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We systematically investigate the CP-averaged branching ratios and CP violations (CPV's) for the two-
body hadronic decays A, — ph, where h runs through the mesons 7=, p~, a7 (1260), K~, K*~, K7 (1270),
and K7 (1400), in the perturbative QCD approach to order a2 in the strong coupling. Various topological
amplitudes are obtained by incorporating subleading-twist hadron distribution amplitudes, which exhibit
reasonable hierarchical patterns, sizable strong phases, and non-negligible higher-power corrections. The
predicted direct CPVsin A, — pn~, pK~, different from those in similar B meson decays, are as small as
the current data. The low CPV in A, — pa~ results from the cancelation between the S- and P-wave
CPVs, while the one in A, — pK~ is determined by the tiny S-wave CPV. However, individual partial-
wave CPVs can exceed 10%, consistent with direct CPVs in B meson decays. The CPVs in the A, —
pK7(1270), pK7(1400) channels are relatively larger. In particular, CPV's above 20% appear in the up-
down asymmetries associated with the final-state angular distributions of A, — pK7 (1270), pK7 (1400),
followed by the secondary K| — Kzz decays. These observables offer promising prospects for firmly
establishing baryon CPVs. The decay asymmetry parameters of A, — ph are also predicted for future

experimental confrontations.

DOI: 10.1103/1vsn-v3x]j

I. INTRODUCTION

The explanation of the asymmetry between matter and
antimatter in the Universe requires CP violations (CPVs),
where C and P represent the charge-conjugation and parity,
respectively. The standard model (SM) of particle physics
provides the Cabibbo-Kobayashi-Maskawa (CKM) mecha-
nism for generating CPV's, which is, however, too weak to
account for the excess of matter. Additional sources of
CPVs are thus needed, and their exploration has marked a
long-term effort. CPVs have been observed in K [1], B
[2,3], and D [4] meson decays, consistent with the SM
predictions. However, they have not yet been firmly
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established in baryonic processes. Given that visible matter
in the Universe is mainly composed of baryons, it is natural
to search for CPVs in baryon systems.

Baryons cannot undergo mixing owing to baryon num-
ber conservation, and exhibit only direct CPVs in their
decays. Experimental investigations of baryon CPV's have
been extensively pursued by the BESIII, Belle, and LHCb
Collaborations [5—15]. The measured direct CPVs [14]

A (AY - prm) = (024 0.8 +0.4)%,
AdL(AY & pK-) = (=11 £07+04)%, (1)

are compatible with null asymmetries within the precision
of 1%. That is, the CPVs in A, baryon decays are much
lower than those in similar B meson decays, although both
are induced by the b — uiiq transitions, g = d, s. Recently,
the LHCD reported the evidence of the CPV in Ag —
APK* K~ [15] and the first observation of the baryon CPV
in the Ag — pK 7"z~ mode [16], which motivates timely
related theoretical studies [17].

Baryon processes, engaging more complicated dynamics
than meson ones, impose a number of phenomenological
challenges [18]. The nonzero spin of a baryon prompts at
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least two partial waves, such as the S- and P-wave
amplitudes in A, — pz~, pK~, while there is only a single
partial wave in B meson decays into two pseudoscalar
mesons. The polarizations of initial and final states in a
baryon decay enable the construction of more observables
out of angular distributions of decay products [8,19-22],
which shed valuable insight on involved QCD dynamics. A
baryon contains three valence quarks, demanding at least
two hard gluons to propagate momentum transfer in its
exclusive decay. More gluon exchanges may enhance
higher-power contributions and modify the behavior of
power expansions [23,24]. Besides, there also exist addi-
tional topological diagrams, including color-commensurate
W-emission and W-exchange diagrams, that serve as
abundant sources of strong phases required for
direct CPVs.

Several theoretical approaches have been proposed for
analyzing two-body hadronic B meson decays: the QCD
factorization (QCDF) [25,26], the soft-collinear-effective
theory (SCET) [27-29], and the perturbative QCD (PQCD)
factorization [30-32]. The QCDF and SCET are based on
the collinear factorization theorem, in which B meson
transition form factors develop endpoint singularities if
they were computed perturbatively. The PQCD is based on
the ky factorization theorem, in which the endpoint con-
tribution is absorbed into a transverse-momentum-depen-
dent distribution amplitude (DA) or resummed into a
Sudakov factor. The factorizable emission, nonfactorizable
emission, W-exchange, and annihilation diagrams, being
free of the endpoint singularities, are then computable.
CPVs of two-body hadronic B meson decays have been
successfully predicted in the PQCD [30-32]. However,
rigorous and systematic formalisms for heavy baryon
decays are still unavailable. The generalized factorization
assumption was employed to estimate branching ratios of
numerous bottom-baryon decays [33-35]. A final-state
rescattering mechanism was recently developed to study
CP violation of A, decays [36,37]. As to QCD-inspired
methods, the QCDF was applied to A, baryon decays under
the diquark approximation [38,39], and the A, — px, pK
branching ratios were evaluated in the PQCD [40], but with
the results being a few times smaller than data.

The A, — p transition form factors with reasonable
subleading-twist hadron DAs were reproduced in the
PQCD recently, and the outcomes agree with those from
lattice QCD and other nonperturbative methods [24]. The
two-body charmed hadronic A, decays are also inves-
tigated in the PQCD after including high-twist DAs [41-
43]. Those studies indicate that exclusive heavy baryon
decays can be examined reliably in this framework. We will
perform a comprehensive analysis on the two-body had-
ronic decays A;, — ph, where h runs through the pseudo-
scalar (P) mesons 7z, K, the vector (V) mesons p, K*, and
the axil-vector (A) mesons a;(1260), K;(1270), K (1400).
A decay amplitude is expressed as a convolution of the hard

kernel T with the Sudakov factor e™5 and the non-
perturbative DAs W, , ¥,,, and ¥, [18],

A= A '] / PH¥, Ty¥, WS, (2)

where x are the quark momentum fractions, b are conjugate
to the quark transverse momenta k7, and S represents the
Sudakov exponent. In principle, the threshold resummation
factor S, arising from the all-order organization of the large
logarithms In? x should be included. Since S, has not been
derived for heavy baryon decays, we set S, = 1 conserva-
tively as in our previous work [24]. For further details of the
PQCD formalism and its applications to heavy baryon
decays, refer to Refs. [24,40].

It will be demonstrated that CPV's in individual partial
waves of A, decays can be as large as those in B meson
decays, greater than 10%, but the cancelation between
partial waves leaves no significant deviation from zero.
The sign of a partial-wave CPV depends on the location of
the weak vertex in the penguin diagram that provides
the dominant source of strong phases. We will illustrate
such cancelation in a full QCD calculation for the
A, — pa~ decay. The partial-wave CPVs in the A, —
pp~. pK*, pay(1260), pK{(1270) modes also reach
10%, but cancel each other, turning in small net values.
Stimulated by the above observation, we propose to search
for the CPVs in the up-down asymmetries associated with
the angular distributions of the A, — pa;(1260),
pK,(1270), pK,(1400) decay products. They are found
to be of the order of 20%, granting an extraordinary
opportunity to establish CPVs in the baryon sector. Our
work unveils the distinct dynamics responsible for CPV's
in bottom baryon and meson decays, and suggests to
detect the former through partial-wave related CPV
observables in angular distributions.

The remainder of this paper is arranged as follows. In
Sec. IT we present the effective Hamiltonian and classify the
topologies of Feynman diagrams relevant to the considered
channels. We specify the inputs for the factorization
formula in Eq. (2), i.e., DAs of various twists for the A,
baryon, the proton, and the mesons. The numerical algo-
rithm for handling integrable singularities present in the
factorization formulas is elaborated. The outcomes for the
branching ratios and CPVs, and their phenomenological
implications are discussed in Sec. III, which is divided into
three subsections focusing on decays into pseudoscalar,
vector, and axial-vector mesons. Section IV summarizes
our findings and sketches future perspectives. Appendix A
contains the auxiliary functions as the hard kernels under
the Fourier transformation from the k7 space to the b space.
Appendix B gathers the A, — ph decay amplitudes for the
Feynman diagrams. Only one Feynman diagram is picked
in each topology for simplicity. Appendix C displays the
numerical results for the A, — pV, pA amplitudes.
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TABLE 1. Wilson coefficients at the renormalization scales u = m; /2, m;, and 3m;/2 with m;, = 4.8 GeV to leading-logarithm
accuracy.

p C C;  G5(107%)  Gy(1072)  C5(1072)  Cg(1072)  C(107%)  Cg(107%)  Cy(107%)  Cyo(1077)
my/2 -0.39 1.19 1.94 -3.90 1.15 -5.20 1.05 0.63 -9.49 3.13
m, -0.27 1.12 1.26 -2.70 0.85 —3.26 1.09 0.40 —8.95 2.16
3m,/2 =022  1.09 0.98 -2.16 0.71 —-2.49 1.10 0.30 -8.71 1.71

II. FRAMEWORK

A. Effective Hamiltonian

The weak effective Hamiltonian for the two-body hadronic A, baryon decays is given by

Gr

M =%

{vubv (W) 0% (1) + () O34

Vi Vi, [Z Ci(u

wll

with the Fermi constants G = 1.166 x 107 GeV~2 and the light quarks g = d, s. The local four-quark operators O, read

Oy = (_ bﬁ)v A(@ptta)y_a» 0; =

03 = —AZ Qpdp)v-n-

05 (Qa
q

07 = (qaba) V—Azeq/ (Q;jq;}) V+A>
q/

Oy

I\JIUJ \STON]

<Qa a V Azeq QﬁQﬂ) V-A>
q

where a and f are the color indices, the active quarks cover
q/ =u, d’ S, C, b’ and (QaQ;})V:FA - Qtﬂ/u(l + YS)Q;)’ denote
the left- and right-handed currents. The expressions of the
scale-dependent Wilson coefficients C; can be found in
Refs. [31,44], whose values at the three specific renorm-
alization scales y = my,/2, m;, and 3m; /2, m, = 4.8 GeV
being the b quark mass, to leading-logarithm accuracy in
QCD are listed in Table I. The variation of the Wilson
coefficients in the scale 4 constitutes one of the sources of
theoretical uncertainties in our analysis.

B. Topological diagrams

The topological-diagram approach [45] has been suc-
cessfully applied to predictions for observables in charm
hadron decays [46,47]. Topological diagrams, which
include full strong interaction, are categorized according
to the weak vertex insertion and quark flows. Those for the
A, — ph decays with the meson & being formed by #d or
its quarks are shown in Fig. 1. Four types of tree diagrams
are identified [18]:

(i) T, the external-W emission diagram, which can be

separated into the factorizable piece 7/ and the
nonfactorizable piece 7"/ .

—AZ Qpdplv+as  Os =

(abg)y_a(@pup)y_as
04 = (Gpba)y AZ(%CI/; V-A>

q

(Qﬂba)V—AZ<Z];q;}’)V+A’
q,

3. _
Og = B (Qﬁba)v—Azeq’(%q;;)vw

q/

3, _
Oy = ) (Q/}ba)V—AZeq’(QZ:QZ)V—A’ (4)
q/

(i) C,, the internal-W emission diagram, which is also
called the color-commensurate W-emission diagram
in some references.

(iii) E,, the W-exchange diagram, where the quark from
the weak vertex goes into the meson A.

(iv) B, the bow-tie W-exchange diagram, where the light
spectator quark goes into the meson #.

The topologies C,, E,, and B, existing in baryon decays,
have no counterparts in meson decays.

There are six types of penguin diagrams [18]:

(i) PCy, PC,, PEY, and PB, whose quark flows are
related to those of the tree diagrams T, C,, E,, and
B, respectively, by the Feriz transformation. The
PC; topology can be further classified into the
factorizable piece PCJI and the nonfactorizable piece
rcy.

(i1) PE‘{ and PE,, which are related to each other
through the Feriz transformation without the corre-
sponding tree diagrams.

The 7/ diagram dominates the tree contributions to the
A, — ph decays as a consequence of the color trans-
parency mechanism, and can be well estimated by the
factorization hypothesis. All the other tree topologies give
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FIG. 1.

nonfactorizable contributions. Following the power count-
ing rules in the SCET, we attain the hierarchy among the
various tree topologies [48]

C E B A 2
G5l 18] g(te)?

ARV my,

with the QCD scale Agep.

C. Kinematics

We adopt the light-cone coordinates for assigning the
kinematic variables of the A, — ph decays. The initial A,

Topological diagrams contributing to the A, — ph decays.

baryon momentum p, , the proton momentum p,,, and the
meson momentum ¢ are chosen, in the rest frame of the A,
baryon, as

= [m —mh+m1,:i:\/

are determined by the momentum conservation with the A, baryon (proton, meson) mass m,, (m

5 =M (1,1,0,),
( ) PA, \/j( T)
mp _
Pp= 72”(?7*#7 ,07),
mp _
q=Dpr,—Pp= \/f (I=n"1=n7,07), (6)
where the variables
|

—m} + 32— 4o m3 )/ (2%, (7)

p»» ;). The longitudinal

and transverse polarization vectors of a spin-1 final-state meson,

mpy + _
e =——Mm" —1L1-n7,07), er=1(0,0,17), (8)
\/zm,\b
are fixed by the normalization and orthogonality conditions, which respect ¢ = —1 and ¢; - ¢ = 0.
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The valence quark momenta in the three involved hadrons are parametrized as

mpy, m ma m
ky = (\/ib \/%bxl,le) ky = <0772bx27k2T>’ ky = <0’%x3’k3T>v
G- (Mraoky ) b= (M) k- (Brok,).

q1 = (0,’:1/%”%1 —n‘),qr>, ¢ = <0,nf/A§” (1= —n‘)’—qT>, )

where k; is the b quark momentum, and the other momenta are designated in the Feynman diagrams in Appendix B. The
(1023 and the transverse momenta kg/%lT,ST obey

ixg/) =1,

momentum fractions x

S =0, (10)
i=1 i=1
respectively. We stress that the quark momenta in the A, baryon should be parametrized as
my, my my my
ky = (\/5 (1 —X3),72b(1 —xz),k1T>, ky = (0,7217x2,k2T>, ks = (7;353,0,"&)» (11)

to maintain the virtuality of hard gluons as evaluating the topologies C,, B, PC,, and PB. This special kinematic assignment
is allowed in view that light quarks in a A, baryon are soft, and their momenta can point to different directions in principle.

D. Distribution amplitudes

The A, baryon DAs are defined by the matrix elements of nonlocal operators sandwiched between the vacuum and the A,
baryon state. The general Lorentz structures of these matrix elements can be found in [49-52],

1 Srdidy PN
(Y'a, )apy (Xi 1) Ez\/iN /H (21”)31 erelH (0| T [bi(0)up(z2)dy (23)]|Ap)
) 12

1

1 2
= IR M (o 0)rs €Ty o 0 ) M e x3)r5 €T L (12)
C
|
.whe.:re N, is the number Qf co?ors', i',j k' are thg cqlor Wa (g, X3) = Xz?:s mt e~ (atxs)ma, Jwo
indices, a, f, y are the Dirac indices, the normalization ) b
1 2
constants fE\,,) ~ fE\,,) = fa, = 0.022+£0.001 GeV? are Wi (. x3) = %m3 e—artxs)my, [0y
quoted from the leading-order sum-rule result [53], C ; a)g Ay
stands for the charge conjugation matrix, and u,, is the 2x;
— — 3 =0+ )
A, baryon spinor. The DAs in Eq. (12) are decomposed into w3 (X, x3) = P My, € Garts)ma, foo,
1
Vel xs) = i} e rEm o (1)
nn nin_ _, wy
M (xy,x3) = VR4 (X2, x3) TV (X2, x3),
n i where the parameter w,, with the typical value lower than

(13) 1 GeV, measures the average energy of the two light

quarks in a A, baryon. We extract @, from the LHCb
data for the A;, — puv, and A, — pDy branching ratios,

My(xy,x3) = EWz(xz,m) + ﬁw(xz,)%),

with the lightlike vectors n = (1,0,07) and 7 = (0, 1, 07).
The models with the exponential ansatz [50] are employed

Br(A, = pup,) = (4.1£1.0) x 10~* and Br(A, - pDy) =
(12.54+1.3) x 1075, The former for a semileptonic mode
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FIG. 2. Dependencies of Br(A, — pup,) (left) and Br(A, — pDy) (right) on ay.

depends on the A, — p transition form factors, and the latter involves only the T topology. The comparison between
the data and our predictions for various @, sets the conservative range oy = 0.7 &= 0.1 GeV as exhibited in Fig. 2,
which is higher than the one chosen in light-cone sum rules [51,54]. The common extraction wy ~ 0.7 GeV from the
two disparate pieces of data supports the consistency of our framework.

The final-state proton DAs up to twist 6 have been defined in Ref. [55] through the corresponding momentum-space
projector

- 1 3 dZ_dZI i g v i’ -
(Yp)apy (X5 1) E—/ 5 eisel T (p(p)| Tl (0)ay (22)dy (23)]]0)
P)apy 2\/§Nc g (27[)3 pAL2)y L3

—1 _ _ _
m {SlmpC[)’(l<N+y5)y + Sym,Cyo(N 75)y + lep<cy5)/}aN}J'r

+ Pymy(Crs)galNy + Vi(CP)go(NTys), + Vo (CP) o (N7ys),
2
ms
+V3 (C}/J_)/)’a(N 1474 ) +V4 (Ch)ﬁa(N 1474 ) +V52 (CZ)/ia(N ’s),
2

+Vo3pz (COalN775), + A1(CrsP)a(NT), + Aa(CrsP)pa(N7),

2

m
+ Ay 5 E(Crsy)pa(NT7H), + A > E(Cysy)pa(N"YY), +A52 (Crsz)p(NT),

2

m . X . N7 —
+A62 (C75Z)/3a(N ) _T1<1C0J_P)ﬂa<N+757L)y_TZ(ICGJ_P>ﬂa(N 757l)y

2
m my,
- (ZCUPz)/ia(N rs)y _T4P (lCO-zP)ﬂa(N vs)y = Tsop- 2Pz (ZCGLz)ﬂa(N 1614 )

2
m,
_T62P (iCoy1.)p(N7¥sr), +T7 > (CGJ_J_’)/}a(N+7/56 )

+T8 5 (CO-J_J_’)ﬂa(N 750Ll/)y},

with the color indices ', j', k’. The lightlike vector P is  with Pz~ p,
written, in terms of the proton momentum p, and the

(15)

z~1, and the shorthand notation ocp, =

6“*P,z, has been used. Furthermore, N* = NzP/(2Pz)
lightlike vector z, as and N~ = NPz/(2Pz) are introduced to represent the “large”
and “small” components of the proton spinor N, respectively.
a1 mf, The symbol L labels the projection perpendicular to z or P,
P”:17p——zﬂ—7 (16) d . 1 ﬂl v . .
2° Pz and the contraction y y— =y g,y" is perceived with
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9ty = 9w — (Puz, + 2,P,)/Pz. The functions V;, A;, T;, S;, and P; are classified according to their twists:
(1) Twist-3 DAs

Vi(x)) = 120x)x5x5[@3 + @3 (1 = 3x5)],
A (x)) = 120x) x5 (X — X)) 5.

1
T(xj) = 12031255 |5 + 5 (45 = ¢3)(1 = 3x3) | (17)

(i) Twist-4 DAs

Vo (x}) = 24x125 (] + ¢y (1 = 5x5)],

V() = 126481 — ) + 7 (2 + X2 = 51 = 2)) + 7 (1= 5 — 10813,
Ay (x}) = 24x1xy (x5 — x1)dy

Az (x)) = 12x5(xh = x)) (W] +wi) +wy (1 = 2x5)],

Ty(x}) = 24135 (€0 + &5 (1 = 5x3)],

T3(x}) = 6x3[(&3 + o +wi) (1 = x) + (&4 + b3 —wi) (67 + 5 = x3(1 - x}))

+ (& g+ i) (1 - x5 — 10x)x3)],
T7(x}) = 6x5[(=€3 + @3 + y) (1 = x5) + (=&5 + 3 —wi) (37 + 25 = x5(1 = x5))
+ (=& + i +wi)(1 = x5 — 10x]x5)],
Si(x}) = 6x5(xy — X)) + @8 +wi + & + by +wi) + (& + ¢y —yi)(1-2x3)],
Py(x}) = 6x5(xy — x)[(&] — 8 — vl + &4 — by —wy) + (& — ¢y +wi)(1 = 2x))]. (18)
(iii) Twist-5 DAs

Va(xt) = 3[pd(1 = x5) + w5 (2025 = X5(1 = x5)) + w3 (1 = x5 = 2(xf +25))],
Vs(x)) = 6x5[¢h8 + pd (1 = 2x5)],
Ag(x) = 3(xy = x) [~y +wsxy + w3 (1 - 2x3)],
As(x}) = 6x3(xy — X)) 5,
3
Ta(x)) = 15 +y5 + d5) (1 = x3) + (&5 + b5 —w35) (2% —x3(1 = %3))
+ (63 + ¢ +wi)(1 - x5 =20 +x7))],
Ts(x}) = 6x /3[55 + 55 (1-2x3)],
3
Ty(x)) = 15+ ¢5 = &) (1 = x5) + (45 = d5 = &5) (2x1x; = x3(1 = x3)) (19)
+(f5 + 5 = &) (1 = x5 = 2(xf +27))],
3
$2(x)) =5 (¥ = X)[= (w5 + 95 + &) + (&5 + b5 —ws)xs + (&5 + b +ws)(1-2x3)),
Py(x}) :%(xlz —x)[(W8 + @8 = &) + (&5 — @5 +yd)xs + (&5 — dd —wd)(1 —2x5)]. (20)
(iv) Twist-6 DAs
Ve(x}) = 2§ + ¢ (1 = 3x3)],
Ag(x}) = 2(xy — x}) g
1
Te(x}) =2 |¢g +5 (¢ — g )(1 =3x3)|. (21)
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The values of qﬁl.i’o, l;/;t’o and 514:,0 are connected to the eight independent parameters fy, 41, A, V4, AY, f¢, f4, and f¥ [55],

1

E(fN_/Il)’

- fx(10v{ -3)),

(/11 +fN)’ 54_55 ﬂz, Wg:wg:

m~

PB=dg=rv.  P=9¢8=

—~

¢y :2(11(1 =2 —4f) + fyAL-1)), ¢ =Z(11(3— 104

5 1
= —2(11(2 =T+ f4) + fu(AY 4+ 3VE = 2)), Wi = —Z(/ll(—2+5f‘f +5F4) + fn(2 4+ 5AY = 5V)),

5

G= =15/, & =A@ 15, g5 =2 (M- )+ fx(247 - 1))

B == 2AF = 1) G HAV). ys =S = ) + a2 - A= 3V)),

v = =SR2 2 4 G4 2A -2V G =3kl & = k297,

B =5 (h( = 4f1 =271 + f(1 4+ 4AD). g = =3 (1 =26 + fu(aVi = 1)), 22)

These parameters have been derived in QCD sum rules (QCDSR) [55,56] and lattice QCD (LQCD) [57], whose results are
summarized in Table II. They come with large uncertainties, reflecting our limited knowledge on baryon DAs. We will take the set
of parameters from QCDSR [56] for the numerical investigations.

The DAs for a pseudoscalar meson are expanded, up to twist 3, as [58-61]

o (@.y) = / 269 (2(K) (9)|5(2) 4o 0) 0)

l (K n(K
= \/Z—TC [}’5Q¢‘2<K> )+ mo( )75455(1() )+ m()( )}’5(”” - 1)¢,€(K) (Y)]aﬁv (23)
where mg( ) = m / (m, + my(s )) m, (mgy, my) being the u (d, s) quark mass, is the chiral scale associated with the

pseudoscalar meson and the momentum fraction y is carried by the quark in the meson. The DAs are parametrized as
[62,63],

3/2 3/2 n(K) ~3/2
Pl =3 a1 =) +af 0Py - 1)+ 3N 2y - 1) + M P2y - 1)),
fn(l() 5 1/2
() = i T+ (045202 ) %2y - 1)
9 n(K
- 3< ~0.045 + 52 (1 + 6’ >)> Cl2(2y - 1)} :
T 7 5 35 Ak 2
D) (V) = \/W(l —2y)|1+46(0.0975 = 50P%K) " 3P0 % (1 =10y + 10y)|, (24)
TABLE II. Eight independent parameters for Eq. (22) at the scale 1 GeV from QCDSR and LQCD.
fn (GeV?) A (GeV?) 1 (GeV?) Ve
QCDSR (2001) [55] (5.340.5)x 1073 —(2.740.9) x 1072 (5.14+1.9)x 1072 0.23 £0.03
QCDSR (2006) [56] (5.0+0.5) x 1073 —(2.7+0.9) x 1072 (5.44+1.9)x 1072 0.23 £0.03
LQCD (2019) [57] (3.544+0.06) x 1073 —(4.49+£0.42) x 1072 (9.34 £0.48) x 1072 0.19£0.22
Af 1 3 T
QCDSR (2001) [55] 0.38£0.15 0.6+0.2 0.15+0.06 022+0.15
QCDSR (2006) [56] 0.38£0.15 0.4 +0.05 0.22 +£0.05 0.07 £0.05
LQCD (2019) [57] 0.30+£0.32 e e e
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with the decay constant f,) = 0.13 (0.16) GeV, the
Gegenbauer polynomials CY, v =1/2,3/2 and n =1, 2,
4, and the other parameters [62,63],

af =0, ak =0.06,
% =025 +0.15, ak =025 +0.15,
af = —0.015, ak =0,
m, = 0.14 GeV, my = 0.494 GeV,
mi=(14+0.1)GeV,  mK=(1.6+0.1) GeV,
m, mg
_ =K 25
Pr= P = (25)
The vector meson DAs are defined by [64]
O(g.ci) = [ dze 05 (V(0.1) a5 (00
= ;—N [mye;dv(y) + €1q¢y(y)
+ mV¢€/(y)]aﬂv (26)
O(g.cr.3) = [ d2e V(g e1)lay(2)ua(0)0)
-1
= \/ZTV_; [mVG;QSyV(y) + €;‘Q¢€(y)
+my i€, vsrter v’ n’ ¢y, (y)}aﬂ, (27)

with the vector meson mass my. The twist-2 DAs are also
expanded in terms of the Gegenbauer polynomials,

3
¢v(y)=\/%y(l—y)[Ha'l'C?/z(Zy—l)
+alcP 2y -1)].
T 3f\T/ 1 3/2
¢v(y):\/wy(1—y)[1+a1 G/ (2y-1)
+atC*(2y-1)). (28)

The asymptotic forms are assumed for the twist-3 DAs, [65],
|

TABLE III. Inputs of the decay constants (in MeV) and the
Gegenbauer moments for the vector meson DAs.
fo f S Ik
209 £2 165+9 217 £5 185+ 10
d, a al
0 0 0.03 £0.02 0.04 £0.03
d, ol
0.15 +£0.07 0.14 £ 0.06 0.11 £0.09 0.10 £0.08
3fT
t — \4 2v—1 2
¢V(y) 2\/2Tc( y ) s
31V
y = 1-2y),
3fv
v = 14+ 2y —1)?),
3fv
G(y) = 1 -2y). 29

The Gegenbauer moments a,, in the above expansions have
been obtained in QCDSR [66—69], which, together with the
decay constants, are collected in Table III.

The DAs for an axial vector with the quantum number
JP = 17 are introduced through [64],

W(a.ci.3) = [ e (Alg.€1)la (2 0)0)

= ——[mayse;ha(y) + €1 qrsd(y)
2N,

+ma7shs (¥)] op- (30)

Ol (q.¢5.y) = / e A (g €3))25()ua(0)0)

—i ‘ .
X /2N, [mayserds (v) + €rqrsdi(y)

i€ VOB ()] e (31)

with the axial-vector meson mass m,. The twist-2 and
twist-3 DAs read

3a05) = oay(1 =) |ahy + 3al 23 = 1)+ Saby (52 = 12 - 1),
PR0) = (1 =) [y + 3afy 2y = 1)+ Saa (5 =12 - 1), (32)

and
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TABLE IV. Same as Table III but for the axial-vector meson
DAs.
7 4 4 4
a;(1260) Da,(1260) Lay (1260) 2a,(1260)
238 £ 10 1 0 —0.02 +0.02
aéa,(lZGO) alLal(IZ()O) aZLal(lZﬁO)
0 —1.04 £0.34 0
leA a!)‘K]A a!K agK
250 £13 1 0.00 £ 0.26 —0.05 +0.03
ag,, ai,, a,,
0.08 £ 0.09 —1.08 +0.48 0.02 +£0.20
f 1B
K a(l)‘[( aUK]R ag[(m
19010 0.14+0.15 -1.95 +0.45 0.02 +0.10
“é[(m alLKlB azLKlB
1 0.17 £0.22 —-0.02+£0.22
3ay, (2y — 1
$0) = 5 Je sa(2v =17
3
+5aa@y—1XSQy—1V—1ﬁ,
s _ 3fA 1 2a+ 6a+ 6a+ 12
#i(y) *Z\/TT(%A_‘IA_ dgay + 6ai,y — 6aj,y°),
_ fa 3 3 l
v = 1+2y—-1 2y —1
A(y) 2\/W 4 OA( ( Yy ) ) 2 ( y )
3fa L I
d)ﬁ( ) = 4\/W( - 2aOAy +6a Ay~ 6a1Ay )

respectively. The
Gegenbauer moments are listed in Table IV.

associated decay

(33)

constants and

The physical mass eigenstates K;(1270) and K, (1400)
are considered to be the mixtures of the K4(°P;) and

K,5('P;) states with the mixing angle 0y ,

(1) (e

cos Ok,
—sinfg,

|K1A>>’ (34)

K1p)

in which 0 is chosen as the typical values 30° and 60°

suggested in Refs. [70-73].

For the reader’s reference, we present the explicit
expressions for the relevant Gegenbauer polynomials

Ca(0),

(1) = 31,
1
C* (1) =563 = 1),
3
G (1) =5 (5 - 1).
1
Ci (1) = g (3-307 +35¢%),
3/2 15 ) 4
(o) (t):§(1—14t +211%), (35)
and the definitions of the meson decay constants,
<P|(ZI‘]/)V:FA‘O> = :l:iprw <P|(qq/)S:FP|O> = +ifpmop,
(VI(@q")yzal0) = fymyey,  (VI(@q')szp|0) = 0.
(Al(qq")y5al0) =F if amae;,  (A|(@9')sp]0) = 0.
(36)

E. Numerical integration

The PQCD factorization formulas and the auxiliary
functions from Fourier transformation in Appendixes A
and B are extremely complicated, containing 11-13 dimen-
sional integrations. Computing high dimensional integrals
effectively and making precise predictions for heavy
baryon decays thus remain a numerical challenge.
Various algorithms have been proposed, among which
the VEGAS+ is one of the most widely used in particle
physics. The classic VEGAS performs a multidimensional
Monte Carlo integration based on adaptive importance
sampling, originally developed by Lepage [74]. It then
evolved to the VEGAS+ by incorporating a second strategy
known as adaptive stratified sampling [75]. It is believed
that the VEGAS+ is much more efficient for handling
integrands with multiple peaks compared to the VEGAS.
See Ref. [75] and references therein for more details of the
VEGAS+ algorithm.

When applying the VEGAS+ to the integrations involved
in this work, we encounter a subtlety, which can be
illustrated by taking the diagram 7'(d5) in Fig. 15 as an
example. This diagram gives a nonfactorizable amplitude
with the auxiliary function F,, The numerical outcomes
from the VEGAs+ for the T(d5) contributions after 15
iterations are plotted in Fig. 3, where the number of samples
increases from 10* to 10%. It is observed that the statistical
errors in the imaginary parts decrease as 1/4/N,,, con-
sistent with the characteristics of a Monte Carlo algorithm.
However, the real parts do not converge, meaning that the
VEGAS+ is ineffective for the real parts.

We find that the real parts of the diagrams with the auxiliary
function F'| can be accurately acquired, but those depending
on [, 3,4 cannot. To elaborate the issue, we introduce the

functions B (x) = K (1/x)0O(x) +%’Hél) (v/=x)O(—x) and
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FIG. 3.
samples; right: same as the left panel but for the P wave.

Number of samples N, per iteration

Left: numerical results of the T'(d5) contribution to the S wave from the VEGAs+ after 15 iterations with increasing numbers of

B(l)(x)
=)

B(Z)(X)

-40 -20 0

X

20 40

-40 -20 0 20 40

FIG. 4. Left: Bessel functions B(") and right: B?).

B (x) = K (/x)0(x) — %”H(ll)(\/—_x)G(—x), where the
step function ®(x) equals 1 when x > 0 and 0 otherwise.
The former (latter) corresponds to the Bessel function
appearing in F; (F,34). As described in Fig. 4, both
BW(x) and B (x) are singular at x = 0 with the limits,

ll%l_B(l)(x) = —]]]‘(I)]_ ]0g(1/ ) +%’
tim B (x) = lim log(v/%).
x—0" x—=07"
-1
lim B (x) = lim ——,
x—=0~ x—=0 —X
lim B (x) = Tim )

x—0" x—0" \/_
The real part of B(!) (x) behaves like log(+/|x|) on both sides
of x =0, which can be well managed by the VEGAS+.
However, the real part of B(®)(x) approaches 4-co from the
two sides of x = 0, whose incomplete cancelation causes the
numerical instability.

The aforementioned divergences of B®) ought to cancel,
since they are from an integrable singularity as shown in
Eq. (37); the integrand takes the same values in magnitude
but with opposite signs at x = ¢ and x = —e, where € is a

tiny parameter. We then decompose the function B®)(x)
into two terms, B (x) — Sign(x)/+/]x| and Sign(x)/+/|x],
as depicted in Fig. 5. The former is finite everywhere,
whose integration is convergent and can be evaluated
reliably by the VEGASs+. The latter is divergent at x =0
but antisymmetric about the origin. Therefore, the contri-
butions to its integral from the intervals (—¢, 0) and (0, €) in
x are expected to cancel exactly and are negligible. This
operation replaces the integrations involving [, 54 by the
Sign(x)/+/|x| in the
entire range of x and the other with Sign(x)/ \/m in the
region outside (—e,¢). It has been checked that the cut
parameter ¢ within the range 0.0005-0.005 leads to
accurate outcomes with controllable uncertainties. Here
we set € = 0.001, for which the errors in the real parts of
the 7'(d5) contributions indeed decrease as 1/4/N,,, as
indicated in Fig. 6. It confirms the effectiveness of our
algorithm.

sum of two pieces, one with B (x) —

F. Applicability of PQCD

The typical PQCD factorization formula for a A, — ph
decay amplitude has been quoted in Eq. (2). The Wilson
coefficients in the weak effective Hamiltonian evolve from
the electroweak scale my, down to the hard scale ¢ that
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FIG. 5. Left: function B?®)(x) — Sign(x)/+/Jx|; Right: the function Sign(x)/+/|x|.
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FIG. 6. Same as Fig. 3 but the integrals are treated under our algorithm.

represents the maximal virtuality of internal particles in
relevant Feynman diagrams. The Wilson coefficients are
combined with a second-stage renormalization-group evo-
lution from ¢ to 1/b, below which infrared logarithms are
absorbed into the hadron DAs [76]. The hard kernels are
then computed to fixed orders in the strong coupling «; at
the scale r. Hence, the applicability of the PQCD approach
lies in the sufficiently large hard scale above O(1) GeV.

We have successfully reproduced the A, — p transition
form factors with physically reasonable results in our
previous study [24]. The detailed examination of the
portions of the form factor f(g> = 0) in different ranges
of a,/x (see Fig. 5 in [24]) confirms that all contributions
arise from the region with a,/7 < 0.18, implying the
average hard scale around t~ /Aqcpm,,. This ensures

the dominance of perturbative dynamics, which allows
reliable evaluations of A, baryon decay amplitudes.
Although next-to-leading-order (NLO) PQCD calculations
have not been fully implemented, it is believed that NLO
corrections are under control. We will estimate higher-order
effects by varying the hard scales in the next section. The
mild impacts on our predictions for CP asymmetries will
further justify the applicability of the PQCD approach to A,
baryon decays.

Hadron DAs are essential inputs in the PQCD frame-
work, whose universality enables consistent applications to

various modes. The precision of PQCD results is of course
subject to the knowledge of these DAs. Current under-
standing of baryon internal structures and their associated
DAs remains incomplete, which consequently introduces
uncertainties in our analyses. This source of uncertainties
will be also investigated in the next section by tuning the
parameters involved in the hadron DAs. Unambiguous
determinations of baryon DAs are necessary for improving
the theoretical precision.

The development of the PQCD formalism for heavy
baryon decays is still in the preliminary stage. Several
aspects need to be explored, such as the extension to higher
twists (higher powers in 1/m,, ) and resummation effects of
the threshold logarithms, which are important in the
endpoint regions of parton momentum fractions. The
assessment of the uncertainties from the above sources
goes beyond the scope of the present work.

III. NUMERICAL RESULTS
A. Two-body A, — ph decays

We start with the invariant amplitude of the A, (%* ) —>
p(4*)h(07) decay [77], h =~ or K™,

A =i, (p,)(S+ Pys)uy,(pa,); (38)
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where u,, is the proton spinor, and S (P) denotes the parity-
violating S-wave (parity-conserving P-wave) amplitude.
CPVs are generated by the interference between the con-
tributions of the free operators 7 and the penguin operators
‘P. The S- and P-wave amplitudes are split into [18]

S = Ar|Sz|e®r + ip|Sple’®r,
P = Ar|P7|e®r + Jp|Pple, (39)

*

where &’s represent the strong phases, and A = V,,V" d(s)
and Ap =V, V; d(s) are the products of the CKM matrix

elements. It is remembered that the S-wave amplitude flips
sign under the C transformation, but the P-wave one does
not [19],

S = 8 = =25 [S7|er — 25|Sp|er,

P = P = 25 |Pr|e + 5| Pple®s. (40)

It is equivalent to formulate the decay A;, — ph in terms
of the helicity amplitudes, defined as

Hj, 5, = (P(Ap)h(25) [Hy |Ap(A4,))- (41)

We calculate the contributions from all diagrams to the
invariant amplitudes S7p and P p in Eq. (39), including
their strong phases, for the A, — pz~, pK~ decays in the
PQCD approach. The results can be transformed into the
helicity amplitudes in Eq. (42) straightforwardly. It is worth
mentioning that the nonfactorizable diagrams from the
topologies PC, and PE{ are evaluated for the first time.
Our predictions for the A, — pn~ (pK~) amplitudes are
presented in Tables V and VI (Tables VII and VIII), where
only the central values are given for clarity.

The contributions to the decay amplitudes have been
categorized according to topologies in the above tables.
The external-W emission topology T is further divided into
the factorizable part 7/ and the nonfactorizable part 7"/,
and the same division applies to the PC, topology. The
topological amplitudes, excluding the CKM matrix ele-
ments, respect the hierarchy relations,

|T/| > |E,| 2 [PC]| 2 |T| > |Cy| > |PCy| > |B]

> |PEY| > |PEY| ~ |PB| ~|PE,| ~ |PC"|(S wave),
T/ |3 |T" | > |Ey| > |C,| > |B| > |PCy| 2 |PCY|

> |PEY| > |PC]| > |PE!| ~ |PE| ~ |PE,|(P wave),

The A, spin component obeys 45, = 4, — 4;, with the proton (43)
helicity 4, and th in 4;,. The helicit litud . - . .
cletty 4, an ¢ meson spm h ¢ e.1c1 Y an.lp fudes with the explicit relative ratios,
H; ,;, are related to the partial-wave amplitudes via
|G |Es| B
H =—iM_S+iM_P, —==0.042, —==0.095, = =0.014 (Swave),
120 " 7| 7 7
H_ypo=—-iM,S—iM_P, (42) C E B
/ ||T2|| = 0.041, ||T2|| = 0.072, H =0.024 (P wave),
with  the coefficients M3 = (my, £ m,)* — m} =
2my, (E, £ m,), E, being the proton energy. (44)
TABLE V. Invariant amplitudes of the A, — pz~ decay classified by topologies without the CKM matrix elements.
A, = pr~ N 55(°) Real(S) Imag(S) |P| 87 (%) Real(P) Imag(P)
Tf 707.17 0.00 707.17 0.00 1004.44 0.00 1004.44 0.00
™ 51.72 —96.64 -5.98 -51.38 267.72 -97.92 -36.90 —265.17
T +1f 703.07 —-4.19 701.19 -51.38 1003.22 —15.33 967.54 —265.17
C, 29.37 154.96 —26.61 12.43 41.51 179.80 —41.51 0.14
E, 66.94 —145.26 —55.01 —38.14 72.58 119.94 -36.23 62.89
B 10.40 112.64 —4.00 9.60 23.65 —122.56 -12.73 —-19.93
Tree 619.26 —6.26 615.57 —67.49 904.75 —14.21 877.08 —222.06
PC{ 58.44 0.00 58.44 0.00 2.90 0.00 2.90 0.00
qu’f 1.24 —115.38 —0.53 -1.12 11.16 -95.25 —1.02 —11.11
pcl + pc’ 57.91 —1.11 57.90 ~-1.12 11.27 —80.38 1.88 —11.11
PC, 13.36 —116.10 -5.88 —-12.00 14.93 71.96 4.62 14.20
PEY 9.48 —87.62 0.39 -9.47 8.83 114.44 -3.65 8.04
PB 1.36 -51.30 0.85 —1.06 1.55 —159.86 —1.46 -0.53
PE{ + PE, 3.87 —98.18 —-0.55 -3.83 1.41 —-12.55 1.37 —-0.31
Penguin 59.45 —27.54 52.71 —27.49 10.65 74.93 2.77 10.28
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TABLE VI. Helicity amplitudes of the A, — pz~ decay classified by topologies without the CKM matrix elements.
A, — pr~ |Hy 5(Hip)® Real(H, ) Imag(H. ) |H 1] 8(H_10)° Real(H _1p)  Imag(H 1)
Tf 65.30 90.00 0.00 65.30  9344.10 —90.00 0.00 —9344.10
™ 914.77 -8.40 904.96 —133.62 1593.23 172.35 —1579.06 212.04
T + 1 907.53 —4.32 904.96 —-68.32  9267.57 —99.81 —1579.06 —9132.06
C, 83.29 —13.80 80.89 —19.87 378.05 77.44 82.24 369.00
E, 577.41 160.66 —544.83 191.24 532.44 85.22 44.34 530.59
B 159.82 —12.04 156.30 —-33.35 91.09 109.50 -30.40 85.87
Tree 601.38 6.66 597.33 69.70  8280.47 —100.32 —1482.88 —8146.61
PC{ 369.76 —90.00 0.00 -369.76 396.97 —90.00 0.00 —396.97
qu’f 44.70 —1.64 44.68 —1.28 60.01 172.07 —59.43 8.28
pcfl‘ + pC'I’f 373.72 —83.13 44.68 -371.04 393.21 —98.69 —59.43 —388.69
PC, 157.24 157.48 —145.25 60.24 20.86 125.84 —12.21 16.91
PEY 101.73 —168.84 —99.80 —19.70 28.48 149.33 —24.50 14.53
PB 13.17 —109.70 —4.44 —12.40 9.53 172.34 -9.45 1.27
PE{ + PE, 25.76 157.05 -23.72 10.04 26.73 —173.96 —26.58 -2.81
Penguin 403.75 —124.47 —228.52 —332.85 382.37 -110.22 —132.18 —358.80
TABLE VII. Same as Table V but for the A, - pK~ decay.
A, - pK~ |S] 55(°) Real(S) Imag(S) |P| 8° (%) Real(P) Imag(P)
1! 865.44 0.00 865.44 0.00 1230.64 0.00 1230.64 0.00
™ 53.41 —102.81 —11.84 -52.08 343.23 -96.76 —40.43 —340.84
T/ + 1 855.18 -3.49 853.60 -52.08 1238.05 —15.98 1190.21 —340.84
E, 89.06 —138.10 —66.28 —59.48 94.13 122.31 —50.31 79.56
Tree 795.18 —-8.06 787.31 —111.55 1169.46 -12.91 1139.90 —261.28
pcfl‘ 76.43 0.00 76.43 0.00 3.30 180.00 -3.30 0.00
pc”f 1.14 —134.10 -0.79 —0.82 13.85 -94.36 —1.05 —13.81
PCf + PC"f 75.64 -0.62 75.64 -0.82 14.48 —107.50 —4.35 —13.81
PEY 11.80 —89.53 0.10 —11.80 11.02 115.62 -4.76 9.93
PE‘I’ 7.53 —101.53 —1.50 -7.38 2.67 51.53 1.66 2.09
Penguin 76.88 —15.08 74.23 —20.00 7.66 —-166.53 —7.45 -1.79
for the A, — paz~ mode. Likewise, we have IE,| IE,|

|T2| —=0.104 (Swave), |—T2| —=0.076 (Pwave), (46)

77| > |E,| 2 |PC{| 2 |T"| > |PEY| > |PE{|
> |PCY|  (Swave),
IT/| > |T"| > |E,| > |PC)| 2 |PEY| > |PC]|

> |PE4| (P wave), (45)
T/ (pK))| T (pK)|
Dol 7 ()
T/ (pK) T (oK)
T~ )

for the A, — pK~ mode. It is seen that Egs. (43) and (45)
are consistent with those from the SCET [48].

The A, = pa~, pK~ decays share the same topologies T
and E,, allowing a quantitative assessment on the SU(3)
flavor symmetry breaking effects. The ratios

|E>(PK)| wave

E(pr)] (8 wave),

E»(PK)| _ wa

o)~ (P wave) (47)
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TABLE VIII. Same as Table VI but for the A, — pK~ decay.

Ap — pK™ [Hi| 5(Hyp)® Real(Hip)  Imag(Hip) |H 1| 8(H_19)"  Real(H_,)  Imag(H_,,)
T/ 71.74 90.00 0.00 71.74 11397.55 -90.00 0.00 —11397.55
™ 1252.42 —5.08 1247.50 —110.90 1947.26 172.15 —1929.02 265.90
T/ + 17/ 1248.12 -1.80 1247.50 -39.17 11297.55 -99.83 —-1929.02 —11131.65
E, 785.62 165.31 —759.92 199.29 668.39 91.58 —18.44 668.13
Tree 513.20 18.18 487.58 160.12 10643.20  —100.54 —1947.46 —10463.51
PC| 515.50 -90.00 0.00 —515.50 484.74 -90.00 0.00 —484.74
pcl 59.00 0.28 59.00 0.29 70.45 171.76 -69.72 10.10
pC| + pcy 518.58 —83.47 59.00 -515.22 479.73 -98.36 —-69.72 —474.64
PE! 125.61 —169.53 —123.52 —22.83 37.72 145.13 -30.95 21.57
PE? 60.63 163.13 -58.02 17.60 38.56 176.88 -38.51 2.10
Penguin 534.68 -103.25 —122.54 —520.44 471.96 -107.15 —139.17 —450.97

imply that the SU(3) breaking effects reach roughly 30%,
similar to the case of B meson decays [78]. The breaking
effects primarily originate from the meson decay constants
in the factorizable T, topology because of |T/(pK)|/
|T/ (px)| ~ fx/fz and from the meson DAs in the other
topologies.

A hierarchy relation exists between the helicity ampli-
tudes H_; > and H,  ; from the factorizable topology T/,
as manifested in Tables VI and VIII. The proton spin tends
to be antiparallel to its momentum due to the chiral current

(V —A) in weak interaction, granting the dominance of
H—l/2.0 over H1/2.0'

Tables V and VII and the hierarchy relations in Egs. (43)
and (45) declare that the factorizable penguin contribution
to the P wave is much lower than to the S wave, i.e.,
|PC]|Pwave « |PC]|SWave, This feature is attributed to the
current structures of the penguin operators; the matrix ele-
ment for the factorizable penguin PC{ fromthe (V—-A) ®
(V — A) operators like O, is written, in the factorization
hypothesis, as

(P 04| Ap) = (pr~|(dobp)y_a(iigug)y_alAp)

= (2= [(du)y_410) [(p|(@b)y|Ay) = (pI(@h) 4| A)]. (48)
For the (V —A) ® (V + A) operators like Og, the corresponding matrix element is approximated by
(p7~|Og|Ay) = <P7T_|(‘_labﬂ)v—A(ﬁﬁua)v+A|Ab>
= =2(z"|(du)s, p|0){p|(@b)s_p|As)
- 2m2 2m2
= (7~ |(du)y_,|0 i ub)y|Ay) + . iih) 4|\
<” |( )V A| > (mb_mu)(mu+md) <p|( )V| b> (mb+mu)(mu+md) <p|( )A| b>:|
= (77 |(du)y_4|0) (RT(p|(@b)y|Ap) + R5(p|(@th) 4| Ap)). (49)
: : T 2m2 T 2m2
with the chiral factors Rl = m and RZ = m
The §- and P-wave PC{ amplitudes then read
wav Gr . [Cs Gy < Cs G
(PCT)vave = _ﬁfhvtbvtd _?+C4+?+C10+R1 (?+C6+?+C8
x [fi(m3)(my, = mp,) + f3(m5)mi].
wave _ _ OF e Co +(Cs G
(PCy)” __%fhvtbvtd_?—'—C4+?+C10_R2<?+C6+?+C8
x [g1(m3)(my, +m,) = gs(my)my], (50)
respectively, where the form factors f 5 and g, ; are defined in terms of the matrix element (p|ay,b|A,) = i, (f 7, +
f2i6,,q" + f3q,)un, and (pliy,ysb|Ay) = 1,(917, + 9200,,9" + 934,)7sus,- The chiral factors RT , are of O(1), so the

053007-15



HAN, YU, LI LI, WANG, XIAO, and YU

PHYS. REV. D 112, 053007 (2025)

negative sign of the R% piece in the second expression of
Eq. (50) results in destruction. As a consequence, the S-wave

PC{ is enhanced, while the P-wave one is suppressed.

It is observed from the amplitudes in Appendix B that
specific combinations of the hadron DAs may produce
opposite signs between the S and P waves. For instance,
Eq. (B9) from the combination of the A, twist-2, proton
twist-3 and meson twist-2 DAs yields

M A, twist-2-proton twist-3-meson twist-2)

?(V—A)(
= 8my (x3 = y) (=241 (=1 +x; +)

+ 29527, + V) (=1 + x5 + ),

+8my (x5 = y) (=241 (=1 4+ x, +)

+ 2952, + Vi) (=1 + 25 + ) s, (51)
where the S-wave (first) piece and the P-wave (second)
piece have the same sign. Nevertheless, the two partial

waves are opposite in sign in the combination of the A,
twist-3, proton twist-3, and meson twist-2 DAs,

(va—(/z;?(v—A) (A, twist-3 4 proton twist-3 4+ meson twist-2)
= Smj‘\,, (x3 = y) (A3 x5+ Viys ) éy,
—8my, (3 =) (A3 Xy +Viy3 ) dnys. (52)

This distinction arises from the different numbers of y5 for
the S and P waves endowed by the vector and axial-vector
currents in weak interaction and by the Dirac structures of
the hadron DAs.

We survey all combinations of the DAs, and decide the
relative signs between the S- and P-wave amplitudes as
exhibited in Table IX, where the symbol “+” (“~") means
the same (opposite) sign. It is interesting that the relative
sign between the S and P waves alternates with the twists of
the A, or proton DAs. This feature holds for all Feynman
diagrams and all types of weak interaction vertices. The net
interference between the S- and P-wave amplitudes for a
topology is then determined by the dominant Feynman

diagram and DA combination involved. This accounts for
the notable fluctuation of the strong phases in Tables V and
VII. The different strong phases impact the predictions for
CPV's, which will be explored in the following subsections.
With the obtained amplitudes, we predict the various
observables associated with the A, — pz~, pK~ decays as
elaborated below. The outcomes are assembled in Table X,
where the first three errors are from the inputs in the A,
proton and meson DAs, respectively, and the fourth one
stems from varying the renormalization scale of the Wilson
coefficients in Table I. The uncertainties from the CKM
matrix elements are negligible relative to the above sources.
The decay width is written as

Pc
8amy,
De

= e (Hipol +Hoppo). (53)
Ap

L= g (ISP + M2 PP)

where

pe= 10, +mp 2 = mil(ma, = m,)? = il 2my,).
(54)

is the momentum of either the proton or the meson in the
rest frame of the A, baryon. The predicted A, — pz~
and A, — pK~ branching ratios are a bit lower than
the data Br(A, — pr~) = (4.6 £ 0.8) x 107% and
Br(A, —» pK~) = (5.5+1.0) x 10°. We suspect that
the discrepancy is attributed to higher-order corrections,
in particular those to the nonfactorizable topologies. The
factorizable contributions have been more or less fixed
by the measured A, — puv, and A, — pDy branching
ratios. The uncertainty arising from the Wilson coeffi-
cients for the A, - pK~ decay is larger than for
A, — pr~, suggesting that higher-order contributions
are more important in penguin-dominant modes.

The A, — pz—, pK~ decays share the same inputs from
the A, and proton DAsS, so the errors from these sources are
suppressed in the difference of the branching ratios,

TABLE IX. Relative signs between the S- and P-wave amplitudes for various twist combinations of the A, and

proton DAs.

Meson twist-2 Proton twist-3

Proton twist-4

Proton twist-5 Proton twist-6

A, twist-2 +
A, twist-3 -
A], twist-4 +

+ p—
- +
+ J—

Meson twist-3 Proton twist-3

Proton twist-4

Proton twist-5 Proton twist-6

A, twist-2 -
A, twist-3 T
Ah twist-4 -

- -
_|_ —
- -
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TABLE X. Observables associated with the A;, — pz~, pK~ decays. The percentages in the parentheses stand for
the proportions of the partial-wave CPVs to the direct CPVs.

Br(x107°)

Ay — pr~ 3347 e
A, = pK- 2,831 032092037066
A%

Ay = pr 0.050 00 001 0000

Ay — pK~ —0.061 001 001001000
a

Ap = pr= =094 R

R e
B

Ay = pr” 0341000 00 o008’

Ap = pK= —0.39F 00N
Y

Ay = pr” 0.097 003 006006001

A, — pK- (.89 H0.02+0.04-£0.04+:0.00

—0.01-0.02—-0.05-0.01

ASCP("S)

+0.0140.0140.03+0.04
0.1720040.04-0.07—0.04 (49%)

+0.02+0.02+0.04+0.00
—0.05 —0.02-0.01-0.03-0.00 (94%)

A%
00
O

aty
022 BT
04 3R R
Koy
0.11 +0.014-0.02+0.03+0.03
—0.02-0.03-0.04-0.02

+0.02+0.05+0.04+0.00
0'02—0.0 1-0.03-0.04—-0.00

AICJ‘P (kp)

+0.01+0.03+0.02-+0.00
_0'06—002—0,03—0‘03—0‘01 (5 1 %)

+0.0740.23+0.294-0.04
_0-21—0.15—0.33—0.27—0.01 (6%)

(@)
+0.00+0.01+0.01+0.02
_0'96—0.00—0.01—0.01 -0.01

+0.02+0.01+0.11+0.14
0'20—0.02—0.02—0. 12-0.06

p)

0 12+0.00+0.05+0.03+0.00
*7%-0.05-0.05-0.04-0.02

+0.03+0.08+0.07+0.04
0'05—0.01—0405—0.07—0.02

(r)

+0.01+0.02+0.01+0.01
_0'02—0.0270.0470.01 -0.00

+0.00+0.014-0.024-0.00
0'87—0.00—0.01 —-0.02-0.01

ABr(A, - pK~/n7) =Br(A, —» pK~) = Br(A, — pz7)

as hinted by the crucial effects from varying the renorm-

alization scale of the Wilson coefficients.
According to the definition for the direct CPV of the
(55) A, = ph decay,

_ +0.25--0.20+0.50+1.72 —6
= (=0.51203¢ 017-038-052 ) X 107°.

Though the errors from the meson DAs and the Wilson
coefficients stay sizable, Eq. (55) indicates that the A, —
pK~ branching ratio is higher than the A, — pz~ one. The
discrepancy between Eq. (55) and the LHCb measurements
may be also resolved by including higher-order corrections,

A%L(A, — ph) =

we have the explicit expression

Adir — —2M?2|S7|?rg sin Agpsin ASg — 2M?%|P7|*rp sin A¢p sin Adp (57)
P M2 ISP (1 + 1% + 2rgcos Agcos Adg) + M2|Pr|>(1 + 5 + 2rp cos Ag cos Adp)

where rg = |ApSp|/|ArST| (rp = |ApPp|/|A7P7|) is the ratio of the penguin amplitude to the tree amplitude for
the S (P) wave, the difference of the weak phases A¢ = arg(dp) — arg(A7) is identical for both waves, and Asg = &3 — 55
(Adp = 571; — 5;) is the difference of the strong phases for the S (P) wave. It is trivial to construct the partial-wave CPVs,

s _|ISP=IS*  —2rgsinA¢sin Ads
PSP ISP 1412+ 2rgcos Agcos Adg”
P |P|? —|P|? —2rpsin A¢ sin Adp
Acp = o535 = 5 . (58)
|P|>+ |P|*> 1+ r5+2rpcosAgcos Adp
The net direct CPV is related to the partial-wave CPV's through [18]
o MA(ISP - |S]?) + M2 (PP — |PP)
Adzr — + - _ — AS AP , 59
= ME(S + 7) + ME (P [PR) e A >
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where the weights are given by

_ S| P
“ Ne +Z—§;%|PP ISP+ xrcp|PP
PP pp 60)
P Tsy a PR ISP+ P

with k =M2/M% and rep = (1 +ASp) /(1 +AL,). Tt
states that the total direct CPV is the weighted average
of the partial-wave CPVs.

It is observed in Table X that the partial-wave CPVs
can exceed 10%, such as A$p(A, — pz) =0.17 and
ALL(A, —» pK) = —0.21, similar to the direct CPVs in
B meson decays. However, the destruction between the
S-wave CPV (0.17) and the P-wave CPV (—0.06) in
A, — pr~ reduces the direct CPV to 0.057007. The central
value of our prediction does not exactly match the data,
but the destruction mechanism in this mode, which does
not exist in the corresponding decay B — sz, has been
demonstrated unambiguously. The S-wave CPV in the
penguin-dominated A;, — pK~ decay is small (—0.05) with
the tiny strong phase Adg¢ = —7°, and the sizable P-wave
CPV is down by the proportion kp = 6% because of

o Ap—=>pr (QCD penguin)
P \eet

PC,+PB+PE{ +PE) pC,

‘Ep —10

Imaginary part
3
5
3
3
3
3
3
3
3
3
w :
- | ~
gz &
ES &
<
(¢
5
3
5
5
o

-20|

~20 0 20 40 60
Real part
10 - -
5 Ap—pK (QCD penguin)
P—vs:av?
0 otal —
é_ TN ',,,:r‘\\\ PC,+PE!
2 -5 d gy, -
5] PE{\ [PCi+PE{ "y, [
£ _10 ",
& S—wavé"l.,,.' .
E -15 totel M, .
k| o
20 e,
-25
0 20 40 60 80
Real part
FIG. 7. QCD penguin contributions from each topological

diagram to the A, — pn~ decay (top) and to the A, — pK~
decay (bottom) depicted in the complex plane. The red (blue)
vectors represent the S-wave (P-wave) penguin contributions.

TABLE XI. Results of the topological amplitudes for the A, — pz~ decay in units of 10~ without the CKM matrix elements. The
QCD penguin contributions are further broken down into those from the O3 4 and Os ¢ operators. The magnitudes and strong phases of
each topological diagram are grouped in the columns of |S|, §5(°), |P|, and &7 (°).
A, — pr~ S| 85(%) Real(S) Imag(S) |P| 5P (%) Real(P) Imag(P)
T 703.07 —4.19 701.19 —51.38 1003.22 —15.33 967.54 —265.17
G, 29.37 154.96 —26.61 12.43 41.51 179.80 —41.51 0.14
Tree E, 66.94 —145.26 -55.01 -38.14 72.58 119.94 -36.23 62.89
B 10.40 112.64 —4.00 9.60 23.65 —122.56 —12.73 -19.93
Total 619.26 —6.26 615.57 —67.49 904.75 —14.21 877.08 —222.06
PC, 59.36 —1.62 59.34 —1.68 13.41 —81.85 1.90 —13.27
PC, 13.95 —114.84 -5.86 —12.66 13.89 69.92 4.77 13.05
. PEY 8.52 -93.30 —0.49 —8.51 10.23 112.10 —3.85 9.48
QCD penguin PB 144 3065 L1l ~0.92 140 16208  -133  —043
PE{ + PE, 3.98 —-101.17 -0.77 -3.90 1.35 7.65 1.34 0.18
Total 60.07 —27.41 53.33 —27.65 9.44 72.56 2.83 9.01
PC, 30.41 —4.26 30.32 -2.26 43.11 —16.55 41.32 -12.28
PC, 1.05 179.78 —-1.05 0.00 1.68 —154.82 —1.52 -0.71
PEY 2.18 —159.87 -2.05 —-0.75 3.28 112.54 -1.26 3.03
O34 PB 0.36 103.90 —-0.09 0.35 0.38 —114.38 -0.16 -0.35
PE{ + PE, 242 -93.34 -0.14 -2.42 1.61 86.32 0.10 1.60
Total 27.47 —10.64 27.00 -5.07 39.46 —12.75 38.49 -8.71
PC, 29.02 1.15 29.02 0.58 39.44 —178.56 -39.42 -0.99
PC, 13.54 —110.82 —4.81 —12.66 15.13 65.45 6.29 13.76
PEY 7.92 —78.61 1.56 =7.76 6.95 111.88 -2.59 6.45
Oss PB 1.74 —46.52 1.20 -1.27 1.17 —176.00 —1.17 —0.08
PE{ + PE, 1.61 —113.22 -0.63 —1.48 1.89 —48.96 1.24 -1.42
Total 34.69 —40.61 26.33 —22.58 39.82 153.58 —35.66 17.72
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TABLE XII. Same as Table V but for the A, - pK~ decay.
A, = pK~ S| 55(°) Real(S) Imag(S) |P| 8° (%) Real(P) Imag(P)
T 855.18 -3.49 853.60 —52.08 1238.05 -15.98 1190.21 —340.84
Tree E, 89.06 —138.10 —66.28 -59.48 94.13 122.31 -50.31 79.56
Total 795.18 —-8.06 787.31 —111.55 1169.46 -12.91 1139.90 —261.28
PC, 76.08 —-0.81 76.07 -1.07 15.03 —106.59 —4.29 —14.40
QCD Penguin PEY 11.88 —88.70 0.27 —11.88 11.41 114.21 —4.68 10.41
PE? 7.46 —100.12 -1.31 —7.34 2.08 60.60 1.02 1.81
Total 77.72 -15.13 75.03 -20.29 8.25 —164.60 —-7.95 -2.19
PC, 37.18 —4.11 37.09 —2.66 53.10 —17.42 50.67 —15.89
PEY 2.86 —149.71 —2.47 —1.44 4.48 111.71 —1.66 4.17
O34 PE? 3.00 -92.18 —0.11 —3.00 2.08 83.11 0.25 2.06
Total 3523 —11.64 34.51 =7.11 50.20 —11.10 49.26 —-9.66
Os¢ PC, 39.01 2.33 38.98 1.59 54.98 178.45 —54.96 1.49
PEY 10.79 —75.30 2.74 —10.44 6.93 115.83 -3.02 6.24
PE? 4.50 —105.46 —1.20 —4.34 0.81 —18.16 0.77 —-0.25
Total 42.61 —18.02 40.52 —13.18 57.70 172.56 —57.21 7.47

|P| < |S|. The direct CPV A%i5(A, — pK) = —0.061055
turns out to diminish as well.

We emphasize that the aforementioned destruction
mechanism was not noticed before. The previous studies
based on the generalized factorization [33,34,79] and the
QCDF [39] considered only the factorizable diagrams, i.e.,
T for the tree contributions and PC; for the penguin
contributions. The associated partial-wave CPV's are always
minor owing to either the small strong phase differences or
the low weights of the penguin amplitudes. Here we point
out the large relative strong phases from the PC, and PEY
diagrams, which are first realized in the PQCD formalism.
They generate the strong phases for the S and P waves with
opposite signs, whose cancelation is the mechanism respon-
sible for the diminishing direct CPV in A, — px.

To visualize the cancelation between the imaginary
parts or the strong phases of the partial-wave amplitudes,
we display the PC,, PE{ and PC| contributions to the A, —
pr~ decay in Fig. 7. It is evident that the combined PC, +
PEY constitutes the dominant source of the strong phases,
which destruct between the S and P waves. The diagram
PC, mainly contributes to the magnitude of the S wave. The
A, — pK~ case is different as remarked before, where the
diagram PE} also gives the strong phases with opposite
signs between the S and P waves. However, the dominant
S-wave CPV governs the direct CPV in this mode.

We explain why the PC, and PE} penguins generate
the dominant strong phases with opposite signs between
the S- and P-wave amplitudes. For simplicity, we ignore the
electroweak penguins and concentrate on the QCD pen-
guins. The distinction between the contributions of O3 4 and
O ,, both being the (V — A) ® (V — A) operators, appears
only in their Wilson coefficients, such that the strong phases
of the penguin amplitudes from O; 4 are close to those of the
tree amplitudes. This claim is supported by the results in
Tables XI and XII. Taking the A, — pax~ decay as an

example, we have §° = —6.26° and —10.64° for the S-wave
amplitudes from the tree and O;4 operators, respectively,
and 6” = —14.21° and —12.75° for the P-wave ones from
the tree and O3 4 operators, respectively. It is also the case for
A, — pK~. The contributions fromthe (V —A) @ (V + A)
operators Os ¢ make the substantial strong phase differences
between the penguin and tree amplitudes, which read §° =
—40.61° and 6" = 153.58° for the pz~ mode in Table XI,
and 85 = —18.02° and §” = 172.56° for the pK~ mode in
Table XII. Figure 8, depicting the S- and P-wave amplitudes
from Os g, justifies our analytic argument for Spe, & —Ppc,
and Sppu X~ —Ppp.

20 Ap—-pr (Os and Og)

‘e
0 =
PE! v, P-wave
l:,'lotal
)
0,"'
PCy o,
‘e

10

PC;+PB+PE{ +PE,

O
PC,+PB+PE{+PE, e,

Imaginary part
(=]

0 20 40 60
part
(Os and Og)
g
(=%
E‘ PC;+PE{
g LT —
& uu.,..' PEY
E S,
-20
-60 -40 -20 0 20 40 60
Real part
FIG. 8. Os and Og penguin contributions to the A, — pz~

decay (top) and to the A, - pK~ decay (bottom) depicted in the
complex plane. The red (blue) vectors represent the S-wave (P-
wave) penguin contributions.
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FIG. 9. Dependence of the net direct CPV on partial-wave
CPVs, where the red spot corresponds to our prediction. The gray
narrow band specifies the partial-wave CPV's allowed by the data
of the direct CPV of A, — pn~.

The underlying destruction between the partial-wave
CPVs in the A, — pz~ decay is manifested in Fig. 9, for
the ratio of |P|?/|S|> = 1.6 obtained in this work. It shows
the dependence of the net direct CPV on partial-wave
CPVs, where the red spot corresponds to our prediction.
The gray narrow band specifies the partial-wave CPVs
allowed by the data of the direct CPV. We can perceive
how the partial-wave CPVs affect the net CPV, and how
close our prediction is to the data. It is noteworthy that the
P wave of the decay A, — pK~ reveals the highest partial-
wave CPV, amounting to 21%, but with larger uncertainty

By contrast, the nonfactorizable penguin contributions,
dominating the P-wave amplitude, suffer significant uncer-
tainties from the proton and kaon DAs, which propagate
into the P-wave CPVs.

The difference of the direct CPVs is given by

AAER(Ny — pK=/77)
= A% (A, = pK™) — A%L (A, — pr)

=0 11+O.02+0.02+0.03+0.02

- —0.01-0.00-0.01-0.02 » (61)

which slightly deviates from the measured value around
—0.01. As mentioned in Sec. I and Ref. [24], the threshold
resummation factor for heavy baryon decays, which
smooths the endpoint behavior of hard kernels and modi-
fies tree and penguin contributions differently, has not been
taken into account in the present framework. Implementing
this factor may achieve more accurate predictions, improve
the agreement with experimental data, and advance our
understanding of the decay dynamics accordingly.

We define the decay parameters for A, — pz~, pK~ [80],

~ 2x.Re(S*P) 2k, Im(S*P)
O [SPRPP O [SPefPP
S+ RIPE
with the coefficient ke = pJ(E, +m,) =

V(E, —m,)/(E, + m,), and their associated CP asym-
metries and averages,

compared to the S-wave CPV. The factorizable penguin Alp = at a, Aﬁcp = u, Aycp = u,
contributions play an essential role in the S-wave amplitude 2 2_ -

due to the chiral factors. These contributions, being less (a) = a—a B = p—p ) = y+7 (63)
sensitive to the proton DAs, have smaller theoretical errors. 2’ 27

TABLE XIII. Same as Table V but without the proton and meson masses in kinematics.

A, — pn~ |S| $(S)° Real(S) Imag(S) |P| ¢(P)° Real(P) Imag(P)
T, 839.84 0.00 839.84 0.00 850.10 0.00 850.10 0.00
T, 62.83 —-100.16 -11.08 -61.84 240.42 -97.09 —29.69 —238.58
Ty+ T, 831.06 —4.27 828.75 —61.84 854.39 —-16.21 820.41 —238.58
c 35.65 162.64 —34.02 10.64 32.99 —176.98 -32.95 -1.74
E, 84.36 —141.20 —65.75 —52.86 51.84 128.88 —32.54 40.35
B 17.54 104.24 —4.32 17.00 13.74 —124.50 —7.78 —-11.32
Tree 729.88 —6.85 724.66 —87.06 776.44 —-15.79 747.14 -211.29
Pfc,l 67.66 0.00 67.66 0.00 2.61 0.00 2.61 0.00
PS} 1.83 —109.17 —0.60 -1.73 9.87 —-92.94 —0.51 —9.86
pfl + pf} 67.08 —1.48 67.06 -1.73 10.08 -77.93 2.11 -9.86
PC 17.24 —116.06 —7.57 —15.49 13.63 67.60 5.19 12.60
PEI 11.22 -90.55 —-0.11 -11.22 7.06 112.49 -2.70 6.52
PB 1.30 —42.87 0.96 —-0.89 1.40 —-170.77 —1.38 —-0.22
PE 4 pE 4.68 —101.65 —0.95 —4.59 1.62 —12.75 1.58 —0.36
Penguin 68.39 -29.72 59.39 -33.91 9.92 61.02 4.81 8.68
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The numerical outcomes for the above observables are

supplied in T, among which the CP asymmetries A/ép are
prominent for both the A, — pz~, pK~ modes. However,
the information on the A, baryon and proton polarizations is
needed to measure these parameters, which are experimen-
tally inaccessible by now.

The proton and meson masses have been retained in the
kinematic variables and hard kernels in the current analysis.
To quantify the impact of these supposed higher-power
contributions, we neglect the proton and pion masses, and
recalculate the A, — pz~ decay amplitudes. The resultant
branching ratio 3.65 x 10™® and direct CPV 0.09 in
Table XIII evince that the light-hadron masses produce
15% and 50% effects, respectively, relative to the corre-
sponding values in Table X. This test manifests the
importance of power corrections in heavy baryon decays.

B. Quasi-two-body A, — pV decays

The A, — pV decay amplitudes for longitudinally and
transversely polarized vector mesons V = p~,K*~ are
decomposed into

u u
Al =a, <Afy"y5 —l—A%&J@ + BEy# + BE ﬁ) UA, €]
mAb mAb

AT =@, (AT y"ys + Bly"up, €5, (64)

with the longitudinal (transverse) polarization vector €y (7).
The polarization amplitudes A%", A%, BL and BS form the
partial-wave amplitudes

St = —Al,
ST = —AT,
my +m
Pl_—&<7’\” PBf+B§),
EV Ep+mp
py=—"Lc _pr
Ep—l—mp
p2
D=-—"Ftc (Al _al, (65)
Ey(E,+m,) ' "7?

and the helicity amplitudes

Hi, =—V2M AT —\2M_BT,
H.y_ = V2MA] —vV2M_B],
H%,o = (M (my, - mp)Af - M_p A%
+M_(mp, +m,)By + M, p.By)/my.
H o= (=M (my, — m,)A} + M_p A%

+ M_(mp, +m,)B} + M. p.B5)/my, (66)

NI—

with the vector meson energy Ejy.

Given the numerical results in Appendix C for the above
amplitudes, the A, — pV decay width is derived via

:&Ep—l-mp

r
4 ma

{2<|ST|2 L)

b

E2
+— (ISt + D> + |P1|2)}

m

\%4

14
= 167:# (H 21>+ 1H oy P
Ay
+ |Hi a0l + [H-1)200%). (67)

The associated partial-wave CPVs are defined as in
Eq. (58), in terms of which the direct CPV is decomposed
[18],

dir ~ st Py Py D+St
ACPNKSTACP +KP1ACP +KP2ACP +KD+SLACP s (68)

with the weights

2|87 Ey|Py|?
Kgr = o KP‘:TVH’
. _2|Pyf? . _ Ey|D + SH?
R T DES TR
I1=2[S"[* +2|P, > + E,/my|D + S"|* + EY /mi; | Py |*.

(69)

The predictions for the branching ratios and CPVs of
the A, — pp~, pK*~ decays are collected in Table XIV.
Unlike A, — pz~, pK~, whose branching ratios are of the
same order, the A, — pp~ branching ratio is greater than
the pK*~ one by a factor of 3. The operators Os ¢ 7 g do not
contribute to the factorizable penguin topologies as shown
in Eq. (36). Hence, the enhancement of the penguin
amplitudes by the chiral factor in Eq. (50) is absent in
the A, - pK*~ decay.

It is found that the D + S* and P; components dominate
the direct CPV's because of the enhancement factor Ey, /my,.
The partial-wave CPVs of the A, — pV decays also
exceed 10%; the P,-wave CPVs of A, — pp~ reach
17%; the (D + S*)-wave CPV of A, — pK*~ is even as
large as 27%. However, the direct CPV's of these modes are
all minor for the similar reasons. The relative sign of the
partial-wave amplitudes in the A, — pK*~ decay can be
argued in the same manner. Their tiny direct CPVs trace
back to the destruction between the major (D + S*)- and
P-wave CPVs, like the A, — pzn~ case. For the A, —
pp~ decay, the two dominant partial-wave CPV's are small,
leading to a negligible direct CPV.

The decay asymmetry parameters are expressed, in terms
of the helicity amplitudes, as
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TABLE XIV. Same as Table X but for the A, — pp~, pK*~ decays.

Br(x107°) Al Agp(xsr)
Ay = pp” 9.661 351315 1 50-0.75 0.0310 050050 05000 0.01 00V R s (7%)
Ay = pK*= 283 s e —0.05 0 00T o008 ~0.152000 0 on-0.03-0.00 (6%)
AL (ks ip) Ach(xp,) AGp(xp,)
Ay = pp™ 002103 00 oo (44%) 003500810 o e (45%) 017X R 0 oo (4%)
Ay = pK= 027 00 0 (33%) =023 00V TR R (55%) 01400 00 s (6%)
a Atp (@)
Ay = pp” ~0.83 00 08 00001 ~0.0170 35000 70.01-0.00. ~0.8310 0, s o001
Ay = pK*= —1.0070 0570 00-0/00-0.00. —0.007 0 000 060.00-0.60. —1.0070 000000 000,00
B AL, ()
Ay = pp” —0.98 000 000000000 0.0010350060.00_0.00. —0.99 0 000 00000 0.00.
Ay = pK*= —0.90 0 07 0035 000,05 —0.021 00 o o000 ~0.88 008 6 0.00-0.04
14 AEP <}’>
Ay = pp~ —0.1 15 %0 —0.01 0000050000 —0.101 00 o oo
Ay = pK*™ =012 06 oS o005 0.02}0 02005100 —0.141 00 oo
A Ab, (A)
Ay = pp” —0.9610 05000 0.00-0.00. 0.0010054056 0 00,00 —0.97 0030000 000,00
Ay = pK*= —0.9 1 00008 —0.012 002008 500000 ~0.901 005005001 0.0
J AZ, (7)
Ny = pp” 1.66200370:0-0.050.00. =0.012 001001001000 1671005005 005-0.00
Ay = pK*~ L6700 00t 0.0410 06004 0 >-0.63 1.632008-015-000-0.09

NHipaP=1H o
a \Hy i P+ [Hoy oo [P
CHy g P=H
HypolP+1H ol
|HypaP=|H o 1P+ |Hypol = |H 120
CHy o P4 H o jo i P+ | Hi oo + [Ho1 o0

|Hippol? =1H 120/
|Hypo0* +[H_y 20

(70)

which satisfy A = (f + ay)/(1 + 7). The associated CPV's
and averages are defined as in Eq. (63) and by

A+ A
AéP: 2 ’

(71)
The results for the above quantities in Table XIV clearly
imply that the CPVs of the decay asymmetry parameters
are all consistent with zero.

Since a vector meson decays strongly with a finite width,
what we worked on are actually the three-body decays

A, = p(p~ =)a7° p(K*~ —)K~z°. Motivated by the
sizable partial-wave CPVs, we investigate the potential
observables for identifying CPVs involved in the angle
distributions for three-body decays. The angle distribution
of A, = pV — phh, in Fig. 10 is formulated as

dar
o Hyol o [yl [H_y o+ Hy P
+ (2[Hyo|* +2|H _o* = [H_y 1 = [Hy, )Py
x1+7J-P,, (72)
where the observable
2 2 2 2
jEZ|H%.0| +2[H 0" = [H i 7 — [Hyy] (73)

[Hyo? + [H s + [Hoy P+ [Hyy [P

with the Legendre polynomial P, = (3cos*@ —1)/2 can
be extracted from data fitting. The CPV and average for
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hy

h
FIG. 10. Configuration of the A, — pV — ph,h, decay, where

0 is the angle between h; in the V rest frame and the V
momentum in the A, rest frame.

J are written as

J-J
5

(J) = ; (74)

J _
Acp =

whose predictions are listed in Table XIV. Unfortunately,
the CPVs A‘gP in the A, — pp~, pK*~ decays are too tiny
to search for experimentally.

C. Quasi-two-body A, — pA decays
The decays A, — pA, with A denoting the axial-vector
mesons aj (1260), K7(1270), K7 (1400), share the same
|

amplitude parametrization and observables as A, — pV
in the previous subsection. Because the K;(1270)—
K(1400) mixing angle Oy is not yet well determined
[73], we take the typical values O = 30° and 60° for
illustration. It is seen that most of our predictions in
Table XV are insensitive to fx. The predicted A, —
pay (1260) and A, — pK7(1270,1400) branching ratios
are of the order 107°, which can be verified experimen-
tally. The partial-wave CPVs of the A, — paj(1260),
pK7(1270), pK7(1400) decays are significant, exceeding
50%. The opposite signs between the partial-wave CPV's
turn in the minor direct CPV of A, — pa;(1260). The
direct CPVs of A, — pK,(1270)~, pK,(1400)~ can devi-
ate from zero, both of which are above +5% in the range
20° ~ 70° of the mixing angle as plotted in Fig. 11.

The A, — paj(1260), pK7(1270), pK7(1400) modes
are actually the four-body decays, for aj(1260) and
K7 (1270, 1400) decay into z~z*z~ and K~z 7z, respec-
tively. We propose the promising observables associated
with the angle distributions of the final states in these
multibody A, decays, which can be measured in the future.
The angular distribution for the A, — pA — phihyhy
decay in Fig. 12 is given by [19]

dr (Hy 1> + 1H 121 ) Lrcos’d 4 ([Hija0l* + [H_120]*)sin*0

a?coseo<

R(|Hl/2,1|2 —[H_i/5-1 ?) cos 0

\Hyol? + |H_so* + |Hoy [ + [Hy,y [P

[Hyol* + |H ol + |H

with @ being the angle between the normal of the A —
hyh,hs decay plane and the A meson momentum in the A,
rest frame, i.e., cos@ =1 - py = (P X Pa) - Pa. The non-
perturbative factor R parametrizes the effect and kinematics
of the strong decay A — hjhyhy [81], which will be
canceled in the proposed CPV observable below. The
up-down asymmetry is then constructed,

~ T'(cos® > 0) —T'(cosd < 0)
YD T(cos 0 > 0) 4+ I'(cos 6 < 0)

R(|H 1> = [H_1p-1]7)
([Hijo1 P+ [Hoy o1 [P+ [Hy ool + [Hoj20]%)
ER'CIUD, (76)

which defines the R-independent CPV

AUD — Ayp + f:\UD ’ (77)
¢ Ayp —Aup

1P+ [Hy, P

(75)

with ayp = Re(STP;) and Ay, representing the charge
conjugate of Ayp.

The numerical outcomes for a;;, and AYE are gathered
in Table XV and their dependencies on the mixing angle are
displayed in Fig. 11, where AYR of the A, — pK,(1270)
decay is more stable against the variation of the mixing
angle. We highlight that AYE exceed 20% in the A, - pA
decays owing to the large strong phase difference between
the S- and P-wave amplitudes. Therefore, AYE with
controllable uncertainties serve as ideal observables for
establishing CPVs in A, baryon decays experimentally.
The measurements of AYE are based on the four-body
decays A, — prta~x~ and pK~n"z~ for pa,(1260) and
pK,(1270), respectively, both of which have abundant data
at the LHCb.

The LHCb has announced the direct CPV's of the above
modes from the Run 1 data corresponding to the integrated
luminosity 3 fb~! at the center-of-mass energies /s = 7
and 8 TeV [12]. The sum of particle and antiparticle
channels gives the signal yields of A, — pa; and pK;
around 800 and 1000, respectively. The yields would be
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0.10F"
6x107 30,5.41x107° ¢
.Mzsxw* T
sxi0f 0.09 30, 0.0871]
2 T 60, 0.0780
=}
Z 4x10°5F ® A,—pK;(1270)
& " N Kl . S 0.08 60, 0.0773
g 6 »—PpK ors S
g 3x10 ¥ 30, 0.0714 T~
@ 2x107 30, 1.29x10°° 0.07
1x10° 60, 5.35% 107 ® Ay —pK,(1270)
0 006F o A, —pK; 1400)
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Mixing angle (°) Mixing angle ()
100
30,75.3
50 [30,259) Pt
/./
S
8s 0 160, =151
~
-50[ ® A,—pK,(1270)
A»—pK, (1400)
~100 L N . .
20 30 40 50 60 70
Mixing angle (°)

FIG. 11.

Upper left: dependencies of the A, — pK branching ratios on the mixing angle 6; upper-right: same as the upper-left panel

but for the direct CPV’s; bottom: same as the upper-left panel but for the CPVs in the up-down asymmetry.

enhanced by four times with the Run 2 data from twice the
integrated luminosity of 6 fb~! and twice the cross section
at a higher collision energy of /s = 13 TeV. More b
quarks and associated b-hadrons are produced at higher
energies. As reported by the LHCb [82], the b-quark
production cross sections are measured to be 72.0 £ 0.3 £
6.8 ub at /s =7 TeV and 144 £1+21 pb at /s =
13 TeV, respectively, showing an increase by a factor of
two from Run 1 to Run 2. The number of signal events in
Run 2 is thus expected be four times greater than those in
Run 1, with a factor of two from luminosities and another

p
R
n
Ay
hy A hs
W
7 hy

FIG. 12. Configuration of the A, — pA — ph,h,h; decay,
where @ is the angle between the normal of the A — hjhyh;
decay plane and the A meson momentum in the A, rest frame.

factor of two from cross sections. Using the combined data
of Run 1 and Run 2, we would get the signal yields five
times higher relative to Run 1, which amount to 4000 and
5000 events for A, — pa; and pK,, respectively.

The trigger efficiencies for Run 3 are higher than those
for Run 2, especially in the low p; region, as indicated in
Fig. 13. The red points mark the efficiencies for Run 3 in
2024, and the blue points mark those for Run 2. The gray
bars display the Monte-Carlo candidates in acceptance. The
number of signal events can be deduced by convoluting the
gray bars with the red or blue points. The signal events in
Run 3 are then found to be roughly twice as many as those
in Run 2. This figure depicts the trigger efficiencies for
hadronic B meson decays, which can be extrapolated to the
case of hadronic A, baryon decays. According to the plan
[83], the LHCb will reach the integrated luminosity of
50 fb~! at the end of Run 4. Since LHCb Run 3 is currently
ongoing and its final integrated luminosity remains uncer-
tain, we will estimate the signal events for the combined
dataset of Run 3 and Run 4 by assuming that the conditions
and performance of Run 4 are identical to those of Run 3.
The ratio between the events from combined Run 3 + 4 and
those from Run 2 is about (50 —9) fb=1/6 fb~! x 2 ~ 14,
where the factor of 2 comes from the enhancement of
trigger efficiencies for Run 3 [84] implied by Fig. 13.
Taking into account the factor of 4 between the Run 2 and
Run 1 data, the ratio of the events from Run 1 +2 +3 +4
to those from Run 1 is nearly 1 + 4 + 4 x 14 ~ 60. That is,
the total signal events of A, = pa; and pK; from the full
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TABLE XV. Same as Table X but for the A, — pA decays.

— paj (1260)

Br(x1076)

+8.2143.8840.91+1.73
11 '06—4430—3.32—0.46—0.06

dir
ACP

—0.01 +0.01+0.03+0.02+-0.03

—0.00-0.01-0.02—0.00

AgD(KsT)

_0.22+0.04+0A07+0.05+0.04 (6%)

—0.03-0.07-0.07-0.01

= PRT(I270)30°) 548150505 009200 5000000 03420057003 501005 (8%)
= pKT(1400)(30%) 125NN 00625 5w e har 07100 01 gios (13%)
= PKT(1270)(60%) 6,285 50D 0.07200: 50 005000 0462002 008 002007 (9%)
— pKi(1400)(60%) 0530305005 008Lg e iy 007201500 05 oo (3%)
AgLPJrD (Kst4p) Ag}, (kp,) AE'ZP(KPQ)
Ay = pai(1260)  —0.1LGGEG 00T (46%) 018IRDG R (40%) —0.24735 7005 0t oe’ (8%)
Ay = pKT(1270)(30°) 0.1 155,006 01 000 (42%) 0195a8 505 001 (42%) - 033205700 0z e (8%)
A = pKT(1400)(30°) 08120157500 im0’ (17%) —0.41 L5 0000 (60%) 0.78 05 00 e i (10%)
A = PKT(1270)(60°) 0.0615; 55 00 og' (37%) —0.07553 G0 587005 (45%) 04615105 055" o’ (9%)
A = pK7 (1400)(60°) ~0.821557 505 5502 (30%) 0.52501 0a 0 (64%) —0282557036 05 0ls (3%)
a cp (@)
A = pai (1260) 086550 0050000 002%000 0 0000 —0-882005 00 s 00
Ay = pKT(I270)30°) ~1O0G5 00 000 000 000550 060 5000~ 1005500 056 5 000
Ay = pKT(1400)(30°)  —1.00%550 0 G000 —001 G 00 ne 00 098500500 oo
A = pKT(1270)(607) - —LOOZGRIGGE 500000 0005000 000 00-0o0  ~ 10020007050 000000
Ay = pK7(1400)(60%)  —0.96555 00 000 —000%50 m Goiaor 0962005503 05 00
B AL, (B)
Ay = pa; (1260) 098300 0 goo00  —001Gm 0 Soi oo —097X001 200 ooz oon
A = pKT(1270)307) - —0.995R 00 000 000500 0 o0 hor 09820007000 000-00.
Ay = pKT(400)30%) - —0ISERIN0GE 00T e 0225
Ay = pKT(1270)(60%) 095G m 0 000500 om0 —095Z00 06 ton-oor
Ay = pKT(1400)(60°)  —0.01G5 00w 0y —0262000 0o aa oo 025T0n30I 0 s
Y Aycp <}'>
Ay = pa; (1260) 010500 5 m 0 hnr 004G 00 G0 —0-1420% 003 0hio0r
A = pKT(1270)307) - —024505 005000 00650550 o0 ~O018200 00 0 na.
Ay = pK(1400)(30%)  —0.61501 055000 0275007 00 0os 00s —O0-34100 0 0 e
Ay = pKT(1270)(60°)  —0.32:000 00000 010X IR 0225 e
A = pKT(1400)(60°)  —0.05551 000 T oo 001G om0 006550106 Sne—oo
A AL, (A)
Ay = pai (1260) 097300 S oo ~001GRa0 St oo —0962061001 "0z oon
A = pKT(I270)30°) - —0.99550 %00 0000 000550 0R w00 09955 060 000000
Ay = pKT(1400)30%)  —04TGR 0 000 —007I00 0h 000 —040I5as DI
Ay = pKT(270)(60°) - -0.96 55 00 0oon 00050 0% 50000 ~0-96555 0% 0 oor

(Table continued)
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TABLE XV. (Continued)

—0 06+0‘10+0‘08+0'10+0‘1 1

Ay = pK7(1400)(60°) 20.07-0.17-029-0.18

Ayp
40.0040.0140.0240.00
—0.09Z00120.01-0.01-0.01

-0 19+0403+0402+0.01+0401
*17-0.02-0.02-0.01-0.02

-0 38+0‘06+0‘10+0'05+0‘00
*~7-0.06-0.09-0.07-0.03

+0.04-+0.04+0.01+0.00
_0'24—0.02—0403 —-0.02-0.03

+0.02+0.02+0.01+0.02
_0'04—()‘01—OA05—0.03—0A01

A, — pa;y(1260)

A, — pK7(1270)(30°)
Ay — pK7(1400)(30°)
A, = pK7(1270)(60°)
A, — pK7(1400)(60°)

—0 23+0.09+0.08+0.03+0.02

0.1 8+0.1 140.07+0.114-0.09
—0.01-0.01-0.08—0.08 :

~0.14-0.17-0.22-0.10
UD
Acp
—0.24+0-03+0.05+0.05+0.03

—0.03-0.09-0.06—-0.06

+0.02+0.03+0.01+0.00
0'26—0.0370.0870.04—0.04

+0.05+0.13+0.07+0.05
0'72—0.05—0.23—0.03—0. 12

+0.02+0.03+0.02+0.01
0'40—0.01 —0.04-0.03-0.07

-0 19+0.12+0.14+0.00+0.06
+ 7 —0.18-0.19-0.20—-0.00

Run 1 + 2 + 3 + 4 data can attain 800 x 60 = 48,000 and
1000 x 60 = 60, 000, respectively.

Both the Ayp and ASY values are essential for evaluating
the experimental sensitivities, whose predictions are pro-
vided in Table XVI. Recall the definition of Ayp,

A = I'(cos® > 0) —T'(cosd <0) N.-N_
YP " T(cos® > 0) +T(cosd <0) N.+N_’

(78)

where N are the numbers of signal events with N, =
N(cos€ > 0) and N_ = N(cos @ < 0). The statistical error
of Ayp follows the error propagation formula

MAup)2 MAyp) >
P = \/<0N>> on. F <0N< oN.

< N >2 ) +< _ON. )2 )
e B ———————rr O _— O N
(N. +N_)2) M \(N. +N2)2) -

(79)

with oy__ being the statistical errors of N, _. The neglect
of background events for a naive analysis leads to the

8 : T T T T T T T T K 5 :
& [ LHCDb Preliminary HLT2 Turbo 1 017 =
~1.2F 1
Z "t 4 2024 Hitl(Two)TrackMVA Jo.150 &
5 [ -+ Run2 LOHadron + Hlt1(Two)TrackMVA ] s
B 1.0 pmmmmmm e mm e e e oo =
£ I e TR = (0,125 8
O :_._'__,_ ———l— 1 %
Q08 —_ ] =
ohagt ] 8
Sha! - {01007
06 — 10075%
r — i =
04l — 10.050.°
S || —70.050¢,
i 1 =
02 _— J0.025
oo e T 000
5 10 15 20 25
Transverse momentum, pr(B+) / GeVc~!
FIG. 13. Comparison of trigger efficiencies for LHCb Run 2

and Run 3 taken from the LHCb public website [84].

approximate uncertainties oy~ +/N. and oy_=+/N_.
As a simple estimate of the uncertainties and experimental
sensitivities, we assume N. = N_ = N. = N_ = N,/4,
where N, = 48,000 for A, - pa; and N, = 60, 000 for
A, — pK,. The statistical uncertainty of Ayp is then
O4,, ®\/2/N inferring the experimental uncertainties
0a,,(Ap = pa;) = 0.65% and o, (A, = pK;) ~0.58%
from the full Run 1 + 2 4 3 4 4 data.

The background effects are expected to be less than 30%
on oy, , as reflected by the LHCb data; the signal yields of
Ay, = panrn are 6646 = 105 corresponding to the inte-
grated luminosity of 3 fb~! in [8], and 27, 600 == 200 for
6.6 fb~! in [13], where the errors include background
contributions. The uncertainties of the pure signal events
V6646 = 81.5 and v/27600 = 166.1 are lifted by 29% to
105 and by 20% to 200, respectively. Hence, the uncer-
tainties are found to be o, , (A, = pa;)~0.85% and
oa,,(Ay = pK;) ~0.75%, amplified by a factor of 1.3.

We then proceed to the statistical uncertainty of
ASP = (Ayp + Ayp)/(Ayp — Ayp). Note that the quan-
tity Ayp acquires an opposite sign relative to Ay, under the
parity transformation, because Ayp is parity odd.
Analogous to Eq. (79), the uncertainty of AS is derived
from

aACP 2 aACP 2 1
Opcr = ( UD) i+ ( _UD> o-% R—=—04,,
up 0Ayp v \0Aup w\2|Ayp|

(80)

where the last expression is justified by the assumptions
Ayp = —Ayp and 65, = o4, . The magnitude of Ay is
crucial for obtaining the uncertainty of ASD. The insertion of
the central values of A, in Table XVI yields the statistical

uncertainties of Agj,. oacr (A, = pa) ~ \%853‘;70 = 6.7%,
oacr (Ap = pK (0 = 30°)) ~ % = 2.8%, and

UA(C/IZ) (A/) - pKl (HK = 600)) ~ \/%152?% =2.2%.
Considering the differences of event numbers between

particles and antiparticles caused by direct CPVs, between
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TABLE XVI. Predictions for Ay, and Ag’g in the A, — pa;, pK, decays.

Ay — pa; Ay = pK (0 = 30°) Ay = pKy (0 = 60°)
Aup (=972)% (=197 % (—2479)%
Agh (-248)% (+26%4,)% (+4050)%

N. and N_ caused by A, p, and between A, and Ay
arising from A$P, we refine the above crude estimates,
arriving at the uncertainties Oacr (A, = pa;) = 5.2%,
JA%(A,, - pK,(0x =30°) =3.8%, and GA%(AI, -
pK (0 = 60°)) =3.5%. The decrease of o,cr (A, —
pa;) and the increase of Ocr (A, = pK;) stem from
the negativity of AS% (A, — pa;) and the positivity of
ASP (A, = pK,), respectively. Referring to the predicted
AGP in Table XVI, we conclude that the CPV induced by
the up-down asymmetry in A, — pK; could attain a
statistic significance greater than 5o, while the CPV in
A, — pay is at the edge of So.

At last, we come to the issue of systematic uncertainties.
We can learn from the measurements of 7-odd triple-
product-asymmetry CPVs of A, — pa~z"z~ in [8] and
[13], which are defined as C; = p, - (ﬁﬂfm X py+) for the
T-odd triple product of final-state particle momenta in the A,
rest frame. Note that the quasitime reversal transformation 7"
reverses particle spins and momenta, while maintaining the
initial and final states. The definitions of the triple product
asymmetries (TPAs)

A — N(C; > 0) = N(C4 <0)
T N(C; > 0) +N(Cy <0)
= N(—Cf- > 0) —N(—Cf < O)
A= §CE, > 0 N=Cy <0)° (81)

are similar to that for the up-down asymmetries in Eq. (76).
The 7-odd CP- and P-violating asymmetries,

. 1 i}
acp® == (Ap —Ap),

. (82

correspond to the numerator and the denominator, respec-
tively, of the definition for AYY in Eq. (77).

It has been known that the main sources of systematic
uncertainties in the TPA analysis include selection criteria,
reconstruction, and detector acceptance based on the control
sample of A) — A (— pK~z")x~. The systematic uncer-
tainties are evaluated as 0.32% for both al:9% and afodd
with the Run 1 data in [8], and 0.2% with more data in [13].
The systematic uncertainties of both A,p +Ayp and
Ayp — Ayp can thus be taken as 0.2% under the assumption
that it is unchanged with more data samples. Using the error
propagation formula with the fully positive correlation

between A, p + Ayp and Ayp — Ayp, we obtain the sys-
tematic uncertainty of AYE as about 0.2%/(2|Ayp)|).
Namely, the systematic uncertainties of AYE are 1.1% for
A, = pay, 0.5% for A, — pK,(0x = 30°), and 0.4% for
A, = pK(0g = 60°), which are less than the statistic
uncertainties. Therefore, there is a great chance to identify
the order-of-20% ~ 40% up-down asymmetric CPVs in
A, — pa; and pK,; in the near future, and to establish
CPVs in baryon decays.

IV. SUMMARY

We have performed the first full QCD analysis on two-
body hadronic A;, — ph decays in the PQCD approach. We
calculated the various topological amplitudes, including
their strong phases, by incorporating the higher-twist
hadron DAs. It is found that the subleading power correc-
tions are in fact sizable in heavy baryon decays.

Our predictions for the total and partial-wave CPV's of
the considered modes are summarized and compared with
the available data for bottom hadron decays in Fig. 14
[18]. We elucidated the mechanism responsible for the
measured small CPVs in A, — pz~, pK~, in contrast to
the sizable CPVs in the similar B meson decays. The
partial-wave CPVs in A, — pa~ attains 10% potentially,
but the destruction between them leads to the tiny CPV.
The direct CPV of A, — pK~ is primarily attributed to the
modest S-wave CPV.

We have extended our investigation to the CPVs in the
modes with vector and axial-vector final states. The
partial-wave CPVs of the A, — pV, pA decays also
exceed 10%; for examples, the P,-wave CPVs of A, —
pp~ and pay(1260) are 17% and —24%, respectively; the
(D + St)-wave CPV of A, — pK*~ is 27%; the partial-
wave CPVsof A, - pK7(1270) even amount to the order
of 30%. Nevertheless, the direct CPVs of the A, - pK*~,
pay(1260), and pK,(1270) decays diminish as well,
which trace back to the strong cancelation of the major
(D + St)- and P;-wave CPVs, like the A, — pa~ case.

Our work suggests that certain partial-wave CPVs in
bottom baryon decays, especially those related to angular
distributions, can be sufficiently significant and probed to
establish baryon CPVs. The decay asymmetry parameters
of two-body A, modes are also predicted for future
experimental confrontations. It opens avenues for deeply
understanding the dynamics in heavy baryon decays
and their CPVs. The rich data samples and complicated
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B — 7t7 (PDG) —o—l
BY - K'rn (PDG) u
BY - K-t (PDG) ™
B“ — K~ K*(PDG) —e—i

Ay — pr~(LHCD)

Ay — pK~(LHCD)

Ay = pr~(direct)

Ay — pr=(S wave)

Ay — pr~ (P wave) —0—

Ay = pK~(direct) o

Ay = pK~ (S wave) ——
Ay — pK~(P wave)

Ay, — pa; (1260)(UD)

Ay = pKy (1270)(30°)(UD) ——

Ay, = pK (1270)(60°)(UD) ‘ ) ) ) N
—50% —30% —10% 10% 30% 50%

—_

FIG. 14. CPVs measured in B meson and A, — pz~, pK~
decays, and our predictions.

dynamics in multibody bottom baryon decays offer remark-
able prospects for exploring baryon CPVs.
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APPENDIX A: AUXILIARY FUNCTIONS

The auxiliary functions F,34 as the results of the
Fourier transformation of the hard decay kernels from the
kr space to the b space are collected below:

Fiab) = [ el = 2n{ Ko(Var)OW) + 5 1Y (V=Ar)e-A) | (A1)
, oiKrb
Fy(A.B.b) = /d T AR T B
ldz\/%{Kl( z,b2>®<zl>—%H&”(x/—z,w)@(—z])}, (A2)
ei(Kir-bi+korby)
. Cbunte) = [ Pl [ Pl e O
_ /01 Zle1dZ2 X, {Kl( /—X222)®(22) _ %”H(ll)( /—XzZz)G(—Zz)}, (A3)

(=N

ei(Kir-bi+kor-by+ksrbs)

ABCDb,b,b d*k /dzk /dk
Fal 1:b2.b3) / 1 o TG+ A) (K3 + B)(IE + C)((ky + ky + k3)* + D)

VX

_/1 lededZ3
o 2122(1 =z2)(1 = 22) \/]Z;5]

{kxzew) - Su(xze-z) . (a9

In the above expressions H (yl)(z) is the Hankel function of the first kind,

HY (2) = J,(z) +iY,(2),

(AS)

where J,(z) (Y,(z)) is the Bessel function of the first (second) kind, and K, (z) is the modified Bessel function of the second

kind. The variables Z,, Z,, Z;, and X,, X3 read
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Z, =Az+B(l -2z),

zi(1—z)

2 e —mwm},

22
Z, =A(l —z) + ———|B(l — 1) + Cz4|,
2 (1-2) zl(l—zl)[( 21) 2]
Z3=A(1—Z3)+Z3{B(1—ZZ)+
(1 = 22)
1_
Xy = (b — 21by)? "‘Z](—Z])b%»

)

(1 =z
X3 =[by — byzo — b3z (1 — 2)* + % (by = b3zy)* +
3

with the Feynman parameters z’s. The above auxiliary
functions appear in the PQCD factorization formulas for
two-body hadronic A, baryon decays.

APPENDIX B: DECAY AMPLITUDES

We present the PQCD factorization formula for each
topological diagram, whose hard kernel involves two
virtual gluons at the lowest order of the strong coupling
a,. The Feynman diagrams to be evaluated are shown in
Figs. 15-19, where the gluon in black stays fixed, while the
gluon in red has one fixed end with another attaching to a
cross at various locations. A Feynman diagram is labeled
by the crossed vertex. For instance, the upper-left diagram

bk) 4
" -
Al e B “(k3)
b 5 p
5 O g d(k)
dks)
bg

—
QU
[e]e]e]

FIG. 15.

21(1=2)2(1 = 2)
2223

b3, (A6)

in Fig. 15 is labeled as a3. We provide the formula for one
typical diagram in each topology involved in the A, —
pr~, pK~ decay. The amplitudes for the other modes A, —
pp~, pK*™, pa7. pK7 from the same topology are similar,
but with different meson DAs.

There are 40 Feynman diagrams from the 7 topology in
Fig. 15, among which 16 are factorizable without hard
gluons attaching to the emitted meson, and 24 are non-
factorizable. Applying the Feriz transformation to Fig. 15
and replacing the tree operators by the penguin ones, we
acquire the diagrams for the PC, topology. The formula for
the sum of the factorizable T(b2) diagram and the
corresponding PC; diagram is written as

=
[e]e]e] ] eTe]e]
&
000
=
N

ud, s

[

=

00
oy
[e]oJo]¢ [s]e1eJe [e]o]¢)

P

=
L —

>
<>
\__/
Qu
>

\_
.
000

Feynman diagrams contributing to the external-W emission topology 7.
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8 —i
AT(b2)+PC (h2) = 3 128N2 / [dx] / [dx’

X (Mr2) + Mpc,(12)) 1 (C. b3)F3(A, B. D, by, by) exp[=S""?) ([, [¥]. y. []. [']. b)) (BI)

b\db, | bhdby | bidb,(4ma(17P2))?

The auxiliary functions F;, with arguments

A =m3 (x; + x3), B = m3 x3(x] + x3), C = mj x3x3, D = mj xx), (B2)

from the internal particle propagators, have been given in Appendix. A. The functions

Gr
MT(bQ) \/-2- {Vubvuq |:3 Cl =+ C2:| }M%‘(Lbzy
G 1 1 G 2 2
Mpc, 2 = \/g {v,hv [3 Ci+Ct3Co+ cm} }M%bz) \/g {vtbv [ G5 =265 —3Cr - cg} }Mﬁsz), (B3)

are associated with the tree and penguin contributions, respectively, where the matrix element M’;(Lhz) (M ;’(’ b2)) corresponds
to the insertion of the (V —A) ® (V—A)((S— P) ® (S + P)) operator. We display their explicit expressions as follows:

M) = (h1(qu)y_al0)(P|(@b)y_s1Ab)7(s
= {SZmeA waT x5 +m mA (- 21fpl[/3 Tx3(Py A+ S, + 2T, + T3 —T7) = 2if pys x3(—As + V3))
+ 2if pmymy, w3 (x] +x5)(Ag + Vi) + mpmy (=4if pyoxs(=As — As = V4 + Vs)
+A4ifpya(X) +x3) (A4 —As + Py = S, =Ty =Ty = V4 + Vs))}
+ {8if pm} wuT x5 + mum} (2if pyr3 " x3(=Py = Sy = 2T, = T + T7) + 2if pir3 “x3(A3 = V3))
+ 2if pym, w3 (x] +x5)(Ag + Vi) + mpmy (4if pyraxs(Ag +As + Ve = Vs)
—4ifpya(x) +X5)(Ag +As =Py + Sy + Ty + Tg + V4 = Vs)) }ys, (B4)

M?‘be) = (h|(qu)s,p|0)(p|(D)s_p|Ab) 1 (s2)

= {=2if pmg (my x3(4paTy + w3~ (Ay + Vi) (% + x3)) + mjy (Aews ™ + w3 Ve + 4w Te(xy + x3))
X (x) +x5) = mym3 (W3t (Py 4 Sy 42T, + T3 — T7)x3 + i~ (=Asz + V3)xs + 25 (A + A3
= P14+ 81+ T3+ T7 = Vot V3)xs(xy +x3) = 2p4(As + Az = Vo + V3) (3 + x3) (] + x3))
+ mymp, (2po(Ag + As 4+ Vi = Vs)xs =204 (Ay + As = Py + Sy + Ty + Ty + V4 = Vs) (] + x5)
=y (Py+ Sy + Ty +2T5 — Tg) (xp + x3)(x] +x3) + w37 (A — Vi) (x2 +x3) (] +x3)))}
+ {2if pm (my, (4yaTyx3 =y~ (Ay 4 Vi)xs (g +x3)) + m (Agys ™ + w3 Ve — 4w Te(xy + x3))
X (x) +x5) = mymy (W3t (Py 4 Sy 42T, + T3 = T7)xs + w3~ (=As + V3)xs — 2y (Ar + A;
= P14+ 81+ T3+ T7=Va+ V3)xs(xy +x3) + 204 (As + A3 = Vo + V3) (3 + x3) (x] +X3))
+ mymp, 2y (Ag + As 4+ Vi = Vs)xs =204 (Ay + As — Py + Sy + Ty + Ty + V4 = Vs) (] + x5)
T3 (P + Sy + Ty +2T5 — Tg) (xy +x3) (¥ +x3) — w3 (A — Vi) (2 +x3) (] +33))) }rs. (B5)

The nonfactorizable T(c7) diagram yields

-1 1 , .

(MT(C7) +MPC](C7))F4(D C, B, A bz’b%’ q) exp[— ST(” ([x], [¥'], s [b],[b’],bq)] (B6)

with the arguments,
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A =m3 x(x; - ), B =mj} xy(-1+x,+y), C = mj,x3x3, D = m3 x,x). (B7)

The functions

_ Gr * LL
MT(C7) - ﬁ{vubvuq[flcl +f2c2]}MT(c7)’
G G
Mpc, (1) = —J{Vzbqu[flc}, + f2C4 + f1Co + f2Co] JMEE —l{Vszfq[flcs + f2Cs + [1C7 + fLCs] YMER
\/i (c7) \/i (e7)

(B8)

where f; = 8/3 and f, = —2 are the color factors, and the superscript LR refers to the contribution from the (V — A) ®
(V + A) operator, contain the matrix elements

M) = (Phl(@b)y_a(@u)y_s|Ap)7(c)
= {8my, (4myy, Texhxy + mymp, x5 (Aqws™ =203 Ts — w3 Vy)xh =25 (Py = Sy + Ty + T)
X (=14 xy+y)) +m} (x5 =) (A3 x5 + w3 Vixh = 24y5(=1 + x5 +y) + 2y, (2T, + V)
X (=14 x5 +y)) 4+ mymy, (2p4(As + V3)xyxy — 2y (Py — Sy + T3 + T7)xy(x3 — )
Fy3 (P4 S+ T3 = T7)xy(=1 + x2 + )i}
+ {8my, (—4miya Texhxy + mama, x5 ((—Agps " + 2w3 Ts + w3 Vy)xhy + 2wy (—Py + S, = Ty — T)
X (=142 +y) =m) (x5 = V) (A3 + 93 Vi + 2415 (=1 + x +y) = 29,27, + V)
X (=1 423+ ) +mum3 (=294 (A3 + V3)xoxy + 295 (Py = S) + T3 + T7)x5(x3 — y)
Fy3 (P4 S+ T3 = T7)x5(=1 + x5 + ) }7s, (B9)

M8y = (phl(ab)y_x (). sl Ap) )

= {8mo(2myr(—((Ag = V) X5 (=1 + 22+ y) (b — i) + 2T x5 (x3 = y) (s + i) = 2m3} wa(—=2T x5
X (=14x2 +3) (@l = pn) +A1xs (x5 =) (@ + i) = Vx5 (x5 =) (@ 7)) + mpmn, (=23 Tsx)
X (x3=y) (i +hn) +y3 "5 (=1 + 25+ ) (Ay +As + Py + S, =Ty + Ty = V4 + Vs) il
T (A4 =As+ Py +S, = T4+ Ts = V4= Vs)y) +y3" (A5 =275 = V4 + Vs)xhxs + (Po+ S, — Ty +Ts)
X (=1 4x2)x5 = (A5 =2T5s = Vy + V5)xhy + (P + 85— Ty + Tg)x39) ¢y, — ((As = 2Ts + V4 + Vs )xyx3
+ (Py+ 8y =Ty +Tg) (=1 +x)x5 = (As = 2Ts + Vy + Vs)xhy + (P2 + S5 = Tu + Ts) x33) ¢y,
+ A5 (x3 = ) (h +P)) = 202 (= (S + Ty + Tg)xhxs + (Ag + Vi) (=1 +23) x5 = (Sy+ Ty + Tg)xhy
+ (Ag +Va)xsy) ) + (=((S2 + Ta+ Tg)xpx3) + (Ag + Vi) (=1 +x2)x5 + (S + Ty + T) x5y
+ (A4 + Vi) Xyy) i + Paxh (x3 = ) (f + 1)) +mpmi (w3 ™+ (A + A3+ Py + Sy = T3+ T7 4V, = V3)xhxs
=275 (=1+x3)x5 = (Ay + A3+ Py + 81 = T3+ T7 + Vo = V3)xh +2T,x5)y) by + w3 (A — A3 — P
=81+ T3 =T7+Vy+V3)xhxs +2T5 (=1 +x2)x5 + (=Ay + A3 + Py + 8, = T3+ T7 = Vy = V3)xhy +2T,X3y) by,
T3 (((S1 = T3+ T7)xhxs + (A + A3 = 2T, + Vo = V) (=1 +25)x5 = (S = T3+ T7)xhy + (A, + A3
=275+ V= V3)x39) g + ((S1 = T3+ T7)x5x3 + (Ay = A3 = 2T, + Vo + V3 ) (=1 +x0)x5 = (S = T3+ T7)xhy
+ (A2 = A3 = 2T, + Vo + V3)x3y) iy + P (x5 = ) (@l + i) + 2w (=((Py = 1 = T3 = T7)x5 (=1 +x, +)
X (P = b)) + Asx5(x3 = y) (P + Pi) + Vaxh(x3 = y) (d + b)) }
+ {8mo(2myya (—((As = V)X (=1 +x2+ ) (¢ — b)) +2T6x5(x3 = ¥) (b + i) +2m3 (=271 %
X (=142 +y)(Ph — dh) + A1 x5 (x5 = y) (D + ly) = Vixh (x3 — ) (dh + dh)) + mpmy, (—2y3 " Tsxh
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X (x5 =)+ h) +wi x5 (=1+x+ ) (As +As+ Py + S, =Ty +Ts = Vi + Vs)ph,

+(A4—A5+P2+S2—T4+T8—V4—V5) )+l[/ (((As—2T5—V4+V5)X/2X3+(P2+S2—T4+T8)
X (=14 x)x5 = (As = 2T5 = V4 + Vs)xhy 4+ (Py + Sy — Ty + Tg)xsy)ph — ((As — 2Ts5 + V4 4 Vs)xhx;
+ (P48, =Ty + Tg) (=1 + x3)xy = (As = 2Ts + V4 + Vs)xhy + (Py + S, = Ty + Tg)xsy) sy

+ Auxy (X3 = 9) (P + d)) + 22 (=(((S2 + Ty + Tg)xhxs + (Ag + Vi) (=1 +25)x5 — (3 + Ty + Tg)xhy

+ (Ag + V)Xsy) i) + (=((Sa + Ty + Tg)xhxs) + (Ag + Vi) (=1 + x)x5 + (Sy + Ty + Tg)xhy

+ (A + Va)xsy) iy + Poxy(x3 = y) (@l + 1)) = mpmy (w3 ((Ap + A3 + Py + S =T34+ T7 + Vo = V3)xhxg

= 2T (=1 +2)x5 = (Ay + A3 + Py + 8y = T3+ T7 + Vo = Va)xhy + 2T5x4)y) by + w3 (A — A3 — Py

=81+ T3 —=T;+ Vy+ V3)xhas + 2T (=1 + x0)xy 4+ (—Ay + A3 + Py + S, = T3 + T7 = V= V3)xhy + 2Tox,y)dh,
F 3 7 (((S1 = T3+ T7)xhxs + (Ay + A3 = 2T + Vo = V3) (=1 +x2)x5 = (S = T3 + T7)xhy + (Ay + A3

= 2T, + Vo = V3)x3) i, + ((S1 = T3+ T7)xhx3 4 (Ay — A3 = 2T + Vo + V3) (=1 + x0)x5 — (S = T3 4 T7) x4y

+ (Ay = A3 = 2T, + Vo + V3)xy)dy, + Prxs(x3 = 3) (@ + b)) = 204 (=((P1 = Sy = T3 = T7)x5 (=1 + x5 + )

X (g = b)) +Asxs (x5 = y) (b + b)) + Vaxh(x3 = 3) (@l + b)) s (B10)

For the C,(c¢7) diagram in Fig. 16, we have

Acyen) = 128N2 m / [dx] / / / bydb, / bhdb) / b,db, (4may (1D)) (M7,

+ Mpcy () F1(D, b3)F5(A, C, B, b2vb27bq)exp[ =SED([x]. [¥]., y. [b], [¥]. b)), (B11)

’7q

d(ks)

3%

ay

Ay

[e]eJeJeTeToTo o o o]
=2

bk &1

u(ky)

d d q
)
§ 5\ JMad
0
8 0f4
Ay o) Ay
3 3
e v N fr P .
o 0
B / ° B \
u o u P .

FIG. 16. Feynman diagrams contributing to the C, topology.
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with the arguments
A=m} x(xy+x5),  B=my (Xy—xs+x3)(xa-y),  C=m} x33. D =m} 5%, (B12)
The functions
Mc,7) = \/'{Vubv Jf1C +f2C2]}MéZL(C7),
Mpc,(c7) = \/—{thvtd[fICS + f2C4 + f1Co + f2Cio] JME (67)
f{vzbv U[=2£1C5 = 2£2Cs = 2£1C; = 2£,G)}M¥ . (B13)
contain the color factors f; = —8/3 and f, = —16/3, and the matrix elements

Méf(ﬂ) = (ph|(itb)y_,(du)y_, 1Ap) ()

= {8momyy3™ (A = V) (xy +x3) () — x5+ x3) (), — i) + 8mom3 w3 (A = Vi)xa (x5 = )
X (¢f + i) — Sum%\b (ma w3 (Py 4 Sy = 2T, = T3 + T7) (xy + x5) (X2 — y) g, — moy5 " (A3 + V3)x,
X (% = x3 4+ X5) (s = i) + 2moya(Py + Sy = 2T, = T3 + T7)x3(x2 = ¥) (i + i) = 2mows(Py + S,
= 2T, = T3 + T7)(xh + X3) (x2 = ¥) (¢ + b1)) = 8mipmy, (=2pra (x5 + x5) (xh = x3 + x3)
X (Asmp, g — mp, Vs — mo(Py+ Sy — Ty — 2Ts + Tg)(dhy — d)) + 2y (Agmy, (x5 + x5) (X2 — y) i
+ mp, Va(xy + x5) (xa — y) iy, — mo(Py + Sy — Ty — 2T's + Ty)xy(xh — x3 + X5) (9 — 1))
= moys3 ~(Ag + Vi) (¥ + X5) (x2 = y) (@1, + b))}
+ {=8momyy3 ™ (Ag = Vi) (xy +x3) (x) — x5 +x3) (), — i) + 8mom3 w3 (A = Vi)xa (22 = y)
X (i + i) = 8mpymy (mp, w3+ (Py 4 Sy = 2T = T3 4 T7)(xh + x5) (%2 — ¥) b, + mow3 " (A3 + V3)x,
X (% = x3 4+ X5) (s = i) + 2moya(Py + Sy = 2T = T3 + T7)x3(x2 = ¥) (¢ + bin) = 2mows(Py + S,
= 2Ty = T3 4 T7)(xh + x5) (x2 = y) (95 + P1)) — 8mBmp, (=24 (xh + x5) (xh — x5 + x5)
X (Asmp, dm — ma, Vs + mo(Py + Sy = Ty = 2T's + Tg) (¢, — ¢3,)) + 2o (Agmy, (x5 4 x5) (X2 = y) i,
+ mp, Va(xy + x5) (X2 — y)p, + mo(Py + Sy — Ty — 2T's + Tg)xp (xh — x5 + X5) (dhr — ¢1,))
—moy3~ (As + Vi) (xy +x3) (2 = ¥) (@ + ) }s. (B14)

Mif(m = <Ph|(m’)S—P(EZM)S+P|Ab>c2
= {8m} T (xh + x5) (mp, y3 ™ (¥ — x5 + X3) i + 2mowra (x2 — ) (¢, — b)) — 8m Tyxp(xh — x5 + x3)
X (mp,y3 i = 2mopa(gy, + d1)) +dmpmy, (=mp, w3 (Py = Sy = Ty = Tg) (x5 4 x5) (xh — x3 4 X5) ¢,
+2mp,pa(Ay + As = Vi + Vs)(xh +x5) (x5 — X3+ x5) i + mow3 " (Ay + As = Vi + Vs) (x5 +x5)
X (X2 = ¥)(bin = Pm) + mow3 ™ (Ag +As = Vi + Vs)xa(xh — x5+ X5) (b + )
= 2 (mp, 2 (¥ = x5+ X3)(Ay + As = V4 + Vs) + mo(dy, — i) (¥ 4 x5) (23 = ¥) (P2 =
— T4 =Ty))) —dmumy (=mp, w3 (=Py + Sy + T3 + T7)xa(=xy + x3 — xX3) by, + 2mp, w2 (As + As
+ Vo = Va)xy (6 = x3 4+ x5) i — mow3 " (Ay + Az + Vo = Vi) (¥ + x5) (x2 = ¥) (& — d)
—moys~(Ag + Az + Vy = Va)xa(xh — x3 +35) (B + i) — 2w4(xh — x3 + x5)
X (my, (Ay + Az 4+ Vy = Vi) (5 + x5) g, — mo(Py — S = T3 = T7)x2 (bl + 1)) }
+ {8m T (5 + x5) (ma, w3~ (x5 — x3 4 X5) b, + 2moya(x2 = ¥) (B — @) + 8my, T1xp(xh — x3 4 x5)
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X (mp, w3 i = 2mowa (@, + dp)) - dmpmp, (ma, w3~ (Py = Sy — Ty — Tg) (x5 + x5) (xh — x3 + x5,

+2mp, wa(Ag +As — Vg + Vs) (x5 +x5) (x5 — x3 + xy) g + moys T (Ay + As — Vi + Vs)(xh + x5)

X (% = ¥) (@i = Pm) + moy3 ™ (Ay +As = V4 + Vs)xa(xh — x5+ x5) (¢ + ¢n,)

= 2y5 (mp, Bna (¥ — X3+ X5)(Ag + As = Vy + Vs) = mo(dp — i) (x5 +x5) (X3 = y) (P2 = S,

-Ty—Tg))) + 4mpm3\b(mA,,l//3_+(Pl — 81 = T3 = T7)x2(xy — X3+ x5) by, + 2mp, o (As + As

+ Vo = V3)xp (5 = x3 + x5) ¢, = mow3 ™ (Ax + Az 4 Vo = Vi) (xh + x5) (x2 = y) (&), — bin)

— moy3 " (Ay + Az + Vo = Va)xy (3 — x3 +x5) (¢ + @) — 2y (xh — x5 + x5)

X (mp,(Ay + Az + Vo = V3) (X + x5) iy, + mo(Py — Sy — T3 — T7)x2(bh + d1))) s (B15)

The E,(a4) diagram in Fig. 17 contributes
A :_—IL/[dx}/[dx']/dyL/b db /b db /b’db’ (4ra, (1F2(a4)))2
E)(a4) 128N% \/W (2”)5 1401 3643 26442 s
X (Mg, (a3) + Mp,(a4))F1(C. b3)F3(A, D, B. by, b3, by) exp[=S=“D([a], [¥]. y. [b]. [0']. b,)].  (B16)
with the arguments

A=m} (o +x3)xy,  B=mi (+x3) (-1 +x+x+y),  C=mxx;,  D=myx(~1+y). (Bl7)

u(k,) *

I o] ay 5‘3 5:1 o
0 )
0 0
3 3
10 75 b ¥
Ay 0 Ay o)
B 3
b(kl)“) 0 b b‘1 o
3 3
(ks) % O b -
u u ”
[ dg
Ay Ay
b & Cy b 4 b

__/\__/
_Qu
=
=
o
000
y o

/ d \
e 9
e ey ( ) f
e Mﬁd,ﬂs ’
o
Ay 2 Ay
3
b o PO u b {,1
} ' é2 o \ p /
o
d R d d

FIG. 17. Feynman diagrams contributing to the E, topology.
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The functions

Mg, a4 = \/- {Vub Viglf1Cy + szz]}Méf(W

M et gy = \/— E{VuViglf1Cs + [2C4 + £1Co + f2C1o] }ME Ez(a4)
f{v,b l=2F1Cs = 2,Cs = 2f1Cy = 2f2C5| }MY . (B18)
involve the color factors f; = —8/3 and f, = —16/3, and the matrix elements

Méf(a@ = (ph|(ab)y_5(qu)y_alAs)E,
= {8(—4mj‘\b1//4T1x’3(—1 + Xy + x5+ y)Ph + mf\h (2m,x5(wy(Py = S + T3 + T7)(x) + x5)
+ (3" w3 )To(=1 + x4+ x5+ 3)) g +mo(w3 ™ +w3 ™) (A = Vi) (g +x3) (=1 +x, + 23 +)
X (b = &) + mom, (3" + w3 7) (A = Vo)X (x5 + X5) (¢ + by) + mompmy, (Aa(ys™ +y37)xs
X (=14 x4+ 23+ 3) (P — dn) + w3 Vaxs (=1 + x5 + x5+ 3) (@l — b)) +y3 " Vaxs (=1 + x5 + x5+ y)
X (i = b)) + 24492 (x5 + x3) (X5 + x5) (P + bin) — 202 Va(xa + x3) (x5 + 35) (@, + i)
= 24 (As 4 Vs)xs (x5 + x5) (@l + ¢n,)) +mpmy (=m, (w3* 4+ w37)(Py + Sy + Ty — T) x5 (xh + x5) i
= 2moyry(Ag + Vo) (=1 + x2)x26, + mo(As (w3 (%2 +x3) (¥ +x5) + w3~ (3 +23) (x5 + x3)
+ 29 X5 (=1 + X + X3+ 3)) i + 2ua(As + Va)xz + w3~ Va(xg + x3) (6 + x3)
= 2(paVaxs (=1 +x2 + x3 +y) + w2 Va(x3 (26, 4+ x3) + (x2 + x3)y)
+ Agyra (%3 (x3 + ) + x2(2x3 + )b + As(y3 T (x0 +x3) (¥ + x5) + w3 (x4 x3) (¥ + x3)
= 2y (=1 + xp + 23+ )by + (W37 V(g + x3) (3 + x5) + 2455 (x +23) (=1 + x5 + x5 + )
+ 2y, Vo (% + x3) (=1 + x5 + X3 + ) + 24 Vaxy (=1 +x;, + X3 + )by,
3 V(g +x3) (¥ + x5) (b + dn)))) }
+ {=8(4m} yu T 1y (=1 + x3 + x5+ ¥)p + m, (2m x5 (wa(Py = Sy + T3 + T7)(xh + x5)
— (W3 +wi)Ta(=1+ x5 + 23+ ) —mo(w3 ™ +y37)(A1 = V)% +x3) (=1 +xp + x3 + )
X (@l = b)) + mom) (w3 +w37)(Ag = V) (xh + X5) (¢, + i) + mom mAb( =Ay(w3 "+ )X,
X (=14 x4+ 23+ ) (P = ) = w3 Vaxs (=1 4% + 23 +3) (@ — i) — w3 Vaxi(=1 + 2, + x5+ )
X (i = b)) + 24492 (x3 + x3) (X5 + X5) (P + i) = 202 Va(xa + x3) (x5 + 35) (7, + i)
= 2p4(As + Vs)x5 (x5 +x5) (¢ + @) + mpm3 (=m, (w3 +y37)(Py+ Sy + Ty = Tg) x5 (xh + x5) ¢,
+ 2moyra(Ay + Vo) (=1 4 X3) xabyy + mo(As (w3 (xp + 23) (¥ +x5) + w3~ (3 + x3) (x5 + 1)
= 2y X (=1 4 x5 + x5 + ) 4 (=202 (As + Vao)oxs 4 w3 Vi (x + x3) (x5 4 x5)
+2(waVaxi (=1 + 2, + x5+ ) + w2 Va(x3(2x; + x3) + (X2 + x3)y)
+ Aoy (x3(x3 + ) +x2(2x3 +3)))) i + As(wy (2 + x3) (X + x5) 4 w3~ (x + x3) (x) + x5)
+ 2y x5 (=1 4 x5 4 x3 4 ) )b, + (w37 Va(xg + 23) (6 4 5) = 240w (x2 + x3) (=1 4% + x3 +y)
=2y, V(g + x3) (=1 + 25 + x3 + ) = 20, Vaxi (=1 + x5 + x3 + y) )iy
YTV + x3) (4 + )@ + ) s (B19)
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MSP

E,(a4

)

= <Ph|(ﬁb)S—P(zI”)S+P|Ab>E2
= {=4m; (xy +x5) (mp, (W37 +y37) (A6 = Vo) x5 — 4moyo T (x2 +x3) (s — bih)
—dm} (=Ayma, (w3 +y37) (0 +x3) (¥ +X5) @0+ ma, (w3 w3 TV +xs) (¥ + x5)
— dmoy T\ X5 (=1 +x3 + 23+ ) (@l + b)) — dmpmy (2ma, o (Ay + V) (g +x3) (5 + X5) b
+ 3 (Azma, (x + x3) (X 4 X5) i, 4 ma, Vi (xa + x3) (x4 x5) @, — mo (2T2x5 + (x2 + x3)
X((P1+ Sy —=Ts5+T7)xy+ (P1+ 8 —2T, = T35+ T7)x3) — 2T2x3)’) m + mo(=2T2x5 + (X2 + x3)
X ((Py+ 8y = T3+ T7)x5 + (P + Sy + 2T, = T3 + T7)x5) + 2Tox5y) i) + w3~ (Asmy, (X2 + x3) (x5 + x5) ¢,
+ mp, V3 (x4 x3) (x5 + x5) i, — mo(2Toxs + (X2 4+ x3) ((Py + Sy = T3+ T7)xh + (P + 8y = 2T, — T3 + T7)x})
= 2T5x3y) iy + mo(=2Tox5 + (x5 +x3) ((Py + Sy = T3+ T7)xy + (Py + 81 + 2T, = T35 + T7)x}3) + 2Tox5y)¢y,)
+ 2y x5 (—mp, (A3 = V3) (% +25) ¢ +mo(Py = Sy = T3 = T7) (=1 +x; + x5+ ) (b + 1))
+dmymy, (2mp, wa(As + Vs)x5 (x5 +35)dn + 20 (xp + x3) (x5 4 x5) (ma, (—Ag + Vi) iy
—mo(Py— Sy =Ty = Ts)(dh — hi)) + w3 (Agmp, x5 (x5 +X5) i, + my, Vaxh (xh + x5)
= 2moT's(x3 4 x3) (xh + X5) (y = i) + Mo (P2 + Sy = Ty + T)xy (=1 + x2 + x3 + ) (@), + b))
w3 (Agma, X5 (35 + x5) @, + m, Vaxy (¥ + x5) i — 2moTs (x5 +x3) (X5 + x3) (@), — i)
+mg(Py+ 8y =Ty + Te)xs (=1 +x2 + x5+ ) (¢ + ) }
+ {4(=m3, (o5 +x5) (ma, (W3 +y37) (A6 = Vo) X3 — 4moy, T (x2 + x3) (s — h11)
+m, (=Ayma, (w3 -y ) (0 4 x3) (6 +x5) @+ m, (W3 w3 )V (0 x3) (8 + x5) ¢,
= Amoyy T x5 (=1 + x5 + x5+ ¥) (b + i) + mpmy (2ma, wo(Ay + Vo) (2 +x3) (x5 +x5) 7,
=5 (Asmy, (xa 4 x3) (x5 +X5) @, + mp, V(x4 x3) (x5 + x5, + mo(2T x5 + (x3 + x3)
X ((Py+ 8y = T3+ T7)xy + (P + 8y = 2T, = T3 + T7)x3) = 2T2x5y )by — mo(—Zszls + (x2 +x3)
X ((P1+8) = T3+ T7)xy + (Py+ 8y + 2T, = T3+ T7)x5) +2T2x5y) i) — w3~ (Azmy, (x2 +x3) (x5 +x5) ¢,
+ mp, V3 (xy + x3) (xh 4+ x5) iy + mo(2Tox5 + (%0 4+ x3) (P + 81 — T3 + T7)x2 +(Py+8, =2T, = T3+ T7)x})
= 2T5x5y) by — mo(=2T x5 + (x5 +x3) (P + 81 = T3 + T7)xy + (Py + Sy + 2T, = T3 + T7)x5) +2T2x5y) ¢y,)
+ 2y Xy (—my, (A3 = V3) (xh +xX5) @, —mo(Py — Sy = T3 = T7) (=1 + x5 + x5+ y) (¢ + ¢1,)))
+mymy, (2mp, i (As + Vs)x5 (x5 +x5) ¢, + 20 (x + x3) (x5 4 x5) (ma, (—Ag + Vi) iy
+1mg(Py =Sy =Ty —=Ts) (b — i) — w3 (Agmp, x5 (¥ +X5) @ + ma, Vax (x5 + x5) i
+2moTs(xy + x3) (X5 +x5) (@l — i) = mo(Py + Sy = Ty + Tg)xs (=1 4 x5 + x3 + ) (dy + )
— w3 (Agmp, x5 (xy +x3) g + ma, Vaxs (X5 +X5) ¢, + 2moTs(x2 +x3) () + x3) (b, — )
—mo(Py 48y = Ty + Tg)x5 (=14 x5+ x3 + ) (P + din)))) 1 s (B20)

We have, for the B(c3) diagram in Fig. 18,

-1 1 1
Ap(3) :WN%\/TTC / [dx] / [dx'] / dyw / b,db, / bydbs / bhdbl (4ray(15(<3)))?

X (Mp(c3) + Mpp(e3))F1(C, by — by)F5(D, B, A, by, bs, by) exp[=SE)([x], [x'], y. [b]. [¥']. b,)]. (B21)

with the arguments

A =m3 Xy (=1 +x; +y), B =mj}, (=1 +x,)(¥; — x3). C = mg x3(—1+y), D =mj, x3y.  (B22)
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FIG. 18. Feynman diagrams contributing to the B topology.

The functions

G
Mp(es) = —; (Vs Vidl1Cr + [ ML,

G .
Mpp(c3) = — 7% Vi Vilf1Cs + f2C4 + f2Co + fzclo}}Mé(ch)
G
= AVl =211Cs = 2205 = 211Cr = 22C M3 (B23)
contain the color factors f; = —10/3 and f, = 10/3, and the matrix elements

MIL;(ch) = (ph|(@b)y_s(du)y_s|\p) p(e3)

= {8m,mn, (=2m3 wa(Ay + Az = Vo + V3)x5 (x5 = x3)¢ — momp, w3 ™ (Ay + Ay = Vo + Vi) (xh — x3)
X (=1 +x2 +)(dm = b)) = 2momp,wa(Py + Sy + 2T + T3 = T7) (=1 + x3) (=1 + x5 + y) (¢ + ¢1,)
— m x5 (=2mp, wo(As + As + Vi = Vs) (=1 4+ x2)d + ma, w3~ (Py+ Sy + Ty + 275 — T)
X (¥ = x3) ¢ + 2mow4(Py + S + Ty + 2Ts = Tg) (xy — x3) (1, — 1)
+moy3 T (Ay + As + Vi = Vs) (=1 + x3) (), + b))}
+ {8mpmp, (2m3 wa(Ay + Az = Vo 4 V3)xh (xh — x3), + momp, 3" (Ay 4+ Az — Vi 4 V3) (x = x3)
X (=1 +x2 + ) (b = dm) = 2momp wr (P + Sy + 2T + T3 = T7) (=1 + x3) (=1 +x; + y)(¢y, + &)
= mpxXh(=2mp s (Ag + As + Vi = Vs) (=1 +x5) ¢, — ma, w3~ (Py + Sy + Ty + 275 — T)
X (xh = x3) iy = 2moya(Py + Sy + Ty + 2Ts = Tg) (¥ — x3) (b — 1)
+moyy~(Ag + As + V= Vs) (=1 +x2) (@) + 1)) s, (B24)
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Mgfﬁ) = <ph|(ﬁb)S—P<a”>S+P|Ab>B(c3)
= {8m?,T6x’2(x’2 — x3)(mp, w3~ A+ 2mops (¢h — L)) + 16m0m§\by/2T1(—1 +x)(=1+x,+y)
X (g + dh) — Ampmy, (=2mp, wa(As + Vs) (=1 + x2) Xy, + 2waxy (xy — x3) (Agmp, i, — mp, Vadbiy
+mg(Py =Sy =Ty = Tg) (¢ — ) + mow3 ™ (Ag = Vi) (xh — x3) (=1 + x2 + ) (d — )
x5 (mp, (Py = Sy = Ty = Tg) (xh = x3) b, + mo(As + Vs) (=1 + x2) (¢, + én)))
—dmymy (2mp,pi(Ay + Vo)xh(xh = x3)@, + mows " (Ay + Vo) (¥ = x3) (=1 + x5 + y) (&) — bi)
+ moy3 ™ (A3 = V3) (=1 + x2)x5 (¢ + 1) + 2wa (=1 + x2) (—Asmp, Xo g, + ma, Vaxh i,
+mg(Py =8 = T3 = T7)(=1 + x5+ y) (¢ + ¢1)))}
+ {8m) Texy (xh = x3) (mp, w3~ + 2mowa(@p, — b)) — 16mom3 wo Ty (=1 + x3) (=1 + x, +y)
X (g + i) — Ampmy, (=2mp, wa(As + Vs) (=1 + x2) Xy, + 2waxy (x5 — x3) (Agmp, i, — mp, Vadbiy
—mo(Py =Sy = Ty = Tg) (¢ — 1) + mow3 " (Ag = Vi) (xy — x3) (=1 + x, + ) (d — )
s Xy (mp, (=Py 4 Sy + Ty + Tg) (%) = x3)¢h + mo(As + Vs) (=1 + x2) (¢ + b))
+dmy,m3 (2m,w4(As 4 Vo) x5 (xy = x3)d + moy3 ™ (Ay + Vo) (6 = x3) (=1 + x5 + ) (b, — 1)
+ mow3(As = V3) (=1 + ) x5 (b + i) = 2w (=1 + x2) (Asmp, Xoepiy, — m, Vaxadhy,
+mo(Py =Sy = T3 = T7)(=1 4+ +y) (g + ¢1))) }1s

The formula for the PE¢(c2) diagram in Fig. 19 is written as

-1 1
APEIII(CZ) :W\/W/[dx]/[dx’]/ /b db, /bzdbz/b db, (4ma tPE (c2)))2

X Mppica)F1 (D, b3)F3(A, B, C, bl,bz, b,) exp[=S"E) ([x], [¥'], y, [b]. [], b)),
with the arguments
A=my X5 +x3), B=my (Y +x5)(=1+x+x+y).  C=mixj(=1+y),  D=mj xx).

The functions

L GF 1 1
My = = \/5{ VisVia {(fl +fz)<C3 +Ci=5GC —Ecmﬂ }Mfaé;f(cz)

Gr . LR
\/§ {thvtd [flcs + f2C6 — f1C7 fzcg} }MPEd(Cz)

\/—{Vzbvtd[ 2f2Cs = 2f1Ce + f2C7 + f1Cs|} M PEd(C2)

G 1 1

M’,Z’;f(cz) = \/g{ Vi Vis Kf1C3 + f2C4 = —f1C9 - _f2C10>] }Mffédm)
Gy il C C LR

A VirVis | [1Cs + |2 6—*f1 7—*f2 8 PEd(Cz)

contain the color factors /| = 8/3 and f, = 16/3, and the matrix elements
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FIG. 19. Feynman diagrams in the PE¢ topology, which also contribute to the PE, topology after the Feriz transformation.

Mf’lL:“‘{<c2) = (phl(db)y_s(dd)y_, [Ab) pet(c)

= {—Sm?\,,(—l + X +x3 + y)(zAlm/\blllﬁlxlqulgl - 2mAbW4le/2¢f1\1 + Aymo (w3 4+ w3 7) (0 + x3)(@h — L)
+mo(y3 T+ Y3 )V +x3)(dn = b)) — 8momy (w3 +y37) (A + Vo)X (x) + x5) (i + bi)
+ 8mpm3\,,(mAhx/2(_2‘//4(A3 + V) (] +x55) + (w3t +uwd )P+ S = T3+ T7) (-1 + x5+ x5+ )i,
+ mo (2o (Bl — dn) (P1 = Sy + T3+ T7)(x2 4+ x3) (=1 + x5 + x5 +)
+ (W3 i) (dn + dn)(Ax + Vo) (xa + x3) (%) +x5) = 24y — i) (P = Sy = T3 = T7)

X xh(=1+ Xy +x3+))) + 8mimp, (2my, (w5 + w3 ™) Tsxh(x) + x5)

A
m

+ mo(2a(Sy + Ty + Tg) (X} 4+ x5) (x2 + X3) (Ph + @ly) — 2P (x| + x5) (—waxh + wo (% + X3)) (P + di)
+ x5 (2w 4 (S — Ty — Ts) (x| + x5)ph + (w3 ™ + w37 )(As + Vs) (=1 + x + x5+ y)dh,

—2wy(Sy = Ty — Tg) (x| + x5)pL, —

W3 " +wiT)(As + Vs) (=1 + x4+ x3 +y)¢5,))) }

+ {—Smib(—l + x5 + X3 + ) (A mp, Waxs iy — 2mp, W Vixhdh, + Aimo (w3t +wiT) (% + x3)(dh — dr,)
+mo(w3" w3 )Vilxe +x3) (@ — b)) + 8momp (w3 +yiT) (A + Ve)xh () + x3) (¢ + i)

= 8mmy (=mp, x5 (2p4(As + V3) (¥ +x5) + (W3 +y37)(Pr+ S = T3 +T7)(=1 + x5 + x3 + )¢,

+ mo (=22 (¢ — i) (Pr = Sy + T3 + T7)(xz + x3) (=1 + x5 + x3 + y)

+ (W3 i) (dn + dn)(Ax + Vo) (xg + x3) (x] +x5) + 294 (¢ — i) (P1 = S1 = T3 = T)
Xx5(=14x+x3+y))) — Sm%mz\b(zm/\,,(l/’;r + w3 ) Tsxy (X 4 x5) ),

+ mg (295 (Sy + Ty + Ts) (X} + x5) (X3 + x3) (s + ) = 2P2(x) + x5) (=wraxy + wa (%2 + x3)) (@ + i)
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LR
MPEf(cz)

MSP

PE!(c2)

+ x5 (=2p4(Sy = Ty = T) (x| +x5)fr — (w3 ™ + w37 )(As + Vs) (=1 + x5 + x5 + y)oby,
= 2u4(Sy = Ty = Ts) (¥} + x5)ph + (w3 " +wi )(As+ Vs) (=1 + x2 + x5+ y)d1))) s, (B30)

(phl (‘_lb) V-A (c_ld) V-A |Ab>PEf(c2)

= {=8m (&} + x3)(Agma, (W3 +wi ™)Xy + my, (w3t +wi™)Vexhdn + 2A6moy(xs + x3)

(D — ) = 2mour Vs (xa + x3) (s — i) + 8my, (Ayma, (w3 + w3 ") () +x5) (x + x3)0,

+mp, (3T w3 )V 4 x) (g + x3) g = 2A1mepaxy (=1 + xp 4 x5+ ¥) (P, + di)

+ 2moyaVixh (=1 + x5 + x5+ ) (b + bih)) = 8mpmn, (my, (¥ + x5) (=2Poyraxy + 2y4(S,

=Ty =Tg)xy + (W3 +y37)(As + Vs)xy + 2Payrs (x + x3) = 295 (S + Ty + Tg) (x2 + x3)) i,

+ mo(2ya (¢l — dn) (As = Vs)(xX] +x5) (xa + x3) = (W3~ + 937 ) (Pr + 82) (¥ (=1 + 223 + 2x3 + y) ¢y,

+ X1 (x2 + x3) (P — i) + X5 (=1 +2)dn) + (W3~ +w3 ") (Ty = Tg)(x) (X2 + x3) (M1 — )

+ X5 (= ybhn = (=1 + 225 + 2x3 +¥)bih)))) + 8mpmy (my, (¥ + x5) (2928125 = 2y, Taxy = 2,17,
T3 Vaxy + w3 TVoxy + 2Pypaxh = 2981y — 29 Taxh = 2y Toxy + 25 (S1 — T3 — T7)x3

+ (W3 w3 ) Vaoxs = 2P (xn + x3) + Ay (3T w3 ) (0 + x3)) i

+ mo(=2y4 (P + i) (Az = Vo)xs (=1 425 + x5 +3) + (W3~ w3 )(Py+ S1)(x5(=1 + 2x5 + 2x3 + y))y
+ X1 (%0 +x3) (b = i) +235(=1+)n) + (w3~ +y37)(Ts = T7) (¥ (%2 + x3)(d7 — bi)

+ 25 (¢ — i — (=1 + 2x5 + 223 + ¥)¢m)))) }

+ {=8my () + x5) (Agmn, (w3 + w37 )xogn + ma, (W3 " 4+ w37 )Vexsdiy + 2Aemow(x; + x3)

(i = D) = 2moua Vs (xy + x3) (b — i) — 8y (Ayma, (w3 + w3 ™) (x] +x5) (x2 + x3) i

+mp, (w3t w3 )V 4+ x5) (%0 4 x3) ¢, — 24 mopaxh (=1 + x5 + x5+ y) (dh + d)

+ 2moya Vx5 (=1 + 2y + x5+ 3) (b + hi)) + 8mpmy, (my, (%) + x5) (2Poyraxh + 24 (=S,

+ Ty +Te)xh + (w3 +wi™)(As + Vs)xh = 2Py (xy + x3) + 25 (Sy + Ty + T) (2 + X3)) ¢,

+ mo 2y (P — Pn) (As = Vs)(xX) +25) (x2 + x3) + (w3~ +y37)(Py+ S2) (¥ (=1 + 2x; + 223 + )by

+ X (0 +x3) (b = i) +X5(=1+9)i) = (W3~ + w3 )Ty = Tg)(x] (x2 + x3) (A1 — i)

+ x5 (hh = Y — (=1 + 22, + 2x3 4+ y)ph)))) + Smpmi,, (mp, (xX] + x5) (Agw3 " xs + Asyd x5 — 2,51 X,
+ 2w T3x, + 2y T7x,

+ w3 Voxy + Y3 TVoxy — 2P yaxh + 2uS1xh + 2y Ta3xh + 2y Toxy + 2y5 (=S + T3 + T7)x3

+ (w3 Y3 ) (A + Vo)xs + 2Py (x; + x3)) ¢,

= mo(2ya (¢ + Pn) (A = V)Xo (=1 + xp + x3 +3) + (w3~ +y37)(P1+ S) (¥ (=1 + 2x3 + 223 + )¢,
+ X1 (x2 + x3)(d = i) + X5 (=1 +2)h) + (W3~ +w3 ") (T3 = T7)(x) (x2 + x3) (B — )

+ X5 (i = v — (=1 + 223 + 2x3 + y)1)))) } 75, (B31)

= <ph|(Elb)S—P(Zid)S-&-P|Ab>PE‘l’(c2)’

= {~4m}, (=1 + x5 + x3 +y) QA ymp, Waxydn 4 2mp, waVixidh + Aimo(ws™ +y37)(x; + x3)
X (hy = ) + mo(w3™ + w37 )Vilx + x3) (=@l + 1) = 4mp (w3 + w37 )xy(x) + x5) (2ma, Teg,
+ mo(Ag = Vo) (@l + @) +4mpmy (m, (w3 +yi7)(Py =Sy + T3+ T7)xh (=1 + x, + x5 + y) o,
+mo 2y (Py + 81 = T3+ T7) (x2 +x3) (=1 + x2 + x5 + ) (dn — ) + (w3~ +w37)(dn +d)
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X (Ay = Vo) (¥ 4 x5) (x2 +x3) = 20 (@, — i) (Py + Sy + T3 = T7)x5(=1 +x, + x3 +y)))

— dmpmy, (2A4m, paxy (X + X5) i — 2mp, waVaxs(x) + x5) ¢,

+ g (2y5(Sy + Ty = Tg) (¥} 4 x5) (%2 + x3) (s + i) + 2P2(x) + x5) (=wraxy + o (x2 + x3)) (9 + i)
=X (24 (Sy = Ty + Tg) (x) +23)by, + (w3 +y37)(As = Vs) (=1 +x2 + x5+ y)ghl,

+ 204 (Sy = Ty + Tg) (x) +x5) ¢y — (W3 +w37)(As = Vs) (=1 + 23 + x5+ ¥)¢p))) }

+{=4m} (=1 + x4 x5 + ¥) QA1 mp Wuxo i, -+ 2mp i Vixydn, + Armo(y3™ 4 w3 7) (2 + x3)

S (¢§1 - ¢f7;l) + mo(‘l’3_+ + W3+_)V1 (x2 —I—x3)(—¢,f1 + 4%)) - 4’";(‘/’? + l//3+_)x/2(x/1 +x/2)(2mAbT6¢/r4n

— mo(Ag = Vo) (@l + i) + dmpmy (my, (w3+ 43 7)(Py =Sy 4 Ts + T7)xh (=1 + x5 + x5 + y) ¢,

+mo (2 (Py + 8y = T3+ T7) (x5 +x3) (=1 425 + x3 + ) (@ — b)) — (W3~ +w3 ") (@h +dn)

X (Ay = Vo) () + x5) (%2 + x3) = 2w (@ — i) (Py + Sy + T3 = T7)x5(=1 +x, + 23 +)))

— dmymy, (2Agmp, yaxh (X +x5) @ — 2mp, yaVaxh (x) + x5) i

+mg(=2y5(Sy + Ty = T) (X + x5) (3 + x3) (i + ) — 2P (¥ + x5) (=wraxy + o (%2 + x3)) (i, + i)

+ 2020 (S2 = Ty + Tg) (¥ +x5)¢h — (W3 +y37)(As = Vs) (=1 4+ x2 + x5 + )¢,

+ 2p4(Sy = Ty + Tg)(x) + x5)bh + (W3 + w37 )(As = Vs) (=1 +x, + x5+ y)i))) }7s. (B32)

APPENDIX C: NUMERICAL RESULTS FOR A, — pV pA DECAYS

The numerical results for the A, — pp~, pK*~, pay (1260), pK7(1270), pK7 (1400) decay amplitudes are summarized
in Tables XVII-XXXI. Several comments are in order:

®

(ii)

(iif)

Tables XVII and XX show the invariant amplitudes for the A, — pp~ and A, — pK*~ modes, respectively. The
(S+ P) ® (S — P) operators, coming from the Fierz transformation of the (V —A) ® (V + A) ones, do not
contribute to the factorizable penguin diagrams, because a vector meson cannot be generated by the scalar or
pseudoscalar current. There is thus no hierarchy between the invariant amplitudes in the PC{ topology. The
nonfactorizable contributions are comparable to or even larger than the factorizable ones in all invariant amplitudes,
contrary to the conventional power counting rules.

The helicity amplitudes of the A, — pp~ and A, — pK*~ decays in Tables XVIII and XXI, respectively, reveal a
hierarchical pattern for the factorizable topologies. The left-handed (V — A) ® (V — A) current responsible for the
factorizable topologies prefers the configuration with the proton spin being antiparallel to its momentum and with a
transversely polarized meson. As a consequence, the helicity amplitude H 10 dominates the Ty and PC{ topologies.

Tables XIX and XXII are for the partial-wave amplitudes in the A, — pp~ and A, — pK*~ decays, respectively. The
St 4+ D and P, waves are related to the 1, = 0 helicity state, and the P, — S” and P, + ST waves are related to the
Ay = 1 and 4 = —1 helicity states, respectively [85]. Hence, the T’y and PC{ topologies dominate the S + D and
P, wave amplitudes, but are suppressed by helicity flip effects in the P, and ST waves.

TABLE XVII. Invariant amplitudes of the A, — pp~ decay.

Real(Al) Imag(AL) Real(BY) Imag(Bf) Real(A}) Imag(A}) Real(BL) Imag(BL) Real(AT) Imag(Al) Real(BT) Imag(BT)

-162.20 0.00 222.31 0.00 58.98 0.00 —64.57 0.00 -162.20 0.00 222.31 0.00
5.05 8.83 0.64 —17.28 -15.58  —172.86 —6.32 -25.32 1.52 —-6.01 4.19 1.28

-157.15 8.83 222.95 —17.28 43.40 —172.86  —70.90 -2532  -160.68 —6.01 226.51 1.28
91.63 58.69 118.67 115.65 206.61 163.16 —209.59  —180.04 25.15 73.11 19.06 128.59

-23.49 197.98 41.40 —284.37  —-67.94 529.91 -74.14 486.93 -29.91 182.78 44.33 —251.50
—4.74 —2.65 —13.35 9.86 -12.43 —4.05 13.59 -21.22 =547 -8.45 —-10.04 —4.43

-93.75 262.86 369.67 -176.14 169.64 516.17 —341.04 260.36 -170.92 24142 279.86 —126.06

(Table continued)
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TABLE XVIL (Continued)

Real(AL) Imag(Al) Real(BY) Imag(Bt) Real(A}) Imag(A}) Real(B) Imag(B5) Real(A]) Imag(AT) Real(BT) Imag(BT)

pCJIr —6.80 0.00 9.33 0.00 2.45 0.00 -2.66 0.00 —6.80 0.00 9.33 0.00
PC’l’f 0.19 0.63 0.42 -1.04 —0.45 —4.76 —0.57 -0.21 -0.71 -3.67 1.27 5.27
PC, —-6.61 0.63 9.74 -1.04 2.00 —-4.76 -3.23 -0.21 -7.50 -3.67 10.60 5.27
PC, 4.55 —1.89 2.37 8.63 7.32 -9.69 -2.56 -9.65 1.32 2.65 -0.20 2.89
PE} 0.27 11.50 -0.99 —-16.74 1.04 31.64 0.93 24.60 —0.85 8.45 0.64 —12.45
PB —1.46 0.22 -0.39 —-0.24 —4.45 0.09 0.87 —-0.02 —-1.24 —-0.48 0.45 —0.71
PE‘li + PE, 0.46 5.02 1.75 -23.57 1.97 14.30 -3.22 38.37 0.71 5.17 0.23 —12.35
Penguin -2.80 15.47 12.49 -32.96 7.89 31.59 -7.22 53.08 -7.57 12.12 11.71 —-17.36

AT P(AT) |Bf| P(BL) A% | P(AS) |BS| B(BY)” AT (A7) |BY| #(BY)”
T/ 162.20 180.00 222.31 0.00 58.98 0.00 64.57 180.00 162.20 180.00 222.31 0.00
" 10.18 60.24 17.29 —87.87 173.56 -95.15 26.10 —104.03 6.20 —75.84 4.38 16.92
T 157.39 176.78 223.62 —4.43 178.22 -75.91 75.28 —-160.35 160.79 —177.86 226.51 0.32
C, 108.81 32.64 165.70 44.26 263.27 38.30 276.30 —139.34 77.31 71.02 130.00 81.57
E, 199.37 96.77 287.37 —81.72 534.25 97.31 492.54 98.66 185.21 99.29 255.38 —80.00
B 5.43 —-150.82 16.60 143.55 13.07 —161.96 25.19 -57.36 10.07 —122.92 10.97 —-156.19
Tree 279.08 109.63 409.49 —-25.48 543.33 71.81 429.06 142.64 295.80 125.30 306.95 —24.25
PC{ 6.80 180.00 9.33 0.00 2.45 0.00 2.66 180.00 6.80 180.00 9.33 0.00
Pc;‘f 0.66 73.47 1.12 —68.10 4.78 -95.43 0.61 —159.74 3.74 —100.92 5.42 76.46
PC, 6.64 174.56 9.80 —6.06 5.16 —-67.20 3.24 —176.28 8.35 —153.95 11.83 26.43
PC, 4.92 -22.61 8.95 74.64 12.14 -52.92 9.99 —104.88 2.96 63.52 2.89 93.99
PEY 11.51 88.68 16.77 —-93.38 31.66 88.11 24.61 87.84 8.49 95.75 12.47 —87.06
PB 1.48 171.53 0.45 —148.68 4.45 178.88 0.87 —1.16 1.33 —158.77 0.84 -57.76
PEf + PE, 5.04 84.78 23.64 —85.75 14.44 82.15 38.51 94.79 5.22 82.23 12.35 —88.94
Penguin 15.72 100.26 35.25 —69.24 32.56 75.97 53.57 97.74 14.29 122.00 20.94 -55.99

TABLE XVIIIL

Helicity amplitudes of the A, — pp~ decay.

Real(Hl/2,]) Imag(H,5,1) Rea](H—1/2,—|) Imag(H_;/» 1) Real(Hl/zi,o) Imag(H | /2) Real(H—l/z.o) Imag(H_;,20)

Tree

PCy

pcy

PC,

PE}

PB

PE{ + PE,

Penguin

Tree

29.39
—29.27
0.12
—252.02
-9.98
82.07

—179.81

1.17
-1.25
—0.09
—7.67

2.58

6.03
-5.66

—4.80

|Hl/2,l|

29.39
44.33
33.29
1100.08
30.27
111.56

1006.73

—-0.00
33.29
33.29
—1070.82
—28.57
75.56

-990.54

—-0.00
-0.45
—-0.45
—-30.60
2.52
6.43
23.37

1.27

¢(Hyp)°

—-0.00
131.33
89.79
—103.24
—109.26
42.64

—100.29

—2084.58

-9.50

—2094.08

75.78
—399.86
10.74

—2407.42

-87.41
—10.48
—97.88
9.53
-8.50
—10.17
3.55

—103.47

|H—1/2.—1|

2084.58
46.08
2094.56
140.21
2387.34
36.23

3231.68

d(H_1)2-1)°

0.00
—45.09
—45.09

—117.97
2353.61
-34.60

2155.95

0.00
—48.25
—48.25

3.92
112.59

0.13

90.79

159.19

180.00
—101.90
—178.77

—57.28

99.64

=72.75

138.15

—-61.55 0.00
235.30 1325.62
173.75 1325.62
167.26 126.97
78.59 —589.05
—145.74 —-93.58
273.86 769.96
—-1.31 0.00
12.83 39.54
11.52 39.54
69.14 142.60
—17.08 —109.19
12.72 —-1.72
—-12.30 —63.64
64.00 7.59
|H /20l d(Hy)n0)°
61.55 180.00
1346.34 79.93
1336.96 82.53
209.99 37.20
594.27 —-82.40
173.20 —147.30
817.21 70.42

10376.39
—402.27
9974.12
—274.43
—148.59
—162.44

9388.65

435.62
=793
427.69
—19.36
-8.21
—6.42
6.83

400.52

‘H—1/2.0|

10376.39

3125.69

10444.67
610.09
384.28
166.64

9651.61

0.00
-3099.70
-3099.70

544.89
354.39
-37.16

—2237.58

0.00
—103.95
—103.95

28.55
-35.03
—11.94
—19.73

—142.11

$(H_120)°

0.00
-97.39
—17.26

116.73
112.75
—167.11

—13.41
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TABLE XVIII. (Continued)

Real(H, /) Imag(H,;,,) Real(H_y/,_;) Imag(H_,;,_;) Real(H,;) Imag(H, /) Real(H_;,5) Imag(H_; /)

PC{ 1.17 —0.00 87.41 180.00 1.31 180.00 435.62 0.00
PC’ff 1.33 —-160.45 49.37 —-102.25 41.57 72.02 104.26 —-94.36
PC, 0.45 -101.24 109.13 —153.76 41.19 73.76 440.14 —13.66
PC, 31.55 —-104.07 10.31 22.38 158.47 64.13 34.50 124.14
PEY 3.61 44.35 112.91 94.31 110.52 -98.89 35.98 —-103.19
PB 8.81 46.83 10.17 179.24 12.83 —7.69 13.56 —118.25
PE‘{ + PE, 24.05 103.60 90.85 87.76 64.82 —100.94 20.88 -70.92
Penguin 4.97 165.21 189.86 123.02 64.45 6.77 424.99 —-19.54
TABLE XIX. Partial wave amplitudes of the A, — pp~ decay.
Real(SY) Imag(SY) Real(S”) Imag(S”) Real(P;) Imag(P;) Real(P,) Imag(P,) Real(D) Imag(D) Real(D + S*) Imag(D + S*)

T/ 162.20 —-0.00 162.20 —0.00 —-309.28 0.00 157.69 0.00 150.78 —0.00 312.97 —0.00
" -5.05 —8.83 —-1.52 6.01 5.01 53.19 2.98 0.91 —-14.07 -123.86 -19.12 —-132.69
T 157.15 —8.83 160.68 6.01 —304.28 53.19 160.66 0.91 136.71 —123.86 293.86 —132.69
C, -91.63 —58.69 -25.15 =73.11 3.21 -20.15 13.52 91.21 78.38 71.22 —-13.24 12.53
E, 23.49 —197.98 29.91 —182.78 2.10 7.04 31.45 —-178.39 -30.30 226.27 —6.81 28.29
B 4.74 2.65 5.47 8.45 9.24 3.92 -7.12 -3.14 -5.24 -0.96 -0.50 1.69
Tree 93.75 —-262.86 170.92  -241.42 -289.72 44.01 198.51 —89.42 179.55 172.68 273.30 -90.18
pCJIr 6.80 —0.00 6.80 —0.00 —13.02 0.00 6.62 0.00 6.31 —-0.00 13.10 —0.00
PCTf -0.19 —-0.63 0.71 3.67 —0.15 1.93 0.90 3.74 —-0.44 -3.67 —-0.62 —4.30
PC, 6.61 -0.63 7.50 3.67 —-13.17 1.93 7.52 3.74 5.87 -3.67 12.48 —4.30
PC, —4.55 1.89 —-1.32 -2.65 -1.49 -5.13 -0.14 2.05 1.89 -5.31 -2.65 -3.42
PEY -0.27 —11.50 0.85 —8.45 0.76 4.32 0.45 —-8.83 0.53 13.73 0.27 2.22
PB 1.46 -0.22 1.24 0.48 -0.19 041 0.32 -0.50 -2.03 -0.09 -0.57 -0.31
PEf + PE, —0.46 -5.02 -0.71 -5.17 0.16 2.50 0.16 —-8.76 1.03 6.33 0.57 1.32
Penguin 2.80 —15.47 7.57 —-12.12 —13.93 4.03 8.31 —12.31 7.29 10.98 10.09 —4.49

ISt sstey IS ey Al sy IRl 8™ () DL 8PC) D+ S 3P ()
T 162.20 —0.00 162.20 —0.00 309.28 180.00 157.69 0.00 150.78 —0.00 312.97 —0.00
™ 10.18 —119.76 6.20 104.16 53.43 84.62 3.11 16.92 124.65 —96.48 134.06 -98.20
T 157.39 -3.22 160.79 2.14 308.89 170.08 160.66 0.32 184.47 —42.18 322.43 -24.30
C, 108.81 —147.36 77.31 —108.98 20.40 -80.94 92.21 81.57 105.91 42.26 18.23 136.58
E, 199.37 —83.23 185.21 —80.71 7.34 73.39 181.14 —80.00 228.29 97.63 29.10 103.54
B 5.43 29.18 10.07 57.08 10.04 22.99 7.78 —156.19 5.33 —-169.67 1.76 106.49
Tree 279.08 -70.37 295.80 —54.70 293.05 171.36 217.72 —24.25 249.11 43.88 287.79 —18.26
PC{ 6.80 —0.00 6.80 —0.00 13.02 180.00 6.62 0.00 6.31 —0.00 13.10 —0.00
PC’;f 0.66 —106.53 3.74 79.08 1.94 94.35 3.84 76.46 3.70 -96.77 4.35 -98.23
PC, 6.64 —5.44 8.35 26.05 13.31 171.66 8.39 26.43 6.92 -32.04 13.20 -19.02
PC, 4.92 157.39 2.96 —116.48 5.34 -106.22 2.05 93.99 5.64 -70.40 4.33 —127.81
PEY 11.51 -91.32 8.49 —84.25 4.39 80.05 8.84 —87.06 13.74 87.78 2.24 83.18
PB 1.48 —-8.47 1.33 21.23 0.45 114.77 0.60 -57.76 2.04 —-177.50 0.65 —151.88
PE‘IJ + PE, 5.04 -95.22 5.22 -97.77 2.51 86.24 8.76 —88.94 6.42 80.75 1.44 66.46
Penguin 15.72 -79.74 14.29 —58.00 14.50 163.85 14.85 -55.99 13.18 56.43 11.04 —-23.98
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TABLE XX. Invariant amplitudes of the A, — pK*~ decay.
Real(A}) Imag(A}) Real(Bf) Imag(Bf) Real(A}) Imag(A}) Real(BL) Imag(Bi) Real(AT) Imag(Al) Real(B) Imag(BT)
T/ —194.45 0.00 266.80 0.00 71.23 0.00 -77.98 0.00 —194.45 0.00 266.80 0.00
™ 4.76 10.58 2.72 -20.50 —-8.72 —-203.69 -9.61 —-29.00 2.22 -7.02 5.17 3.44
T —189.69 10.58 269.53 -20.50 62.51 —203.69 —87.59 —29.00 —192.24 -7.02 271.98 3.44
E, —28.18 227.94 37.03 -316.34 —108.84 577.73 —82.87 549.87 -30.72 177.26 41.24 —260.86
Tree —-217.87 238.53 306.56 —336.84 —46.33 374.04 —170.46 520.87 —222.96 170.23 313.22 —-257.41
PC{ —-8.16 0.00 11.19 0.00 2.97 0.00 -3.23 0.00 -8.16 0.00 11.19 0.00
PC?f 0.06 0.60 0.49 —1.65 -0.73 —6.16 0.01 0.88 -0.25 -3.90 0.84 6.11
PC, -8.09 0.60 11.68 —1.65 2.25 —6.16 -3.21 0.88 -8.41 -3.90 12.03 6.11
PE} 0.42 12.52 -0.67 —18.54 -0.08 35.72 1.94 26.95 —-0.83 8.35 0.80 —12.48
PE{ —-0.38 12.18 0.71 —17.01 —0.60 30.30 —-1.41 27.87 -0.32 6.16 0.35 —8.84
Penguin —8.06 25.30 11.73 -37.20 1.57 59.85 -2.68 55.70 -9.56 10.62 13.18 —-15.20
|AT] P(AT) [Bf| $(BY) A% | P(AS) |B5| (B3 AT (A7) |BY | $(BY)”
T/ 194.45 180.00 266.80 0.00 71.23 0.00 77.98 180.00 194.45 180.00 266.80 0.00
"f 11.61 65.76 20.68 —82.43 203.88 —-92.45 30.55 —108.34 7.36 —72.50 6.22 33.64
T 189.98 176.81 270.31 —4.35 213.07 —-72.94 92.27 —161.68 192.37 —-177.91 272.00 0.73
E, 229.68 97.05 318.50 —83.32 587.90 100.67 556.08 98.57 179.90 99.83 264.10 —81.02
Tree 323.05 132.41 455.45 —47.69 376.90 97.06 548.05 108.12 280.52 142.64 405.43 -39.41
PC-I/ 8.16 180.00 11.19 0.00 2.97 0.00 3.23 180.00 8.16 180.00 11.19 0.00
PC’I‘f 0.61 83.94 1.72 —73.39 6.21 -96.72 0.88 89.06 391 -93.69 6.17 82.21
PC, 8.12 175.73 11.80 -8.05 6.56 —69.97 3.33 164.62 9.27 —155.13 13.49 26.95
PEY 12.53 88.10 18.56 -92.06 35.72 90.13 27.02 85.87 8.39 95.67 12.50 —86.33
PE! 12.19 91.80 17.02 —87.61 30.30 91.14 27.90 92.89 6.17 92.96 8.84 —-87.73
Penguin 26.56 107.67 39.01 —72.51 59.87 88.50 55.76 92.75 14.29 131.99 20.12 —49.08
TABLE XXI. Helicity amplitudes of the A, — pK*~ decay.
Real(H, /) Imag(H,;;) Real(H_;,_;) Imag(H_;;_;) Real(H ;o) Imag(H,,o) Real(H_i/0) Imag(H_;/ )
T/ 36.78 —0.00 —2491.55 0.00 -70.47 0.00 10702.76 0.00
" —-38.20 29.82 -9.40 -61.50 133.06 1342.77 —-266.10 —-3118.57
T —-1.42 29.82 —2500.95 -61.50 62.59 1342.77 10436.65 —-3118.57
E, 9.97 47.66 —389.44 2352.39 125.40 —132.47 —-624.29 61.91
Tree 8.55 77.48 —2890.39 2290.89 187.99 1210.31 9812.36 —-3056.66
PC{ 1.55 —0.00 —104.51 0.00 -2.28 0.00 449.38 0.00
PCTf -2.21 -2.79 —-5.48 —53.46 20.58 46.96 3.40 —-101.76
PC, —-0.66 -2.79 —109.99 —-53.46 18.30 46.96 452.77 —101.76
PEY 1.71 3.10 -9.07 111.71 21.48 —118.50 -0.13 -30.43
PE{ 0.46 0.59 -3.68 80.71 -5.72 —24.84 1.14 —-25.57
Penguin 1.52 0.90 —122.75 138.96 34.06 —-96.38 453.79 —157.76
|H /2.1 d(Hyjn)° |H_1/2,-1] d(H_1)5-1)° |H 120 d(Hyj20)° |H_1/20] $(H_1/20)°
T/ 36.78 —0.00 2491.55 180.00 70.47 180.00 10702.76 0.00
" 48.46 142.03 62.22 —98.69 1349.35 84.34 3129.90 —-94.88
T 29.85 92.73 2501.71 —178.59 1344.23 87.33 10892.62 —-16.64
E, 48.69 78.18 2384.41 99.40 182.40 —-46.57 627.36 174.34
Tree 77.95 83.70 3688.16 141.60 1224.82 81.17 10277.43 —17.30
PC‘lf 1.55 —0.00 104.51 180.00 2.28 180.00 449.38 0.00
Pc’llf 3.56 —128.41 53.74 -95.85 51.27 66.33 101.82 —88.09
PC, 2.86 —103.25 122.30 —154.08 50.40 68.71 464.07 —-12.67
PEY 3.54 61.11 112.08 94.64 120.43 -79.73 30.43 -90.25
PE! 0.75 51.75 80.79 92.61 25.49 —-102.97 25.59 —87.44
Penguin 1.77 30.72 185.41 131.46 102.22 —-70.54 480.43 —19.17
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TABLE XXII. Partial wave amplitudes of the A, — pK*~ decay.

Real(SY) Imag(SY) Real(ST) Imag(S”) Real(P;) Imag(P,) Real(P,) Imag(P,) Real(D) Imag(D) Real(D+ SY) Imag(D + SF)

T/ 194.45 —-0.00 194.45 —-0.00 -367.82 0.00 188.80 0.00 178.24 —-0.00 372.69 —0.00
T -4.76 —10.58 -2.22 7.02 4.60 61.43 3.66 2.44 -9.04 —143.75 -13.81 —154.34
T 189.69 —10.58 192.24 7.02 -363.22 61.43 192.46 2.44 169.19  —143.75 358.88 —154.34
E, 28.18 —227.94 30.72 —177.26 17.26 2.44 29.19 —184.59 -54.11  234.67 -25.94 6.72
Tree 217.87  =238.53 22296  —-17023 —345.96 63.87 221.64 —182.15 115.08 90.91 332.95 —147.61
PC{ 8.16 -0.00 8.16 —-0.00 -15.47 0.00 7.92 0.00 7.47 —-0.00 15.62 -0.00
PC;’f —-0.06 —-0.60 0.25 3.90 —-0.83 1.90 0.59 4.33 -0.53 —4.54 -0.59 =5.14
PC, 8.09 —-0.60 8.41 3.90 —-16.30 1.90 8.51 433 6.94 —4.54 15.03 -5.14
PEY -0.42 —12.52 0.83 -8.35 -0.74 5.15 0.57 -8.83 -0.33 15.56 -0.75 3.05
PE 0.38 —12.18 0.32 —6.16 0.16 1.74 0.25 -6.25 -0.15 12.15 0.24 -0.03
Penguin 8.06 —25.30 9.56 —10.62 -16.88 8.79 9.32 —10.76 6.46 23.18 14.52 -2.12
IS* 8 () IS &) Py 871 (%) P2 6™ (%) D] (%) D+ 8t 35 ()
T/ 194.45 —-0.00 194.45 —-0.00 367.82 180.00 188.80 0.00 178.24 —0.00 372.69 —0.00
™ 11.61 —114.24 7.36 107.50 61.60 85.72 4.40 33.64 144.04  -93.60 154.95 -95.11
T 189.98 -3.19 192.37 2.09 368.37 170.40 192.47 0.73 222.02 —40.35 390.66 -23.27
E, 229.68 —82.95 179.90 -80.17 17.43 8.05 186.88 —81.02  240.83 102.99 26.79 165.46
Tree 323.05 —47.59 280.52 -37.36 351.80 169.54 286.89 -39.41 146.66 38.31 364.20 -23.91
PC,f 8.16 —-0.00 8.16 —-0.00 15.47 180.00 7.92 0.00 7.47 —0.00 15.62 —0.00
pc':f 0.61 -96.06 3.91 86.31 2.07 113.63 4.37 82.21 4.57 —96.66 5.18 -96.59
PC, 8.12 —4.27 9.27 24.87 16.41 173.36 9.55 26.95 8.29 -33.20 15.89 —18.90
PEY 12.53 -91.90 8.39 —84.33 5.20 98.16 8.85 —86.33 15.57 91.22 3.14 103.79
PE! 12.19 —88.20 6.17 —87.04 1.75 84.81 6.26 -87.73 12.16 90.69 0.24 —6.07
Penguin  26.56 —72.33 14.29 —48.01 19.03 152.48 14.24 —49.08 24.06 74.43 14.67 -8.32

TABLE XXIII. Invariant amplitudes of the A, — pay(1260) decay.

Real(AL) Imag(Al) Real(BY) Imag(BY) Real(A}) Imag(A}) Real(B5) Imag(B5) Real(Al) Imag(AT) Real(BY) Imag(B7)

T/ 0.00 296.24 —-0.00 —409.58 —0.00 —111.18 0.00 121.60 0.00 296.24 —-0.00 —409.58
Tf 12.02 —6.01 -26.71 -2.57 —253.52 15.21 —86.65 15.01 —11.02 —2.42 4.35 =7.12
T 12.02 290.23 —26.71 —412.15  -25352  -95.97 —86.65 136.61 —11.02 293.83 4.35 —416.70
C, 4.01 —109.12 75.01 —134.43 34.19 -256.32  —81.65 261.14 30.03 —66.00 107.05 —46.72
E, 132.67 18.84 -194.56  -21.79 386.67 55.94 368.73 68.69 131.79 28.94 -191.35  -33.51
B 2.52 —14.87 1.25 -5.86 2.80 -34.90 8.93 16.22 13.09 -5.94 20.40 -3.95
Tree 151.22 185.08 —145.00 57424 170.14 -331.25 209.35 482.66 163.89 250.83 -59.55  —=500.89
PC',/ 0.00 12.36 0.00 -17.14 0.00 —4.64 0.00 5.03 0.00 12.36 0.00 —17.14
PC',’f —18.38 1.34 25.60 -2.99 -51.65 5.49 —51.67 4.93 -25.22 1.38 35.43 -242
PC, —18.38 13.71 25.60 -20.12 -51.65 0.85 -51.67 9.96 —25.22 13.74 35.43 —19.55
PC, 5.40 -2.87 —4.72 -7.81 25.32 -9.16 1.15 17.40 1.97 -1.23 2.69 —2.66
PEY 9.47 —1.01 —14.29 1.93 30.69 -1.02 19.59 -3.47 7.15 0.64 -11.83 —-0.40
PB -0.05 —0.65 —1.64 -2.32 —-0.80 -0.27 3.00 2.77 0.06 -0.53 -0.07 —1.88
PE{ + PE, 17.42 1.18 —4.11 0.40 42.41 3.76 3.98 -1.27 9.33 1.76 —4.17 —-0.46
Penguin 13.86 10.35 0.85 -2791 45.97 -5.85 -23.94 25.39 -6.71 14.38 22.06 —24.95
AT PAT) |BY| D(BY) A3 P(AT)° |BS | $(B) ATl P(AT) EH P(BI)
T/ 296.24 90.00 409.58 -90.00 111.18 -90.00 121.60 90.00 296.24 90.00 409.58 -90.00
™ 13.44 —26.58 26.83 —174.50 253.97 176.57 87.95 170.17 11.28 —167.64 8.35 —58.56
T 290.48 87.63 413.02 -93.71 271.07 —159.27 161.78 122.39 294.03 92.15 416.73 —89.40
(&) 109.20 —-87.90 153.94 —60.84 258.59 —82.40 273.60 107.36 72.51 —65.53 116.80 —23.58
E, 134.00 8.08 195.77 —173.61 390.70 8.23 375.07 10.55 134.93 12.38 194.26 —170.07
B 15.08 —80.36 6.00 -77.93 35.02 -85.41 18.52 61.18 14.37 —24.43 20.78 -10.97
Tree 239.00 50.75 592.26 —104.17 372.39 -62.81 526.11 66.55 299.62 56.84 504.42 -96.78
PC,f 12.36 90.00 17.14 —-90.00 4.64 -90.00 5.03 90.00 12.36 90.00 17.14 -90.00
pc':f 18.43 175.82 25.78 —6.66 51.94 173.94 51.90 174.55 25.26 176.87 35.51 -3.90
PC, 22.93 143.28 32.57 -38.17 51.65 179.06 52.62 169.09 28.72 151.41 40.47 —28.89
PG, 6.12 —28.01 9.12 -121.17 26.93 -19.89 17.43 86.23 2.33 -31.96 3.79 —44.71
PE} 9.52 —6.11 14.42 172.30 30.71 -1.91 19.90 —10.05 7.18 5.13 11.83 —178.06
PB 0.66 —94.45 2.84 —125.39 0.84 —161.57 4.09 42.72 0.53 —83.48 1.88 -92.04
PE¢ + PE, 17.46 3.88 4.13 174.38 42.57 5.06 4.18 —17.66 9.49 10.66 4.19 -173.76
Penguin 17.30 36.75 27.92 —88.26 46.34 -7.25 34.90 133.31 15.87 115.00 33.30 —48.52
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TABLE XXIV. Helicity amplitudes of the A, — paj(1260) decay.

Real(H, /) Imag(H,;,,) Real(H_y/,_;) Imag(H_,;,_;) Real(H,;) Imag(H, o) Real(H_; ) Imag(H_;/;0)

i —-0.00 -59.16 0.00 3756.40 0.00 72.69 0.00 —11416.70
" 51.32 47.69 -90.62 16.58 609.70 —103.95 —-3116.18 298.85
T 51.32 —11.47 -90.62 3772.98 609.70 -31.26 —-3116.18 —11117.84
C, —676.57 635.89 —289.78 —-214.15 328.37 34.12 640.25 374.83
E, 14.91 -35.12 1712.40 337.63 -74.15 232.15 493.87 326.34
B —176.35 56.12 -7.80 —-20.43 128.61 30.66 79.76 77.44
Tree —786.69 645.43 1324.20 3876.03 992.53 265.67 —1902.30 —10339.24
chlr —-0.00 -2.28 0.00 156.97 0.00 1.90 0.00 —477.58
PC’ff 2.51 2.03 —-322.34 19.79 -30.16 -16.77 —-83.72 9.55
PC, 2.51 -0.25 —-322.34 176.76 -30.16 —14.87 —-83.72 —-468.03
PC, —24.85 19.95 0.56 4.09 —142.01 43.99 6.48 21.41
PEY 7.33 -2.33 99.43 5.94 -95.04 -10.79 —-13.90 10.13
PB —-0.09 11.89 0.69 5.04 5.08 -21.91 -3.67 -3.27
PE‘li + PE, —-41.27 -9.25 78.91 13.37 —13.57 -9.69 —48.50 —-0.58
Penguin —-56.37 20.00 —142.75 205.20 —-275.70 —13.28 —143.31 —440.34
[Hi)21] d(Hipa)° |H_ /5,1 d(H_12-1)° |Hy )20l d(Hipp)° |H_1 /2,0l d(H_1/20)°
i 59.16 -90.00 3756.40 90.00 72.69 90.00 11416.70 -90.00
" 70.06 42.90 92.12 169.63 618.49 -9.68 3130.48 174.52
T 52.59 —12.60 3774.06 91.38 610.50 —-2.94 11546.30 —105.66
C, 928.49 136.78 360.33 —143.54 330.14 5.93 741.90 30.35
E, 38.15 —66.99 1745.36 11.15 243.70 107.71 591.94 33.46
B 185.07 162.35 21.87 —110.89 132.22 13.41 111.17 44.15
Tree 1017.57 140.63 4095.99 71.14 1027.47 14.98 10512.78 —100.43
PC{ 2.28 -90.00 156.97 90.00 1.90 90.00 477.58 -90.00
PC’l’f 3.23 38.99 322.95 176.49 34.51 —150.93 84.26 173.49
PC, 2.52 -5.68 367.62 151.26 33.63 —153.76 475 .46 —-100.14
PC, 31.86 141.24 4.13 82.19 148.66 162.79 22.37 73.17
PEY 7.69 —-17.63 99.60 3.42 95.65 —173.52 17.20 143.93
PB 11.89 90.44 5.09 82.19 22.49 -76.95 4.91 —138.30
PE‘li + PE, 42.29 —-167.36 80.04 9.61 16.68 —144.46 48.50 —179.32
Penguin 59.81 160.46 249.97 124.82 276.02 —177.24 463.07 —108.03

TABLE XXV. Partial wave amplitudes of the A, — paj (1260) decay.

Real(S*) Imag(S*) Real(S”) Imag(S”) Real(P,) Imag(P,) Real(P,) Imag(P,) Real(D) Imag(D) Real(D + S*) Imag(D + S%)

T/ -0.00 -296.24 —-0.00 —296.24 0.00 545.91 0.00 —287.06 —-0.00 —256.66 —-0.00 —552.90
™ -12.02 6.01 11.02 2.42 120.62 -9.38 3.05 -499 -167.28 1337 —179.30 19.38
T -12.02  -290.23 11.02  -293.83  120.62 536.53 3.05 -292.05 -167.28 —243.29 —179.30 -533.52
G, —4.01 109.12  -30.03 66.00 —46.61 —19.68 75.03 -32.74 19.01 -92.73 15.01 16.40
E, -132.67 -18.84 —-131.79 -2894 -2020 -26.88 —134.11 —-23.49 160.01 23.37 27.33 453
B -2.52 14.87 —13.09 5.94 -10.03 -5.20 14.30 =2.77 0.17 —12.62 -2.35 225
Tree —151.22 —185.08 —163.89 —250.83  43.78 484.77 —-41.73  -351.05 11.92  -325.26 —139.31 -510.34
pc]f —0.00 —12.36 —0.00 —12.36 0.00 22.89 0.00 -12.01 -0.00 -10.71 —-0.00 -23.07
PC’,’/I 18.38 —1.34 25.22 -1.38 5.48 0.35 24.83 -1.69 —20.96 2.61 -2.58 1.27
PC, 18.38 -13.71 25.22 —13.74 5.48 23.24 24.83 -13.70  -20.96  -8.10 -2.58 -21.81
PC, -5.40 2.87 -1.97 1.23 6.52 -3.15 1.89 -1.87 12.55 -3.96 7.15 -1.09
PEY -9.47 1.01 -7.15 —-0.64 5.24 0.03 -8.29 -0.28 13.37 —0.01 3.90 1.01
PB 0.05 0.65 —-0.06 0.53 -0.07 1.21 —-0.05 -1.31 -0.47 0.24 -0.42 0.90
PE¢ + PE, —17.42 -1.18 -9.33 -1.76 2.99 0.49 -2.92 -0.32 15.74 1.62 —1.68 0.44
Penguin -13.86  -10.35 6.71 —14.38 20.16 21.83 15.46 -17.49 20.23 —10.20 6.37 -20.55

(Table continued)
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TABLE XXV. (Continued)

Real(S*) Imag(S*) Real(S”) Imag(S”) Real(P;) Imag(P,) Real(P,) Imag(P,) Real(D) Imag(D) Real(D + S*) Imag(D + S*)
|S*| P(s) |S7| P(ST)” [Py P(Py)° P P(Pr)° D] #(D)° |D + S| #(D + Sty
T/ 296.24 -90.00 296.24 -90.00 545.91 90.00 287.06 -90.00 256.66  —90.00 552.90 -90.00
™ 13.44 153.42 11.28 12.36 120.98 —4.45 5.85 -58.56 167.81 175.43 180.34 173.83
T 290.48 -92.37 294.03 —87.85 549.92 77.33 292.06 —89.40 295.25 —124.51 562.84 —108.58
C, 109.20 92.10 72.51 114.47 50.60 —-157.11 81.86 —23.58 94.66 —78.41 22.23 47.53
E, 134.00 —-171.92 13493 -167.62 33.62 —-126.93 136.15 —=170.07 161.71 8.31 27.71 9.42
B 15.08 99.64 14.37 155.57 11.30 —152.58 14.56 —-10.97 12.62 —89.21 3.25 136.24
Tree 239.00 —129.25 299.62 —123.16 486.74 84.84 353.52 -96.78 325.48 -87.90 529.01 —-105.27
PC{ 12.36 -90.00 12.36 -90.00 22.89 90.00 12.01 -90.00 10.71 -90.00 23.07 -90.00
PC’I‘f 18.43 —4.18 25.26 -3.13 5.49 3.62 24.89 -3.90 21.12 172.90 2.87 153.83
PC, 22.93 -36.72 28.72 —28.59 23.88 76.73 28.36 —28.89 22.47 —158.87 21.96 —96.74
PC, 6.12 151.99 2.33 148.04 7.24 -25.76 2.65 —44.71 13.16 —-17.52 7.23 —8.65
PE} 9.52 173.89 7.18 —174.87 5.24 0.35 8.29 —178.06 13.37 -0.03 4.03 14.46
PB 0.66 85.55 0.53 96.52 1.21 93.21 1.32 -92.04 0.53 152.67 0.99 115.12
PE‘{ + PE, 17.46 —176.12 9.49 —169.34 3.03 9.40 2.94 —173.76 15.82 5.88 1.74 165.37
Penguin 17.30 —143.25 15.87 —65.00 29.72 47.27 23.34 —48.52 22.66 -26.76 21.52 —72.78
TABLE XXVI. Invariant amplitudes of the A, = pK;(1270)~ decay with mixing angle 8 = 30°.
Real(A}) Imag(AL) Real(BY) Imag(BY) Real(A}) Imag(A%) Real(B5) Imag(Bi) Real(A]) Imag(AT) Real(BT) Imag(B))
T/ 0.00 378.38 —0.00 —524.96 —0.00 —143.60 0.00 157.06 0.00 378.38 —0.00 —524.96
"f —34.43 2.18 29.72 —4.78 —37.64 9.01 —362.56 37.73 —25.06 0.73 38.14 —-10.20
T —34.43 380.56 29.72 —529.74 -37.64 —134.59 -362.56 194.79 -25.06 379.10 38.14 —535.15
E, —144.36 —33.42 201.71 43.50 —450.06 -98.06 —382.73 —118.18 -57.35 —4.77 77.80 12.11
Tree —-178.79 347.14 231.43 —486.24 —487.70  —232.65 —745.29 76.62 -82.41 374.33 115.94 —523.04
pCJIr 0.00 15.86 0.00 —22.01 0.00 -5.99 0.00 6.50 0.00 15.86 0.00 -22.01
PC'l‘f -9.57 0.85 12.46 —1.08 -21.33 1.48 —-34.10 3.09 —11.29 0.32 16.50 —-0.96
PC, -9.57 16.71 12.46 -23.09 —-21.33 —4.50 -34.10 9.58 —11.29 16.19 16.50 —22.98
PEY —7.06 0.05 9.94 -0.25 —24.37 —1.55 —-15.22 -0.52 —1.84 -0.16 2.23 —0.01
PE! —6.21 -0.29 8.85 0.45 -20.05 —0.01 -13.70 -1.91 —0.48 0.12 0.45 -0.20
Penguin —22.85 16.47 31.25 -22.89 —65.75 —6.06 —63.02 7.16 —-13.60 16.14 19.18 -23.18
AT P(AT)? |BY| $(BY) A5 P(AL)? |BS | H(BS)° AT P(A])° B | $(BY)°
Tr 378.38 90.00 524.96 -90.00 143.60 -90.00 157.06 90.00 378.38 90.00 524.96 -90.00
"f 34.50 176.37 30.11 -9.14 38.70 166.54 364.52 174.06 25.07 178.34 39.48 —14.97
T 382.12 95.17 530.57 —-86.79 139.76 —105.62 411.57 151.75 379.93 93.78 536.51 —85.92
E, 148.18 —166.96 206.35 12.17 460.62 —-167.71 400.56 —162.84 57.55 —175.24 78.74 8.85
Tree 390.48 117.25 538.50 —64.55 540.35 —154.50 749.21 174.13 383.30 102.42 535.73 -77.50
pc{ 15.86 90.00 22.01 —90.00 5.99 —90.00 6.50 90.00 15.86 90.00 22.01 —90.00
PC’I‘f 9.61 174.95 12.51 —4.95 21.38 176.02 34.24 174.82 11.29 178.37 16.53 —-3.34
PC, 19.26 119.81 26.24 —61.65 21.80 —168.08 35.42 164.30 19.73 124.89 28.29 —54.31
PEY 7.06 179.62 9.94 —-1.43 24.42 —176.36 15.23 —178.04 1.84 —-175.11 2.23 -0.31
PE{ 6.22 —177.32 8.86 2.92 20.05 —179.98 13.83 —172.08 0.49 166.43 0.50 -23.40
Penguin 28.16 144.22 38.73 -36.22 66.03 —174.73 63.43 173.52 21.11 130.12 30.09 -50.39

053007-47



HAN, YU, LI LI, WANG, XIAO, and YU

PHYS. REV. D 112, 053007 (2025)

TABLE XXVII.

Helicity amplitudes of the A, — pK,(1270)~ decay.

Real(H, /) Imag(H,;;) Real(H_;;_)) Imag(H_j;»_;) Real(H, ;o) Imag(H,;,o) Real(H_j;0) Imag(H_;/;0)

T/ —0.00 —68.10 0.00 4803.85 0.00 88.95 0.00 —14484.42
" —10.66 41.32 —333.38 50.67 —3199.56 248.60 —2531.08 292.08
T —10.66 -26.78 —333.38 4854.52 —3199.56 337.54 —2531.08 —14192.34
E, 18.28 -23.92 —720.14 —85.37 275.50 -302.29 -710.87 —451.08
Tree 7.62 —50.69 —1053.51 4769.15 —2924.06 35.25 —3241.95 —14643.42
PC{ —0.00 -2.85 0.00 201.41 0.00 2.65 0.00 —-607.92
qu’f -1.77 2.28 —147.09 6.42 —132.76 15.41 -87.73 6.22
PC, -1.77 -0.57 —147.09 207.84 —132.76 18.06 -87.73 —601.70
PE! 1.78 1.07 -21.88 -0.96 62.30 1.90 —16.44 —19.75
PE! 1.04 0.14 -5.14 1.63 44.75 —15.04 —6.60 -5.38
Penguin 1.05 0.64 —174.12 208.51 -25.71 4.92 —110.76 —626.82
[Hi)21] d(Hyp1) |H_ 151 G(H_1)p-1)° |H /20l d(Hyp20)° [H_y 20 d(H_120)°
il 68.10 —90.00 4803.85 90.00 88.95 90.00 14484.42 -90.00
™ 42.67 104.47 337.20 171.36 3209.21 175.56 2547.88 173.42
T 28.82 —111.71 4865.96 93.93 3217.32 173.98 14416.27 —100.11
E, 30.10 -52.61 725.18 —173.24 409.00 —47.65 841.91 —147.60
Tree 51.26 —81.46 4884.12 102.46 2924.27 179.31 14998.00 —-102.48
PC{ 2.85 —-90.00 201.41 90.00 2.65 90.00 607.92 -90.00
PCTf 2.89 127.92 147.23 177.50 133.65 173.38 87.95 175.94
PC, 1.86 —162.20 254.62 125.29 133.98 172.25 608.06 -98.30
PEY 2.08 30.87 21.90 —177.49 62.33 1.74 25.69 —129.77
PE 1.05 7.68 5.40 162.38 47.21 —18.58 8.51 —140.81
Penguin 1.23 31.21 271.65 129.86 26.17 169.17 636.53 —100.02
TABLE XXVIII. Partial wave of the A, — pK;(1270)~ decay.
Real(SY) Imag(S*) Real(S”) Imag(S”) Real(P,) Imag(P,) Real(P,) Imag(P,) Real(D) Imag(D) Real(D +S“) Imag(D + St)

T/ —0.00 —378.38 —0.00 —378.38 0.00 697.91 0.00 -367.80 —-0.00 —328.16 —0.00 —706.54
™ 34.43 25.06 -0.73 277.83 -26.21 26.72 -7.14 -2.02 4.29 32.41 2.11
T 34.43 —-380.56 25.06 -379.10 277.83 671.70 26.72 —-374.95 -2.02 —-323.87 32.41 —704.43
E, 144.36 57.35 4.77 21.11 36.52 54.51 8.49 —192.18 —40.64 —47.82 -7.21
Tree 178.79 —347.14 82.41 —-374.33 298.94 708.23 81.23 —-366.46 —194.20 -364.51 —-15.41 —711.64
PC{ -0.00 —15.86 —0.00 —15.86 0.00 29.34 0.00 —-15.42 -0.00 —-13.74 —-0.00 -29.60
PC’I’f 9.57 11.29 -0.32 10.69 -1.05 11.56 —0.68 -7.39 0.40 2.18 —-0.45
PC, 9.57 -16.71 11.29 -16.19 10.69 28.30 11.56 -16.10 -7.39 —13.34 2.18 -30.05
PEY 7.06 1.84 0.16 -2.22 0.87 1.56 -0.01 —10.88 —1.00 —-3.82 —1.05
PE! 6.21 0.48 -0.12 —1.85 0.99 0.32 -0.14 —-8.70 0.18 -2.49 0.47
Penguin 22.85 —-16.47 13.60 —16.14 6.62 30.15 13.44 —-16.24 -26.97 —-14.16 —4.12 -30.63

N B(Sh)”° ST B(ST)” [Py ] $(P)" || (P |D| #(D) |D + S*| (D + )
T 378.38 -90.00 378.38 -90.00 697.91 90.00 367.80 -90.00 328.16 -90.00 706.54 -90.00
" 34.50 25.07 —1.66 279.06 -5.39 27.66 —14.97 4.74 115.19 32.48 3.72
T 382.12 —84.83 379.93 —86.22 726.89 67.53 375.90 —-85.92 323.88 -90.36 705.18 —87.37
E, 148.18 57.55 4.76 42.18 59.98 55.17 8.85 196.43  —168.06 48.36 —-171.42
Tree 390.48 —-62.75 383.30 -77.58 768.73 67.12 375.35 -717.50 413.01 —118.05 711.81 -91.24
PC-]/ 15.86 -90.00 15.86 -90.00 29.34 90.00 15.42 -90.00 13.74 -90.00 29.60 -90.00
PC'I’f 9.61 11.29 -1.63 10.74 —5.60 11.58 -3.34 7.40 176.89 2.23 —11.53
PC, 19.26 —-60.19 19.73 —55.11 30.25 69.30 19.82 -54.31 15.25 —118.99 30.13 —85.84
PEY 7.06 1.84 4.89 2.39 158.74 1.56 -0.31 10.93 —-174.73 3.96 —164.63
PE! 6.22 0.49 —13.57 2.10 151.84 0.35 -23.40 8.70 178.83 2.53 169.34
Penguin 28.16 —35.78 21.11 —49.88 30.87 77.62 21.08 -50.39 30.46 —152.30 30.90 -97.67
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TABLE XXIX. Invariant amplitudes of the A, — pK,(1400)~ decay with mixing abgle 0x = 30°.
Real(A}) Imag(A}) Real(Bf) Imag(Bf) Real(A}) Imag(A}) Real(BL) Imag(Bi) Real(AT) Imag(Al) Real(B) Imag(BT)
Tf 0.00 156.11 0.00 -216.25 0.00 —58.88 0.00 64.41 0.00 156.11 0.00 -216.25
™ 35.90 -9.89 -50.17 0.35 -320.19 26.95 88.01 2.81 —0.81 —4.76 —15.54 —-2.98
T 35.90 146.23 -50.17 -21590  -320.19 -31.92 88.01 67.22 —0.81 151.35 —15.54 —219.24
E, 222.20 40.60 —323.31 —46.62 686.72 131.52 613.16 127.39 179.22 41.20 —257.22 —-49.19
Tree 258.10 186.82 —373.48 —262.52 366.52 99.60 701.16 194.62 178.42 192.55 —272.76 —268.43
PC{ 0.00 6.53 0.00 -9.06 0.00 —2.46 0.00 2.67 0.00 6.53 0.00 -9.06
Pc;‘f —-17.15 1.77 24.90 -3.08 -55.17 6.10 —47.81 5.59 -24.97 1.49 35.31 —2.61
PC, —-17.15 8.30 24.90 —12.14 -55.17 3.64 —47.81 8.26 -24.97 8.02 35.31 —-11.67
PEY 14.38 -1.36 -21.28 2.30 48.85 0.39 29.81 —4.68 9.61 1.06 —14.55 —0.48
PE 14.66 0.59 -21.25 —-0.91 40.02 0.88 32.81 2.33 8.36 0.30 —12.37 -0.07
Penguin 11.89 7.53 —17.63 -10.76 33.70 491 14.81 591 —7.00 9.38 8.39 —-12.23
AT P(AT)” BT | H(BY)® A% P(A) B3| B(BY)® AT P(A])" BT $(BY)"
T/ 156.11 90.00 216.25 -90.00 58.88 -90.00 64.41 90.00 156.11 90.00 216.25 -90.00
™ 37.24 —-15.40 50.17 179.60 321.33 175.19 88.05 1.83 4.83 -99.61 15.83 —169.13
T 150.57 76.21 221.65 —103.08 321.78 —-174.31 110.74 37.37 151.35 90.30 219.79 -94.06
E, 225.88 10.35 326.66 —-171.79 699.20 10.84 626.25 11.74 183.90 12.95 261.88 —169.17
Tree 318.62 35.90 456.51 —144.90 379.81 15.20 727.67 15.51 262.50 47.18 382.69 —135.46
PC‘{ 6.53 90.00 9.06 -90.00 2.46 -90.00 2.67 90.00 6.53 90.00 9.06 -90.00
PC’I‘f 17.24 174.11 25.09 -7.06 55.51 173.69 48.14 173.33 25.01 176.60 35.40 —4.23
PC, 19.05 154.17 27.70 —26.00 55.29 176.23 48.52 170.20 26.22 162.20 37.19 —-18.29
PEY 14.44 -5.39 21.40 173.83 48.85 0.45 30.18 —8.92 9.66 6.30 14.56 —178.10
PE! 14.67 2.30 21.27 —177.54 40.03 1.26 32.89 4.06 8.37 2.08 12.37 —179.67
Penguin 14.07 32.36 20.65 —148.61 34.06 8.29 15.94 21.77 11.71 126.73 14.83 —55.54

TABLE XXX. Helicity amplitudes of the A, — pK;(1400)~ decay.

Real(H, /) Imag(H,;;) Real(H_;;_;) Imag(H_;;_;) Real(H ;o) Imag(H,,o) Real(H_i/0) Imag(H_;/ )

Tree

PC|
;
PC"
PC,
PE!
PE!

Penguin

T/
™
T
E,
Tree

PC|
pcy
PC,
PE!
PH

Penguin

—0.00

74.68

74.68
1.30

75.98

—0.00
2.17

2.17
3.49
1.71

7.36

[Hi21]

33.73
86.61
75.36
44.16

83.24

1.35
3.06

2.32
5.80
2.36

9.17

~33.73
43.86
10.13

—44.14

-34.01

-1.35
2.15

0.81
—4.64
~1.64

d(Hip)°

-90.00
30.43
7.72

—88.32

—24.12

—90.00
44.74

20.38
—53.10
—43.77

—36.61

0.00
64.35
64.35

2299.26

2363.61
0.00

-317.96
-317.96

126.65
108.92

—-82.40
|H_1 21

1967.90
66.60
1951.79
2349.67

3393.39

82.39
318.67

33441
126.96
108.94

141.32

1967.90
-17.17
1950.73
484.10

2434.83

82.39
21.19

103.59
8.96
2.27

114.81

| d(H_1/5-1)°

90.00
—14.94
88.11
11.89

45.85

90.00
176.19

161.96
4.05
1.19

125.67

0.00 34.08
2370.88 —-276.73
2370.88 —242.65
-313.49 219.18
2057.39 —-23.47

0.00 0.97

31.88 -7.79

31.88 —-6.82
—132.44 —-27.29
-52.16 9.54
—152.73 —24.57
|Hy 20 d(Hyp0)°

34.08 90.00
2386.97 —6.66
2383.26 -5.84

382.52 145.04
2057.52 —-0.65

0.97 90.00

32.82 —-13.74

32.60 —-12.07

135.23 —168.36

53.03 169.64

154.69 —170.86

0.00

—5381.29

—2405.30

—2405.30

850.48

—1554.81

0.00
—83.06

—83.06
-6.22
-36.19

—125.47

[H_1/20]

5381.29

2428.32

5591.47
987.37

4804.64

225.54
83.52

232.18
19.34
36.24

233.28

333.60

—5047.68

501.57

—4546.11

¢

—225.54
8.73

-216.81
18.32
1.84

—196.66

(H_120)°

-90.00
172.10
—115.48
30.53

—108.88

—-90.00
174.00

—110.96
108.75
177.09

—122.54
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TABLE XXXI. Partial wave amplitudes of the A, — pK;(1400)~ decay.

Real(SY) Imag(SY) Real(ST) Imag(S”) Real(P;) Imag(P,) Real(P,) Imag(P,) Real(D) Imag(D) Real(D + S*) Imag(D + SF)
Tf —0.00 —156.11 —0.00 —156.11 0.00 283.94 0.00 —150.85 —-0.00 —-131.44 —0.00 —287.56
™ -35.90 9.89 0.81 4.76 1.83 -3.02 —-10.84 —2.08 -217.72 22.52 —253.61 32.41
T —-3590 —-146.23 0.81 —151.35 1.83 280.92 —-10.84  -15293 -217.72 -108.92 —253.61 —255.15
E, —22220 —-40.60 —179.22 —-41.20 —28.51 —38.27 —179.43 -34.31 284.01 55.59 61.81 14.99
Tree —258.10 —186.82 —17842 —192.55 -26.69 242.64 —-190.27 —187.24 66.29 —53.33 —191.81 —240.15
PC{ —0.00 —6.53 —0.00 -6.53 0.00 11.92 0.00 —6.32 —0.00 -5.50 —0.00 —-12.03
PC’]‘f 17.15 -1.77 24.97 —1.49 2.72 —0.05 24.63 —-1.82 —23.25 2.65 —6.10 0.88
PC, 17.15 —8.30 24.97 —8.02 2.72 11.87 24.63 -8.14 —23.25 -2.85 —6.10 —11.15
PE} —14.38 1.36 -9.61 —1.06 7.36 0.48 -10.15 -0.34 21.08 1.07 6.70 2.42
PE! —14.66 —-0.59 —8.36 —0.30 4.69 -0.60 —8.63 —0.05 15.51 0.18 0.85 —-0.41
Penguin  —11.89 -7.53 7.00 -9.38 14.77 11.75 5.85 —-8.53 13.34 —-1.60 1.45 -9.14

|S*| P(SH)” IS #(ST)° [Py P(Py)° P #(P)° D] #(D)° D+ 8t #(D + S")°

Tf 156.11 -90.00 156.11 -90.00 283.94 90.00 150.85 -90.00 131.44 -90.00 287.56 -90.00
™ 37.24 164.60 4.83 80.39 3.53 —58.82 11.04 —169.13  218.88 174.09 255.68 172.72
T 150.57 —-103.79 151.35 —89.70 280.92 89.63 153.31 -94.06 24344  —153.42 359.75 —134.83
E, 225.88 —169.65 183.90  —-167.05 47.73 —126.69 182.68 —169.17  289.40 11.08 63.60 13.64
Tree 318.62 —144.10  262.50 —132.82 244.11 96.28 266.95 —135.46 85.08 —38.82 307.35 —128.61
PC/; 6.53 -90.00 6.53 -90.00 11.92 90.00 6.32 -90.00 5.50 -90.00 12.03 -90.00
PC’l‘f 17.24 -5.89 25.01 -3.40 2.72 —1.05 24.70 —4.23 23.40 173.50 6.17 171.82
PC, 19.05 —25.83 26.22 —17.80 12.18 77.11 25.94 —18.29 23.42 —-173.01 12.71 —118.69
PE} 14.44 174.61 9.66 —173.70 7.38 3.70 10.15 —178.10 21.11 2.89 7.13 19.87
PE! 14.67 —177.70 8.37 —-177.92 4.73 —7.33 8.63 —179.67 15.51 0.66 0.94 —25.74
Penguin 14.07 —147.64 11.71 -53.27 18.87 38.49 10.34 —55.54 13.43 —6.86 9.25 -81.00
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