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Forward-backward asymmetries in A, — A/*/~ in the Bethe-Salpeter
equation approach®

Jing Xu(#: ) Xin-Heng Guo(3l#iiE)™
lCollege of Physics and information engineering, Shanxi Normal University, Taiyuan 030031, China
zDepartment of Physics, Yan-Tai University, Yantai 264005, China
3College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China

Liang-Liang Liu(X5555)""  Su-Jun Cui(H #5H)'

Abstract: Using the Bethe-Salpeter equation (BSE), we investigate the forward-backward asymmetries (Agg) in
Ap = Al (I = e,u,7) in the quark-diquark model. This approach provides precise form factors that are different
from those of quantum chromodynamics (QCD) sum rules. We calculate the rare decay form factors for
Ap — AITI7b and investigate the (integrated) forward-backward asymmetries in these decay channels. We observe
the integrated AL,, AL (A, —>Aete™)~-0.1371, AL (Ap— Aptp™)=-0.1376, and AL (A, > Attr7) =~
—0.1053; the hadron side asymmetries A{QB(AI, — AutuT)~-0.2315; the lepton-hadron side asymmetries

AIFhB (Ap — Autp™) =~ 0.0827; and the longitudinal polarization fractions Fp(Ap — Au*u™) =~ 0.5681.
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I. INTRODUCTION

The decays of hadrons involving the flavor changing
neutral current (FCNC) transition such as A, — Al*l™ can
provide essential information about the inner structure of
hadrons, reveal the nature of the electroweak interaction,
and provide model-independent information about phys-
ical quantities such as Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements. The rare decay A, — Au*u~
was first observed by the CDF collaboration in 2011 [1].
Some experimental progress on A, — Al*l” was also
achieved [2-5], and the radiative decay A, — Ay was ob-
served in 2019 [3] by the LHCb collaboration. The LH-
Cb collaboration determined the forward-backward asym-
metries (Al;) of the decay A,—Au‘u~ to be
AL (Ap = Aptpm) = —0.05£0.09 (stat) +0.03 (syst),
Al (A = Autp™) = —0.29+0.09 (stat) +0.03 (syst), and
FL(Ap = Aptp™) =0.61%011£0.03  (syst) at the low
dimuon invariant mass squared range 15 < ¢*> <20 GeV?
in 2015 [4]. However, these numbers were updated in
2018 to AL (Ap— Aptu)=-0.39+0.04 (stat) =+0.01
(syst), Ao (Ap = Aptp™) = —0.3+0.05 (stat) £0.02 (syst),
and Al (A - Aptpr) =0.25+0.04 (stat) £0.01 (syst) in
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the same invariant mass squared region [5]. Note that A’FB
is significantly lager than the previous one. In this study,
we investigate the Apg of A, — Al*l™ in the Bethe-Sal-
peter equation (BSE) approach. Theoretically, only a few
studies have been conducted on Agg(A, — Al*I7) [6—17].
References [6] ([7]) provided the integrated forward-
backward asymmetries ALy (A, —Au*u™) = —0.13 (=0.12)
and Apg(Ap, — AtT77) = —0.04 (-0.03), whereas the res-
ults of Ref. [8] were AL (A, >Aete)=1.2x1078,
AIFB(AI, — AptpT)=8x10"*, and AIFB(AI, > At =
9.6x10™*. Ref. [10] analyzed the differential
Apg(Ap — AITI7) in the heavy quark limit. Using the non-
relativistic quark model, Ref. [11] investigated the lepton-
side forward-backward asymmetries AZFB(Ab - AlI*[7). In
the quark-diquark model, Ref. [12] investigated the
lepton-side forward-backward asymmetries Agg, the had-
ron-side forward-backward asymmetries Al;, and the
hadron-lepton forward-backward asymmetries A%. In an
approach of the light-cone sum rules, Refs. [13, 14] in-
vestigated the rare decays of A, — Ay and A, — Al*I™.
Ref. [15] investigated the phenomenological potential of
the rare decay A, — Al*I~ with a subsequent, self-analyz-
ing A, — Nr transition. With the form factors (FFs) ex-
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tracted from a constituent quark model, Ref. [16] invest-
igated the rare weak dileptonic decays of the A, baryon.
Ref. [17] studied B — B,I"I~ (B, are spin 1/2 baryons)
with the SU(3) flavor symmetry. The FFs of A, — A dif-
fer in different models. Generally, the number of inde-
pendent FFs of A, —» A can be reduced to 2 when work-
ing in the heavy quark limit [18],

(NP)ISTBIAL() = GA(F1(g7) + Fa(g?) MTup,(v), (1)

where T =7y,, y,¥s, ¢y, and q'o,ys, ¢° is the square
of the transformed momentum. The FF ratio R(¢%) =
F(¢*)/F1(g*) was considered a constant in many studies
assuming the same shape for F; and F,, and it was de-
rived from quantum chromodynamics (QCD) sum rules
in the framework of the heavy quark effective theory [6].
For example, in Refs. [6, 7] the ¢> dependence of FF
F; (i = 1,2) were given as follows:
2 Fi(0)
Fi(g") = a1 b (2)

where a and b are constants. Using experimental data for
the semileptonic decay A, — Ae*v, (m3 <g¢? <m?), the
CLEO collaboration provided the ratio R = ~0.35+0.04
(stat) £0.04 (syst) [19]. In Ref. [20], the authors investig-
ated A, —» Ay obtaining R =-0.25+0.14+0.08. In Refs.
[6, 7, 21], the authors investigated the baryonic decay
Ap — AI*I” and obtained R = —0.25. In Ref. [22], the re-
lation F»(¢%)/F1(¢%) ~ F2(0)/F;(0) was given. However,
according to the pQCD scaling law [23—25], the FFs
should not have the same shape. Using Stech's approach,
Ref. [26] obtained the FF ratio R(g?) « —1/¢>. From the
data in Ref. [27], we can estimate the value of R and ob-
serve that it changes from —0.83 to —0.32, which is not a
constant. In our previous studies [28, 29], we observed
that the ratio R is not a constant in the A, rare decay in a
large momentum region in which we did not consider the
long distance contributions because they have a small ef-
fect on the FFs of this decay [30, 31]. In these studies, A,
(A) was considered a bound state of two particles: a
quark and a scalar diquark. This model has been used to
study many heavy baryons [32]. Using the kernel of the

Fig. 1.

BSE, including scalar confinement and one-gluon-ex-
change terms and the covariant instantaneous approxima-
tion, we obtained the Bethe-Salpeter (BS) wave func-
tions of A, and A [28, 29]. In this study, we recalculate
the FFs of A, — A in this model.

The remainder of this paper is organized as follows.
In Sec. II, we derive the general FFs and Agg for
Ap = AI*I™ in the BS equation approach. In Sec. III, the
numerical results for Apg and Apg of A, — AlTl~ are
provided. Finally, the summary and discussion are
presented in Sec. V.

II. THEORETICAL FORMALISM

A. BSE for Ay(A)

As shown in Fig. 1, following our previous research,
the BS amplitude of Ay(A) in momentum space satisfies
the integral equation [28, 29, 33-39]

d4q
2n)*

K(P, p,q)xp(@)Sp(A2P = p),
)

where K(P, p,q) is the kernel, which is defined as the sum
of the two particles irreducible diagrams, Sg and Sp are
the propagators of the quark and scalar diquark, respect-
ively. Ay = myp)/(mg +mp), where myp) is the mass of
the quark (diquark), and P is the momentum of the bary-
on.

We assume the kernel has the following form:

xp(p) = SF(/11P+P)f

—iK(P,p,q) =IQIVi(p, @)+ Y, ® (P2 +q2)'Va(p,q), (4)

where V| results from the scalar confinement, and V, is
from the one-gluon-exchange diagram. According to the
potential model, V; and V, have the following forms in
the covariant instantaneous approximation (p; =q;) [28,
29, 37-39]:

- 8k
\% — = 2 253 —
1(pr—q1) (- g% + 1212 (27)*67(pr —q1)
d3k 8k

273 (k2 +12)% ®)

b1

_,_‘\ K

SD‘ _

D2

(color online) BS equation for A,(A) in momentum space (X is the interaction kernel)
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. 167 a fo%
V. t—qt) = 2 , °
2pi=an) 3 [(p:— Qt)2 +,U2][(Pt - %)2 + Q(Z)] ©

where u is a small parameter; to avoid the divergence in
numerical calculation, this parameter is considered to be
sufficiently small such that the results are not sensitive to
it. The parameters x and asg are related to scalar con-
finement and the one-gluon-exchange diagram, respect-
ively. ¢; is the transverse projection of the relative mo-
mentum along the momentum P, which is defined as
pi=0P—v-p pl=p=(-pp!  (F=PM), gq'=
g —(-g, and g = P —v-q. The second term of V; is
introduced to avoid infrared divergence at the point
pr=q:, and p is a small parameter to avoid the diver-
gence in numerical calculations. Analyzing the electro-
magnetic FFs of the proton, Q2 =32 GeV? was ob-
served to provide consistent results with the experiment-
al data [40].

The propagators of the quark and diquark can be ex-
pressed as follows:

S ) A;’ Ay .
= —+ y
F(p1) 1f[M—pl—wq+ie M—p;+wq—ie] )
i 1 1
Sop) = 5| _ -| 8
p(p2) 2wplp;—wp+ie p;+wp—ie ®)

where w, = \Jm?—p? andwp = \Jm? — p7, M is the mass

of the baryon, and A* are the projection operators, which
are defined as

quA; = wyt P(Pr +m), )
and satisfy the following relations:
AEAE = AZ, AEA] =0. (10)

Generally, we require two scalar functions to describe the
BS wave function of A,(A) [33-35],

xe(p) = (A(pD+ b fo(PD)u(P), (11)

where f;,(i =1,2) are the Lorentz-scalar functions of p,z,
and u(P) is the spinor of a baryon.

.z d . L
Defining fi«) = f % fi), and using the covariant in-
T

stantaneous approximation, the scalar BS wave functions
satisfy the following coupled integral equations:

. d3q, ~ .
fl(Pt)zfQquMll(Pt,Qt)fl(C]t)+M12(Pt,%)f2(‘1t)’ (12)

. d3q, . -
f2(Pt)=fﬁMﬂ(Fn%)ﬁ(%ﬁ'M22(Pt"]t)f2(‘]t)’ (13)

where
(g +m)(Vy +2wpVa) = pr- (pi+q0) V2
M (pr,q:) = )
wpwy(—M + wp + wy,)
(wy— m)(Vy =2wpVa) + p,- (pi+ )V
dwpw (M +wp +wy) ’
(14)
—(wg+m)(qi+ )4 V2 + pr- (Vi —2wp V)
M (prqr) =
dwpw(—M + wp + w)
_ (m—wy)(q:+pr)- %‘72 — Dt Qr(vl +2wpVs)
dwpwy(M +wp + wy) ’
(15)
(V1 +2wp V2) - (~w, +m)(l + q"—zp’) 7,
P;
Myi(pinq) =
21(Pr- ) Awpwy(-M +wp +w,)
& & qi° Dt
~(Vi =2wpV2) +(wy +m)(1 +— )VZ
t
4wpwy(M +wp +wy) ’
(16)
Mo (pr,qr)
_(m=w)(Vi +20pV))pi - 4= p7(q; + pi-q)Va
4pt2wDa)q(—M+wD +wy)
_ m+w)(=V1 =2wpV2))pi-q:+ p1(G7 + P-4 V2
4p?wpwy(M +wp + w,) '
(17)

When the mass of the b quark approaches infinity
[32], the propagator of the b quark satisfies the relation
¥Sr(p1) = Sr(p1) and can be reduced to

1+ p

Se(p)) =i ,
Y ——

(18)

where Eg = M —m—mp is the binding energy. Thus, the
BS wave function of A;, has the form yp(v) = ¢(p)ua, (v, s),
where ¢(p) is the scalar BS wave function [32], and the
BS equation for A, can be replaced by

i

(Eo+mp — pi+i€)(p} - w3)

é(p)=—

fd4q Vi +2p, V. 19
X (27)4( 1+ 2p1V2)(q). (19)

Generally, we can take Ej to be about —0.14 GeV and
k to be about 0.05 GeV? [28, 29].
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B. Asymmetries of A, — Al*l™ decays

In the Standard Model, the A, — AlIfI™ (I=e,u,71)
transitions are described by b — si*I~ at the quark level.
The Hamiltonian for the decay of b — sI*I” is given by

Hb — st =
( S)Z\/E

. eff =
—iC5's

Voo Vie| CST 5y, (1 = y5)bIy*1

2m
b—M(l +75)bl)/”l

+C105y,(1 —ys)bly'ysl|, (20)

where Gg is the Fermi coupling constant, a is the fine
structure constant at the Z mass scale, Vs and Vy, are the
CKM matrix elements, ¢ is the total momentum of the
lepton pair, and C; (i=7, 9, 10) are the Wilson coeffi-
cients. CS™ =-0.313, CST =4.334, Cyp = —4.669 [41-43].
The relevant matrix elements can be parameterized in
terms of the FFs as follows:

(AP)|5ybIAL(P)) =aA(P")(g1Y" +ig20"" gy + 839, )un, (P),
(AP)ISyysbIAL(P)) =ip(P))(t1y" +ithd® g, + 13¢" ysun, (P),
(A(P"I5ic*” q"bIAL(P)) =iip(P) (519" +is20"" q, + 536" )up, (P),

(A(P")I3ic™"ysq" bIAp(P)) =up (P )(d1y" +id2c* gy + dag Yysun, (P),

where P(P’) is the momentum of the A,(A), ¢*>=
(P—P’)? is the transformed momentum squared, and g;,
t;, si, andd; (i = 1,2, and 3) are the transition FFs, which
are Lorentz scalar functions of ¢*>. The A, and A states
can be normalized as follows:

(A(P)IA(P))

=2EAQ2n)’83(P-P), (22)

(Ap(V', P)IAB(v, P)) = 2vo(27)° 8> (P = P'). (23)

Comparing Eq. (1) with Eq. (21), we obtain the follow-
ing relations:

gr=th =5 =d = (F1+\/7’F2),
1
g =h =g =8B=—F,
mp,
53 = Fo(Vr=1), ds = Fa(\Nr+1),

d] = FzmAh(1+r—2\/;a)), (24)

§1

where r=mj /m} and w= (M} +Mj; —q*)/(2My,Myp) =
v-P’'/ma. The transition matrix for A, —» A can be ex-
pressed in terms of the BS wave functions of A, and A:

_ 44
(A(P"IdTb|A(P)) = f (2ﬂ§’4)2p(\/)r)(p(p)551(pz). (25)

When w # 1, we can obtain the following expression
by substituting Egs. (11) and (19) into Eq. (25):

= kl - a)kz, (26)

(21)
Fr =k, (27)
where
ky(w) = Ep oo )S-1 28
1(w) = f (2ﬂ)4f1(p )P(P)Sp (p2)s (28)
kr(w) = ! f dp S- 29
W) =15 o )4f2(l7 v ve(p)Sy'. (29)

The decay amplitude of A, — Al*l™ can be rewritten
as follows:

GgA,

2V2r
+10"” py(As + By + (A2 — B2)ys)lua, }
+ by ysl{ian[y* (D1 + Ei + (D1 — E)ys)
+i0?" p,(Da + Ez + (D2~ Ep)ys)

+ (D3 + E3+ (D3 — E3)ys)lua, },

M(Ay — AT = [y, i

AlYu(A1 + B+ (A= By)ys)

(30)

where A;, B;,D;, andE; (i=1,2 and j=1,2,3) are
defined as follows:

1 ] eﬁmb
A= E{Cgﬁ(gi—ti)— 72 (di+ Si)}’
1 Ceffmb
B; = E{Cgﬁ(gi +1;) - 7—2(di - s,-)},
1 1
Dj=7Cu(gj=1): Ej=5Cro(g;+1)- (D

In the physical region (w = (m} +my —q°)/(2ma,my)),
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the decay rate of A, — Al*l™ is obtained as follows:

dL(A, > ALY G’ ,
- Vo Vi Pvi AL 7, )M(w, 6),
dwdcosf 214”5mAh| oVl VAL 1 HM(w,0)
(32)
where s=1+r-2vrw, A(l,rs)=1+r2+s>-2r-2s—

m
sm A,
pressed as follows [44]:

2rs, vi= 4|1— ,and the decay amplitude is ex-

Mo(w) =32m7m} s(1+r=s)(Ds* +|E3]*) + 64mim} (1 - r— s)Re(D;E3 + D3E})
+64my \r(6m; — My s)Re(D}Ey) +64m;m, \r(2mp,sRe(D3E3)+(1—r+ s)Re(D}Ds + E{E3))

+3203 @+ (1= 7+ 9, VIRe(A}A + B B2)

—mp,(1-r—s)Re(A} By + A3 B)) — 2 Vr(Re(A] By) + i}, sRe(A;BZ))}

+ 8y, [4m,2(1 —r—s)+my (1+7r)° - sz)](|A1 P +B11»)

+ 8mih{4m12[/l +(L+r—s)s]+my s[(1-r)° - s2]}(|A2|2 +|B2?)

- 8m/2\h{4m12(1 +r—s)—my [(1-r) - sz]}(|D1 > +|E1[»)

+ 8mihsv2{ —8mp, s \/;RC(D;EQ) +4(1-r+ys) \/7’R(3(D’1‘D2 + E’I‘Ez)

—4(1 = r=$s)Re(D}Ey + D3E) +mp, [(1 - r)* = s*1(IDaf* + |Ez|2>},

My(w) == 16mj sv; VA{2Re(A] D1) - 2Re(B} Er) + 2mp, Re(B; D, — ByDy + A3 E) — A E))

+32m; svi VAfma, (1 - r)Re(A3D; - ByEy) + VrRe(A3 Dy +A; D, - ByE) - By Ey)),

Mo(w) = 8m} svi A(|Aaf® +|Bal” + |Eaf* +1Daf*) = 8mix vi A(ALF +|Bi[* +|Ey > +1Dy ).

The lepton-side forward-backward asymmetry, Agg,

is defined as
1 0
dar dr
——dz- ——dz
fo dg2dz L dgrdz -

1
dr
[
_1dg?dz

where z = cos6. The "naively integrated" observables are
obtained using [17]

App = , 37)

2

1
X)= 5——5— f X(q*)dg". (38)
max qmin T
We define the integrated Agg as
N s s 2
Ara= [ a A (39)
Gnin

M(w,0) = Mo(w) + M (w)cos @+ Ma(w)cos>6,  (33)
where 6 is the polar angle, as shown in Fig. 2.

(34)

(35)

(36)

where §* =¢*/M5 . With the aid of the helicity amp-
litudes of A, — Al*l~, we can also calculate the hadron
forward-backward asymmetry, the lepton-hadron side
asymmetry, and the fraction of longitudinally polarized
dileptons.

The hadron forward-backward asymmetry has the
form

Alp(d)
vl2 3’"12
—(H +HP + H + HP) + —-(H +H !+ HE)
_Q_A 2 P P q P P
2 Hiot

(40)
The lepton-hadron side asymmetry has the form

3(}/[\‘}[7—(12
Al ()= SV 41
r(q) 12 Hy, (41)
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Fig. 2.  (color online) Definition of the angle # in the decay
Ap > AT,

The fraction of the longitudinally polarized dileptons
is expressed by

V2 m2
L(H +HP)+ —qzl (H +H +HE)
Fi(g") =

42
Ho 42)

In Egs. (40 -42), Hy"(X=U, L, S, P, Lp, Sp, m=1,2)
represent different helicity amplitudes, and H is the
total helicity amplitude, a =0.642+0.013. The explicit
expression for Hy™ is provided in Ref. [12].

III. NUMERICAL ANALYSIS AND DISCUSSION

In this section, we perform a detailed numerical ana-
lysis of Apg(Ap — Al*l7). In this study, we take the
masses of baryons as mp, =5.62 GeV and mp =1.116
GeV [45], and the masses of quarks as mj, =5.02 GeV
and m; =0.516 GeV [34, 35, 39]. The variable w changes
from 1 to 2.617, 2.614, 1.617 for e, u, 7, respectively.

Solving Egs. (12) and (19) for A and A;, we can ob-
tain the numerical solutions of their BS wave functions.
In Table 1, we provide the values of ag g for different
values of x for A and A, with Ey = -0.14 GeV.

From Table 1, we observe that the value of agg is
weakly dependent on the value of «. In Fig. 3, we plot the
FFs and FF ratio R(w). From this figure, we observe that
R(w) varies from —0.75 to —0.25 in our model. In Ref.
[27], R(w) varied from —0.42 to —0.83 in the same w re-
gion, which is in agreement with our result and the estim-
ated value from Refs. [28, 29] mentioned in the Introduc-
tion. In the range of 2.43 <w <2.52 (corresponding to
M3 <q*< M,Z\( ), R(w) is about —0.25. In the same w re-
gion, assuming the FFs have the same dependence on ¢,
the CLEO collaboration measured R = —0.35+0.04 £0.04
in the limit m, — +oco0. These results are in good agree-
ment with our research in the same w region.

In Table 2, we provide AL A" = Al

sr> Apg» Apg, and Fp for

Ap = Aptp~ and compare our results with those of other
studies. We can observe that these asymmetries differ sig-
nificantly in different models. Considering these differ-
ences, AL, changes between —0.30 and 0, A% is about
0.1, A, is about —0.25, and F; changes from 0.3 to 0.6.
Without including the long distance contribution, Ref. [6]
provided the integrated forward-backward asymmetry
ALL(Ap — Ap*p™) =—0.1338. The result of Ref. [7] was
ALL(Ap = Aptp™) =—0.13(=0.12) in the QCD sum rule

Table 1. Values of a.q for A and A, for different x values.
x/GeV? A Ap
0.045 0.559 0.775
0.047 0.555 0.777
0.049 0.551 0.778
0.051 0.547 0.780
0.053 0.544 0.782
0.055 0.540 0.784

FFs(w) and R(w)

-1.5

Fig. 3.  (color online) Values of F; (solid line), F» (dash

line) and R(w) (dot line) as a function of w (the lines become
thicker with the increase in ).

Table 2. Longitudinal polarization fractions and forward-
backward asymmetries for A, — Autu.

Al Alh Ah i
AFB AFB AFB FL
[6, 71 -0.13 - - 0.5830
[8] 8.0x10™* - - -
[12] —-0.286 0.101 -0.288 0.525
0.0142 _ _ —
[13] -0.0122+00142
[15] —0.29+0.05 0.13*322  _026+0.03 0.4+0.1
0.00 0.03
[17] =0.04*) - - 0.34700
our work —0.1376+£0.0001 0.0576 —0.1613+0.0001 0.3957 +0.0002

093106-6



Forward-backward asymmetries in A, — Al*[~ in Bethe-Salpeter equation approach

Chin. Phys. C 46, 093106 (2022)

approach (pole model). Using the covariant constituent
quark model with (without) the long distance contribu-
tion, Ref. [8] obtained the result AL.(A, > Autu~) =
1.7x1074(8 x 107%).

For ¢>€[15,20] GeV2, the LHCb collaboration
provided AL (Ap — Ap~p*) = =0.05+0.09 in 2015, which
was updated to AL;(A, > Au ) =-0.39+0.04 three
years later [4, 5]. In our study, in the same region, the
value of A’BF(A;7 — Au~pu*) changes from —0.44 to —0.35,
which is in good agreement with the most recent experi-
mental data of the LHCb collaboration. With the latest
high-precision lattice QCD calculations in the same re-
gion, Ref. [46] obtained the values AL (A, — Au~u*) =
—0.344 in the large ¢, and small ¢; regions (g, s are
model parameters [47]) and A’FB(Ab — Ap~u*)=-0.24 in
the large ¢, and small ¢, regions. In Fig. 4, we plot the
¢*-dependence of AL, (A, —Ae et), AL (Ap— Apu®),
and AL (A, — A7t 7). From Fig. 4, we can observe that
AL (Ap — Aptp7) is in good agreement with the lattice
QCD calculation in the entire ¢> region [48]. The results
of other references results are also shown in Table 3. In
Fig. 5, we plot the ¢*>-dependence of A’;B(Ab — Ae"e"),
Al (A — Appt), and Al (A, > AT7TY), respectively.
For ¢* €[15,20] GeV?2, the LHCD collaboration obtained
the value for A, —» Au~u* as —0.29+0.07, which is in
good agreement our result —0.2304 ~ —0.0685. The res-

ults of other references results are also shown in Table 3.
In Fig. 6, we plot the ¢*>-dependence of Ag’B(Ab — Ae"et),
Al (A — Appt), and AL (A, > AT7TY), respectively.
Ref. [12] obtained the value A% (A, —»Aup*)=0.145,
which is agreement with our results 0.1257 ~0.1555 in
the region ¢* €[15,20] GeV?2. In Fig. 7, we plot the ¢°-
dependence of Fp(Ap, — Ae"e™), Fr(Ap — Ay u*), and
Fr(Ap — At™1"), respectively. In the region ¢° € [15,20]
GeV?, the LHCb collaboration obtained the value
Fr(Ap = Aup*) = 0.61%011, which is close to our result
0f0.3398 ~ 0.4530. The results of other references results
are also shown in Table 3. From these figures, we ob-
serve that all these asymmetries are not very sensitive to
the parameters x and Ey in our model.

Ref. [17] obtained the naively integrated values
(ALp) =-0.19*0%% and (F.)=0.6+0.02 for Ay > Au*u,
whereas in our paper, these values are —0.1976 and
0.5681, respectively. Our results are very close to those of
Ref. [17]. In our paper, we obtain AL, =-0.0708+
0.0001(-0.0590+0.0001) and A%, = —0.1604 +£0.0001
(—0.1541£0.0002) for Ap— Ae*e (Ap — Ar*77). The
values given in Ref. [8] are AL, =1.2x1078(9.6x107%)
and All, = -0.321(-0.259), and Refs. [13] and [7] provide
AL, =-0.0067 and AL, =-0.04 for A, —> Ar*r". Com-
paring the values in these theoretical approaches, we ob-
serve that the asymmetries may vary widely among the

0

Laco
LHCb-2015
O LHCb-2018

05
o 0 12 20
¢ (GeV?)

0 12 1 6 3 5 16 17
7 (GeV? 7 (GeV?)

Fig. 4. (color online) Values of Arg(A, — AI*I7) as a function of ¢? for different values of x as shown in Table 1.
Table 3. Longitudinal polarization fractions and forward-backward asymmetries for A, — Ap*u~ in ¢ € [15,20] GeV?2.
- A[FB[ls,zo] A?B[li,zm AgB[IS,ZO] Frnis20)
LHCb [4, 5] ~0.39+0.04 - -0.29+0.07 061011
[6, 7] -0.40 ~ -0.25 - - 0.37 ~0.62
[8] -0.24 ~ -0.13 - > —-0.308 -
[12] -0.40 0.145 -0.29 0.38
[13] -0.075 ~ —0.017 - - -
[17] —0.34301 - - 0.4*50)
[48] —-0.350(13) - —0.2710+0.0092 0.409+0.013
our work -0.44 ~ -0.35 0.1257 ~ 0.1555 —-0.2304 ~ -0.0685 0.3398 ~ 0.4530
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Fig. 7.
theoretical models because the FFs in these models are
different.

IV. SUMMARY AND CONCLUSIONS

In this study, we use the BSE to study the forward-
backward asymmetries in the rare decays A, —» Al*l/” ina
covariant quark-diquark model. In this picture, Ay(A) is
considered a bound state of a b(s)-quark and a scalar
diquark.

We establish the BSE for the quark and scalar diquark
system and then derive the FFs of A, — A. We solve the
BS equation of this system and then provide the values of

2 14 18 18 20 13 14 15 16 17 18 19 20

¢ (GeV?) ¢ (GeV?)

(color online) Values of Fy (A, — Al*I) as a function of ¢* for different values of x as shown in Table 1.

the FFs and R. We observe that the ratio R is not a con-
stant, which is in agreement with Ref. [26] and the pQCD
scaling law [23—25]. Using these FFs, we calculate the
forward-backward asymmetries ALy, A%, andAl, and
longitudinal polarization fractions F; and the integrated
forward-backward asymmetries AL, A", andAl, as well
asF; for A, - Al*lI"(I=e, u, 7). Comparing with other
theoretical studies, we observe that the FFs are different;
thus, these asymmetries are different. The long distance
contributions are not included in this paper. They will be
considered in our future research to compare the experi-

mental data more exactly.

093106-8



Forward-backward asymmetries in A, — Al*[~ in Bethe-Salpeter equation approach

Chin. Phys. C 46, 093106 (2022)

References

(1]
(2]
(3]
[4]

(3]
(6]

T. Aaltonen et al. (CDF collaboration), Phys. Rev. Lett.
107, 201802 (2011)

R. Aaij et al. (LHCB collaboration), Phys. Lett. B 725, 25
(2013)

R. Aaij et al. (LHCB collaboration), Phys. Rev. Lett. 123,
031801 (2019)

R. Aaij et al. (LHCB collaboration), JHEP 06 115 (2017);
09, 145 (2018)

R. Aaij et al. (LHCB collaboration), JHEP 09, 146 (2018)
C. H. Chen and C. Q. Geng, Phys. Rev. D 64, 074001
(2001)

C. H. Chen and C. Q. Geng, Phys. Lett. B 516, 327 (2001)
T. Gutsche, M. A. Ivanov, J. G. Korner et al., Phys. Rev. D
87, 074031 (2013)

T. M. Aliev, V. Bashiry, and M. Savci, Nucl. Phys. B 709,
115 (2005)

T. Mannel and Y. M. Wang, JHEP 12, 067 (2011)

L. Mott and W. Roberts, Int. J. Mod. Phys. A 27, 1250016
(2012)

R. N. Faustov and V. O. Galkin, Phys. Rev. D 96(5),
053006 (2017)

Y. M. Wang, Y. Li, and C. D. Lii, Eur. Phys. J. C 59, 861
(2009)

Y. M. Wang and Y. L. Shen, JHEP 02, 179 (2016)

P. Boer, T. Feldmann, and D. van Dyk, JHEP 01, 155
(2015)

L. Mott and W. Roberts, Int. J. Mod. Phys. A 30, 1550172
(2015)

R. M. Wang, Y. G. Xu, C. Hua et al., Phys. Rev. D 103,
013007 (2021)

T. Mannel, W. Roberts, and Z. Ryzak, Nucl. Phys. 355, 38
(1991)

CLEO Collaboration, Phys. Rev. Lett. 94, 191801 (2005)

T. Mannel and S. Recksiegel, J. Phys. G: Nucl. Part. Phys.
24,979 (1998)

C. S. Huang and C. Q. Geng, Phys. Rev. D 63, 114024
(2001)

T. M. Aliev, A. Ozpineci, and M. Savci, Nucl. Phys. 649,
168 (2003)

G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157

[24]
[25]
[26]
[27]
(28]
[29]
[30]
[31]
(32]
[33]
[34]
[33]

[36]
[37]

[38]
[39]
[40]

[41]
[42]

[43]

[44]
[45]

[46]
[47]

(48]

093106-9

(1980)

S. J. Brofsky and G. R. Farrar, Phys. Rev. D 11, 1309
(1975)

C. F. Perdristat, V. Punjabi, and M. Vanderhaeghen, Prog.
Part. Nucl. Phys. 59, 694 (2007)

X. H. Guo and T. Huang, Phys. Rev. D 53, 4946 (1996)

C. S. Huang and H. G Yan, Phys. Rev. D 59, 114022 (1999)
L. L. Liu, X. W. Kang, Z. Y. Wang et al., Chin. Phys. C 44,
083107 (2020)

L. L. Liu, C. Wang, X. W. Kang et al., Eur. Phys. J. C 80,
193 (2020)

N. G. Deshande, X. G He, and J. Trampetic, Phys. Lett. B
367, 362-368 (1996)

E. Golowich and S. Pakvasa, Phys. Rev. D 51, 1215 (1995)
X. H. Guo and T. Muta, Phys. Rev. D 54, 4629 (1996)
Liang-Liang Liu, Chao Wang, and Xin-Heng Guo, Chin.
Phys. C 42, 103106 (2018)

Liang-Liang Liu, Chao Wang, Ying Liu et al., Phys. Rev. D
95, 054001 (2017)

Y. Liu, X. H. Guo, and C. Wang, Phys. Rev. D 91, 016006
(2015)

X. H. Guo and H. K. Wu, Phys. Lett. B 654, 97 (2007)

M. H. Weng, X. H. Guo, and A. W. Thomas, Phys. Rev. D
83, 056006 (2011)

X. H. Guo and X. H. Wu, Phys. Rev. D 76, 056004 (2007)
L. Zhang and X. H. Guo, Phys. Rev. D 87, 076013 (2013)
R. Jakob, P. Kroll, M. Schiirmann et al., Z. Phys. A 347,
109 (1993)

K. Azizi, S. Kartal, A. T. Olgun et al., JHEP 10, 118 (2012)
M. J. Aslam, C. D. Lii, and Y. M. Wang, Phys. Rev. D 79,
074007 (2009)

W. J. Li, Y. B. Dai, and C. S. Huang, Eur. Phys. J. C 40,
565 (2005)

A. K. Giri and R. Mohanta, Eur. Phys. J C 45, 151 (2006)

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020)
Q. Y. Hu, X. N. Li
1701.04029[hep-ph]
Q.Y.Hu, X. Q. Li,and Y. D. Yang, Eur. Phys. J C 77, 190
(2017)

W. Detmold and S. Meinel, Phys. Rev. D 93, 074501 (2016)

and Y. D. Yang, Arxiv:


https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1103/PhysRevLett.107.201802
https://doi.org/10.1016/j.physletb.2013.06.060
https://doi.org/10.1103/PhysRevLett.123.031801
https://doi.org/10.1103/PhysRevD.64.074001
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.87.074031
https://doi.org/10.1016/j.nuclphysb.2004.12.012
https://doi.org/10.1142/S0217751X12500169
https://doi.org/10.1103/PhysRevD.96.053006
https://doi.org/10.1140/epjc/s10052-008-0846-5
https://doi.org/10.1142/S0217751X15501729
https://doi.org/10.1103/PhysRevD.103.013007
https://doi.org/10.1016/0550-3213(91)90301-D
https://doi.org/10.1103/PhysRevLett.94.191801
https://doi.org/10.1088/0954-3899/24/5/006
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1016/S0550-3213(02)00964-1
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevD.53.4946
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1088/1674-1137/44/8/083107
https://doi.org/10.1140/epjc/s10052-020-7667-6
https://doi.org/10.1016/0370-2693(95)01364-4
https://doi.org/10.1103/PhysRevD.51.1215
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1088/1674-1137/42/10/103106
https://doi.org/10.1103/PhysRevD.95.054001
https://doi.org/10.1103/PhysRevD.91.016006
https://doi.org/10.1016/j.physletb.2007.05.007
https://doi.org/10.1103/PhysRevD.83.056006
https://doi.org/10.1103/PhysRevD.76.056004
https://doi.org/10.1103/PhysRevD.87.076013
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevD.79.074007
https://doi.org/10.1140/epjc/s2005-02132-2
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1103/PhysRevD.93.074501

	I INTRODUCTION
	II THEORETICAL FORMALISM
	A BSE for $\bm {\Lambda_b(\Lambda)} $
	B Asymmetries of $ \bm {\Lambda_b \rightarrow \Lambda l^+ l^-   }$ decays

	III NUMERICAL ANALYSIS AND DISCUSSION
	IV SUMMARY AND CONCLUSIONS

