10~'") for A, — X%, =°J /yr decays. The last column are the total decay amplitude, given in

GeV. Only central values are presented here.

Mode AL Bt AL B AT B |A|

P —9.6 —4.8i 13.6 +6.7i -24.8-0.3i -29.9-0.7i -3.3-6.9i 5.7+ 11.3i 2.8 x 107

207 /gy 6.8 —1.7i 3.9-0.2i 13.9 - 2.3i —33+28i 6.6 —1.7i 3.7-04i 7.4 x 10710

lack of quantitative estimate of its effect. It is then = TABLEIL Contributions to the decay amplitudes from @, ®*,

worthwhile to examine whether the large isospin conserv-  and ®’ components in the £° baryon LCDA:s.

ing amplitudes are able to compensate for the tiny mixing, i

and to give a sizable impact on the A, — X decays. Amplitde oY o o’

|A(Z°0)|(GeV) 12x10°  32x1071°  1.9x107

III. NUMERICAL RESULTS AR /y)|(GeV)  44x1071%  1.7x 1071 22 x 1071

In the numerical calculations, we use the masses (GeV)
as follows [96]:

M = 5.6196,
my = 1.019,

ms =1.193,  m, =438,
my, = 3.097. (31)

The CKM matrix elements in the Wolfenstein parametri-
zation read

(Vubv VllS’ Vlin Vts) = (AJ’B(:O - i”)’/l! 1’ _A/IZ)’ (32)
with [96]

1=0.22650, A=0.790, p=0.141, 7=0.357. (33)
The lifetime of the A, is taken to be 1.464 ps from the
particle data group (PDG) [96]. Other nonperturbative
parameters appearing in the hadron LCDAs have been
specified in the preceding section.

There are three crucial differences between A, — X° and
A, = A% decays: (i) the former can occur only via the
exchange topologies in the SM, which are power sup-
pressed with respect to the emission ones. (ii) As the QCD
penguin operators do not give contributions to the pure
Al = 1 decays, the (S — P)(S + P) amplitudes, stem from
the Fierz transformation of the O; ¢ operators, are strongly
suppressed by the corresponding Wilson coefficients. Our
numerical results manifest that their contributions are
vanishingly small compared to the (V — A)(V — A) ones.
After taken account of the above two aspects, it is then
expected that the X modes have much small decay
amplitudes as shown in Table I. (iii) The symmetry
properties of the LCDAs of X° under the exchange of
the up and down quarks are always opposite to the
corresponding terms for A°, resulting in different relative
contributions from ®V, ®* and ®7. This distinction will
cause some observed quantities to behave differently, as
detailed more below.

In Table II, we compare contributions from three
components of LCDAs of X° baryon to the invariant

amplitudes: ®Y,®4,and ®7. It is apparent that the ®*
component for the concerned decays have the smallest
contributions. This observation differs from that in
A, — A¢g decay, where a dominant contribution from
the ®* component was claimed [54]. The reason is that
the ®* is antisymmetric under the interchange of the « and
d quarks for X% but symmetric for A°. It is also observed
that the relative contributions from ®" and ®’ components
are different between A, — X% and A, — X°J/yr modes,
which can be understood easily as follows. The A, — X%
decay receives both the E and B-type topological contri-
butions. The numerical analysis shows that the four E-type
diagrams E, E.|, E», and E4 play the most significant
role in the decay amplitude for the A, — X%¢ transition,
while the contributions from B-type exchange diagrams are
predicted to be vanishingly small. As shown in Table IX,
for the E-type amplitudes, the ®" and ®* components are
down by the power of ry or ry, then the ®” one dominates
this process.

Things are different for the A, — X%/ /y decay, which
involves only the B-type amplitudes dominated
by B,; diagram. From Table X, we note that the leading
twist term of HE“ is proportional to the factor
rery(1 = x3 = y)x; (®V — ®*)¥,. Furthermore, the com-
bination of the two virtual quark propagators in B

diagram is proportional to mx% if removing the

3

parton transverse momenta (see Table VII). Therefore the
amplitude of B,; diagram behaves like xi,z and induce
3

enhancement in the endpoint region x’3 — 0. Likewise, the
B,; diagram also exhibits the similar endpoint behavior.
Our results indicate its contribution is smaller than the B ;3
one because an additional subleading term associated with
r. yields a significant destructive correction. On the
contrary, this correction becomes constructive in Hﬁuﬁ due

*Note that the LCDAs of X baryon also contain one xj.
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TABLE III. Helicity amplitudes (GeV) and the magnitude squared of normalized helicity amplitudes for
Ap = 20, 200 /yr decays.

indy 3 -4-1 1o b0

H;, (=2.3—i2.1) x 107! (—4.7-1i9.5) x 1071 (=9.4 4+ i3.2) x 10710 (0.8 +i2.3) x 107
\Hﬂw |? 1.2x 107 0.141 0.123 0.736

Hj,, (=52 +i1.2) x 10710 (2.9 —i0.9) x 10710 (3.6 — i0.3) x 10710 (-1.3+i1.3) x 10710
\HMH |2 0.529 0.165 0.242 0.064

”

to the r. term flipping sign [see the argument below
Eq. (A4)]. The substantial endpoint enhancement was also
observed in the previous PQCD calculations for the A, — p
transition form factor [51], which warns us to be much
cautious when dropping those power suppression terms
especially in the endpoint region. Numerically, such end-
point enhancement can overcomes the power suppression
from ryry, so that the B,; amplitude dominates the decay.
Viewing Table X, it is obvious that the @7 component is
always accompanied by the subleading-twist LCDAs of A,
baryon, while the ®" one is associated with the leading-twist
one. The above combined effect can explain why this decay
is governed by the ®" component as indicated in Table II.

Although the B-type amplitudes are of O(rgry), we
should note that, for the case of A, — ZJ/y decay,
ry ~0.5 is not a serious suppression factor. Moreover,
the additional terms connected with the charm quark mass
are numerically significant in the A, — X°J/y amplitude.
It is therefore not surprising that |A(A, — Z°J /)| only
fall short by a factor of 4 compared to |A(A, — Z%¢)| as
shown in the Table I. The corresponding branching ratios of
the two decay modes are estimated to be small, of the order
10~8 — 1079, which are difficult to measure experimentally
at present.

The numerical results of the helicity amplitudes are
displayed in the Table III. As mentioned above the ®”
contribution dominates over other two components in the ¢
mode. From Eq. (A4), one can see that the ®” term in Af'T
and BY" has opposite signs but is the same in A} and BS.
This pattern will result in the constructive (destructive)
combination of the four terms in H 1o (H %0) [see Eq. (24)].

Similarly, we have H_i ;> Hy since the interference
between A{ and BY is constructive in H_;_; but destructive
in Hy;. Note that the values of A(B)% are typically large, so

that the longitudinal polarization contribution exceeds the
transverse one in A, — X%¢ decay. One can observe from
Table III that the helicity amplitudes of the ¢ mode are
dominated by H 1o which occupies about 73.6% of the full
contribution. The observation is different for the A, —
%7 /y decay, in which the ®" component contributes
largest amounts to the invariant amplitudes. In this case,
AFT and BT have the same signs whereas A5 and B}
have opposite signs [see also Eq. (A4)]. Thus we have

Hy>H_1, and Hyy> H_y as shown in Table III. This

pattern indicates transversely polarization contributions
will dominate over the longitudinal one in this channel.

As mentioned earlier, the decay amplitudes at hand
receive contributions from tree and EW penguin operators.
For the b — s transition, the product of CKM matrix
elements in the tree contributions is suppressed compared
to that in the EW penguin ones, and the suppression factor
i8S |V Vusl/IVisVip| ~0.02. On the other hand, the Wilson
coefficient of the dominant EW penguin operator Oq
around the m, scale is also of the order 1072 [97].
Therefore, the tree and EW penguin operator contributions
are in fact similar in magnitude as presented in Table IV.
Thus one expects that the comparable tree and EW
contributions can enhance the direct CP asymmetry.
From Table V, one see the Acp(A, = Z0¢) = 5.0% is
larger than Acp(A;, = A%) = —1.0% [54]. For the A, —
¥%J /w mode, as indicated in Table VIII of Appendix, all
contributing Feynman diagrams have the same factor a°
containing weak phase information, implies that the sum of
the remnant hard kernels yields an overall strong phase. In
this case the strong phase difference only come from the
interference between (V — A)(V — A) and (S — P)(S + P)
amplitudes. As noted previously, the latter is highly sup-
pressed relative to the former and the resultant strong phase
difference is rather tiny, such that the direct CP asymmetry
Acp(Ay = =0 /y) is estimated to be less than O(1%) in
magnitude. We therefore conclude that any measurement
of a sizeable direct CP asymmetry in this decay is an
unequivocal signal of NP.

We provide the numerical results for the various
asymmetry observables defined by Eq. (27) in Table V,
where the first and second uncertainties arise from the
shape parameter @, = 0.40 = 0.04 GeV in the A, baryon
LCDAs and hard scale ¢t varying from 0.8¢ to 1.2¢,
respectively. It is observed that the predicted asymmetries
for the two modes seem to be distinctly different.

TABLE IV. Contributions to the decay amplitudes from the tree
and penguin operators.

Amplitude Tree Penguin
|A(Z%¢)| (GeV) 1.57 x 107° 2.1 x107°
|A(Z0J /w)| (GeV) 5.4 x 10710 3.5 % 10710

033004-8



ESTIMATES OF THE ISOSPIN-VIOLATING A, — 2%, 2% /y ...

PHYS. REV. D 108, 033004 (2023)

TABLE V. Branching ratios and various asymmetries for the A, = Z°V decay. The theoretical errors correspond to the uncertainties
due to w = 0.40 &+ 0.04 GeV and the hard scale t = (1.0 £ 0.2)¢, respectively.

Mode B Acp(%) ap a,lz a,lv ro r

=0 I S0nT Ovdi OnIGI onumis owiLin oo
Dy 265530 x 1077 0851 —0.18155i 0 0.54250020.06 —0.39%0002007 0311500004 018550 008
TABLE VI. The same as Table V but with the mixing effect including. The error stems from the mixing angle.

Mode B Acp(%) a a, a, 70 r

¢ 44109 x 1078 -19.3702 —0.18f§'§§ —0.647000 0.5475% 0.77-9% 0417000
WL 3.500 1 x 1077 8.6103 0.04%750 —0.78100) —0.0710:%8 047105 -0.37-5%

The reason is, again, the helicity amplitude H L dominate
the ¢ mode while the H 1 one is more preferred in the J/y

channel as explained above. The pattern of the A, — X%¢
mode coincides with its A? counterpart, so the asymmetries
between the two modes are close to each other. However,
the PQCD predictions for the asymmetries in A, — X0J /y
are at variance with those in A, — A% /y [53]. Some
quantities even possess opposite signs, such as the longi-
tudinal polarization of the daughter baryon. Our findings
can be compared in future.

We now turn to the results by including the £ — A mixing
effect. According to Eq. (30), the physical (mixed) ampli-
tude are modified into

A(A, = ZV) = 0A(A, = A°V) + A(A, = Z°V), (34)

where the first and second terms correspond to the isospin
conserving and violating amplitudes, respectively. The
determination of the mixing angle has been extensive
discussed in the literature, whose value still varies in a
finite range. We take the value 6 = (2.07 4 0.03) x 1072
(in radians), which was also considered in [93]. The
central values of the isospin conserving amplitudes of
A, = A% and A, — A%J /y are quoted from our previous
work [53,54], read’

|A(A, = A%)| = 3.1 x 1073,
|A(A, = A% /y)| = 4.0 x 1077, (35)

As can be seen, the isospin conserving amplitudes
are at least an order of magnitude larger than the isospin
violating ones and can more or less compensate for the
suppression from the mixing angle, implying that the
isospin conserving amplitudes may provide potentially
non-negligible contributions to the decays of A, to the

These values are not explicitly given in [53,54], but one can
infer them from the corresponding branching ratios.

physical final state 2V. Comparing Tables VI with V for the
¢ mode, it is clearly seen that the mixing causes distinct
differences for the physical observables. The destructive
combination of the two isospin amplitudes is responsible
for the decrease in branching ratio, whereas the interference
pattern reverses for the CP-conjugated process, so that the
direct CP asymmetry varies from 5.0% without mixing to
—19.3% with mixing.

For the J/y process, the isospin conserving amplitude is
three orders of magnitude higher than the violating one,
significantly surpassing the suppression from the mixing
angle. As a result the mixing effect has a strong influence
on the J/yw mode. It is apparent that the mixing effect
can hugely amplify the rate of A, — XJ/yw above the
estimation without mixing, by as much as two orders of
magnitude. The resulting asymmetries have also changed
drastically.

Experimentally, an upper limit on the isospin amplitude
ratio R = |A(A, — Z°J/w)/A(A, — AJ/y)]| is measured
to be 1/21.8 at 95% confidence level by LHCb [98]. In the
absence of £ — A mixing, we have the isospin amplitude ratio
R = 0.00185, which is far below the experimental upper
limit. Taking into account the mixing, this ratio substantially
rises to 0.0214, reaching half of the upper bound. This
estimate is also in agreement with that in [37] and supports
the assumption made in [37] that the dynamic contribution to
‘R is much smaller than the static mixing component within
SM. If an enhancement of such dynamic contribution owing
to the NP is excluded, the observation of a substantial decay
rate of A, — X%/ /y in the future experiments would be
strong evidence of the A — X mixing. It follows that the
improved precision measurement of the isospin amplitude
ratio is desirable to constrain the mixing angle.

IV. CONCLUSION

In this work we have studied two purely isospin-
violating decays A, — X%¢, X°J /y, which are generated
via the exchange topologies induced by the bu — su
transition. Since A, and XU belong to different isospin
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representations, the A, — X° transition is forbidden in the
SM. The factorization approach and the diquark picture
failed in describing such decays. To estimate the exchange
topological contributions, we employ the leading order
PQCD formalism, which allows us to evaluate all relevant
topological diagrams involving two hard gluon exchanges
systematically.

We first explore the decays under consideration without
the £ — A mixing. At the quark level, the decay amplitude
for an isospin-violating transition receives contributions
from both the tree and electroweak penguins, whereas the
QCD penguin vanishes because it preserves isospin sym-
metry. The calculated invariant amplitudes and helicity
amplitudes are presented in detail in corresponding Tables.
We compare at some length the distinctive patterns of the
two modes as well as their A? counterparts. It has been
demonstrated that the helicity amplitudes H_i, and Hy,

respectively dominate the ¢ and J/w modes, due to
different relative contributions from the X° baryon
LCDAs. The obtained branching ratios are typically
small, at 1078 — 107 level, and the direct CP violations
are around several percents. Furthermore, we predict
for the first time a set of asymmetry parameters, which
will be tested theoretically and experimentally in the
future.

Taking into account the £ — A mixing effect, the decays
of A, to the physical final states involve both the isospin-
conserving and isospin-violating contributions. The PQCD
calculations reveal that the former are at least an order of
magnitude greater than the latter, which is sufficient to
compensate for the suppression caused by the mixing
angle, so that the influence of mixing is more pronounced
for the A, - X decays than the A, — A ones. The
numerical results manifest that the mixing effect modifies
significantly both the decay rates and the asymmetry
parameters. In particular, it boost the branching ratio of
A, = ZJ /y to the order of 107, which is encouraging for
future measurements. Therefore, this mode is particularly
suitable to investigate the isospin violation and to extract
the mixing angle.
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APPENDIX: FACTORIZATION FORMULAS

In PQCD formulism, the factorization formula for the
invariant amplitudes in Eq. (22) takes the form [54]

ﬂ' GF /
A(B) = [Dx|[Db]x St
(B) 18 TV Z tr, )¢
X QR,:/(b’ b/’ bq) Z a%u‘Hﬁu (., y), (A1)
o=LL.SP
with the integration measure
[Dx] = [dx dx,dx36(1 — x| — x5 — x3)]
X [dx|dxhdxy6(1 — x| — x5 —xf)]dy,  (A2)

where the 6 functions enforce momentum conservation.
The summation extends over all possible diagrams R;;. The
hard scale IR, for each diagram is chosen as the maximal
virtuality of internal particles including the factorization
scales in a hard amplitude [50]:

1
[R —maX<\/|[A \/|[B \/ |lc |tD WW b

q

5 ) @

where the factorization scales w() takes the minimum value

)7

Table VII. The Sudakov form factor SR,-,- can be found
in [53]. Qg
inator of the hard amplitude from the k; space to its
conjugate b space. Their forms and the measure [Db] R, can
be found in Ref [54]. a%ii denotes the product of the CKM
matrix elements and the Wilson coefficients, whose expres-
sions are collected in Table VIII. The index ¢ = LL
denotes the (V —A)(V — A) type amplitude by inserting
the O;,910 operators in the weak vertex; and ¢ = SP
indicates that an amplitude arises in the Fierz transforma-
tion of the O;¢ operators.

H %U is the numerator of the hard amplitude depending on

of (— 1 ﬁ)' The expressions of 4 p ¢ p are given in
1 3

is the Fourier transformation of the denom-

the spin structure of final state. In Table IX, we give their
expressions in the invariant amplitudes A]"* and A} for
A, = X% decay. The corresponding formulas for those B
terms can be obtained by the following replacement:

TL _ ATL
B = A |’¢_’_"¢-,V2—’—Vz~‘1>T—’—‘DT’

L __ AL
B2 - A2 ‘r(/,—>—r¢,.rz—>—r;,<I>V—>—(I)V,<I>A—>—<DA . (A4)

The hard functions Hg ~with i =1, 2, 3, 4 for A, —
Y07 /y decay are displayed in Table X. The similar
expression for the Hf can be obtained from Hf by
substituting y — 1 —y and changing the sign of the r,
terms. Because the longitudinal and transverse LCDAs of
J/y have similar Lorentz structures, we can obtain AIT from
AL by the operation y* — yV,y' — y!. To obtain the B
ones, besides the substitute relations in Eq. (A4) still
applies, one must change the sign of the r,. term.
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TABLE VII.  The virtualities of the internal propagators t, 5 ¢ p for the exchange topological diagrams.
E, X325 X (y-1) x5 (1 =xy) (x5 =1)(1 =)
E, X3, X(y-1) (x5~ y) (¥ = 1)(1-)
Eg X34 (I=xy)(x3s+y=-1) s +y—1) xs+y-—1
E.4 X34 (I=x5)(x3+y—1) x3(1—x5) x3+y-—1
E,s x3X5 x(y=1) (1 =x2) +x, (x5 = 1)(1 =)
E X3x4 X(y=1) x3+y+1 (x5 =1)(1—y)
Eg; X35 Xy=1) x3(1—xp) x+y-—1
Ebl x3x/3 x’l(y—]) xg(l—xl) x’l(x1+y—1)—x1—y+2
Eyp X3 Ky-1) xy(x3 =) X +y—1)—x —y+2
E X3x 1=x)(xs+y—1 xh(x3+y—1 xXh(xy —y)+1
Eb3 3% (1_ ,2)(% )’_1) 3( 31_Y/ ) ,2(2_)’) X
b4 X3X3 (I=x5)(x3+y—1) x3(1 = x5) X5 (%y = y) +
E X3 X (y—1 X5(1 = x) + x xXh(x —y)+1
b5 3% }(y_ ) , 3(_ 22 i ) ,2(2_}’)
Eps X3X3 Xy=1) X +y=1)—x —y+ x5(xp —y) + 1
E,; x3x% x(y—-1) x3(1 —x)) Xy +y-1)—x—y+2
E. - 1) (1= x1) (51 = )5 = 1)
E., x3x% Xy-1) X3 +y—1) (x; —y)(xh = 1)
E x3x:3 )5'1 -1 ,xg(x3 - ) xj (0 + Y- 1)
E. X3X 1—-x5)(x3+y—1 xi(x3+y—1 x;—y)(x —1
E4 3%3 (1_/2)(3 y—l) 3(3]_)’/ ) (1_y)(/z_l)
s X3X3 (I=x3)(x3+y—1) x3(1 = x3) (1 = y)(xy = 1)
E X3X5 X (y=1) x5(1=x) +x; X (x+y—1)
Eg X33 xi(y—1) x3(1—xp) xj(r+y-1)
Ey X33 x(y-1) x5(1—xp) —x)
Ep X325 X (y-1) (x3 = 1)(1 = x3) —x
Eyp x3x:3 ’fll -1 ,xg(x3 -y) (x3 = 1)(1 _x:z)
E X3X I —x5)(x3+y—1 x3(x3+y—1 x3—1)(1—x
Ed4 3% (1—’2)(3 y—l) 3(31_)’/ ) (3_1)(1_/2)
ds X3X3 (I=x))(xs+y—1) x3(1 = x3) (x3 = 1)(1 = x3)
Eg X34 Xy-1) (1 =x) 4+ x5 —x}
Egz X3x5 Xy-1) x(1—=x)) —x}
Ea  (l=x)(n+y-1) (1) (51 = 3) (&, — 1) (1=2)(—1)
Eo  (1=9)(n+y—1) (1) (13~ 1)(1 =) (1= = 1)
E; (I=x3)(x3+y—1) X (y=1) Xy (0 =) +1 (I-x3)(y=1)
E, (I=x3)(x5+y=1) xi(y—1) X3 +y+1 (I-xy)(y—1)
Ej) (I-x)(x5+y=1) xi(y—1) (x1 = y)(xy = 1) xj(x+y—1)
Ep  (1=x)(x+y-1) X (v-1) (55— (1 = %4) ¥+ y— 1)
Eps (I=x3)(xs+y=-1) xi(y=1) xp(x—y)+1 xj(x3+y—1)
En  (l=x)(x+y—1) “(-1) Xyl %+ y— 1)
E, 40— 1) (1 =) (s +y 1) (11 = )(5 = 1)
Egp xi(y—1) (1-x3)(xs+y—1) X3 (x5 = 1)(1 - x3)
Eg xi(y=1) (I-x3)(x3+y—1) X33 (0 —y)+1
Eyu Xi(y=1) (I=x5)(xs+y—1) X35 x3+y
B, x3x:3 xé(x3 +y-1) x:3(x3 -1) x(1—x%) + /1
B X3X X33 +y—1 x5(x3 —1 x3—1)(1 —x
2 ! sty -1 s (ra=1)(1 -2
By X3X3 xy(xs +y—1) xy(x = 1) X1 X3
By X33 X +y—1) x5(x3 = 1) (x5 = 1)(1 = x3)
By, X35 xy(x3 =) x3( = 1) x(1-x3) +1
By, x3x:3 x:3(x3 -y) xis(x3 -1) (x3 — 1)(1,_’5,1)
B X3X x5 (x3 — x5(x3 —1 —X1X
Bh3 3% /3(3_)’) /3(3_1) _1113_/
b X3X3 xy(x3 =) x5 (3 ) (x3 = 1)(1 = x3)

033004-11



ZHOU RUI, JIA-MING LI, and CHAO-QI ZHANG

PHYS. REV. D 108, 033004 (2023)

TABLE VIII. The expressions of a* and &% in Eq. (A1) for the exchange topological diagrams.

R;; all asP
Eui-arel-caf4 PV Vis[Cr = Gl =3V Vis[Co = Cy) —3 Vi Vi[Cr = Cs]
Ep1 babs.p7 —1V,Vis[2C) 4 Co] + 3V, Vis[2Co + Cy) IV Vi[2C; + Gy
Ep 13,66 W Vish Ci = Gyl =3V Vi[5 Co — Cyg) -1V Vit C — G
Eci c5.06.c7 TV Vis[Cr = 2G5 =4V, Vi [Co — 2C) -1V, Vi[Cr — 2Gs]
E 3.4 SV Vis[Cr =5 Co] =3V, Vi [Coy =5 Cy) -3V Vi[Cr — 1G]
Eg1.a2.45.a6.47 =2V Vis[C1 = Co] + V Vi [Co — Co) Vi Vis[C7 — Cs]
Eg3.4 5 Vs Vis|Cr = Co] =4 Vi Vi [Co = Cyg] —3 Vi Vis[Cr — Cs]
Ey IV Vis[C1 =3 Co] =3V, Vi[Co + 3 C ] — 3V Vi[Cr +3Cs]
Ep — 5V Vis[Cr = Gl +3V Vi[Co — Cyp) 2V VilCr = Gy
E3 IV VisBCi+ G =3V ViB Co + Cy) -1V VEBCr + Gl
E, =3V VisCa + 3V ViiCio 2V, ViCs

Ep IV Vis[C1 = Co] =3V Vis[Co = Cyg -3V Vi[Cr - Cs)
Eg 2VupVisCr =3V ViCo =3V ViCy

Eg 0 0
Bai—aab1-pa =1V Vis[Cr = G + 3V Vi[Co = Cyp) 2V, VilCr — Gy
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