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Semileptonic decay of E, — E¢ *v, from light-cone QCD sum rules
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Semileptonic decay processes of E. — E£v, are studied by light-cone QCD sum rules in this paper.
The six form factors of Z. — & semileptonic transition matrix elements are calculated by this method with
the light-cone distribution amplitudes of E baryon up to twist six. With the six form factors, the absolute

branching ratios of ) — E~¢*v, and Ef — E°/*u, are calculated by the helicity amplitude formalism of
semileptonic differential decay widths. The ratios of absolute branching ratios of electron and muon final-
state processes give the proof of lepton flavor universality. Our results are in accordance with the recent

experimental and theoretical reports.
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I. INTRODUCTION
Recently, ALICE and Belle reported the measurement of

decay branching ratios of Z) — Z~eTy, semileptonic
decays, respectively. ALICE gave the relative branching
ratio 2 > E~ety, to B - E7xt result T(EY —» E-et,)/
(2 - E77") = 1.38 - 0.14(stat) & 0.22(syst) [1,2]. The
absolute branching ratio of 22 — Z~z* was first measured
by Belle in 2019, with the suggestion value (1.8 4+ 0.50 +
0.14)% [3]. And, the first measurement of the absolute
branching ratio of Ef — E-ztz" was also given by
Belle in 2019 [4]. With the combination of the relative
branching ratio ALICE measured and the absolute branch-
ing ratio of EY — E-z" which Belle measured, the
ALICE Collaboration’s result of decay absolute branch-
ing ratio of 50 — E-e*v, is around 2.48%. The Belle
Collaboration reported the branching ratios of positron final
state B(EY - E-etv,) = (1.31 £ 0.04 +0.07 £ 0.38)%
and muon final state B(E) - E~u'ty,) = (1.27 £0.06 +
0.10£0.37)% [5], and the third uncertainty above
comes from the measurement of absolute branching
ratio of 20 — =z, while the first and second uncertain-
ties are statistical and theoretical. In the early experiments,

ARGUS and CLEO Collaborations gave their measurement
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of relative branching ratio of B(EY - E-e*v,)/B(E? —
E-nt)=096+043+0.18 and 3.1+ 1.05)7 in the
1990s, respectively [6,7], and a review in the 1990s; see
Ref. [8]. Therefore, in the experiment aspect, the semi-
leptonic decay results of =, baryons have a wide range. It is
worth investigating these processes in theoretical and
experimental aspects by further studies.

With the phenomenology models, some articles have
investigated these processes, and still a wide range in these
analyses. In the first lattice QCD calculation recently [9], it
indicated that the semileptonic decay branching ratios of
2. — E are
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This is in accordance with the ALICE results but larger than
the Belle. Many other phenomenology models such as the
light-cone QCD sum-rule method [10-13], SU(3) flavor-
symmetry model [14,15], light-front quark model [16-18],
relativistic quark model [19] and QCD sum rules [20] et al.
give the branching ratio of 2 — E~¢*v, from 1.35% to
(7.26 +2.54)%, and Ef — Z%*v, from 3.387212% to
(11.9 £ 1.3)%. These models also list a wide range of these
processes, so it still leads to a more charming calculation to
pursue.

In this article, we study the E. — E semileptonic decay
with the light-cone QCD sum rules. In our previous works,
the light-cone distribution amplitudes of octet baryon E

Published by the American Physical Society
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have been obtained, and the related parameters of E, and
E obtained from QCD sum rules too [10,11]. With the =
baryon light-cone distribution amplitudes, decuplet baryon
QY — E-¢*v, decay branching ratio have also been given
in the same method [21]. And, other usage on the
calculation of the electromagnetic nucleon form factors
can be found in [22]. Calculation of the form factors of the
weak-decay transition matrix element of heavy baryon to
light baryon makes known the information of heavy baryon
properties, especially the decay branching ratios. Based on
these, the weak semileptonic decays of Z. — E£ v, are
calculated in this work by the method and parameters
mentioned above.

The theoretical framework of this work and the formal-
ism results are presented in Sec. II, and the six form factors
of B, to E transition are calculated by light-cone QCD sum
rules. Numerical analyses of the semileptonic processes are
given in Sec. III. The conclusions are given in Sec. IV.

II. LIGHT-CONE SUM RULES
OF Z, —» E TRANSITION

Light-cone QCD sum rules are developed from the
standard QCD sum rule proposed by Shifman,
Vainshtein, and Zakharov, which is often called SVZ
QCD sum rules [23] and extended to light cone by
Chernyak et al. [24]. They all start with the hadron
correlation function, then parameterized by hadron states
on the hadronic level, and expanded at QCD level by
operator product expansion. The difference is that the
conventional SVZ QCD sum rules make the operator
product expansion at position point x =0 with mass
dimensions, and light-cone QCD sum rules make the
operator product expansion at light-cone (x?> = 0) with
increasing twists (dimension minus spin). The basic
nonperturbative input parameters in conventional SVZ
QCD sum rules are vacuum condensate, while in light-
cone QCD sum rules they are parametrized to light-cone
distribution amplitudes [25,26]. The application of light-
cone QCD sum rules to semileptonic decay of heavy
baryon transition to light baryon with light-cone distri-
bution amplitudes have two versions: one is using the
final heavy-baryon state light-cone distribution ampli-
tudes and another is using the initial heavy baryon’s.
Light-cone QCD sum rules were first used in A, — p£v
with light-baryon distribution amplitude in Ref. [27], and
with the heavy-baryon version was first studied in the
processes A, — p,A semileptonic decay in Ref. [28].
The light-baryon distribution amplitude version is
adopted in the following calculation.

To calculate the decay properties of heavy baryons
one needs to know the decay matrix element. Matrix
element of heavy-baryon decay to light baryon Z, — =
can be parametrized as six form factors by the following
form:

EV(P),IE(p))

() 2 ()¢ 2
P S(q) Sy (4)
Ug )( ){fl (q )yv +1 M_, Ouuq + M,:(*) qv

=
—=c —c

() 2 () 2

9% (¢ ., 9 (@)

Mﬁ(*) 61//4('] + MEE‘*) qv|7s u:(p),
(1)

where f:(q%)/9:(¢*) (i = 1, 2, 3) are the weak decay form
factors, Mz_is the mass of E. baryon, P’ = p — g, p is the
momentum of E, g is the momentum transfer, and uz_ and
ux are the spinors of 2, and =, respectively. It is known that
the negative parity of interpolating baryon makes contri-
butions in the QCD sum rules [29-31]. So, the asterisks
stand for the form factors, spinor and mass of E} baryon
with spin-parity 1~ transition.

In order to obtain the light-cone sum rules of these form
factors, one begins with the two-point correlation function
sandwiched between vacuum and final E baryon state:

- {95*)(612% +i

T,(p.q) =i / dhxe (0|7 =, (0)/, W }E(P)). ()

where the jz (0) and j, (x) are heavy-baryon Z, current and
weak-decay current, respectively. In this study, the loffe-type
current is chosen on the quark level for this computation:

Jz.(x) = eiplsT (x)Cr, ! (x)]rsr*q* (x), (3)

and the weak-decay current is

With the quark-hadron duality, one can parametrize the
correlation function on both hadronic and QCD levels.
Using the completness relation of E.

/ d'PTy_[EL(P))EL(P)] = 1. (5)

where the index i contains all states with the quantum number
of Z.. By using the dispersion relation, one can separate the
=k

lowest states of hadron E.(E}), and the correlation function
can be expressed on the hadronic level by

(Oljz, [E(P')) (B (P')]ju|E(P))
M% —P?

EL(P)NE(P)]jIE(P))
M2, — P2

T,(p.q) =

0jz
N (0] =

4+ (6)

where the ellipsis contains the contribution of high resonance
and continuum states. The baryon to vacuum transition
matrix element is defined by
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(0ljz[Bc(P)) = [z uz (P), (7)

and

(0ljz: |Ee(P)) = fe:vsus: (P), (8)

where fz (fz:) is the decay constant of E (E7) baryon.
The decay constant fz has been calculated in
Refs. [10-12,32,33]; we will adopt the value fz =

0.038 GeV? which is given by [33,34] in the following
|

TP, ) = %fj ,2{[<M M2)f (g

M+M

Mz

e

+ | fi(g

e

)2pqq

———=11(q )) vv4 + 2f1(4%)p,

calculations. The decay constantof f= does notcontribute in
the final sumrules. With the relations of baryon Dirac spinors
u_w (P, s) and summing up the spin

Zu-u (P, )i (P 5) = P!+ Mo, (9)

the hadronic representation of this transition process at the
hadronic level can be expressed as

£+ [P E ) + 1) - 26102
2];;(”6] ) } +fz(‘] )M—:f3(61 )quq

B Ee

2 = = =

-0z + <q>+%:" (@) ors + |5 )+ ) + 200 s

M= 2 2 2\ _ 2
+< }v[ %) - 91(612)>nqy5—291(612)pyr5+ “324(5  poars +W%4Y5}Ma(m

2 Mz + Mz
+W{[<M~—Ma> i) - %m ﬂmﬁ [M—Ezwfz(qu;(qz))
M:* M: 2 fx 2

—2f”f(q2)]qyrs - <%fz( *) - file ))qu}’s +2f1(4%)purs + J;w(j[  poars

f*(qz)—f*(qz) . 2p-q—q* ” Mz — Mz, |
_J2 M:; 3—611,475 + (ME; + Mz) 1(‘12) +7ME; gz(q2) v, + TE(QZ(QZ)
. . Mz - Mz, . . 295(4°
+93(4%) + 291 (612)} 9y~ <T92(C]2) + 91(q2)>7u4 - 2gi(q*)p, — %Pu

where Mz is the mass of Z baryon.

(10)

On the theoretical side, the correlation function will be calculated by contracting the heavy charm quark, and be derived
on the quark level with current quark model. The correlation function can be written as

T,(p.q) =

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

eikuc
S(—x) = i/d“xk_mc.

In the calculation of correlation function, the matrix
element (0]e"/*s%,(0)s](x)g%(0)|uz(p)) can be expressed
with the light-cone distribution amplitudes of octet baryon
2. It has been developed from nucleon distribution

(12)

—i/d4x€iq"‘[C7/,,S(—X)7’u(1 = 75)ae (57" (01755, (0) 2 (x) 14§ (0) [z ().

(11)

|
amplitudes from leading twist to twist six and the explicit
expressions have also been given by our previous works
[10,35-37]. The standard procedure of light-cone QCD
sum rule calculations on the theoretical side gives 12
structures, each of them corresponding to the same struc-
ture of the hadronic side. However, as referred to in the
previous discussion, due to the negative-parity particle
contribution in the sum rules, we should tackle the problem
of the negative parity issue. For the aim to subtract the
negative-parity baryon contribution, we solve the linear
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equations corresponding to the same Lorentz structure to
the hadronic side and QCD side as the same method in [30].
After that, one obtains the six form factors of E. to E
transition matrix element; there will be without the neg-

ative-parity parts, and only the negative-parity baryon =}

To suppress higher twist contribution, the Borel trans-
form operation is made for every form factor on both
hadronic and QCD side. This introduces a Borel parameter
M g in the form factors; it will be discussed in the numerical
analysis section. After making the Borel transformation, the

mass enters the sum rules. form factors can be written as

M2 /M?

ez e
fi(g?) = 2= (M= + M) {Mz+Mz)[(Mz — M )1, ,+ 10, | +2(Mz: — Mz )IT, , + 211, }, (13)

M= eMz./Mj
f2<q2) = 2f’= (;{4: n M:*) {MEHpbq - ME;Hpvq + Hpb - ZHy,q}v (14)
Mz eMé«'/M%
f3(q2) = 2f~ (_]\L/[H + M’“*) {(ME - MEZ)(HPA + anm‘) + Hm + Z(an + qu)}’ (15)
oMz /M5
9(q*) = 2f= (M= + Mz {Mz = Mz,)[(Mz + Mz)1N, 4 =10, ]+ 2(Ms, = Mz)IL, 4 — 210, , . (16)
My M2 /Mi
9:(q%) = 2f (7{4: + Mz {(Mz + M), gy + 200, 4 =11, (17)
MEceMé(./M%

(18)

93(‘12) {M=z+M EZ)(ZHWM + qurs) — 200, — 2M, . — Hm’s}’

© 2f= (Ms, + Mz:)
where these terms of Il in the form factors are the coefficients of the corresponding Lorentz structure

I'= {pw Yvs P> Y45 dvs 04> PuY55 Yu¥55 PudY5, Y4755 40755 qvqYS} on the QCD Side9 and they have been made the Borel
transformation. The general expression of Il in our sum rules is given by

i (e, qz)e_SO/M%’ 1

1da2 _ 2 1 1 _ 2 1da2 2
e == [ 92 )5t o [ 2 g BV [0 e

a0 0 B c 20

1 pias. q*)e™/Mi 1 G (2. 4%) (19)

- EazoM%(agoM% - q*+m?) EQ%OM% - q*+ m

The detailed expressions of p? (i=1, 2, 3) in the
integrands are given in the Appendix.

In the above form factors, the parameter s on the
exponential is

1— 2
s=(1—a)Mi———2 g 4 %c. (20)
(2% ar

The a,, which is related to the threshold s is expressed as

(¢* =50+ M%) + /(4> = 5o+ MZ) —4MZ (> — m2)
M2

A0 =

(21)

d Y
e—S0/M3;
day 0520(0‘%01”% - q2 + m%)

|
a; (i = 1, 2, 3) are the components of quark coordinate. The
relation of «; satisfy 1 = a; + a, + 3.

The light-cone distribution amplitudes used above are
defined as follows:

1-a,

Dolay) = /0 oV, (a),
a 1-a

D1(052):/0 d“’z/o (Vi =Vy=V3)(d),
1-a;

Dz(“z)—A da,Vi(a),

a 1-d,
Difar) = [ " ety [ day(-2v, Vi 4 Vi 203) @),
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a 1-d,
D4(a2):A Zda% * day (V= V3) (@),
a o 1—-a
D5(a2):/ zdo/z/ 2do/2’/ “day (=V,+V,
0 0 0
("),

F V34 Vy+Vs—Vg

a 1-d,
Ex(a) = [“de, [ day (<24 - 5= Ay 1209,
a 1-d)
Eyfa) = [ "y [ des (4= 1) (@),
1- a
s(a) / da/z/ dal dal —A,+ A5
0 0 0
+Ay—As+Ag)(a"),
l-a,
Fo(az)IA doyT\(a),
-
(12 = da’z d(xl T1+T2—2T3)( )

0 0

I , 1—alpha), ,

Fy(ay) = da, ; da (=T, +Ts+2Tg)(d'),
a a 1-af

Fs(ay) = A A A *dol! i *da, (2T, — 2T 2T,

+2 5+2T7+2T8)( ",

6(a) / daz/ “day (T; - Tg)(d),
1-af
F7(“2)IA ndalzﬂ 2d0"2’[) “day (=T +Ty+Ts
("),

— T +2T; +2T

(22)

where a, o, and o” are (aj, a0, 1—a; —ay), (a5,
l—a;—d), and (a;,a), 1 —a; —af), respectively. The
distribution amplitudes of E baryon are listed in Table I
with the increasing twists to twist six.

III. NUMERICAL ANALYSIS

In the numerical analysis, the parameters of baryons and
leptons mass in the following analysis are adopted from the
PDG group. They are listed in Table II.

The parameters in Table I of the light-cone distribution
amplitudes have been given in Ref. [10] and listed in the

following:
§ =6 =f=.
0o_ o_1
Wy = Vs —E(fs A1)
1
9 = #3 Zi(fs‘i‘/h)’
Py =g =—&8 = (4/13 — ),
1
=& = 3 (843 = 34y),
1
5/0 = _12’
/0 1
&y = 6 (1223 = 54y), (23)
where these parameters are
f==1(99+04) x 107* GeV?,
A =—(2.8+£0.1) x 1072 GeV?,
A =(5240.2) x 1072 GeV?,
3= (1.74+0.1) x 1072 GeV>. (24)

By using these parameters, the pictures of form factors f;
(i=1,2,3)and g; (i =1, 2, 3) can be plotted by the
expressions from Eq. (13) to (18). Because light-cone
QCD sum rules are not suitable on the whole physical
region, m2 < ¢*> < (Mg —Mz)>. In this work, we
adopt the light-cone QCD sum rules matching region

TABLE I. Distribution amplitudes with increasing twists to six.
Twist-3 Twist-4 Twist-5 Twist-6
Vo (x;) = 24x,1%,9%, Via(x:) = 3(x; — x3)yd,
Ay (x;) =0, Ay(x;) = 3(x = x0)wd,
Vi (x;) = 120x; x,x3003, Vi(x;) = 12x3(x; — xo)wd, Vs( Q)= 6X%¢5’ Ve(x;) = 29,
Ai(x;) =0, Az(x;) = —12x3(x —xz)ll/4, As(x;) = Ae( i) =0,
Ty (x;) = 120xx5x3%, Ty(x;) = 24x1 %2, Ty(x;) = =3 (x, +X2)(f + &), Telx;) =297,
T5(x;) = 6x3(1 — x3) (&) + &), Ts(x;) = 6x39%,
T7(x;) = 6x3(1 = x3) (80 = &), Ts(x;) =3 (x1 + x) (80 — &).
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TABLE II. Mass parameters of baryons and leptons.
Parameters PDG value
Mzo 2471 GeV
Mz 2.7939 GeV
Mz 246771 GeV
Mg+ 2.7919 GeV
M- 1.3217 GeV
M=o 1.31486 GeV
m, 1.27 GeV
m, 0.51 MeV
my, 105.658 MeV

0 GeV? < ¢> <1 GeV?. For the purpose to suppress the
higher twist contribution, the Borel transformations have
been made on the hadronic level and theoretical level. In
that case, an addition Borel parameter Mp is introduced.
The proper choice of Borel parameter will make the results
reliable and stable. So, the choice of M % in this work makes
13 GeV? < M% < 15 GeV?. Another parameter we need is
the threshold of heavy baryon s; it should be larger than
the energy of E. and E} baryon, but smaller than the excited
states mass of Z.. In consideration of this, the setting value
in this work is 0.4 GeV < (/s) — Mg ) < 0.5 GeV. With
the basic parameters set, the pictures of E, — E transition-
form factors in the light-cone QCD sum rules region are
plotted in Fig. 1.

The momentum transfer square pictured in Fig. 1 should

1
1—-q*/Mj3,
+ axz(q*. 1),

fi(a»)/9:(q*) = [ag + a12(q%. 1)

(25)

where ag, a;, and a, are fitting parameters and are listed
with f;(0)/g;(0) in Table IIl. Mp = 1.969 GeV? is the

mass of D meson. fp=(Mz_+Mz)(\/Mz, —+/Mz)?, and

Vit — ¢ =i =1

Vie— ¢+ i =1

2(¢*. 1) (26)

where 1, = (Mz_+ Mz).

In Fig. 2 the differential decay widths of semileptonic
decays of Z0 are explicated. The pictures and results of
Ef — E%*u, semileptonic decays can be obtained with
the same steps. Absolute branching ratios of 2, - E£ v,
rely on the mean lifetime of Eg and Zf, and the PDG
average values give the suggestion that the two charm
baryon lifetimes are 7z = (153 £6) x 1077 s and 75+ =
(456 £5) x 10715 s,

With the helicity amplitude representation of semilep-
tonic decay widths, we have the following equation of
differential decay width which can be written as two
polarized decay width:

. . . ar  dr dr
be extrapolated on the whole physical region. For this — = _é _g (27)
purpose, the “z-expansion” fitting formula is used to dg~ dq~ dq
achieve this aim [38]. Keeping to the second order of “z
series,” which is and the total decay width is
L7F 00F 0.0F . -
-------- Mpy*=13 GeV?
1.6F 0t Mp?=13 Gev? ] —0.1F ]
- Mp?=14 GeV?
1.5 el —02f Mp?=14GeV? ] —02F q
ot . Teae., 0 rmeme My?=15 GeV?
o 1.4F st ] — -03 »”""4:;—__:___»“ ------ Mp?=15Gev? — —-03} SR B
& et ) _— o) T
< paf T -04f e T -04 S
ot S TEETL TS My=13 GeV? —_o0sk T _ 8
12h e ] 05 “~ 0.5 S
ISt Mp?=14 GeV? _ £ S _ E
b ] 0.6 “~ 0.6 .
S My=15 GeV? -0.7¢ - -0.7f -
) 0.2 0.4 0.6 0.8 1.0 00 02 04 0.6 038 1.0 0.0 02 04 06 0.8 1.0
7(GeV?) 7*(GeV?) 7(GeV?)
0.00 "w-__\\ T T T i 1 0.14} —0-8"%‘:.\__\_ -------- M,;l:u Gev? E
~~ 0.2} -0.9f T M1 Gev? ]
—0.05¢ \\\_\ ] 0.10¢ ',,;;L':;'/ k| -1.0f \"""7::.:\ ------ Mg?=15GeV? ]
= N T 008 o RO o
El - Mp?=13 GeV? \\\ % [T S = N h —12F B
W 1 T e Mp?=13 GeV s
My=14 Gev? 0.04} 1 _ial S ]
—0.15F S N Mp=14Gev? ] - R
------ My2=15 GeV? k : cmem My=15Gev? —-14f RE
. . . . . . 0.00E. . . . . 4 . . . . . .
00 02 04 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 04 06 0.8 1.0
7(Gev?) 7(Gev?) 7(GeV?)
FIG. 1. The form factors f; (i = 1,2, 3) and g; (i = 1, 2, 3) of E0 — Z~ transition vary from zero-momentum transfer square to

q* =1 GeV? with threshold /sy = (Mz_+ 0.45) GeV.
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TABLE III. Form factors at zero-momentum transfer square and fitting paramters aq, a;, and a, in the
correspondence “z-expansion” fitting formulas at /s; = (Ms, + 0.45) GeV and M3 = 14 GeV2.
fi(q?) 1i(0) ) a, a 9:(4%) 9:(0) ) a a
f1(g?) 1.091 1.346  —4.048 17.924 alg®?) —0.002 -0211 3.031 -9.870
fa(¢?)  —-0279  —0.663 5330 -16.315 9:(q%) 0.051 0.158  -2.320 12.607
f3(¢®) 0179  —-0.724 8.149  -28.309 g(g®?) 0798  —1.127 2.731 4.386
(Mg, —Mz) dr 2
I'= dg*> —, 28 VO q
A,z T a7 B =S (e M )+ )| (5
q =
where
Mz — Mz
o =28 ) -5 ) e
dFL G%|VLS|2q2p(1 - ﬁ/llz)z A2 2 Ee
i gy [(2 + 7 ) (| Hy o
dg 384n° Mz, 2 o )
A A p— —. - [l q 2
+ |H_yo?) + 33 (|Hy, > + |H_y, )], (29) Hp, =-i 7 [(M:C +Mz)91(q°) Mz 3(q )]. (36)
& GEVes|*q* p(1 = m})* (2 + i) (|Hy, |2 The negative-helicity amplitudes can be given by the
dq? 384w’ MZ. 2! positive-helicity amplitudes as
+ |H_1_*). 30
| 2 1| ) ( ) HY/L—XW — H}{Jw’
In the above equations p=+0,0_/2M=, Q.= HY, . = —H}, . (37)

(Mz, £ Mz)> — ¢* and iy = ml/\/(? m; are the mass
of leptons. G is the Fermi constant and |V,| is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element;
they are Gp = 1.66x 107> GeV~2? and |V,,| = 0.987,
respectively [39]. The related expressions of helicity ampli-
tudes connected with form factors are given by

e

(Mg, +Mz)f1(q*) -

@) e

)

 f (g ) @

(g + M +M:f2( (32)

(== Mz —Mz)f,
I \/q_2_( .~ Mz)f1(g%) + M

15F

oy
]

9]
—

dr/dq?(x10~* Gev")

>
.c C P
=

02 04 06 08 1.0 1.2
7’ (GeV?)

FIG. 2. Differential decay width of E2 — E~e v, (left) and E) — E~p v, (right) at /55 =

A and Ay, are the polarizations of the final E baryon and W
boson, respectively.
With the V — A current, the total helicity amplitudes are
expressed as
Hj 5, = H/‘l/,,lw - H?,/lw‘ (38)
Substituting the numerical value of every parameter to
the differential decay width with helicity formalism, one
can obtain the decay width at /55 = (Mg, +0.45) GeV
and M% = 14 GeV?, the decay widths (£ —» E-efv,) =
121 x 107" GeV?, and T(E) - Euty,) =117 x
10713 GeV?. The charged charm-baryon ZEF decay
widths T[(Ef - Elety,) = 1.22 x 107" GeV?, and
NES - E%Ty,) = 1.18 x 10713 GeV2. With these decay

—
S N &

dr/dq?(x107!* Gev!)
N A &

....................

(M=, +0.45) GeV and M3 = 14 GeV?.
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TABLE IV. Absolute branching ratios of semileptonic decay B(E, — Z¢+v,)(x1072).

Works BE! - E-ety,) B(E) - Eu'ty,) B(Ef - Elty,) B(ES - B%ty,)
Exps (248 +0.72) [2], (1.31 + 0.38) [5] (127 +037) [5] - -
This work 2.817017 2.727017 8.431032 8.167039
Lattice (238 +0.32) [9] (229 + 0.31) [9] (7.18 + 0.98) [9] (6.9140.93) [9]
2.03 [10], (1.431032) [11], (7.15£2.50) [12],  6.05 [10], (4.275]33) [11],
LCSR (7.2642.54) [12], (1.85+0.56) [13]  (1.79 + 0.54) [13] (5.51 + 1.65) [13] (5.53 £ 1.61) [13]
(4.87 + 1.74) [14], (3.0 + 0.3, o
SUG) 24+03,2.7+0.2) [15], (3.98 + 0.57) [40] (3';’88—12?) 1“1‘(‘)]’7(;69; 1153
(4.10 + 0.46) [40] 8+ 1.1,10.7£0.9) [15]
1.35 [16], (1.7240.35) [18], 5.39 [16], (5.20+1.02) [18],
LFQM (34940.95) [17] (3.34 £0.94) [17] (11.3 + 3.35) [17]
RQM 2.38 [19] 231 [19] 9.40 [19] 9.1 [19]
QCDSR (3.4 +0.7) [20] . (10.2 +2.2) [20]
PDG (1.8 + 1.2) [39] (7 + 4) [39]

widths and the lifetimes of Z0 and Z baryons, the absolute
branching ratios give B(E! — E-ety,) = (2.81701)%,
B(EY - Epty,) = 2.72501D)%, BES - Eety,) =
(8.431072)%, and B(Ef — E%*y,) = (8.161073)%. The
errors come from the chosen range of threshold s,
and Borel parameters Mp are about 6%, so the other
parameters’ errors are all included. This gives the
ratios B(E) - B etv,)/B(E) - E"p'ty,) = 1.03, and
B(E: - B%"w,)/B(ES - E%y,) = 1.03. It is a good
case to establish the lepton flavor universality.

IV. CONCLUSION

In conclusion, the semileptonic decays of E. — E are
investigated in the framework of light-cone QCD sum
rules. The form factors of E. - Z weak decay are
calculated by this method. Using these form factors and
the helicity formalism differential decay width, the absolute
branching ratios of semileptonic decay of B0 — Z~¢*u,

and Ef — E%* v, are calculated and listed in Table IV.
Our results are larger than what Belle reported but are
consistent with ALICE’s result, and are also consistent
with PDG average. The comparisons with other theoretical
works such as lattice QCD calculation (Lattice), light-cone
QCD sum rules (LCSR), SU(3) flavor symmetry [SU(3)],
light-front quark model (LFQM), relativistic quark model
(RQM), QCD sum rules (QCDSR) and experiments (Exps)
are also listed in Table IV. The ratios of positron final-state
and muon final-state processes show that the lepton flavor
universality is held and consistent with the experimental
results.
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APPENDIX: THE DETAILED EXPRESSIONS OF pi.

The pi. (i =1, 2, 3) in Eq. (19):

P, (@2, q*) = Mz[20,Do(3) + 3Dy (a2) — 33Dy (a3)] — 2m Fop(axy).

(A1)

Pp, (2, ¢*) = =M={2[@3ME — ay(MZ — M% + ¢*)] + ¢*} D (@) + a3ME[D; () — 2Dy ()]

+ 66(2M3ED5 (0{2) + M%mc [2G2F3 (C{) - 2a2F4(a2) + F5 ((12)],

(A2)

P, (@, q%) = —4ayME[GME + ¢* — ar(ME — Mé(, + ¢*)]Ds(ay) — 2MEm q*Fs(ay) + 4a3Mim F;(ay), (A3)

4

Py, (@2, %) = =Mzm [By(a,) + Fo(ar) = 3F;(ay)] — M2 |:Dl (a2) = Dy (@) + 1D3(012)

1
a2 = 042 - M2+ )| Do),
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1 1
Pz (ar.q*) =Mim, azBl(az)—azF4(az)+§F5(az)—3(12F6(0'2)—3F7(‘12)} +a, M2 [azM%—E(M%—M%C+q2) Dy (@)

1 1 3
—~ME[sME —ay(Mz = M2 +¢°)+q*] |5D3(ay) =5 Dy (052)} —EazMéDs (a2)

2 2
+Mzm [y MZ — (M2~ M2 +*)]F3(ay), (AS)
Py (2, ¢*) = 2[aME — ar(ME — ME + ¢°) + ¢*|[aaMEDs(ay) + MEim Fo ()], (A6)
P}nuq(az, 612) = —Do(az)7 (A7)
P2, ¢°) = = MZ[D\ () + D3(ay) = 2Dy (ay)] = Mzm[Fy(a) + F3(a)], (A8)
Pp.a(@2, 4%) = 20,MEm.[Fs(ay) = 2F7 (o), (A9)
Prq(@.q*) = =MzDs(as), (A10)

1
07.4(02, 4*) = =M2m [B (@) — F3(ay) — Fy4(a) — 3Fg(a)] = Mz |y M3 _E(Mé - Mz +¢*)|Dy(a)

3
+§M%D5(az)» (A11)
Py.q(®2, @) = 2l3ME — oy (ME — ME_+ ¢*) + ¢*IMEDs(ay), (A12)
Py, (@, ¢*) = =Mz [Dy(ay) — 3D5 ()], (A13)

P, (@, q%) = [mME — Mz(M% — MZ_+ ¢%)|D;(ap) — ME[a,D3(ay) — 2a,D4(ay) + 6Ds(a)]
+ M2m.[F\(ay) — F3(a) + 2F4 (o), (Al4)

Py, (@, ¢*) = 4ME[BME — oy (MZ — M + ¢*) + ¢°|Ds(ay) — 2MEm [a;MZ — (ME — MZ + ¢%)|F5(q?)

+dayMEm F7(ay), (A15)
Pl 4?) =0, (A16)

a4 @2, ¢*) = ME[D: () + D3(a) — 2Dy (a)], (A17)

Pa.q(@2. @%) = 2MEm.[2F;(ay) = Fs(as), (A18)

Ppoys (@2, 4%) = Mz20, Eg() = 3E () + 3 Ex (). (A19)

P (2. %) = Me{q® + 2[3MZ — ay(ME + q* — MZ)]}E (@) + axME o E5(ap) — 205 E4 (@) — 6Es(a)]. (A20)

Poys (@2, ¢7) = 4y ME|GME + ¢ — ay(ME — ME_+ ¢°)|Es(a), (A21)

1
Prys (@2, @7) = aym Co(ar) + [0;ME — (ME — ME_+ ¢°)/2]Eg(ar) — M |Ei () — aEp () — ZEs(az) . (A22)

1
Py.15 (@2, 47) = aaME{Mzm . Cy () + [e;ME — (ME — M2+ ¢*)/2]E (ay)} + EMé[a%Mé +q°

(M2 + g2~ M2 ))(Ex() ~ Es() — 3 coMEs(as). (A23)
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Py (2. @) = 20, ME[EME + ¢° — ar(MZ + ¢* — M2 )|Es(a),
Ppoays(%2: @) = Eo(a),
Ppoys(02: @) = = MZ[E () — E3(y) + 2E4(a)],
Ppoars(02.4%) =0,
Prays (@2, 4%) = MzEx (),
Py.ars (@2, 4%) = MEm,Cy(ay) + Mz[ayME — (M2 + ¢* = MZ ) /2]E, () — %M%Es(az),
Py (@2, @°) = 2ME[BME + ¢ — (M2 + ¢° = MZ)|Es(ay),
Pa.rs (@2, q%) = =Mz[Eg(ar) + 3Ex(ay)],
Pars(@, q*) = =MzlayMZ — (ME + ¢* — M2 )|E (@) — ME [ E5(ay) — 205 E4(@y) — 6Es(ay)],
Pays (2, @7) = —4ME[ME + ¢* — oy (M2 + ¢* — ME )] Es (o),
pzl]vqys (o, ‘12) =0,
Paars (@2 q°) = ME[E, () — E3(a3) + 2E4(a)],

Paars (@2, 4%) = 0.

(A24)
(A25)
(A26)
(A27)
(A28)
(A29)
(A30)
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