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Motivated by recent anomalies in flavor changing neutral current b — s£+£~ transitions, we study
By = Byt ¢~ (¢ = e, p, 7) semileptonic weak decays with the SU(3) flavor symmetry, where B, , are the
spin—% baryons of single bottomed antitriplet 7,3, single charmed antitriplet 7.3, or light baryons octet Tg.
Using the SU(3) irreducible representation approach, we first obtain the amplitude relations among
different decay modes and then predict the relevant not-yet measured observables of T3 — T ¢,
T3 — Tl ¢, and Ty — Tyt ¢ decays. (a) We calculate the branching ratios of the T3 — Tgup~ and
Ty3 = Tyt~ decay modes in the whole ¢* region and in the different ¢> bins by the measurement of
A) - A%t~ Many of them are obtained for the first time. In addition, the longitudinal polarization
fractions and the leptonic forward-backward asymmetries of all T,; — T "¢~ decays are very similar to
each other in certain ¢> bins due to the SU(3) flavor symmetry. (b) We analyze the upper limits of
B(T.; — Tg¢+ ) by using the experimental upper limits of B(A; — pu*u~) and B(Af — pete™), and
find the experimental upper limit of B(Af — pu™u~) giving the effective bounds on the relevant SU(3)
flavor symmetry parameters. The predictions of B(EY — Ele*e) and B(E? — E0u*u~) will be different
between the single-quark transition dominant contributions and the W-exchange dominant ones. (c) As for
Ty — Ty t¢™ decays, we analyze the single-quark transition contributions and the W-exchange
contributions by using the two experimental measurements of B(E° — A%e*e™) and B(Z* — putpu~),
and give the branching ratio predictions by assuming either single-quark transition dominant contributions
or the W-exchange dominant contributions. According to our predictions, some observables are accessible

to the experiments at BESIII, LHCb and Belle-II.

DOI: 10.1103/PhysRevD.103.013007

I. INTRODUCTION

Flavor changing neutral current (FCNC) processes, such
as b — s, give access to important tests of the
standard model (SM) and searches for new physics beyond
the SM. Recently, some discrepancies with the SM are
reported in several observables in B meson decays, for
example, the angular-distribution observable P of B’ -
K*%u* = [1-4] and the lepton flavor universality observ-

ables Rgi and Rgo with Ry = gy [5,6].
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Semileptonic baryon decays are quite different to B, D,
K meson ones; for instance, the initial baryons may be
polarized, the transitions involve a diquark system as a
spectator rather than a single-quark, and the W-exchange
contributions of two-quark and three-quark transitions
might appear in baryon decays. Therefore, the baryon
decays provide the important additional tests of the SM
predictions, which can be used to improve the under-
standing of recent anomalies in B meson decays. Recently,
significant experimental progress has been achieved in
studying rare A;, decays. The A, - Au"u~ baryon decay is
the only one measured among the T3 — T3¢+ £~ decays at
present. B(A, — Au*u~) was first measured by the CDF
Collaboration [7] and then greatly improved by LHCb
[8,9]. For T3 — Ty "¢~ decays, only B(A, — pete™)
and B(A. — putu~) have been upper limited by BABAR
and LHCb [10,11]. As for Tg — T’Sfﬂf‘ decays, =0
Alete” and =+ — putu~ have been measured by NA48
[12] and HyperCP [13], respectively. With the experiment

Published by the American Physical Society
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development, some B, — B,/7¢~ decays will be
improved or detected by the BESIII, LHCb, and Belle-II
Collaborations in the near future, so it is necessary to study
B, — B, 1¢~ decays theoretically.

The theoretical challenge in the study of B, — B¢~
decays is calculating the hadronic B; — B, form factors in
the hadronic matrix elements. Form factors for A, - A
have been estimated in lattice QCD [14], QCD light cone
sum rules [15], the soft-collinear effective theory [16], and
perturbative QCD [17]. Form factors for A, — n have been
estimated in the relativistic quark diquark picture [18] and
the context of light cone QCD sum rules [19]. Nevertheless,
other form factors of T,,3 — T ¢, such as the ones for
Eg - =29 B, -, 2 '—'b - AD, :2 — X0 and B, - I,
have not been calculated yet. Similarly in 7.3 — TgZ ¢~
and Ty — T4/ ¢~ decays, only some form factors are
calculated, for example, ones for A} — p transition
[19-22].

Theoretical calculations of the hadronic matrix ele-
ments are not well understood due to our poor under-
standing of QCD at low energy regions. The SU(3)
flavor symmetry approach is independent of the detailed
dynamics offering us an opportunity to relate different
decay modes. Nevertheless, it cannot determine the sizes
of the amplitudes by itself. However, if experimental
data are enough, one may use the data to extract the
amplitudes, which can be viewed as predictions based on
symmetry. Although SU(3) flavor symmetry is only an
approximate symmetry because u, d, and s quarks have
different masses, it still provides some useful information
about the decays. One popular way of predicting the
SU@3) flavor symmetry is to construct the SU(3) irre-
ducible representation amplitude by decomposing the
effective Hamiltonian, in which one only focuses on
the SU(3) flavor structure of the initial states and finial
states but does not involve the details about the inter-
action dynamics.

Some By(1") - B,(}7)¢T¢~ semileptonic baryon
decays have been well studied, for instance, semileptonic
Ag decays in Refs. [14,23-28], semileptonic A decays
in Refs. [20,21,29], and semileptonic Xt decays in
Refs. [30-34]. In this work, we will study all weak
Bi(37) = By(37)¢ ¢ decays by using the SU(3) irreduc-
ible representation approach. We first obtain the amplitude
relations among different decay modes then use the
available data to extract the SU(3) irreducible amplitudes
and finally, predict the not-yet-measured modes for
further tests in experiments.

This paper is organized as follows. In Sec. II, we
will collect the representations for the baryon multiplets
of %—spin and the observable expressions of relevant baryon
decays. In Sec. III, we will analyze the semileptonic
weak decays of T3 = Tt ¢~, Ty — T3¢, and
Ty — Ty ¢~. Our conclusions are given in Sec. IV.

II. THEORETICAL FRAME

A. Baryon multiplets with } spin

The light baryons octet 75 under the SU(3) flavor
symmetry of u, d, s quarks can be written as

A2 +
\/6+\/§ z )4
_ 0 0
Tg = z S5 on | (1)
Cn Ui

NG

The single charmed antitriplet 7.5 is given as

T = (B2 —ELAD). (2)
The antitriplet 7,3 with a heavy b quark is

Tys = (85, —E). AD). (3)

B. Helicity amplitudes for semileptonic decays

In the SM, the low energy effective Hamiltonians for
b—s/dt ¢, c»ulT¢, and s — d¢T¢~ FCNC transi-
tions have similar forms and can be written as [22,30,35-37]

H(gy = g ¢7)
[04 GF

== \E/E” ﬂqlqz (CSHQﬂ/ﬂPLQIZyﬂf

+ Cloqzy”Pqufmsf—

q q] Ceff‘]zlfluU””PRQInyf>

(4)

where G denotes the Fermi constant, the fine structure
constant a, = 32 the chiral projection operators P; p =

(1 F7s5)/2, O [y"zy”], Aq,q4, denotes the Cabibbo-
Kobayashi-Maskawa (CKM) elements, and C; denote
Wilson coefficients. For the b — s/df* ¢~ transitions via
the uit, cc loops, Ayspay = Vi Vis (Vi Vi), and the expres-
sions of Wilson coefficients C%fg and C;, are given in
Ref. [37]. For the ¢ — u/* ¢~ transition via dd, s5 loops,
Jeu 3o =2V Va G (42) + vz:vafE‘ g
as Cyo = 0 and the expressions of C‘;’g (q ) can be found
in Refs. [22,35]. For the s — d£+ ¢~ transition via uii loop,

eff Vf»‘V*-a c eff _
Ag = VsV C5' & ZVU Vu Ty C§' = (z7y —
V., th 2

and Cl() = V V* y7A Wlth 27y = —0. 0460(), Yy =

0.735a,, yi4 = —0 7000% as well as ¢, = 0.13a, from
Refs. [30,36,37]. For Tj; — T3¢ ¢~ and T3 — T ¢~
decays, the Wilson coefficient CSf receives not only from the
four quark operators but also from the long distance (LD)
contributions coming from c¢ for Ty — TsZ* ¢~ and dd, s5
for T3 — Tg¢"¢~. Note that the T' ;3 — T "¢~ decays are

2)] as well

Vr\-V*d 27
ViV, yv) e
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dominated by LD contributions. For Ty — T3¢ "¢~ decays,
the LD contribution arises mainly from the photon-mediated
process Tg — Tyy* — Ty ¢~ [31,34].

The helicity amplitudes for B; — B,£"¢~ can be
obtained from Eq. (4),

Moo

MVA (Sp’sk>
Gpa

= qlqz§ :’7/1

with

Lyfa =& I)E )|y, (1 F 75)£10).

[y Ly + Hy LR ()

where ¢> = (p —k)?> bounded in physical region as
(2my)?* < ¢* < (mp, — mp,)?, the polarization of the gauge
boson A = ¢, -1, 0, the helicities of the final state leptons

are A5, and n, =1, 5y = —1.
The nonvanishing leptonic helicity amplitudes lel(%), , are
il L q°
Ly’ =—LeZi =\ 5 (1 +5,)(1 + cosby),
411 “lpL q°
Leii = _LL,Z—lz = ?(1 +ps)(1 —cosby),
Lio' = Lyo" =\ (1 +p,)sin0,. (7)

L(R).sp.sk __ —y eff ~

Hy,, " = 6,4(/1)<Bz(k, Sk) {(Cg FCoar U =rs)ar s 1 4;»15
2mq et w The B; — B, hadronic matrix elements are calculated in
pe C5"92iq,0" (1 +75)q } Bi(p. sp)> the frameworks of soft-collinear effective theory [16] and
lattice QCD [14]. The helicity-based definition of the form

(6) factors are presented as [14]
|
- = 2 qM 2 mB| + mBz
(Bl )@ B1) = k50 o), =) Ty 4 7)™ 0 f s g ) |
+

2m32

+fL<q2>{w 2,

S+

(By(k, si)|garvsar|Bi(p.sp)) =

+g¢(q2){7/” +

2
— mBl kﬂ}:| u(p’sp),

S+

_ q" mp, — Mg q"
—i(k, s)vs 90(‘12)(”13, +m32)—2+9+(612)¥ pt + k' — = (mp, — mg,)
q S— q

2
_ q
(Bo(p',5")|@2i0,,q" a1 1B1 (P, 5)) = _”BZ(P/vS/){h+(‘12)_;1+ (Pu + Pl ——q’; (i, — m%))

2
(Bo(p'. 8" qrio,nrsq a1 |By) = =g, (p'. s")y {M(q )— (pﬂ +p -

2 2

mBZ pﬂ _ ’;’lBl k.u}:| M(p’ sp>’ (9)

2mBZ 2mBI
T (ms, + ms )y (a?) (n - p;) }ugl (). (0)

Sy 5,

9u
(m%gl - m%;z)
~ 2m5 21’}7,3

+(mp, —mp,)hi(q*) (7,4 +szﬂ - ‘ p;) }”Bl (p.s), (11)

where s, = (mg, £m Bz) —¢* and Sfoll V4T are the form factors. And then we obtain the nonvanishing hadronic helicity

. L(R).5.5¢
amplitudes H ngi Sk

L(R),+5+5 S_ ,L(R S. LRy 2m -
Hysy = £ (@) ms, )y [ SO = g aP) (s, =)y [ SO0+ 52 (@) 5 = (47) s ) O

L(R).—1_1 S_ s 2m ~ .
Hy ™ = £ (@) s, ) SO + 00 (67) s, = mis ) [5G+ 52 (@) P () s )5

L(R).—}+}

Hvix.l = 2)V/2s- CVA +9.(q V2s+CVA -
L(R)+1-1

HVE&.)— = *)V/2s- CVA —9.(q \/2s+CVA -

2mb

Zmb

)(mp, +mp,)\/2s_ —hy (¢*)(mp, —mp,)/25,)CSE,

)(mg, —mpg,)\/25.)C5",
(12)

—-(h.(q?

—=(h,(q*)(mp, + mgz)\/ﬁ—l— hy (g

013007-3



WANG, XU, HUA, and CHENG

PHYS. REV. D 103, 013007 (2021)

with C‘L/gR) = (Cegff + CIO)'

In addition, in terms of the SU(3) flavor symmetry, baryon
states and quark operators can be parametrized into SU(3)
tensor forms, while thepolarization vectors €*(4) and leptonic
helicity amplitudes L ‘( 2) are invariant under SU(3) flavor

symmetry. The hadronic helicity amplitude relations of
|

dB(B] — Bzf+l/ﬁ_) TB] 2 A(szl’m%ﬁ’z’q )

B, = B¢~ are similar to ones of B, — B,y as given
in Ref. [38] and will be given in next section for convenience.

C. Observables for B, — B,?* ¢~

In the rest frame of the baryon B, the double differential
decay branching ratio is [39]

dg*dcos @,

— N(q?) {(1 ~ cos%0),) (Hé;té“

_ A1.42
2my, (87)3 2s, +1ZZ|M (5p52)”

AAy Sp.Sk

L-1-1 R, +141 R—1_1
B R R 2|2)

1 Lo+ +
(= cos0, P (I + 1l )
1
+5 0+ cosﬁf)2<|HR N RN 2*22)] (13)
with
2 2
4m2 q /l(mgl,mgz,q )
N(q?) = Ggl £ : 14
(¢7) FAq19,% ( + 7 > 7B, 25w} 7 (14)
where A(a, b, c) = a* + b* + ¢® = 2(ab + bc + ca). And the differential decay branching ratio is
dB(B, = Bot¢7) 4
— = 2N (@) Hu(4). (15)
dg 3
with
LA+t R+ L
) = (R R+ (1l e )
LA L—i-1 RA+L R—1-1
(1 e e SR ). (16)
The longitudinal polarization fraction can be obtained by Eq. (13),
ldcosf,(2 — 5c0s20,) LB
FL(qz) _ f dg*dcos b, ’ (17)
[“ldcos, LB
¢ dgPdcos O,
and the concrete expression is
2) Lytsn L=5=312 R+3+5 1 32 2y1-1
Fr(q®) = | [Hy,5 ) + |HVA0 | + [Hyas I + |HVAO 17 ) [Hy(g?)] ™" (18)
The leptonic forward-backward asymmetry,
0
AéB(QZ) — dCOS 95? dqzdcosﬁf f dcos ef dqde;SQf , (19)
f—l dcos 6, dqzdcosé)/ + f dcos 6y, dq*dcos 6,
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and the concrete expression is

3 R.41-1 L—lql Ll R—141 N
agale?) = | (15 4 1R ) = (1 e ) i (20)

The lepton flavor universality in baryon weak decays
T3 — Tg¢ ¢~ is defined in a manner identical Ry, as

 Jime dB(Ty3 — Tgp ™)/ ds

Ry 7. = ’
Ty3—Ty qunr::x dB(Tb3 - T8€+e_)/ds

(21)

For ¢* integration of X(¢?) = F;(¢*) and A%4(q?),
following Ref. [40], two ways of integration are considered.
The normalized g>-integrated observables (X) are calcu-
lated by separately integrating the numerators and denom-
inators with the same ¢ bins. The “naively integrated"
observables are obtained by

_ 1 Thax P
X = 5 dg*X(q*). (22)

2
Gmax — qmin qﬁ\in

Note that, besides the single-quark transition contribu-
tions, the W-exchange contributions via the two-quark and
three-quark transitions as well as the internal radiation
transition, which contribute to the radiative baryon decays
B, — B,y [41-43], may also contribute to the semileptonic
baryon decays B, — B,Z7¢~. In some decays, for exam-
ple, =t — p#t¢~ decays, the W-exchange contributions
with the two-quark transition will play a major role [34]. So
we will consider these W-exchange contributions in the
later analysis of SU(3) flavor symmetry.

III. RESULTS AND ANALYSIS

The theoretical input parameters and the experimental
data within the 1o error from the Particle Data Group [44]
will be used in our numerical results. To obtain SU(3)
irreducible representation approach (IRA) amplitudes, one
just needs to contract all upper and lower indices of the
hadrons and the Hamiltonian to form all possible SU(3)
singlets and associate each with a parameter which lumps
up the Wilson coefficients and unknown hadronization
effects [45]. These parameters can be determined theoreti-
cally and experimentally. In this work, we will determine
these parameters by relevant experimental data and then
give the predictions for other not-yet-measured decay
modes. For T,; semileptonic decays, there are enough
phase spaces to allow for e*e™, utu~, and 777~ decays. T3
and T'g semileptonic decays only have enough phase spaces
to allow for both ete™ and p*u~ decays. The results of
T3 = Tgete™, Tsutu~, Tgr™t~ decays, T3 — Tgete™,
Tgutu~ decays, and Ty — TgeTe™, Tyu'u~ decays are
given in the following subsections A, B, and C,
respectively.

|
A. Ty; —» Tg?* ¢~ weak decays

For T); — TgZ ¢~ decays, the single-quark transition
contributions are strongly dominant so that other contri-
butions like the W-exchange contributions are usually
omitted. The SU(3) flavor structure Hamiltonian with b —
s, d transitions can been found, for instance, in Refs. [46—
48], and the SU(3) IRA hadronic helicity amplitudes for
Ty —» T ¢ via b — s/df+ ¢~ can be parametrized as

H(Tb3 g T8f+f_)e/(4R}):Sp’Sk

B

= ey (Ty3) T (3)*(Ts) e + €2(Tv3) T (3)4(Tg)
(23)

which are similar to the decay amplitudes of corresponding
T,z — Tgy modes in Ref. [49]. In Eq. (23), T(3) = (0,1, 1)
denoted the transition operators (g,b) with ¢, = s, d, and

the model as well as scale independent parameters

L(R).s,. o
e = (e,-)vg_i *7*(4%). The parameters e; contain informa-

tion about QCD dynamics and could include the long
distance (LD) contributions from hadron resonances. The
SU(3) IRA amplitudes of the T3 — Ts¢ "¢~ weak decays
are given in Table I, and for a better understanding, the
information of relevant CKM matrix elements are also
listed in Table I. From Table I, one can see that Ag -
X0¢+¢~ decays are not allowed by the SU(3) flavor
symmetry, and other decay modes via b — s/d¢*¢~ can
be related by only one parameter E = e + e,.

Among A) - A0¢t¢=, B) - Bty By - Bt
Ag - nlte, Eg — Ao¢tem, Eg - X0¢t¢, and B, -
T=¢T¢~ decays, only AY — A% Tu~ decay has been

TABLE L. The SU(3) IRA amplitudes of the Tj; — T ¢~
weak decays by the b — s/df ¢~ transitions, and E = ¢ + ¢,.

Decay modes

Th3 - T8£+f_ via the b — S£+f_

A(Th3 d Tgl/ﬂ+f_)

transition:
A — AOpte- —20,,E/\/6
A) - 20t - 0
Eg - B0ptem —/11,SE
B, > B¢t Aps E
Ty > Tt ¢ viathe b —» df™¢~

transition:
Ag - nfte ApdE
)~ At ~Z5aE/ V6
B) - X0t —MaE/V2
B, > X/t ApaE
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TABLE II.
cases.

Branching ratios for T); — Tg/ ¢~ decays with 1o error in the whole ¢> region within S; and S,

Decay modes Experimental data [44]

Our results in S

Our results in S,  Other predictions

B(A) — A% ") (x10°9) 1.08 + 0.28
=) —>: ;r)(xlo °)
- Eptpm)(x1079)
- A%t77)(x1077)
- B0t 7_)(><10_7)
— 277T77)(x1077)
— npt ) (x1078)
> A"M (x1079)
(x107%)
—>Z wrpm)(x1078)
77)(x1078)
- A%+77)(x1079)
- 207777)(x1079)
— X777 (x1078)

[I

SN IEeN

PAGP-A -GGty

[1]
SIS

>
Sl

SIS

[1] [1]

TS >
>
)

)
(
7)
#)

T
[1] [1] [1]

S| ToOoTo

=

—>n1

>
Sl

[SNESMEON

[1] [0 [1]
S| ToOoTCo

1.08 £ 0.28 1.08 +£0.28 1.05 [50]
1550 177798
16575 L8745
2.30 £ 0.60 2741085 2.60 [50]
323403 442738
3.42700 4.761 )4
8.153%) TI753% 1) 150,51]
1.3450%5 145704
0 5%
3~77—1A10 4-13—1.24
8.00133¢ 8.6173%
207505 246707 (29240 [50,51]
342100 4.63*1
8.9739) 12.2374)2
191:54] 2.60°03

measured, and its branching ratios in the whole g region and
in different ¢ bins are listed in Tables I and I1I, respectively.
One can constrain the relevant SU(3) flavor parameters by the
experimental data within 1o error bar and then predict other
not-yet-measured branching ratios. Two cases will be con-

sidered in our analysis of T3 — TgZ "¢~ decays.
S:: The SU(3) flavor symmetry parameters without
the baryonic momentum-transfer ¢*> dependence.

We treat the SU(3) flavor parameters (E)‘L,ﬁ's”“y"(qz)

as constants without g> dependence, which will lead
Hy(¢?) in Eq. (15) to a constant, too. We use the 1o
error experimental data of B(A) — A% u~) to con-
strain Hy(¢?) (i.e., |E|?) and then predict other
B(Ty; — Tg¢+¢~) by the amplitude relations in
Table 1.

S,: The SU(3) flavor symmetry parameters with the
baryonic momentum-transfer g> dependence. In
order to obtain more precise predictions, we use the
hadronic helicity amplitude expressions in Eq. (12),
which are ¢> dependent and can be expressed by the
Wilson coefficients and the form factors. The ex-
pressions of the Wilson coefficients without the LD
contributions are taken from Ref. [52]. As for the ¢°
dependent form factors involving the 73 — Tg tran-
sitions, we use the recent lattice QCD results of Ag —
AP [14], in which the form factors are parametrized by

2\ (0) d 2 ag 2\12
) =1 mpyT g 1+a{)-Z(q )+a{) [2(¢*)]* |

where f=f.,f1, fo 9%9@90» hi,hy,h , h,, and
the details of z(¢?) and mpole can be found in Ref. [14].
We keep f,(0) as an undetermined constant without
g* dependence, and other f(0) can be expressed as

f .
<2 £.(0). The central values of al in Table V of
4

Ref. [14] will be used in our analysis. Since these form
factors also preserve the SU(3) flavor symmetry, the
same relations in Table I will be used for f, (0). We
use the lo error experimental data of B(A) —
A%upu™) to constrain £, (0) and then predict
other B(Ty; — T+ ¢7).

Using the experimental data of B(AY — A%t ™) in the
whole ¢* region, one can obtain the branching ratios for
Ty = Teutu~ and Tp3 — Tt~ weak decays in the
whole ¢° region, which are listed in the third and forth
columns of Table II for S; case and S, case, respectively.
Noted that, the amplitude relations listed in Table I are
obtained from the SU(3) flavor symmetry; nevertheless, the
different baryon masses in the same baryon multiplets are
considered in the branching ratio predictions, and the below
is same.

Previous predictions are also listed in the last column of
Table II for comparing. Since the results of T3 — Tgete™
decays are quite similar to ones of T3 — Tgu"u~ decays,
we only show T3 — Tgu"pu~ in this work. We have the
following remarks for the results in Table II.

(i) Comparing the branching ratios in §; and S, cases,
one can see that the predictions are slightly different
between S| and S, cases, which are mainly due to
the ¢> dependence of the hadronic helicity am-
plitudes.
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= Ry SCZO5S8BREISNER (ii) Comparing our predictions for B(A) — A%r77),
S| e A QRenn —2 DD Eg883888822 LT - . .
&5 59iged) §959999959595957 B(A) = ntt7) and B(A) — nu*p~) with previous
N H T o — N — NN —_ . e
Zlzi=s S §388835¢ ones in the relativistic quark model [50] and the
he > © = 5 S o o S o .
Lo < S oSS S S Bethe-Salpeter equation approach [51], one Canosee
— N —o0 T D — O . 04+ — -
2|5 gzzsans §§§§§5§5§§ égéégé that our predicted B(A) — A%*7z7) and B(A)
',A..-A~.""o‘coco . . . .
SRS Ty P habo e & g nutu~) are quite consistent with previous ones,;
S g — t © — 0 +.—\
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ZIT o 333333 S o nevertheless, our cen b
an theirs.
5| o narsgess 2355820588828, about 2 times !arger th . or T
EE R <555535555555459 (iii) Many branching ratio predictions for T3
S|dze28 g5eE s g g 2 Tg/ ¢~ are obtained for the first time. The not%
S22 =S ad T xS AdA IR + o o
S|mFFF% S833ss28 yet-measured B(T3 — Tg£"£7) are Oildﬂlie orde}rl |
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b | z forward-backward asymmetries with two ways %f 1pte§r§1
g 2 8g 2 : - e obtained in
| 2592 S Z585858328 tion for T3 — Tg/ "¢~ decays could also b i
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TABLE VI. Lepton flavor universality of T,3 — T ¢~
baryon weak decays in different ¢> bins with 1o error in the
S, case.

[42in- Thax] (GEV?) (1, 6] [0.1, 16.0]  [15.0, 20.0]
Rpgoone 099155 098Lp 10245
Rey_z 0.99+£0.04  0.9970%  0.99795%
Rz = 0.99£0.04 099100 103505
Rpg— 1.00£0.03 098700  1.0150
Rz_n0 L0150 L0105 1.00£0.04
Rzo_x0 0.9870:0 0.9870:07 1.00 + 0.03
Rejx 1.00%jo; 10355 1.00Zg5

One can see that all predictions in three ¢ bins are virtually
indistinguishable from unity; i.e., the lepton mass effects on
all Rg, _,p, are small in both the low-¢* region and high-¢*
region in the SM.

B. T3 semileptonic weak decays

Similar to T.g — T4y radiative decays [41-43,53],
T3 — Ty ¢~ decays receive single-quark, two-quark,
and three-quark transition contributions with the W-exchange
and internal radiation contributions. The internal radiation
contributions are suppressed by the two W propagators and
can be safely neglected. The SU(3) IRA hadronic helicity
amplitudes for T ;3 = T3 "¢~ may be parametrized as

H(T s = Tt £7) oo™

where the SU(3) flavor symmetry parameters f; =

FOr™ and Fr= (F)vi0™™. The fi terms in
Eq. (26) and the later g; terms in Eq. (29) denote the short
distance (SD) and the LD contributions via the single-quark
transitions. The f; terms in Eq. (26) and the later g, terms in
Eq. (29) denote the W-exchange contributions of the two-
quark and three-quark transitions. 7/(3) = (1,0,0) denotes
the transition operators (g,c) with ¢, = u, and H (6)?"
(H(15)%) related to the (g,47)(g,c) operator is antisymmet-
ric (symmetric) in upper indices. The nonvanishing H(6)
and H(15)§-" for ¢ — sud, dus, udd, uss transitions can be
found in Ref. [54]. Using /, k antisymmetric in H(6) ﬁ.k and /, k
symmetric in H(15)¥, we have
f2:_fl’ f5:f4v f6:O’ (27)

which will be used in the following discussion.

For the W-exchange transitions, there are three kinds of
charm quark decaying into light quarks,

d+c—-u+s+¢67¢-,
dtc—u+d+¢ ¢ (s+c—u+s+re),

s+c—out+d+te, (28)
which are related to H(6,15)}3, H(6,15)}2[H(6,15)}3],
and H(6,15)12, and they are proportional to ViV, ~ 1,
V*qud(VCSVM) ~ —s.(s.), and V?,V, ~—s? with s.=
sin @ =~ 0.22453, respectively. So three kinds decays
given in Eq. (28) are called Cabibbo allowed, singly

= f1(T)WT'(3 )k(Tg)[” i+ fo(Tes)l) T’(3)k(Tg)[,k] Cabibbo suppressed, and doubly Cabibbo suppressed
decays, respectively.
lk lk ij] ’
+ (JHO) + TaH(S)) (Tea) (T The SU(3) IRA amplitudes of the T 5 — TsZ* ¢~ weak
+ (f2H(6) + FsH(15))(T )7 (Tg) g decays are given in the third column of Table VII,
I and for a better understanding, the information of
( f3H(6 ) +f H(15 ) )(Tc%) (TS) (26) relevant CKM matrix elements is also listed in this table.
TABLE VII. The SU(3) IRA amplitudes of the T .3 — TgZ ¢~ weak decays in the S, case, F| = f| + f5,
Fi=fi—f3+f e Fa=fi—f3—fiand F=f - f3.
Decay modes ATy — Tt ¢7) Approximative A(T 3 — Tyt ¢™)
Cabibbo allowed T3 — T+ ¢
Aj b Z+l/ﬂ+f_ _Fl —F
B0 - B0ptem —-F, -F
singly Cabibbo suppressed T3 — T ¢™:
A = pttes [Fi—GF —§F))ls. [Fy—5Fs.
— Xt [—F1 = GF1 —§F)ls. —[F1+%F]Sc
B — AO¢te- [Fy+3GF, =3F,)]s./V6 [F) - F]sc/f
B — 20f+f— [_Fl + (%Fl _% 2>]S(r/\/§ _[Fl + } /\/_
doubly Cabibbo suppressed T3 — Tt
Bl = ptte- F 52 Fs?
B0 = nete- F,s? Fs?
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TABLE VIIIL.

Branching ratios of 7.3 — T "¢~ decays within 1o theoretical error in the S, case.

Decay modes

Exp. UL [44] Our predictions without F;

Others without LD  Others with LD

B(A+ - 2+e+ =)(x1076) <2.63
B(E° e™)(x1079) <235
Bx: = pe*e )(x107%) <550 <795 L0101 [2021]  gagins [2021]
B(ES = Ztete™)(x1077) <1.29
B(E2 — APete™)(x1078) < 8.69
B(E0 - =0¢te )(xlO‘S) <222
B(ES - pete)(x107%) <555
B(EQ2 — nete™)(x1078) <192
B(Af = Tt p)(x1079) <2.50
B(E? - "Oyﬂf)(xl()_ﬁ) <2.25
B(A; — putu~)(x1078) <77 <717 GEOAXIO 12021] 535tk [2021]
B(EF - Ztutu)(x1077) <125
B(E2 — AO ) (x1078) <842
B(EY — =0 ) (x1078) <215
B(ES — /f)(XIO‘S) <541
B(EY - n /4_)(><10_8) <1.87
From Table VII, one can see that singly Cabibbo sup- (i) Only considering the W-exchange contributions by

pressed A} — ptte-, Bf - Ttetem, B0 - AVrte,
2 — X07% ¢~ decays receive both the single-quark tran-
sition and the W-exchange contributions; nevertheless,
Cabibbo allowed A — Xt¢7¢~, BQ — E0¢+¢~ decays
and doubly Cabibbo suppressed = — p£t¢-, =0
n¢ "¢~ decays only receive the W-exchange contributions.

In addition, the contribution of H(6) to the decay
branching ratio is about 5.5 times larger than one of
H(15) due to the Wilson coefficient suppressed; for
example, see Refs. [55,56]. If ignoring the Wilson coef-
ficient suppressed H(15) term contributions, there are only
two parameters, F, and F = f, — f5, in the decay ampli-
tudes of T3 — Tg#+¢~. The simplified results are listed
in the last column of Table VII. One can see that the
Cabibbo allowed and doubly Cabibbo suppressed eight
decay modes of T3 — T3/ ¢~ are related by only one
parameter F; nevertheless, the singly Cabibbo suppressed
eight decays are related by two parameters F and F,. More-
over, there are amplitude relations A(E; — Zt£T¢7) =
V2A(EY — 307+ 77).

In these T3 — Tg¢ ¢~ decays, only B(Al — pete™)
and B(A} — putu~) are upper limited by experiment. We
list their experimental upper limits (exp. UL) in the second
column of Table VIII. Due to the lack of the experiment
in T3 — Tg¢ ¢~ decays and the complex amplitude
expressions included the W-exchange contributions, we
will only analyze the T .; — TgZ*¢~ decays in the S, case.
We assume that W-exchange contributions noted by F or
the single-quark transition contributions noted by F'; play a
dominant role in these decays. They are separately dis-
cussed as follows.

—

(i)

013007-10

setting F;, =0, all the T.; — T3¢~ decays are
related by one parameter F as shown in Table VII.
The upper limit predictions of T .3 — TgeTe™ and
T3 — Tgutu~ decays in the S, case are listed in the
third column of Table VIII. One can see that
B(A} — putu~) gives an effective constraint on
these upper limit predictions of the branching ratios.
Only considering the single-quark transition contri-
butions by setting ' = 0, as shown in Table VII, all
eight singly Cabibbo suppressed 7,3 — Tgee™ and
T .5 — Tsu"u~ decays are related by the parameter F.
Then the six upper limit predictions of B(Al —
pete”), B(ES - Zftete), B(E)-Xeter),
B(Af = putu), BES — EFutyu™), and B(E) -
0t ) in the S, case have the same predictions as
the ones listed in the third column of Table VIIL
Nevertheless, the predictions of other two singly
Cabibbo suppressed B(E? - A¢*e™) and B(E? —
APutp~) are different from the ones listed in
Table VIII. We obtain that B(ZE) - Alete™) <
9.66 x 10~ and B(E? — A%utu~) <9.36 x 1077,
The previous other predictions for B(A — pete™)
and B(Al — putu~), which considered the single-
quark contributions with/without LD contributions,
are also listed in the last two columns of Table VIII
for comparing. The predicted upper limits of
B(A} — p£t¢~) are about 5 orders larger than the
predictions with the SD contributions, smaller than
the LD contributing ones, which might mean that
the W-exchange transitions cancel out with the LD
contributions.



STUDYING

PHYS. REV. D 103, 013007 (2021)

C. T semileptonic weak decays
Similar to Ty — Tgy radiative decays, Tg — T4¢ ¢~
semileptonic decays receive the single-quark transition
contributions and the W-exchange contributions [34].
The SD contributions come from the Z° and electromag-
netic penguin diagrams as well as the Z° box diagrams, and
the LD contributions arise from an intervirtual photon in
the Tg — Ty* processes. The LD contributions are much
larger than the SD ones in the single-quark transition
contributions in the Tg — T4/ ¢~ decays. So the LD
contributions and the W-exchange contributions might play
the major roles in Ty — T4/ "¢~ decays [30,34]. The SU
(3) flavor structure of the s = d Hamiltonian can be found
in Ref. [49]. The SU(3) IRA hadronic helicity amplitudes

for Ty — Ty "¢~ decays via s — d£ ¢ are

S‘p'Sk

H(Tg - Ty ¢ )
= g1(Ts)l 7" (3)F ( Te) i + 92(Te) T (3)K(Ts) g
+ g3 (To)"T" 3)M(Tg) ik + 94 (Te) ™ T (3) (T) sy
+ g5(T) "I T (3)k( %)]k]z+91(T8)[”] (T/)[zl]kH(4)
+ 9o (T) M (T4) e H () + 33 (T) V0 (T) e H(4)
(29)

where the model and scale independent parameters g; =

(g,-)‘L/Xz’s”’Sk and §;, = (gi)‘L,X?;'s”'sk, 7"(3) = (0,1,0) related
to the transition operator (ds), and H (4)5’“
(7:9°)(qrq") operator with n = 3 for s quark is symmetric
in upper indices [49]. The SU(3) IRA hadronic helicity
amplitudes of Ty — T/ ¢~ weak decays are given in
Table IX, in which the information of the same CKM
matrix elements V, V7, is not shown.

There are four complex parameters G, G,, G4, and Gy
in Ty — T4/ "¢~ weak decays. Since the initial baryon 2~
does not contain u quark and the W-exchange contributions
are canceled in Z° — A%/+#~ decays, the amplitudes of
E- - X/t and E° - A%t¢~ listed in Table IX
only contain coefficients G;,, which means that the

related to

TABLE IX. The SU(3) IRA amplitudes of the Ty — T5/+ ¢~

weak  decays, Gi=g1+gt+g3-95, Gr=0a+9s
Gr =01 — 03 and Gg = §p + J3.

Decay modes A(Tg > Tyt er)

B X ¢te G

2~ A7 tes (G1+2G,)/V6

2 - x0eres (Gy +2G,4)/V2

AY = " —[(G) +2Gy) + (Cy +2G,) = (G2 = Gy)]/ V6
0 = nttes —(G, - Gp)/V2

>t — pfte- —(G, + Gp)

—

W-exchange transitions do not contribute to the = —
Y /t¢ and B - A%/t~ decays. Therefore, 2~ —
¢t~ and E° — A%/~ decays could be used to
explore the LD contributions. Other decay amplitudes
contained both Gy, and GA,B could proceed from the
LD contributions and the W-exchange contributions.
Only two branching ratios of Z° — A%*e™ and =+ —
putu~ decays have been measured at present, which are
listed in the second column of Table X. We may constrain
|G, +2G,| and |G, + G| from the experimental data of
B(E® - A*te™) and B(Z* — putu~), respectively, and

we obtain that % ~12. B(Zt - pete”

by using the constrained |G, + Gg|,

) is obtained

B(Z* = pete™) = (1.601)47) x 1077, (30)
which is 1 order smaller than its experimental upper limits
B(Zt — pete™) <7 x 107 at the 90% confidence level
[44] and is also smaller than its SM predictions with the
single-quark transition LD contributions, 9.1 x 107 <
B(Zt — pete™) £10.1 x 107 in Ref. [30].

It is difficult to estimate which term gives the main
contribution among G, G,, G4, and Gz now. Nevertheless,
the LD contributions noted by G;, can not been entirely
ignored via the experimental measurement of =’
A%*¢~. So we will give the following discussions.

(i) If only considering the single-quark transition con-

tributions, i.e., G4, = Gz = 0, one obtains | +2|~
12; i.e., G; = 10G, or —14G,. After 1gnor1ng the
small G, terms in G| + 2G, and 2G| + G,, one gets
all branching ratios of relevant Ty — T¢£ "¢~ weak

decays in S; case, which are given in the last column
of Table X.

—

i ; |G142G,| ., 1Gi| icti
(i) If |G| > |G, IGIQ+G:| = \G,l,\ ~ 12, the predictions
of B(E= - X ete), B(E® - Ate), B(X? —

nete™), B(XT — pete”), B(Z® - nutu~), and
B(Zt — pu'p~) are the same as given in Table X.
Nevertheless, B(E — 0/ ¢#~) and B(A® — nf+£7)
can not be predicted in this case.

(iii) In the case of Gy~ G,, the predicted results are
similar to above ones with |Gg|> |G,| except
B - ntte) = 0.

(iv) If Gy ~ —G,, i.e., the contributions between G, and
Gp are largely canceled in G, + Gy term, the
situations are complex, which is beyond the scope
of this paper.

All predicted branching ratios except B(Z? — ne*e~) and
B(Z — nutp~) in above first three cases are on the order
of O(1078-107°), some of them might be observed by
BESIII and Belle-II experiments in the near future. The
measurement of B(E~ — - eTe™) and B(E® — X0ete™)
in the future could further help us to understand the
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TABLE X. Branching ratios of Ty — T(£ "¢~ decays within 1o theoretical error in the S, case.

Decay modes

Experimental data [44]

Our predictions without G, 5 in S,

B(E~ — Z7ete™)(x107°)
B(E° = Ale*e™)(x1076) 7.6 +0.6
B(E? - Z0etem)(x1079)

B(A® = nete)(x1077)

B(Z? - nete™)(x10717)

B(Zt - pete)(x1077) <70

B(ZO = ) (x10717)

B(EV = putpm)(x107%) 24575

249°03)
7.6 £0.6
2.05+0.17
2. 06:2 fg
7.61%%‘
1.60% 45
1.22f01;7jz
24014

LD contributions and the W-exchange contributions,
respectively.

IV. SUMMARY

Semileptonic baryon decays induced by flavor changing
neutral current transitions play very important roles in
testing the SM and probing new physics. We have studied
the semileptonic decays of baryons with 1 spin via the
single-quark transitions b — s/d¢"¢~, ¢ > uf*¢~, and
s = d¢T ¢~ as well as relevant W-exchange transitions by
using the SU(3) flavor symmetry, which is a powerful tool
to test the physics and to connect the physical quantities
without knowing the underlying dynamics. Our main
results can be summarized as follows.

(i) Ty3 = Tt ¢ decays: Decay A — Z0¢£~ is not
allowed by the SU(3) irreducible representation
approach, and all other 21 decay amplitudes of
the T,z — T3¢~ decay modes via the b —
s/d¢T ¢~ transitions could be related by only one
SU(3) flavor symmetry parameter, which could be
constrained by the present experimental data of
B(AY — A% *u~). Using the constrained parameter,
we have predicted the not-yet-measured observables
in the whole ¢ region and in different ¢> bins within
the S; and S, cases. The predicted branching ratios
are on the order of O(1078-107%), many of them
are obtained for the first time, and some of them
could be reached by the LHCb or Belle-II experi-
ments. The longitudinal polarization fractions and
the leptonic forward-backward asymmetries of
all T3 — T "¢~ decays are very similar to each
other in certain ¢> bins by the SU(3) flavor sym-
metry. The predictions of (f1)(A) = A% )55,
and (A%p)(A) = A% u™) 550 are agreeable with

their experimental data within 1.5¢ and lo error
ranges, respectively.

T, — Tg¢T¢~ decays: T3 — T ¢~ decays are
quite different from T,; — T ¢~ decays, since
the former may receive both the single-quark ¢ —
u¢* ¢~ transition contributions and the W-exchange
contributions. After ignoring the Wilson coefficient
suppressed H(15) terms, all decay amplitudes of
T.; — T "¢~ have been related by two SU(3)
flavor symmetry parameters. Using the 90% exper-
imental upper limit of B(Al — putu~), we have
obtained the upper limit predictions of the not-
yet-measured B(T.; — TgZ"¢~) by considering
only one kind of dominant contributions from
either single-quark transition LD contributions or
the W-exchange contributions.

Ty — Ty ¢~ decays: Decays Ty — T/ ¢~ are
more complicated than both T,; — Tg/ "¢~ and
T — T3¢~ ones, since the quarks are anti
symmetric in both the initial states 7'y and the final
states 7. We have predicted B(X* — pe™e™) in the
S, case. Moreover, we have analyzed the single-
quark transition LD contributions and the W-exchange
contributions, and found that B(E~ — X ete),
B(E" - % "e™), and B(A? — nete™) are on the
order of O(107°-107%) in most cases except
G B~ —Gz.

According to our predictions, many results in this work can
be tested by the experiments at BESIII, LHCb, and Belle-I1.
And these results can be used to test SU(3) flavor symmetry
approach in T3 353 — T ¢~ by the future experiments.
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