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Abstract In this work, we analyze the semileptonic decay
processes of A, — A, in the light-cone sum rule approach.
In order to calculate the form factors of the A, baryon tran-
sition matrix element, we use the light-cone distribution
amplitudes of A, obtained from the QCD sum rule in the
heavy quark effective field theory framework. With the cal-
culation of the six form factors of the A, — A, transi-
tion matrix element, the differential decay widths of Ag —
Aj(’ﬁg (€ = e, 1, t)andtheir absolute branching fractions
are obtained. Additionally, the ratio of R(A}) = Br(Ag —
AFTV)/Br(A) — AfpTv,) is also obtained in this
work. Our results are in accord with the newest experimental
result and other theoretical calculations and predictions.

1 Introduction

Semileptonic decays of A, to A, baryons provide a good
way to study and determine the CKM matrix element |V,p|.
In most cases, the CKM matrix element |V,p| is extracted
from the B to D meson semileptonic decay processes. Com-
pared with different methods and models, there is a small
difference in the value of | V., |. Meanwhile, theoretical anal-
ysis and experimental measurements of the ratio R(A) =
Br(A) — AFt=v,)/Br(A) — Afpu~v,)alsogiveagood
test of the Standard Model and lepton universality.
Experimentally, LHCb reported their measurement of the
branching fractions of semileptonic decay A, to A, with
tau lepton final state with a significance of 6.10 recently
[1]. They gave the branching fraction of the semi-tauonic
decay A) — Aft v, Br(A) — AFt ;) = (1.50 +
0.1647qr & 0.255y5; &= 0.23)%. At the same time, the experi-
mental test also gave the ratio of branching fractions of the
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processes A) — AFt~v; and A) — AFp~v,, which is
R(A) = Br(A) — Aft7v)/Br(A) — Afu™v,) =
(0.242 £ 0.026 £ 0.040 % 0.059), with the last uncertainty
coming from the errors of measurement of Ag - Afuv,
branching fraction. In the early experiments, the DELPHI
and CDF collaborations reported the branching fractions
of the semileptonic decay Ag — AF€ v, (¢ stands for
electron and muon) Br(Ag — ATeV) = 5.0% and
Br(AY — AFevy)/Br(A) — Afn~) = 16.6, respec-
tively [2,3]. With the ratio R(Aj) analyzed within the Stan-
dard Model, the early measurement of semileptonic decay
of AY to AS with electron and muon final states gave the
branching fraction of Ag — ATt 7, around two percent.
Because of the poor experimental data of these processes,
the newest observation and measurement also provided the
material for testing the Standard Model by the ratio R(A]).

Theoretically, some methods have been used to calculate
and analyze the processes Ag — A€ vy, such as QCD
sum rules [4-6], light-front quark model [7-10], lattice QCD
[11,12], heavy quark effective theory [5,13, 14], relativistic
quark model [15], covariant confined quark model [16,17],
Hypercentral constituent quark model [18] and the analysis
in searching for new physics [19,20] etc.. They calculated
the branching fractions at some regions, and the results were
consistent with experimental values. But with the analysis of
tau lepton’s final state semileptonic decay, some references
gave bigger results than the newest experiment or gave a large
error. Besides, the Standard Model also gave a prediction of
the ratio of branching fractions R(A[), and the difference
between experimental results and the values of the Standard
Model predicted can be used to test the Standard Model or
discover new physics beyond the Standard Model [21-25].
Based on these considerations, the reanalysis of the processes
Ag — AT €7V is needed and important.

With the light-cone distribution amplitudes of Aj; devel-
oped from B-meson light-cone distribution amplitudes [26—
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28], the light-cone sum rule approach is used in this article to
calculate the correlation function of heavy baryon transition
and study the properties of hadronic decay. Light-cone sum
rule is a fruitful hybrid of the SVZ technique [29-31] and
the theory of hard exclusive process [32,33]. The basic idea
of this approach is to expand the time-ordered products of
hadrons and weak currents near the light-cone x> = 0. The
method provides a powerful tool in the calculation of baryon
transition form factors. With form factors calculated by the
light-cone sum rule method, one can obtain the decay proper-
ties of hadrons. In this work, the method is used to calculate
the form factors of the A, — A, transition. In the procedure
to obtain the decay width and branching fractions of semilep-
tonic decay Ag — Aj‘é_w(ﬂ = e, W, T) processes, we
combine these form factors and the helicity form of differen-
tial decay width to obtain the decay properties of these pro-
cesses. In order to compare the ratio of branching fractions
R(AT) = Br(A) — Aft=v,)/Br(A) — Afp=v,) pre-
dicted by the Standard Model and measured by experiments,
’R(Aj) is also given in this work.

The article is arranged as follows: Sect. 2 is the basic
framework of the light-cone sum rule of the semileptonic
decay Ag — AT 7y, in which the light-cone distribution
amplitudes of bottom baryon A, are listed and the six form
factors of weak transition A, — A, are given by the light-
cone sum rule. Numerical analysis and the physical results
of the A, — A, processes with two types of interpolating
currents of A, states are given in Sect. 3. Section 4 are the
conclusions and discussions.

2 Light-cone sum rules of A; — A, semileptonic decays

Before the theoretical analysis, one should convince oneself
that the light-cone sum rule approach is valid for the physical
process of bottom baryon for charm baryon decay. Similar to
the light-cone sum rule analysis of B — D™ transition form
factors, one expands the correlation function near the light-
cone with the finite charm quark mass and with the light-cone
dominance region of the interpolating charm baryon states
momentum p and momentum transfer g. With the same dis-
cussion as that in reference [34] and the applications in ref-
erences [35—40], the light-cone sum rule approach is used in
this work to calculate the A) — AF€~v, processes. This
approach employs a vacuum to an on-shell state correlation
function and it is different from the conventional SVZ sum
rule which is vacuum-to-vacuum. The other difference is that,
in light-cone sum rule one expands the field operator prod-
uct near the light-cone x> = 0 with a series of light-cone
distribution amplitudes, while in the conventional SVZ sum
rule one expands the field operator product near the position
x = 0 with a series of vacuum condensate operators. It gives
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us an easy way to calculate the form factors that appear in the
three-point correlation function in the QCD sum rule method.

2.1 The basic framework of the semileptonic decay
processes

The light-cone sum rule starts with the hadronic correla-
tion function sandwiching the time-ordered product of the
final hadronic current and weak current between vacuum and
hadronic state, and the correlation function can be expressed
as

Tu(p,q) =i/d4xei”'x(0|7{jAc(x),ju(O)}IAb(P+q)), ey

where p is the four-momentum of A, and g is the momentum
transfer. The interpolating current of heavy baryon A had
been discussed in [41-45]. There are two types of interpo-
lating currents of A, in QCD sum rules, and they are given
by

Jh, () = €ijilu'” (x)Cysd! (x)1c* (x). 2
and
i, @) = ejrlu'T () Cysyd! )]y Yk (x). 3)

Both two choices of interpolating current can construct the
light-cone sum rules of baryon decay. In the main text, we
take the current type j[lxc as an example to construct the light-
cone sum rules of A) — A} ¢~V processes. The alternative
interpolating current version jzzxc can be obtained through
the same procedures, and they are given in the appendix. The
weak decay current of b — cis

Ju(0) =0y, (1 — y5)b(0). “

In the light-cone sum rule approach, the correlation func-
tion can be derived at the hadronic and quark levels respec-
tively. On the hadronic level, the correlation function can
be parameterized by inserting a complete series of hadronic
states with the same quantum number as the A, state,

fd“p D 1AL PN AL = 1. ©)

where the index i contains all states with the same quantum
numbers of A,.

On the hadronic level, the correlation function can be rep-
resented as

Oy 1A (PN AP jul Ab(p + q)

Tu(p,q) =
n Mf‘c _ p2
(OljﬁxzfIA?(p)HAZ‘(p)IquAb(p+q)
+ e
Ar TP
4+ (6)
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i = 1, 2 corresponds to two types of interpolating current j /116
and jzzx(r The correlation function on the hadronic level con-
tains both the contributions of positive and negative parity
interpolating states A, and A% baryons. (0|js.|Ac(p)) =
fa.ua.(p) is the transition matrix element for the quan-
tum number (1/2)* A, baryon, and (0]ja:|A%(p)) =
Sfaxysuax(p) is for the quantum number (1/2)~ A baryon.
fa, and fA; are the decay constants, u 4, (p) and upx are
the spinors of A. and A}, respectively. The ellipsis in
the righthand side of the correlation function represents all
the contributions of excited and continuum states with the
same quantum number of A.. The transition matrix element
(Ac(P)]julAp(p + q)) can be parameterized by six form
factors dependent on momentum transfer square g2, and it’s
given by

(AP (p, s jul Ap(p + g, 52))

), 2
=17, (p, 51) [yuff*)(q2)+ fZM(” oung"

Ap

(), 2
f3 @)
+ 3—61“ ua,(p+q,s)

My,
(), 2
_ q”)
— U 40 (PsS1) | Vg ™) (g2 )+1—0wq”
C Ah
25
+ qu | vsua,(p+4q,s2). N
My,

On the QCD level, by contracting the charm quark, the
correlation function can be written as

Tu(p.q) =i / d*x P OT 1, (), Jn O} Ap(p + )

y / d* 2" (Cy5)ap Sor (1 (1 = y5)]ey

x (Oleijrull ()] ()BEO) Ap(p + ). (8)

where C is the charge conjugation matrix, and S(x) is the
free charm quark propagator.

The light-cone distribution amplitude of A, baryon
(Oleapetl” (1)} (x)bS, (0)] Ap(p +q)) has been investigated
in [26] and used in the analysis of heavy baryon decay in
[46—48]. We should notice that the light-cone distribution
amplitudes are obtained in the heavy quark effective theory
framework. And in reference [26], the light-cone distribu-
tion amplitude (0|eabcu§T (x)dg (x)b; O Ap(p+q)) isrep-
resented by (OleabcugT (x)dg (x)b)c, (0)|Ap(v)). Considering
the heavy quark effective theory on both the hadronic and
QCD level, the direct replacement |Ap(p + q)) — | Ap(v))
can be made safely. Therefore, the four-momentum of A,
will be p + g = M 4, v with the on-shell condition.

Atthe quark level of the correlation function, the transition
matrix element €; j (0]ull (x)dj (0B (0)[Ap(v)) is

ROl (1) n)dé (an)hf, (0)| Ap(v))

1
=3 D11, ) @ysC)aptt ayy (v)
f(”wg (11, 12) (75 C)apit ayy (V)

1
8 g (11, ) (0 Y5 C)apit 4y (v)
+< fﬁ)%m 2) Y5 C)apit pyy (V), ©9)
where n;,, n,, and oz, are
Xy _ Xy

n,=—, n, =2v, —
Fmyoxr H Bovx’

Onin = oypitn®.

The distribution amplitudes which have been given in [26]
are

e} 1 o
i1, 12) = / wdo / due™ @D G ), (10)
0 0

withu =1 — u, t;n = x;, and

U (w, u) = o*u(l — u)[izle—w/éo
€
+arCyQu — 1)i4e—‘“/ﬂ], (11
€
Vi (o, u) = %e*‘“/“, (12)
3
VS (1) = 23 ~Qu— he/a, (13)
Ap
Ua(w, u) = SN~ dse™ " (s — w/2)3. (14)
w/2

These parameters in the four light-cone distribution ampli-
tudes are €y = 200“” MeV, € = 650+§(5)8 MeV, €3 = 230
MeV and a; = 0.333t8 220.¢5"*(2u — 1) is the Gegenbauer
polynomial. Other parameters and expressions and reliable
regions, such as sé‘ b and t can be found in reference [26].

The N in ¥4 (w, u) is
S0

N:/ dss’e™/T. (15)
0

Except for the above four light-cone distribution ampli-
tudes, another definition will be useful in the following light-
cone sum rules calculation in the j/2‘r interpolating current
framework,

Ui, u) = fw dttv(z, u). (16)
0
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where &i (t, u) correspond to light-cone distribution ampli-
tudes (11)—(14).

2.2 Form factors of A, — A, transition

In order to calculate the decay widths and branching ratios
of semileptonic decay Ag — A€V, the information of
six form factors f; and g; (i = 1, 2, 3) should be known. It
is known that the QCD sum rule method contains both the
positive and negative parity contribution of ground states A,
baryons with spin-1/2. To avoid the hidden uncertainty from
the contribution of negative parity baryon A%, the scheme
developed in [49] which was used in QCD sum rules for
nucleon and applied to light-cone sum rules for heavy baryon
in [50] is taken into account. By substituting A, decay matrix
element and A, — A, transition matrix elements (7) of both
positive and negative parity baryon A, and A¥ to Eq. (6), and
using the relations ) Uy (p, S)EAE.*) (p.s)=p+ MAE-*)’
the representation of correlation function on the hadronic
level with the contribution both A. and A} can be expressed
as

Tulp.q) = — 2 {2MA,,f1v,t - [(MAb — M) fi
A~
M3, — M3 Ma, +M
e r— 24, T A _
MA,, fz]m [ My, (f2+ 13) 2f1]qu
My, + My, ) 1
-2 | —=bL @ ‘c _ 4 —
foug ( My, 2= 11 )vud My, (f2

= 3)qud —2Mp, 8100 Y5 — [(MAb +Mp g

M3, — M; Ma, — M
Ap Ac Ap A
+ 782])’ Y5 + [7(g2+g3)
My, " My,
My, — My,
+2g1 |quys +282vudys — | 81+ i 82 |Yudvs
Ap
1
- Mi(gz —83)qudys (ua, )
Ap
fax X %
+272 _2MAbf1 UM-F (MAb+MAZk,)f1
MA? —-p
M3, - M5 Mp, —Mps
+7”f})/ +[ (7 +/f3)
My, 2 |Yu My, 2 3
Mpx — My
+2ffk]‘1u_2fz*vu¢+(M7bf fl)VMi
Ap

1
+ W('f; — [apgd +2Mp, gvuys + [(MAb — Ma»)gT
b
2 2
My - M3
M 5

9 P LI
5 46 T e

2|7 MA;,

My, +MA§

My

+ (&5 + &%)

b

- Zgﬂms +2g5vugys + (gT - gi)mflys

b
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l * *
—m(gz—83)QMQV5}MAb(U)+“' . (17

Substituting the light-cone distribution amplitudes of A; Eq.
(9) into the correlation function Eq. (8), the expression on
the QCD level is obtained as

(1

Ia,
d d
/ w w/ ulp;(a) U)———————= —wv)z—m%

x [2(M p, — @)vp + Yud — ZqM —(My, —w
—me)yu —2(Mp, — @) vuys — Yudvs +2qu7s
- (MAb _a)+mc)V,uVS]MAb(U)- (18)

Tu(p,.q) =

Comparing with the same coeffecients of Lorentz struc-
tures I” = {vy, Y, qu- Vg, Yud» 94} and I"ys on both the
hadronic and QCD levels, one can substract and eliminate
the contributions of negative parity baryon Aj(%)* in the
light-cone sum rules by solving the linear equations of form
factors. Thereafter, one can make a standard light-cone sum
rule calculation, and a Borel transformation to suppress both
the higher twist and continuum contributions

00 . 00 . —s/M>%
/ do— P | _/ dGM, (19)
0 (p—ov)?—m? 0 o

where 0 = w/M,, and 0 = 1 — 0. We should also notice
that in the heavy quark effective theory the decay constant
of A, and A, has no difference, which has been discussed
in reference [5]. With the quark-hadron duality assumption,
after making the light-cone sum rule calculation procedure,
and excluding the negative paity A contribution, one has
the relations of form factors fi(g?) = g1(¢?) and f2(g?) =
f3(q*) = g2(¢*) = g3(¢*). Form factors fi(g?) and f2(¢?)
can be expressed as

) 1 0 aM}lh (me —oMa, + Max)
filg7) = | du do pe= X
0 o (M, + May)

MA 75)/M[23 (20)

ZM% wg(w u) (M2 —v)/M2
a4
O'(MAL + Max)

X Y3 (o, u)el

falgh) = - /du/

The parameter M p is the Borel mass and the extra parameters
introduced in the above equations are defined as

2D

m? —oq?

=oM% < "7 22
s=0Mpy, + = (22)
(s0 + M3, —q%)
oy = T Aa2
2MAb
o+ M3, =22 =403 (59— m2)

)

M3,
(23)
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Table 1 Masses of heavy baryons, quarks and leptons

Parameters PDG values

My, 5.6196 GeV

My, 2.28646 GeV

M px 2.59225 GeV

me (1.67 £0.07) GeV [16,51]
e 0.511 MeV

my 105.66 MeV

my 1.77686 GeV

here sp is the threshold of A, baryon. One can notice that
the mass of A enters the sum rules through the practice of
eliminating the contribution of negative parity baryon A%.

3 Numerical analysis

The input parameters in the numerical analysis, such as the
mass of heavy baryons and leptons, are adopted from PDG
[51] and listed in Table 1. The heavy charm quark mass m,
adopted in this work is the pole mass. Since the pole mass
is a gauge-invariant, infrared finite, and renormalization-
scheme-independent quantity [52]. The pole mass of charm
quark m. = (1.6740.07) GeV corresponds to the M S mass
m. = (1.27 £0.02) GeV in PDG, and the relations between
MS and pole mass can be found in [51,53].

With these parameters and equations of form factors, one
can calculate the semileptonic decay process. One consid-
ers the threshold so of A, set to be larger than the ground
states baryon A, and A¥ mass, but lower than the excited
states baryon A, mass. So, we set so = (M, + A)2,
A = (0.40+0.05) GeV. The Borel parameter Mp is set to the
interval where the form factors have a stable region with M 2
and should also suppress the contribution of excited and con-
tinuum states of final baryon A, and the higher twist of the
initial baryon Aj light-cone distribution amplitudes. With
these requirements, the Borel parameter Mp is chosen as
M é = (842) GeV?. The form factors relying on the momen-
tum transfer square ¢ are calculated with the current jzle. and
jzzxc respectively based on the above considerations. With the
threshold (M 4, +0.35)> GeV? < 5o < (M4, +0.45)? GeV?,
and Borel parameters M é 6GeV? < MZB <10 GeV? respec-
tively, form factors Fj(g?) with the interpolating current
Jjh atg® = 0GeV? are £1(0) = g1(0) = 0.534700%.
£O) = f30) = 2000 = g3(0) = —(0.0547551D), the
errors come from the uncertainties of input parameters and
the regions of Borel parameters Mp and threshold sg.

As discussed in reference [54] and our numerical analysis,
the light-cone sum rule is not applicable to the whole physical
region m% < q2 < My, — MAC)Z. In this work, the only

applicable region of g2 is 0 GeV? < ¢> < 2.5 GeV?, as
shown in Fig. 1. For the whole physical regions, we should
extrapolate the form factors obtained by the light-cone sum
rule from the light-cone sum rule applicable region to the
whole physical region through a fitting formula. In this work,
the following general “z-expansion” formula is used to fit
the form factors and extrapolate them to the whole physical
region [55].

F; (O
Fi(gh) = —()2{1 + bilz(g*, t0) — 2(0, 10)]
1- -4
MBC
+ balz(q?, 10)* — z(0, 10)*1}, (24)
where

R e )
Vis —q* + iy =T

2(¢%, 1) (25)

and

ty = (Ma, + Ms )%,
to=(Ma, +Ma,) - (/Ma, —/Ma,)>. (26)

Mp. = 6.27447 GeV is the mass of B, meson [51]. F;(0) is
the form factor at > = 0 GeV?2.

With the fitting formula and the data of form factors at
q2 = 0 GeV? and the interval 0 < q2 < 2.5 GeV2, the fit-
ting parameters of form factors F; (¢2) with the interpolating
current type j[]‘( can be obtained and are listed in Table 2.

To obtain the branching fractions of semileptonic decays
of Ag to A, one should know the lifetime or partial decay
width of Ag. The lifetime of A, baryon is adopted from PDG,
with 74, = (1.471£0.009) ps. The helicity amplitude forms
of semileptonic decay widths are used in these processes [56].
One has the following equation of differential decay width

written as two polarized decay widths
dr dr, dr

o _fL Yt (27)
dq*> dq*>  dq?

where I and I'7 are longitudinally and transversely polar-
ized decay widths, respectively. The total decay width is

(Mg, —Ma4,)? ,dr
I = dg”—=, 28
/mz T (28)

1

where

dry  G}\VepPq>p(1 —m})?
dq? 3843 M7,

[@+ipHy P

HH_y oD+ 3P (Hy P+ IH oy D] 9
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0.53F" [ - Mg=10Gev? ]
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qz(GeVZ)

Fig. 1 The form factors of fi(¢2) and f>(¢%) depend on the momentum transfer g2 with the values m. = 1.67 GeV, sg = (M A+ 0.4)% GeV?
at Mﬁ =6 GeV?, M% =8 GeV? and MI%, = 10 GeV? with each form factor of the current type j}lc

dlr  GulVe*q*p(1 —m})* 2 + ) <| H, 2
dq? 3843 M3, 2!
HH |2) . (30)

In the above equations, p = /01 0_/2My,, 0+ =
(My, £ Mp,)? — g2, and ity = my/\/q2, in which m; is
the mass of lepton (e, w or ). The relevant expressions of
the helicity connected with form factors are given by

VO q
Hi\ = v [<MA,, +Ma) f1(@?) — 7 fz(qz)} :
(31)
M My,
HY =iy20- [—fl(qz) + Mfz(qz)], (32)
2 My,
/Oy 2
Hi, = —ZT; [(MAb — Ma)gi(q?) + AZA;, gz(qz)] :
(33)
My, — M
H{ =iJ20; [—guq% - %gz(qz)} . G4
2’ b
o 2
H%V,r - _i% [(MAh — M) filg) + A;]—Abf3(612):| .
(35)
Hp =i [(MA +Ma)gi1(a?) — ch g%(ff)]
N JP b c My, .
(36)

The negative helicity amplitudes can be obtained through the
positive helicity amplitudes as

\%4 _ \4
H—)L,—)LW - HA,,A.W ’

HA, ., =—HA, . (37)

A and Aw are the polarizations of the final A, baryon and
W-Boson, respectively.
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Table2 Fitting parameters of form factors F; (¢) with the interpolating
current type j/I\L.’ with the errors coming from the uncertainties of input
parameters, Borel parameters M p and threshold s¢

Fi(g%) Fi(0) by by
A0S s et
0o —0.0541001 —11.474133% 3493413008

Table 3 The decay widths I” (A2 — AfZ*W), branching fractions
Br(Ag — Aj'E‘W) and ratios I'1, /'t of current type j/lh

A) — ATV, I'(x1074GeV) Br(%) Iu/Ir

A) > Afe T, 2.60703; 5811 1796100

A) > ATpv, 259003 579115 179470033
—_ 0.13 0.28 0.013

A) - ATV, 0717013 1.59%03 147810051

With the V — A current, the total helicity amplitudes are
expressed as

Hj sy = HY,  — H, . (38)

One substitutes the form factors of weak decay A, — A,
into the helicity form of decay widths, uses these basic param-
eters provided by PDG, and considers the CKM matrix ele-
ment |V = (41.0 £ 1.4) x 1073 [51], then integrates
the momentum transfer square g2 on the whole physical
region. Therefore, the information on decay widths I” (Ag —
Ajﬁ’ﬁg) and the ratios 'y, /'t can be known. The absolute
branching ratios Br(Ag — Ajﬂfig) can be calculated with
the lifetime of A, baryon and results are listed in Table 3. To
compare our results with other works, the unit second inverse
isused and listed in Table 4. The pictures of differential decay
widths of Ag — AF¢~ v, with current j /11E at central values
of parameters are shown in Fig. 2.

Turn to another case of A, interpolating current jﬁv x) =
€ijrlu'T (X)Cysyud/ (x)]y ek (x). By using the same proce-
dures as those for the current type j}XC with the same param-
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Table 4 The decay widths and branching fractions compared with other models. The first and second values in the I" and Br columns of
Ag — AT L7V, stand for the Ag — Afe v, and Ag — AF vy, respectively. All the data listed are the central values

References Decay widths I"(x 1010 s—1y Branching fractions (x 1072)
I(A) — ATLV)) ) - Aftvy) Br(A) — Afe7vy) Br(A) — Aft7v;)

LHCb [1] - - - 1.50
DELPHI [2] - - 5.0 -
CDF [3] - - 7.3 2.0
[5] 54 - - -

[6] 3.52 1.12 6.04 1.87
(7] - - 62,63 -

[8] - - 5.59,5.57 1.54
[9] 5.0,7.7 - - -
[10] - - 6.47, 6.45 1.97
[11] 3.61 1.2 - -
[15] 4.42.4.41 1.39 6.48, 6.46 2.03
[16] - - 6.9 2.0
[18] 4.11 - 6.04 -
[21] - - 5.34 1.78
[57] 5.9 - - -
[58] 5.1 - - -
[43] 5.39 - - -
[59] 6.09 - - -
[60] 5.01,7.61,2.73 - -

[61] - - 63 _
[62] 5.82 - - -
[63] 5.02,5.64 - 6.2,6.9 -
[64] 450 - 6.61 -
This work j/lxc 3.95,3.94 1.08 5.81,5.79 1.59
This work jfx(. 4.60, 4.57 1.09 6.76, 6.73 1.61
o T 25 T2

% 251 % % 10

€] o 2 &}

T T s T8

=1 s S 6f

X X 1 X

« « «~ 4

g5 Sos <,

| [ (=)

-] = 07‘ ‘ ‘ ‘ ‘ ‘ = 0 ‘ ‘ ‘ ‘

0 2 4 6 8 10 0 2 4 6 8 10 4 6 8 10
q* (GeV?) 4% (GeV?) 4% (GeV?)

Fig. 2 Differential decay widths of the current type j/lll‘ of lepton final state with electron (left), muon (middle), and tau (right) respectively. The
figures are plotted at the central values m, = 1.67 GeV2, 5o = (My, + 0.4)2 GeV? and Mé =8 GeV?

eters as those in the above analysis, and then obtains the
same relations of form factors f(g?) = g1(q?), f>(¢?) =
f3(q2) = gg(qz) = g3(q2) as well as that in the case
of j/l\C. Setting the same threshold sy and the Borel mass
M% as in the case of j /1‘0, form factors with the interpo-
lating current type j%c at g> = 0 GeV? give the values

f100) = g1(0) = 0.6447035, £(0) = f3(0) = £2(0) =

g3(0) = —0.1001‘8:825, where the uncertainties contain the
errors of input parameters, thresholds, and Borel parame-
ters. Using the helicity amplitudes form of decay width,
the decay widths I” (Ag — A}€7vy), branching fractions
Br(AY — Af¢7vy), and the ratios I, /I'r within the inter-
polating current jic can be obtained and they are shown in
Table 5.

@ Springer
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Table 5 The decay widths I“(Ag — Ajsz)’ branching fractions
Br(AY) — AT€~v) and ratios I /I of current type ]-12‘(:

A) — AfeY, I'(x10~14GeV) Br(%) Iy /Iy

AY) = Afe T, 3.03%030 6.7613%  2.073701%9
A) > Atpv, 301007 6.737288  2.0707515
A) > Aftv, 072003 1617050 1.599100%

The ratio of semileptonic decay branching fractions with
tau lepton final states and light lepton final states R(H,) (H
stands for hadron), in the early experimental measurement
was only reported in the B — D(D*) weak decay. BaBar
collaboration gave their evidence R (D) = (0.440 % 0.058)
and R(D*) = (0.332 + 0.024) [65]. Meanwhile the Stan-
dard Model gave the prediction R(D) = (0.297 £ 0.017)
and R(D*) = (0.252 4 0.003) [66]. It shows that there is
a larger value in the experiment than the Standard Model
prediction, which is R(D*) puzzle. The recent experiment
LHCb reported R(A}) = (0.242 £0.026 £ 0.040 +0.059),
with the last uncertainty from the measurement of branch-
ing fraction uncertainty of the channel A) — A1 "7, and
what they reported in their experiment agrees with the predic-
tion of the Standard Model. In this work, the values of R(Aj)

that we calculate are R(A;F) = (0.2741’8:882) with the A,

interpolating current type j}h, and R(A}) = 0.239J_r8:8;(1)

with the A, interpolating current type j/21L.’ which are also
consistent with the recent experimental report and the pre-
diction of the Standard Model. The comparison of the results
in our works with other models and experiments’ is displayed
in Table 6.

4 Conclusions and discussions

In the light-cone sum rules approach, the six transition form
factors of A, — A, weak decay are calculated with the
Ap baryon light-cone distribution amplitudes. In the cal-
culations, we use two types of A, interpolating currents
j/]‘( and jf‘r, and give the relations of these form factors
fi@» = g1(g?), %) = f@%) = g2 = g(g?)
for both types of A, interpolating current j /1‘(. and j/21(.~ The
values of six form factors at g> = 0 GeV? obtained by

the light-cone sum rule with A, baryon distribution ampli-
tudes give that f1(0) = g1(0) = 0.533700%, £(0) =
£0) = £(0) = g3(0) = (—0.05475017) with inter-
polating current j/]h and f1(0) = g1(0) = 0.6441“8:%;;,
£0) = £0) = £0) = g30) = —0.100577% with
interpolating current j%c, which are all in accordance with
the results in other methods and models’ and have similar
results to heavy quark effective theory analysis [13]. When
these form factors are combined with the helicity amplitudes
to calculate the differential decay widths and branching frac-
tions of heavy baryon semileptonic decay Ag — AV,
the results in our work are in agreement with those in other
theoretical models and experimental reports.

The uncertainties of form factors and decay rates with
interpolating current j/lxﬂ are small, they present a good accu-
racy result of A, decay. However, considering the J'/zxr type
interpolating current, the uncertainties become larger. This is
because the uncertainty of the input parameter of A, baryon
light-cone distribution amplitudes €( has a big influence on
the form factors while the other input parameters only have a
small influence on the form factors and the decay properties
of Ag — AT€ v, Taking the large uncertainties caused
by the interpolating current type J'/zxc in the branching frac-
tions and the comparision with form factors calculated in
other models introduced in the introduction into considera-
tion, choosing j /110 type interpolating current may be prefer-
able.

Testing the ratio of branching fractions R(Aj) of tau
lepton and light lepton final states, provides an excellent
way to test the Standard Model. The difference between the
experiment and the Standard Model may imply that new
physics beyond the Standard Model can be found. How-
ever, there are still some uncertainties about the semilep-
tonic decay processes A, — A Lv,. Fortunately, the recent
LHCb result is consistent with the Standard Model under
the uncertainty of the measurement of branching fraction
Br(Ag — Afup~7v,). Even so, more precise experiments
and theoretical analysis should be conducted to explore
whether there is new physics beyond Standard Model.

Table 6 Ratios of branching fractions R(A;r) compared with others’ work with the central values

References Exp. [1] [6] [8] [11]

[13,67] [15]

[6] (91 21 24 681  ji 3

R(AT) 0.242 0.31 0.28 0.333 0.324

0.313

0.294 0.29 0.33 0.317 0.332 0.274 0.239

@ Springer
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Appendix

Light-cone QCD sum rules of A, — A€y, within the A,
baryon current type jic = €ijr[u'T (X)Cysyud! (x)]y ck(x).
QCD representation of correlation function with current

2

type ju,

(@)

fa,
T.(p,.q) = / du/ du)a)l/fg(a) u) 2 2
(p — wv)
AC -
x [(=oMy, + M me)yYu + 2vud —
Ap
2 2
Ao — 4
+yugd +2mevy — (moMy, + :
My,

+me)yuys — 2vugdys — 2quys + vudys
+ 2mevyyslup, (v)

1 0 3} N
+/ du/ da)/ do o' [P (&, u)
0 0 0

2

- A
- 1//4(60/7 u)]m()@ — YuYs)ua, ()
1 00 13} N
—/ du/ da)/ do o' [P (@, u)
0 0 0
2)
Ap

— Y@ 0] (@M, —oaM3,

[(p — wv)? — m2]?

+ qu —meoMa,)yu +2meo M p, vy — 2meqp

+meyud — (EM%C - UEM%b + oq2
+mcoMp,)yuys — 2meo M a,vuys + 2mequys
—meyugdyslua, (v). (D

As the same procrdure in the current J'/lxc (x), and extract-
ing the contribution of negative parity baryon A, we have
the relations of form factors f; (qz) = gl(qz), fz(qz) =

(6% = g2(4%) = g3(¢).
Form factors f1(¢%) and f>(g?) with the current type j%c
are

2y _ 007 ®
fiah = =3 +MA*f u [ oM M

— My, —me) - GMAh +q* (. 1) + 2[Y (@, u)

— Falw, wy])eMac /My

MAb 1 %0 do
| du — oMy,
(Ma, +Mpx)Mg JO 0 ©
— Mp)me +o@My, —q%) — oM [V, 1)

_ 2 2
— Va(w, wyleMac™)/Mp

Ma L 10, 9%
: / du™ 09 {0 M g — Mg,
+ Mapx Jo o) ¢

+o0@oM3, — %) —ToM3 1[W5 (e, u)

— Y4(wp, M)]e(M%fSO)/M’Z*, 2)

£ =

2o (M ax
My, +MA*/ / U(A

—mc)llfz(w w)eMac /M

(MA +MA*)M / /

— Va(w, w)]eMac/Mi

O‘MAme[I/I2(a) u)

M3 L n(o0.4%) —
+ b / du 1 ooM> m, wo, U
M + Ma: 2 oMy, melyra(wo, u)

— Yy(wo, M)]e(MAc*XO)/Mﬁ 3)

The Borel transformation

oo . O .
/ do pi(o) s / Odoipl (o) efx/M,zg
o [p-ov)?-—mi* Jy 5 Mg

1 2
+ —1(00)pi(o0)e /M5
99
4
is used in the above equations, where
©) o 5)
O) = — —
L ds &My, +m2 — g2

and wyg = ogM 4,,.
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