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Angular asymmetries in B — ApM decays
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The forward-backward angular asymmetry (Apg) for B — Apz* measured by Belle has presented an

experimental value in the range of —30% to —50%. In our study, we find that Apg[B® - Apz* (B~ —
Apr°)] can be as large as (—14.677 +6.9)%. In addition, we present Apg[B® — App™ (B~ — App°)] =
(4.1738 £2.0)% as the first prediction involving a vector meson in the charmless B — BB’M decays.
While Agg (B — ApM) indicates an angular correlation caused by the rarely studied baryonic form factors
in the timelike region, LHCb and Belle II are capable of performing experimental examinations.

DOI: 10.1103/PhysRevD.105.076016

I. INTRODUCTION

For the three-body baryonic B — BB'M () decays with
M. denoting a (charmed) meson, the threshold effect has
been commonly observed with a rapidly raising peak around
the threshold area of mgp ~ mpg + mp in the dibaryon
invariant mass (mgg) spectrum [1]. Itis regarded to enhance
the branching fraction of B — B]_S’M(C) [B(B - BB’M(C))]
[2,3], such as B(B~ — ppM)~10"% with M=
(7=, K=, K*) [4-7] and B(B® = ppD™)%) ~10~* [8,9].
On the other hand, B(B® — pp) is as small as 1078 [10,11],
whose suppression reflects the fact that in the two-body
baryonic B decays the BB’ formation with mgg ~ my is
away from the threshold area. Theoretically, the baryonic
form factors that parametrize the dibaryon formation have
been used to describe the threshold effect [12—18], such that
B(B — BB'M|.)) can be explained.

The partial branching fraction can be a function of
cos Og gy, Where Ogg is the angle between the (anti)

baryon and meson moving directions in the BB’ rest
frame. It leads to the forward-backward angular asymme-
try: Agg(B—BB'M))=(B,-B_)/(B,+B_), where
B, = B(cosOgg) > 0) and B_ = B(cos Oy g < 0). The
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forward-backward asymmetries have been found in several
decay channels [5,6,19,20], of which the interpretations
have caused theoretical difficulties [18,21,22]. This indi-
cates that the dibaryon production in B — BB’M has not
been fully understood [23].

One has measured the angular asymmetries of
B — ApM ., versus cos 05 in Refs. [19,20], that is,

Apg(B® — ApD*) = (=8 + 10)%,
Apg(B® > ApD*) = (55 £ 17)%.
Apg (B > Aprt) = (=41 £ 11 £3)%,
Apg (B~ = Apr®) = (=16 £ 18 £ 3)%. (1)

According to the calculation [22], Agg(B® - ApD*) =
(=3.0+0.2)% is in agreement with the data;
Apg(B® - ApD**) = (15.0 £ 0.0)% presents a sizeable
asymmetry despite of two standard deviation compared to
the data in Eq. (1). For B — Apx, different angular
observables have been studied. One is the angular distri-
bution of the cascade B — prx(A —)pr~ decay versus
cos 0 [24], where 0 denotes the angle between proton and B
meson moving directions in the A rest frame. Subsequently,
C. K. Chua and W. S. Hou of Ref. [24] demonstrate that A
is dominantly a left-handed state [25], consistent with the
experimental result in Ref. [26]. The other study is from
Ref. [21], where S. Y. Tsai presents Agg (B® - Aprt) ~0,
not verified by the later measurement as in Eq. (1).
Clearly, it indicates a sizeable angular correlation to be
discovered in the charmless baryonic B — BB’M decays.
Moreover, the isospin symmetry should lead to B(B° —
Aprt) =2B(B~ - Apzr®) and  Apg(B’— Apnt)=
Apg(B~ = Apz®) [24], which seem to disagree
with B(B® — Apa™) = (3.14 £0.29) x 107 [11,20,26],
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B(B~ — Apa®) = (3.0°0) x 107 [11,20], and angular
asymmetries in Eq. (1) [20]. This suggests a possible
isospin symmetry violation to be tested.

Compared to the charmful B - ApD™* decay chan-
nels, where the Ap formation is from the (axial)vector
current, the penguin-dominant B — Apz decay has an
additional contribution from the (pseudo)scalar current.
Consequently, there might exist an interference between the
(axial)vector and (pseudo)scalar currents, which can cause
a possible angular asymmetry. Therefore, we propose to
investigate B — Apn, along with the rarely studied
J

M(B = ApM) =

with ¢=d and u for B® - Apa*(p™) and B~ —
Apr°(p°), respectively, where G is the Fermi constant,
(@97 v-a = G@iva(1 = 75)a;:  (4iq))s2p = @i(1 £75)q;,
and |0) in (Ap|(5u)|0) denotes the vacuum state. We
define oy =V, Visa, =V, Via, and ag =V, Vi2ag,
where Vg, are the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements, and the parameters a; 4 consist of the
effective Wilson coefficients ¢ [30], given by

2 2
mp—m
F B n
pﬂ zl

(z|(@b)y_,|B) q"(Fro—Fn1).

* .

a ﬁzv : « €
e — i e ——
€€ P5Pr m root

(pl(b)y_s|B) =

with p* = (pp+pu)s ¢"=(pPp—pu), my = mp + my,
t=q*, and g, defined as the polarization four-vector of
the p meson, where Fy = (F 1,V ,Ag) and Fg = (F,, A} )
are the mesonic form factors. Using the equation
of motion, we obtain (z|(@b)s_p|B) = (p-q/m,)F
and  (p|(@th)g_p|B) = 2i(m,/m;)Ape* - q. The form
factor Fjp) can be given in the three-parameter
representation [31]:

FIG. 1.

% [ (AP (5u)y_4[0) (M| (b)y_4|B(b)) + a6 (Ap|(5u)s, p|0) (M| (b

q €
qﬂ:| (my)A +—q,

baryonic form factors in the timelike region. We will also
study Apg(B — App), which can be the first prediction
involving a vector meson in the charmless B — BB'M
decays. The isospin relations will be discussed.

II. FORMALISM

According to Fig. 1, where the decay process is drawn
with the B meson transition to a meson, along with the
dibaryon production, the amplitude of B - ApM can be
factorized as [21,24,27-29]

)s-p|B(b))],  (2)

1 1 1
ff eff __ eff Leff eff eff
ay=c"+—-c =c"+—c¢ ag=c" +—-c
1 2 4 3 6 5
N, N. N,
(3)

with N, the color number.
In Eq. (2), the matrix elements of the B to z(p) transition
can be written as [31]

* m2_m2 5
e [
F4(0)

F.(f) =

A(t) (l—MLi)( _D-_lt"'(;[i)

Fal) =20 (5)
__1_|_02’

where Fp)(0) is the form factor at the zero momentum
transfer squared (¢ = 0), 0 the parameters, and M ) the

Feynman diagrams for B — ApM that depict (a) tree and (b) penguin-level processes, respectively.
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pole mass. One has determined F 5 5(0), & » and M 5 ) with
the results of the model calculation, such that the momentum
transfer squared dependences for F,p) can be described.

For the baryon-pair production, the matrix elements are
in the forms of [17,24,27,32,33]

— _ F .
<BB/|q}//,tql|0> =u |:F1}/;4 + mgzlo-/wai| v,

B + m]';/
BB'|g "10) = i S ,
(BB'|gy,y54'|0) = @ {gm + pm—— qﬂ] Ysv
(BB'|74'|0) = fsiv,
(BB'|gy54'|0) = gpitysv, (6)

where the spinor u(v) represents the spin-1/2 (anti-)baryon
state, Fgg = (F12. 94, hs) and (fs, gp) are the baryonic
form factors in the timelike region. In the approach of
pQCD counting rules, one derives that Fgg o (a,/t)"
[12,12-15], where n 1is to account for the gluon
propagators that attach the valence quarks in BB/
Besides, a,(1) = (4z/By)[In(z/A3)]" is the running cou-
pling constant in the strong interaction [14], with the
parameter f, =11 —2n;/3, the flavor number n, = 3,
and the scale factor Ay = 0.3 GeV. Subsequently,
(Fy,9a,fs.gp) correspond to n =2; however, F, and
h4 need an additional gluon to flip the chirality, such that
n = 3. Explicitly, we present Fyg as [12,15,17,18]

(Cr,.Cy,) t\77
(Flng):%ln 2/ >

A
(Cy,. Cy,) r\7r
(fs-9p) :%ln a)
(C vChA> t\7
(F27hA) :FZTIH A—% N (7)

with y) = 2.148(3.148).
|

o= Lienan

1
(Cr,. Cy,) = 5(4C) =

(Cr,, C

Cj4C) +C),

with C"‘| m H M +6CH<W = CH +5(_7H, where

the second line for (np|(du)y 4|0) is to include more data
in the numerical analysis. Note that our derivation depends
on the SU(2) helicity [SU(2),] symmetry at large ¢
(t & o), where quarks can be seen as massless particles.
In the baryonic B decay processes, since ¢ is ranging from

and C*

Using the SU(2) helicity [SU(2),] symmetry, F,
and g4 can be related. To this end, we parametrize
(B, |JR|B%, ) in the spacelike region as [13,32]

I+7ys

(Brop [JE By, ) = @t|y,

where ]/’f = (V,+A,)/2 is a right-handed chiral current,
|B%)+L> = |B%)) + |B(L/)>, and F; the chiral form factors.

Furthermore, we define Q = J¥ as the chiral charge to act
on the valence quark ¢; in B’(q,¢,q3), such that one
transforms B’ into B. With the chirality that is regarded as
the helicity at t — oo, the helicity of ¢; can be (anti)parallel
[|(]))] to the helicity of B’, such that we denote the
chiral charge for g; by Q\\(ﬂ)(i) (i =1, 2, 3). Thus, we
obtain [13,32]

(FRvFL) ( FH—i—e FH,€HFH+€ F‘)
_ /
H M= =2, <BR|QH(H)(1)|BR>,
where  F o =C o /?[In(t/A?)]7r. This results in
Cr,(Cy,) = (eff ef j:eH)CH + (eﬁ +eb)C 7- In the crossing

I
symmetry, since the spacelike form factors can be seen to

behave as the timelike ones, the derivation can be applied to
those in Eqgs. (6) and (7). Similarly, we relate f¢ and gp. Itis
hence obtained that

3. - i
Cfs’c> - _(Clva*)v for <Ap|(su)V.A,S,P|O>?
2 |

for (np|(du)y 410). (10)

|
(mg + myg)? to (mg —my,)?, instead of ¢ — oo, the fact
that the quarks are no longer massless can induce the
SU(2), symmetry breaking. Hence, 5CH M and 6C| are
added in Eq. (10) to estimate the possible broken symmetry
effect. One has derived F, = F/(¢1n[t/A}]) in the pQCD
model [34], which verifies the parametrization in Eq. (7).
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By contrast, the model calculation for 4, has not been
available yet. In the SU(3) flavor [SU(3),| symmetry, C,,,
can be related as [32]

1
Cy —=(Cp +3Cp), Cy, =Cp+Cp, (11)

Ve

for (Ap|(su),4|0) and (np|(du),|0), respectively.
To integrate over the phase space in the three-body
B — BB'M decays, we adopt the equation as [18,22,35]

/+1 / my)
m.;+mB/

1/2)1/2
(8 Bamg)? |IM|?dtdcos6,  (12)
n

|M|*(B - Apr) ~a+ bcos@ + ccos® 0,

where  f, = [1 = (mg + mg)*/1][1 = (mg — mp/)?/1],
A = [(mg + my)* — 1][(mp — my,)* — 1], and T represents
the decay width. Moreover, |M|?> denotes the squared
amplitude summed over the baryon spins. We choose 6 as
the angle between B’ and M moving directions in the BB’
rest frame. Accordingly, the (anti)baryon energy can be a
function of cosd, given by

a = 2aiPFL {F(mj — 1)* + gi[dm, (2m = 1) + (mj — 1)°]}

+ 2l ag|*(mp/my,)* Fay [f3(1 — 4m3) + gpt]
b = =8N (aya})FooF o1 F1f sm,(m%/my)[(t — 4m3)(m3

¢ = 2lan [2[(¢ = 4m3) (s} -

0/

with my —m, ~0, m,/mg~0 and F,y—

t+my —m2 +ﬂ1/2 1/20056’
Ep = ,
4mB
t+m3 —m2— B2 cos 0
Eg = : (13)
4mB
We reduce |M|*(B — Apr) as
- 89{(“1ag)FEOFﬂlgAngp(m%/mb)’
— 2012,
1(FT+ ). (14)

F, ~0. Note that |[M[*(B — Apx) in the reduced form is for a simple

presentation; however, no approximation is made in the real calculation. Similarly, we obtain

|M|*(B — App) =~ a* + b* cos 0 + ¢* cos* 0,
= |ay [*(my — 1)*/ (2mymy

0)[Aymy — Ay(mg — O)]P[Fit + g5 (1 — 4m3)]

+ 2 /mi[Ag(m — P [f5(t — 4m3) + gp1].

b* = 4ﬂi(a1ag)mp/(m/,mbm3)[(t - 4mp)(

= loy [*/ (2mzmy)[(t — 4m3,) (m

For the angular asymmetry, we define

0
A = 0 dcoeé}dcose fldcos&dcose 16
FB = 11 d 0 0 dl d 9 ( )
0 dcosH cos +f1dcos€) cos

where dI'/d cos 0 is the angular distribution.

III. NUMERICAL ANALYSIS

In the numerical analysis, we take the CKM matrix
elements as [11]

(Vudv Vum Vub) = (1 _’12/2’]’7"4}’3(p - ”1))’
(th’ Vts’ Vth) = (A/I?)(] —pP— ”7)’ _A;Lz’ 1)’ (17)

B — 1)*/1][AymE — Ay (m

—1)2/1'2(m} — 1)Ag[Aymy — Ay (mF — 1)]F fs,

5= OP(F1 + g3)- (15)

|
with (1,4, p,n) = (0.2265,0.790,0.145 4+ 0.017,0.366 +
0.011) in the Wolfenstein parametrization. We use the
mesonic form factors from Ref. [31], which can be found in
Table 1. From Ref. [30], ¢¢ (i = 1,2,...,6) can lead to

= (=13.7-10.7i,-15.2 — 11.4i, —18.3 — 12.7i),
= (47.5 + 6.4i,49.6 + 6.9i,53.7 + 7.7i), (18)

with N. = (2,3,0), where N, is taken as a floating
number, in order that the nonfactorizable QCD corrections
can be estimated in the generalized edition of the factori-
zation [30]. In Egs. (10) and (11), there are totally eight
constants that correspond to the baryonic form factors:
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TABLE I. The form factors of B — x,p are adopted from
Ref. [31], with Myp =532GeV  and (M, My) =
(5.27,5.32) GeV for = and p, respectively. In the second row,
F4(0) and Fpg(0) correspond to [F,(1),V,(),A¢(r)] and
[Fro(t), A 2(1)], respectively, with the zero value of the momen-
tum transfer squared (¢ = 0).

B—7p Fro Frn Vi Ay A Ay

F,5(0) 0.29 0.29 0.31 0.30 0.26 0.24
o4 0.76 0.48 0.59 0.54 0.73 1.40
0, 0.28 0.10 0.50
TABLE 1II. Fit results of the constants (C;) derived from the

baryonic form factors, along with the y? value; n.d.f denotes the
number of degrees of freedom.

(y*,n.d.f, C;) Fit values

e 24.4

n.d.f 9

C (150.8 +5.7) GeV*
5C| (31.9 £7.1) GeV*
Gy (27.4 £27.3) GeV*
5C; (=735.0 & 293.0) GeV*
C (511.2 +74.4) GeV*
5C (=317.8 £ 169.1) GeV*
Cp (=761.1 & 128.0) GeV®
Cr (905.7 £ 119.8) GeV®
C. 6C, Cyj 6Cp C. 6C;, Cp, Cp. (19)

[ I
We perform the minimum y>-fit to extract the constants,
which includes the experimental inputs from B(B’ —
Apr*), B(B~ — Apn’(p°)), Apg(B® > Apx*), and
Apg (B~ = Apz®) in Table III, and the angular distribution
of B - Apr* in Fig. 2; the branching fractions of

TABLEIII. Branching fractions and angular asymmetries of the
baryonic decay channels, where the first error of our results
estimates the nonfactorizable effects, while the second one
combines the uncertainties from CKM matrix elements and
the hadronic parameters.

Our results Experimental data

3.1+£0.3 [11,20]
3.0£0.7 [11,20]

Decay modes
3'2+0.6+2.5

1098(B° — Apr™) ~03-1.1
10°B(B~ — Apa®)  1.870314
10°8(B° — App*) 92709457
10°B(B~ — App°)

Apg(B® - Apr+

5_0+0.5+3.1
AFB B~ — A[_77T0

0543 4.8+ 0.9 [11,40]

) (=14.6707 £6.9)% (=41 £ 11 £ 3)% [20]
(B )
(B — App*)
AFB(B_ - Appo)

(-14.6702 £6.9)% (=16 £ 18 & 3)% [20]
(41138 £2.0)%
(41738 £2.0)%

B> Apr*

dB/dcos6 (107%)

095 Z05 00 05 10

cosf (mpp < 2.8 GeV)

FIG. 2. The angular distribution of B® = Apz™ with the solid
(dotted) line for the central value (error), where the data points are
adopted from Ref. [20].

B = npD** [36], B* - ApD™* [19], B~ = Ap [37],
Dy — np [38,39], and Apg(B° - ApD™+) [19] are also
included. We thus present the results of the global fit in
Table II.

With the extracted constants, we calculate the branching
fractions and angular asymmetries of B — ApM,
and draw the angular distribution of B — Apzt with
mpp < 2.8 GeV, which are given in Table III and Fig. 2,
respectively.

IV. DISCUSSIONS AND CONCLUSIONS

We study the penguin-dominant B — Apz decay with
the branching fraction and angular asymmetry. With
;(z/n.d.f ~ 2.7 calculated from Table II, it demonstrates
that the theoretical study can accommodate the experimen-
tal data. Particularly, we find that Ay?> = 14.3 that comes
from Agg(B — Apx) and five data points of dB(B° —
Aprt)/dcos@ gives sizeable contribution to the total y?
value, indicating that more accurate measurements of the
angular distribution (asymmetry) can improve the fit.

In Eq. (14), |M]*(B - Apr)=~a+ bcos® + ccos® 0
can be wuseful for our investigation. It is found
that  2la[2(m}/my) F2 f3(1 — 4m2) + ghi] in the a
term gives the main contribution to the total branching
fraction. In the b term, —8N (ay &) F oo F 1 F 1 f sm,(m%/my)
[(t—4m3)(m% —1)?/])'/> is  responsible for the
angular asymmetry. However, the ¢ term with |a;|?> is
insignificant. As a consequence, we obtain B(B? — Aprt) =
(3.2594125) % 107°. Besides, we obtain Agg (B® — Apr™) =
(=14.6192 £6.9)% that has 2 standard deviation departure
from the experimental value of (—41 + 11 4 3)%.

Since we get C,, = (0.38 +0.37)C,, different from
C,, = Cy, in the SU(2) helicity symmetry at t — oo, it
clearly indicates a broken symmetry effect with 6Cj.
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Currently, 6C | is determined with a large uncertainty,
which reflects the fact that Agg (B — Apn) and the angular
distribution in Fig. 2 have not been precisely measured.
Without a model calculation, we obtain C;,, from the fit. It
is found that C;, = —798.6 GeV® for (Ap|(5u),|0) gives
2.8% of B(B" —» Aprt) and 3.4% of Apg(B° — Apz™).

The angular asymmetry of B — Apz+t decay was once
studied in Ref. [21], where Apg(B° — Apzt) ~0 is not
verified by the observation. The cause is that gp = fg as a
strong relation has been used, such that gp with
2ag|*[f5(t —4m3) + gpt] in the a term becomes the
dominant form factor in the branching fraction. By contrast,
fs turns out to be a less important form factor both in the a
and b terms, leading to Agg(B° — Apa™) ~0.

For the first time, we study the angular asymmetry of the
charmless B — BB’M decay with M as a vector meson. We
predict Apg (B~ — App®) = (4.1728 £2.0)%. Tt is inter-
esting to note that Apg(B — App) is not as large as
Agg(B — Apr). This is due to A = A,, which suppresses
49 gy m ) (mmymg) (¢ = 4m3) (m3, = 12/ ]2(m3, —
1)Ag[Aym% — Ay(m% — t)|F, fg in the b* term, resulting in
a suppressed angular asymmetry.

We find no source to violate the isospin relation. Since
72(p°) = (uit — dd)/+/2 and z*(p*) = ud, it results in
V2(%(p")|(ab)|B~) = (a* (p*)|(ab)[B°) [24.41]. We
hence obtain

B(BY » Aprt(p+)) = 2B(B~ - Apa(s")).
Apg (B = Apr* (p*)) = A (B~ — Ap2(%),  (20)

which suggests B(B® — App*) ~ 107> that has not been
measured yet.

In summary, we have investigated the angular asymmetry
of B — ApM. In particular, we have obtained Apg (B’ —
Aprt) = (—14.61)7 £ 6.9)% with 2 standard deviation
departure from the experimental value of (=41 + 11 + 3)%.
We have hence reduced the deviation caused by Agg (B? —
Aprt)~0 previously studied in the literature.
We have calculated Apg (B~ — App°) = (4.1738 +£2.0)%,
which can be the first prediction for the charmless
B — BB'M decay with M as a vector meson. According
to the isospin relation, it has been calculated that
B(B® —» App*) = (9.2799737) x 107°, promising to be
measured by the LHCb and Belle II experiments.
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