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We firstly carry out a systematic analysis on the spin %‘L — %* weak transition process in the framework
of three-point QCD sum rules, where the initial and final states are doubly and singly charmed baryons. On
the phenomenological side, all possible couplings of interpolating current to hadronic states are considered.
In doing operator production expansion on the QCD side, the contributions of the perturbative part and
vacuum condensate terms of (gq), (¢?GG), (gg,6Gq), and ¢2(gq)?* are all considered. After the form
factors in the spacelike region (Q2 > 0) are obtained, the numerical results are extrapolated into the
timelike region (Q? < 0) by a fitting function. Using the predicted form factors, we finally analyze the
semileptonic decays of Zif — XZitity, Bt - BFtity, Qf - 20y, and Qf, — Q0ITy, with
| = e, p. The predictions in this work can deepen our understanding of the dynamics in the decay processes
of doubly heavy baryons and provide useful information to explore the possibility of new physics in heavy

baryonic decay channels.
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I. INTRODUCTION

In recent years, many single heavy baryons have
been discovered by Belle, BABAR, CLEO, and LHCb
collaborations [1]. However, searching for doubly heavy
baryons in experiments ended with no progress for a
long time. The breakthrough came in 2017 with the
discovery of the doubly charmed baryon Z/ by LHCb
collaboration [2]. This state was first observed in the decay
channel E/" > AfK z"zt with a measured mass
3621.40 £0.72 £ 0.14 £ 0.27 MeV and later was con-
firmed in another decay mode E/ — Afzt [3,4]. We
believe that more and more doubly heavy baryons will be
discovered with the efforts of experimental and theoretical
physicists. In experiments, the firstly discovered new type
of baryons are usually the ground states, which can only be
reconstructed via weak decay final states. Thus, studying
the decay properties of doubly heavy baryons, especially
the weak decaying processes, is of great interest to
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theoretical physicists, which can provide important infor-
mation to experimentalists for searching for new doubly
heavy baryons.

As for doubly charmed baryons, key transitions of
interest include the semileptonic decays, such as Ef;F —
EFTITy,, where form factors parametrize the hadronic
matrix elements of the weak current. Thus, a central aspect
of understanding the structure and dynamics of the doubly
charmed baryons lies in the calculation of their form
factors. In addition, precise knowledge of these form
factors is essential for extracting fundamental parameters,
notably the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements like V. or V., that are not only important
parameters to deepen our understanding of the dynamics
of the weak transition, but also are crucial to search for new
physics beyond the standard model.

Although QCD has achieved remarkable success in the
high-energy regions, it has nonperturbative properties in
low-energy regions, which makes it difficult to understand
the interactions at the hadronic level, especially in systems
involving heavy quarks. In calculating the form factors and
studying weak decays of heavy baryons, physicists mainly
employed some phenomenological methods, such as the
relativistic quark model [5—11], nonrelativistic quark model
[12,13], the light-front quark model [14-23], MIT bag
model [24], and the flavor symmetry method [25], to carry
out this research. In the quark model, the momentum
distribution of the constituent quarks in a baryon is
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approximately modeled by a wave function or a vertex
function [5-23]. In addition, most of these above research
works concentrate on the spin % - % transition process, and
few works focus on the % - % process with the initial and
final states being a doubly heavy baryon and a singly heavy
one, respectively. Thus, it is an interesting and important
work to perform a systematic analysis about this weak
decay process. In this field, QCD sum rules (QCDSRs) is a
very effective nonperturbative method, and it has been
widely used to investigate the properties of hadrons,
including the mass spectra, pole residues, strong coupling
constants [26-33], and the form factors [34-47].

In the framework of three-point QCDSRs, it will be seen
in the following section (Sec. II) that there are many
different structures both on the phenomenological and
QCD sides. The form factors F; and G; (i =1 ~4) for
the transition process of % - % are not independent of each
other and each of them has relations with several structures.
That is to say, each form factor cannot be determined only
according to one structure. In our previous work [48], we
successfully analyzed the form factors of A, — A, and
&), — E. with the spin-parity ¥ — 37 by solving 12 linear
equations about the form factors, where all the Dirac
structures are considered and the vacuum condensates up
to dimension 8 are included on the QCD side. In another
work [49], we systematically analyzed the mass spectra and
root mean square radius of singly heavy baryons Ag, %,
and € using the relativized quark model, which provided
reliable input parameters for studying the weak decay
process. In the present work, we will analyze the form
factors of transition processes Zf;" — X+, BEXF

s =cc
QF — =0 and Qf. — Q0. As an application of the form

=k
— :‘C +’

factors, the corresponding semileptonic decay processes
will also be analyzed.

This article is organized as follows. In Sec. II, we explain
how the form factors of transition processes E/.;f — ZiT,
Bl - B, Qf - B9 and QF, — Qi are analyzed in
the framework of QCDSRs. In Sec. III, we explain in detail
how the parameters of QCDSRs in the present work are
determined, and compare our numerical results with those
of other collaborations. With these form factors, the semi-
leptonic decays with spin-parity 3* — 3 are analyzed in
Sec. IV. Section V is reserved for the conclusion. Some
complicated formulas are shown in Appendices A and B.

II. QCD SUM RULES FOR THE FORM FACTORS

A. Transition form factors of %* — %*

It is known that the transition form factors are key
parameters in analyzing the semileptonic decay processes.
The Feynman diagram of this process can be explicitly
illustrated in Fig. 1, where it includes the transition ¢ —
q'lD; at the quark level with ¢’ = d, s. In this transition, the
leptonic amplitude can be calculated using electroweak
perturbation theory, while the hadronic transition matrix
element cannot be calculated perturbatively because per-
turbative QCD is not valid for low energies. Commonly, it
can be parametrized into several transition form factors, as
in Eq. (1). In this equation, JY™ = 'y, (1 —ys)c is the
electroweak transition current, u(p, s) and u,(p’, s') denote
the spinor wave functions of initial (3;) and final (5;)
baryons, while F;(¢?) and G;(¢*) (i=1~4) are the
vector and axial vector form factors with ¢ = p — p/,

) - _B; P PaP PaP,
(Bs (P IB1(p)) = e’ (P )15 [n = Fi(q7) + 5 Fag?) + Fs(q2)+gauF4(q2)} u® (p.s)
B, B, mp,mp;
B p PaP PaPy
— i’ (p'.s') [n “Gi(q7) + =51 Go(q) + = Gi(q) +gayG4(q2)} B (p.s). (1)
mgl mBl mglmg*
B. QCD sum rules ]
To study the form factors of E.. — X}, B.. — B,
Q.. — B, and Q.. — QF, we firstly write the following %%
three-point correlation function: v
c > > q
V/A . in'x ilp—p'
HW/ (p,p’) _ 12/d4xd4ye”xe (p=p")y B, c . . B;
B; AN
x 0| T{J,> (x)7y = (y) 5 (0)}0),  (2) q > q

where T denotes the time-ordered product, J5 and JZ: are
the interpolating currents of initial and final baryons, and

FIG. 1. The Feynman diagram of semileptonic decay processes
of doubly charmed baryons.
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J = J'y,. These baryonic currents are taken in the follow-  where g, is the three-dimension Levi-Civita tensor, n, m,
ing forms: and [ represent the color indices, and C is the charge
_ conjugation matrix. In the framework of QCDSRs, the
S5 = gnml(CnTCYﬂCm>yﬂ75ql7 above three-point correlation function, Eq. (2), will be

calculated at both hadron and quark levels, which are called

JUe =g, (c"TCy,c™ st
( et the phenomenological side and the QCD side, respectively.

JE? - 1 e (W Cyd™ + d" Cy,u™) c, On the phenomenological side, a complete set of hadron
V2 states that can couple to the corresponding interpolating

=z 1 WTCy o 4 T Cy ) el currents are inserted into the correlation function. Finishing
St = Eenml(” Vus" 48" Cruu™)e the integral of coordinate space and using the double

o T . dispersion relation [26,27], we write the three-point corre-
Ji© = Epm(s" Cy,s™)c!, (3)  lation function as
|

(0174 185" (P)){Bs* (P81 (p)) (B! (P17 [0)
(p" = mig.)(p? —miz.)
. (OW21B5(p)) (B5~ ()Y~ 1B5 (1) (B (0170}
(p? =) (p? = )
. (OW21B5 (p) (B (p) 1~ |B1 (p) (51 (p)I7%]0)
(Plz - m%g;)(Pz - ngr)
. (OL2185 () B3 ()17~ (1) (B (p)]3* [0}
(p? = mi ) (p? ~m},)
. <0|Jf?3|6*+<p'>><8*+<p Y187 (p))
(P = my. ) (p* = mi.)
| (01185 (p") (B~ B ) B )
(p? = mp)(p* —mi)
(0113 ()85 (p )94 51 7)) 51 ()17 0
(p? = m3)(p* = my)
(01185 (p") (B3 (0~ |B (D)) Br () T5[0) ,
(p? = mp.)(p* —mig.) ’

/A (p.p') =

(Bi (p)|751]0)

(4)

where the ellipses denote the contributions of excited and continuum states, while Bf( and 62 represent the initial and
final positive (negative) parity baryons. The hadron vacuum matrix elements for initial and final baryons are defined as

(01, (0)|B* (1)) = Ay, ('),
B; 1k — ! ! . ! !
(017u2(0)[B5=(p'. s")) = Apr-iysu,(p'.s'),
B* ! ! 4a ! !
(O OB5 (050 = i, = o ('),
B; — /2] 40{ / oo
O OB (09 = (ar, = 22 5, (),
(B (p, $)17910) = 4y a(p. 5),
(Bi (p,5)|7°110) = g a(p. 5)irs. (5)
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Here, u(p,s) and u,(p’,s’) are the spinor wave functions
of J¥ =1* and 3* baryons, which satisfy the Dirac and
Rarita- Schwmger completeness relations,

> ulp.s)a(p.s)

N

D ()i (0. )
S!

=p+mg, (6)

o _Yu¥a 2PuPa | 1 PuYa— Pa¥y
(15 + mB;) <gﬂa 3 3 m’, + 3 mg .

()

As for the hadronic transition elements <Bg*)i|J,‘f‘A|Bﬁ,
they can be parametrized as a series of form factors, which
are illustrated in Eq. (A1) in Appendix A. By replacing the
matrix elements in Eq. (4) with Egs. (5) and (A1), the
correlation function on the phenomenological side can be
decomposed into different Dirac structures. From Eq. (4),
we can see that the current J5' can couple to the baryons
with J¥ =J*, and the current J% can couple to both
baryons with J” =3* and J” =1*. To extract the form
factors of the decay process %* — %* we must eliminate the
interferences of the baryons with spin-parities 1* and 3 in
the final states, and é in the initial states. It is shown
by Eq (5) that the current J% coupling to baryons with
JP = 1* is related to the structures of y,, and p),. Hence, the
structures proportional to y, and p, must be eliminated
first. After these interferences are eliminated, the correla-
tion function can be written as Eq. (A2) in Appendix A, and
can be decomposed into the following different structures:

16
hy—V/A hy—V/A
Hgvy / = ZHE) v Cius (8)
1

where

ei/,w: X{Iﬁ ﬁ/}Xysp” l:1N47

Ciuy {Ipﬁ}XySQ/w i=5~8,

ey =L 6. '} Xyspupy i=9~12,

ey = {15 B’} Xyspup, 1=13~16 (9)

are corresponding to vector part TP~V and

e,-m,:ybx{l p. ﬁ’}Xp# i=1~4,
mv_{llﬁﬁ}xgﬂu i=5~38,
mv_{llﬁﬁ}xpupb i=9~12,
mv_{llﬁﬁ}xpupu i=13~16 (10)

are matched with the axial vector part I In these
above equations, a simplified expression {/, p, p’} repre-
sents four different choices, I, p, p’, and pp’. The form
factors are included in these expansion coefficients
Hfhy*v/ A, which are commonly named as scalar invariant
amplitudes. In order to eliminate the contributions of
baryons with negative parity, all these 32 structures will
be used to determine the value of form factors for the
process 5+ — 3.

On the side of QCD, we replace the interpolating
currents in the three-point correlation function in Eq. (2)
with their specific form in Eq. (3). Then, the correlation
function on the side of QCD can be expressed as the
following form after doing the operator production expan-
sion (OPE):

YA (0. ') = 2V 2 eane [y (Q ()

X 7,CO™T (y)Cy, (1 — 75)Cq™ T (x — y)Cy,

q"(X)75Ya}s (11)

where Q%(x) is the full propagator of ¢ quark and can be written as the following form in momentum space [50,51]:

95Goptap 6P (k + mp) + (k+ my)o®

QY(x) =

i . 5
d4k —ikx
<2n>4/ ‘ {k—mg

4 (k* — sz)2

RGO & g 4 )
4(k* = mg)° ’

(12)
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with
fo = (k4 mo)y®(k +mo)y” (k+ mg)
Xy (k+mo)y* (k4 mg).

In Eq. (11), ¢”(x) and ¢"(x—y) are light quark full
propagators of u, d, or s and they can be uniformly

expressed as the following form in coordinate
space [50,51]:
i is'x  §7(gq) 6x*(gg,0Gq
gii(x) = 200K _ (gq) _8"x*( )
2m°x 12 192
(@0 q")o,, igngﬂt;'j(kaa/’ + 0%x)
8 3272%x?
i8x*4g2(qq)?
B 9:(9)® (13)
7776
Here, (qg,06Gq) = (G9s0,,1°G%q) and =% 1*

(a=1,...,8) are the Gell-Mann matrices, and O =
£17,.7,)- By using the double dispersion relation, the
correlation function on the QCD side can be written as

CD-V/A
d?Wpr—/%ﬁ/ﬂMﬁ s g?)
g ’ Smin Unmin (s - pz)(u - p/z) ’
(14)

where p%c P(s.u, %) is the QCD spectral density with s =
p? and u = p”. s, and u,y;, are create thresholds for
initial and final baryons, which are taken as 4m?2 and m2,

QCD-V0 N
() (P P) =

54(6], _

respectively. Eliminating the structures proportional to y,,
and p,,, the correlation function on the QCD side can also
be decomposed into the same structures as those on the
phenomenological side,

16
CD-V/A CD-V/A
AP VA =3 VA,
1

ipvs (15)

where ¢;,, has the same form as Egs. (9) and (10) for

H,?,,CD_V and HS,,CD_A, respectively. In Eq. (15), H?CD_V
and TIXP™ (i = 1,2...16) are scalar invariant amplitudes
on the QCD side. These scalar invariant amplitudes can be
represented as the summation of the perturbative part and
vacuum condensate terms. The Feynman diagrams for the
perturbative part and vacuum condensate terms of (gq),
(2GG), (Gg,6Gq), and g2(Gq)* are explicitly shown in
Fig. 2.

C. The QCD spectral density on the QCD side

For the correlation function that is related to the vector
transition current g'y,c as an example, we now introduce

how its spectral density pSfoV in Eq. (14) is calculated.
Firstly, the contribution of the perturbative term is derived
by substituting the free propagators in momentum space of
both light and heavy quarks in Eq. (11). The corresponding
Feynman diagram is shown as Fig. 2(a). After performing
integrals on coordinates x and y, we write the perturbative

part as

ki — ky)8*(p' — q' — k3)8*(q — ko + k3) N

12v/2
\/- d4kld4k2d4k3d4k4 d4q/
oy

6 =) (= m) (G = m] =) 1O

where N, = (ky + my)y,(ky — my)y, (k3 — m3)y, (ks + my4)ysy,. The superscript O represents that the dimension of the
perturbative term is zero, and the subscript (a) denotes the contribution of Fig. 2(a). By setting all quark lines on-shell with
Cutkosky’s rule [52], the QCD spectral density function of this contribution can be derived as

QCD-VO(( )y 2y — _ 12v2 (=27i)°
Pty 51 2n)° (27i)}

x /d4k35[(p’ —k3)? = r'16(k3 — m3)8[(ks + p — p')* —m3|N,,. (17)

(ﬁ‘”h)z
/( dr / P82 - m)8l(g - k) — ]

my+my)?

where ¢’ = k| + k4 and ¥ = ¢"*. The integral formulas for two and three Dirac delta functions in this equation are shown in
Appendix B.

The quark condensate (gg) has dimension 3 and it comes from the second term of the light quark full propagator in
Eq. (13). Because heavy quarks do not contribute to this condensation, there is only one Feynman diagram originating from
the light quark condensate in the present work. The corresponding Feynman diagram is shown in Fig. 2(b), which can be
expressed as
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q q q q q
y, Y, Y y, y,
p o x p° p O x p° p O x p° p o0 x p° poO x " p’
q
y
p 0 x p’
q q q
y, y, y,
p ' p 0 x p' p 0 x p'

(m) (n) (0)

(=]
x
T

(p) @

FIG. 2. The Feynman diagrams for the perturbative part and vacuum condensate terms, where the doubly solid line denotes a charm
quark, the ordinary solid line represents a light quark, and ¢ = p — p'.

DV iv2(qq) 1
QC 3 no_ 4
M) = " [ s e (=7 + k) — ]G =
X {[}6/ - k3 + ’nl]]/nt[l5 - 15/ +k3 - mZ}yu[k3 - m3]y,u7/5ya}' (18)

According to Cutkosky’s rule, its QCD spectral density can be expressed as the integration of three delta functions,

iv2(qq) (—2xi)?
o) = S [ 51— il ko) = mill(p =+ — BN (1)

where
NXE = (P =k +m)ya(p— P + Kk —my)y, (ks — m3)y,757

For the quark-gluon mixed condensate (gg,6Ggq), there are two mechanisms to produce this term. These two kinds of
mixed condensates are illustrated in Figs. 2(c)-2(f), respectively. The contribution of Fig. 2(c) originates from the third term
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of the full light quark propagator in Eq. (13). To finish the integration of the correlation function related to this contribution
[Fig. 2(c)] in coordinate space, the coordinate x,, is firstly replaced by x,, — id/dp,,. Then, after performing the derivative on

P, there will appear a high power factor (k> —m?)™" in the Feynman integral. To obtain the spectral density with
Cutkosky’s rule, we adopt the following formula to lower the power of the denominator:

1 1 0! 1

= . 20
(> =m>)"  (n—=1)(0d)" " kK> —d|,_,» (20)
With Eq. (20), this kind of quark-gluon mixed condensate can be written as
[IQCP-VS () — iv2(q9,6Gq) i/d“ Ny
pemle 16(27)*  \od M k) = d[(p = P+ ks)? = m3][k3 — m]]
0 N 1
+— [ d*: - } : (21)
208 ) " (P k)2 =dll(p — '+ k3)? = m3] [ = m3] e

The second kind of mixed condensate originates from two quark lines, which can be seen in Figs. 2(d)-2(f). It is shown that
one gluon emitted from a light or heavy quark line together with a quark-antiquark pair contributed by another light quark
line build up this condensate. This contribution comes from the second term in Eq. (12) and the fourth term in Eq. (13). For
Fig. 2(d) as an example, this term can finally be expressed as

CP-VS () — iv2(q9,0Gq) 9 /d4k Nis (22)
e R T = Y I Ay oy e o e e § G

Similar to the quark condensate, the QCD spectral density of these mixed condensate terms can also be derived as

033,14, ) = V280009) (Cori) {i/ Fhadl(p' = ka)? =~ dol(p — p/ + ka)? — m3J8liG — mIIN 13

Puw(e) 1627 (2ri)? \od 2
02
oo [ @thl(p = ko = dollp =/ + ko = o - AN 3
—>m1
and
pQCD—VS(S 2) = iv2(39,0Gq) (—Z”i)3£ /d“k NVS
(@) A2 192(2z)*  (2zi)* od 3w
<oy = ke = dpl(p = + ke = ot - | 24)
d—m;
with

N,‘fl = —4[p = Ksly.lp — B + ks — moly, [k — m3]y, 75V as
N/‘fz = 8[(# -k + ml)mﬂ?’a[ﬁ - +k— mz]h[k3 - mﬂ}’ﬂs?/a,
N,‘j,,53 = (91p9pc — 92 9pp) [0 (B — ks + my) + (P’ — k3 + m;)o”"]
X Valb = B+ ks — ma]y, (ks — m3)1,07 757
Based on the generation mechanism of the gluon condensate (g?GG), they can also be divided into two categories, which

are shown in Figs. 2(g)-2(j) and 2(k)-2(p), respectively. For the contributions of Figs. 2(g) and 2(m) as examples, they
finally can be expressed as
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CD—V4 V2($GG) [ (Wu=miy 1
H/?L/—(g) (P’P/):W dr' d4k3 2 — m2 2 —/ k) — 2
20 Jom ey =7 = =7ll(p = p + ko =)
04 NV41
d*k i 25
< | 1[k%—d}[<q’—k1>2—mﬂ}d%$ (25)
and
. 2URGG) [ (i-my 1
Ry ) VRO [OFT (2 f g,
) PP =000 S 0B TRl k)= Pllp— 7 - ol = B
1\/V42
x— [ d*k = } , (26
oa ) TH T ANG - = ae pm )
with

N/le = (gi/}g,m: - g/lrgp/i)(fllpﬁf + fﬁﬁpr + fiﬁfp)ya[ﬁ - ﬁ/ + k3 - mZ]yv [k3 - m?a]quSYa’
N = (Gp9pe = 929pp) 07 (ky + my) + (ky +m)o™ ]y, [(p = P/ + ks = ma)o™ + 6 (p— P + ks — my))]
Xy, ks — ma]h(ﬁ’ — k3 — ky + my)ysyq

The spectral density of these above gluon condensates can also be derived by Cutkosky’s rule. Their expressions are similar
to that of the perturbative term [Eq. (17)]. The finally considered condensate term in the present work is the four-quark
condensation, which is shown in Fig. 2(q). This figure describes that a light quark line emits a quark-antiquark pair and a
gluon, and then the gluon contributes a quark-antiquark pair to produce the four-quark condensation. This contribution
comes from the sixth term in Eq. (13) and can be calculated by doing the replacement x,, — id/dp;,. This contribution can
be expressed in the following form:

- V243 (aq)’ y ) 5
V6 (), pry = 2947 Nt gy Nz g N g 27
-l PP) = g0 ad M(d.dy) " @7 2ad2 M(ddy) " @7 60d3 Mkt ey, @

with

M(d, ks) = [k3 = m3][(p' = ks)? = d][(p — P’ + k3)* — m3)],
NV = =12/Py(p — B + ks — ma)y, (ks — m3)7,7 57V
NYS, = (64K3KS — 48m K — 16(ks - p')y” — 64ks p'P — 64p'KS + 8mdy? + 48m, p'? + 8p'yP + 64/ p'P)
X (p' =k +m)y*(p— P + ks —my)y, (ks — m3)y,7 575V as
NS = (48m3(my — K3)KS + 96(m; — k) (ks - p')p'P = 96(my — k3) (ks - p')KS — 48m3(m, — k3) p'”
+ 48" (my — ks I — 48" () — k3) p" + 48m3 PS4 96 (ks - p') p'p'P = 96(ks - p')p'Is + 48ppIIEs
—48m3p' p'f —48p"p' p'P) (P — ks + my )y (b — B+ ks — ma)y, (ks — m3)y,vp757 -

Its spectral density function can also be obtained by Cutkosky’s rule and has a similar form to that of the quark
condensate term.

Finally, we take the change of variables p> — —P2, p’> - —P?, and ¢*> - —Q? in Egs. (A2) and (14), and perform
double Borel transformation for variables P> and P"? to both phenomenological and QCD sides. The variables P> and P'?
are then replaced by Borel parameters M% and M%. It is shown by Egs. (8) and (15) that there are 16 Dirac structures on both
the phenomenological and QCD sides. Using the quark-hadron duality condition, we can establish 16 linear equations for
the form factors. By solving these linear equations, we obtain the momentum-dependent form factors F;(Q?) and G,(Q?),
which are shown in Eq. (A3) in Appendix A. In Eq. (A3), sy and u are threshold parameters for initial and final state
baryons, respectively. The spectral density functions pQCD v/ A(s, u, Q%) include contributions of the perturbative part and
different condensate terms, and i = 1 ~ 16 represent 16 different Dirac structures on the QCD side. The full expressions of
these functions are too complex to be shown here for simplicity.
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III. NUMERICAL RESULTS

From Eq. (A3), one can find that the final results of
QCDSRs depend on some parameters, such as the Borel
parameters M? and M2, the threshold parameters s and u,
the vacuum condensate terms, the pole residues, and the
masses of quarks and hadrons. Most of the input parameters
in the present work are listed in Table I. We know that the
mass of the heavy quark and the values of the vacuum
condensates are energy dependent according to the renorm-
alization group equation, and these dependencies can be
expressed as follows:

) = mon) | 22 ]—

as(mc)
mJM)ZInAZCEV)k;g%%%arTﬂa
(aq)(n) = (gg)(1 GeV) [%(;‘;V)}w

(@9,0Gq)(n) = (q9,0Gq)(1 GeV) {M]_w

ay(u) ’
1 GeV)]w=;
(59,0Gs)(n) = (39,0Gs)(1 GeV) [M} =
ay(u)
! b logt
= |1-A12=
a;(u) b { b
2 1 2 ~1 1
2L = )+%%} (28)
0

where 1= log(u?/Agep), bo = (33 —2ny)/12z, by =
(153 — 19nf)/247z2, b, = (2857—%@»4—%@%)/1287:3,
and Agcp 18 taken to be 292 MeV for the quark flavor
ny =4 in the present work [1]. The minimum subtraction

masses of ¢ and s quarks are taken to be the standard values

from the PDG [l], which are m.(m,) = 1275+
0.025 GeV and my(u =2 GeV) = 0.095 + 0.005 GeV.
As for the energy scale, a typical value of u =1 GeV is
adopted for charmed baryon [53].

To obtain reliable results, an appropriate working region
for the Borel parameters should be selected. In this region,
the values of form factors should have a weak dependence
on the Borel parameters. This working region is commonly
named the “Borel platform.” At the same time, two
conditions should also be satisfied, which are the pole
dominance and the convergence of OPE. The pole con-
tribution is defined as

A'S&n ds f'jtgin dupQCD (S, u, q2) exp (_MLf_ML%)

® ds [* dupQ©P(s,u,q*)exp (—ﬁ—#)
min 2

Smin 1

Pole =

. (29)

The pole dominance requires that the pole contribution
should be larger than 40%, and the convergence of OPE
requires that the contribution of high-dimension condensate
terms should be as small as possible. For the form factors
F, and F, of the transition E!;" — X** as examples, we
introduce how the Borel platform is determined. Fixing
0% =1 GeV?, we plot the pole contribution and the
contributions of the perturbative part and different vacuum
condensate terms in Fig. 3, which explicitly illustrates the
dependence of the results on the Borel parameters. From
this figure, we can see that the pole contribution (Pole)
decreases with the increase of Borel parameters. In addi-
tion, we can also see that main contributions come from the
quark condensate (D3) and perturbative part (D0), and the
larger the values of the Borel parameters taken, the smaller
the contributions of vacuum condensate terms become.
That is to say, the condition of convergence of OPE can be
well satisfied when the larger Borel parameters are taken.
After repeated trial and error, the Borel platform for M3 is

TABLE I. 1 Input parameters (IPs) in this work. The values of vacuum condensate are at the energy scale y = 1 GeV.
P Mz, () Mz, () Mo, ) Mo, () My
Values (GeV) 3.621 [54] 3.932 [54] 3.750 [54] 4.049 [54] 2.518 [49]
IP M) Mz ey e 3 Moy &)
Values (GeV) 2.829 [49] 2.645 [49] 2.958 [49] 2.762 [55] 3.062 [55]
P Az, 4 Ao, Az Az A0:4)
Values (GeV?)  0.109+0.020 [38]  0.129+0.024 [38] /2x (0.027+0.008) V2% (0.03340.008)  0.056+£0.012 [53]
[53] [53]
Ip me my, (Gq) (ss) (49,0Gq)
Values 0.511x1072GeV [1] 106x1073GeV [1] —(0.234£0.01)*GeV?  (0.840.1)(gq) [27.51]  m}(gq) [27.51]
[27,51]

1P (59,0Gs) m3 (2GG)
Values mi(ss) [27,51] 0.8 + 0.1 GeV? 0.47 4+ 0.15 GeV*

[27,51] [56-58]
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L2FM2=7(GeV?) M2=7(GeV?)

=1GeV?)
<
=

)

F\(Q

1 2 3 5 6 7 1 2 3

4
M3(GeV?)

4
M3(GeV?)

FIG. 3. Variations of the pole contributions and the contribu-
tions of the perturbative term and different vacuum condensates
with respect to the Borel parameter M%. Results are shown for the
form factors F; and F, of the transition Z/;F — Z**. The blue
area denotes the Borel platform.

taken to be 3-5 GeV?2, marked as the blue area in Fig. 3. In
this region, the average value of the pole contribution is
about 50% and, at the same time, the contributions of
different dimensions satisfy the relation D3 > DO >
D5 > D4 > D6. The contributions originating from the
high-dimension condensates (>GG) and ¢?(gq)? are both
smaller than 2%.

Another two parameters to be selected are the thresh-
old parameters s, and u,, which are used to eliminate
the contributions of excited and continuum states. Their
values are usually taken to be sy = (mp, + A)? and
ug = (mp; + A,)%. Commonly, the energy gap between
the ground state and the first excited state of heavy baryons
is about 500 MeV, thus the value of A} = A, = 0.5 GeV is
taken in the present work. For the transition process =" —
¥** as an example, we plot variations of the form factors
with respect to the Borel parameters M7 and M3 in Fig. 4.
From this figure, we can see that the results show good
stability and weak dependence on the Borel parameters in
the Borel platform.

0 1
Fi(0%) :%x {1 +a [z(QZ) - z(0) _§[Z(Q2)3 -
G(0 1
Gi(Qz) :W 3
pole
with
Z(Qz) _ \/tﬁ— + Q2 - \/t%_ -1

CVEF QAR
te = (mp, £ mpg,).
In Eq. (30), a ~ d are fitting parameters, and their values

are all listed in Table II. The fitting curves of the form
factors are explicitly shown in Figs. 5 and 6. From these

2t
_ M2=7(GeV?) ~ M2=4(GeV?)
O S— <]
T ook—m = b R T —
° ] == =
>
Sal T T : |/
£ BET F
E 2 — = F £ . — = F
S - R £-10 == h
-3 —-=F, — - — F,
4 -15
1 2 3 4 5 6 7 2 4 10
M(GeV?) Mi(GeV?)
10
~ | ME=4GevH
—~ > 5n
& @ .
_________
T o0 R = =
o <4 =
3 N
z 5
£ g st/ G
5 !
= E - =G,
£ S .
s =10 Gy
= ——- =G,
-15
2 4 6 8 10
M3(GeV?) Mi(GeV?)

FIG. 4. Variations of the form factors (EJ;" — X}T transition

process) with respect to the Borel parameters M? and M3, where
the blue area denotes the Borel platform.

After all the conditions of QCDSRs are satisfied, we can
obtain the momentum-dependent form factors F;(Q?) and
G;(Q?) by taking different values of Q? in the spacelike
region (Q? > 0). The results are explicitly shown in Figs. 5
and 6, where Q are in the range of 1-8 GeV?. To obtain
the values of the form factors in the timelike region
(Q? < 0), it is necessary to fit the numerical results with
the appropriate analytical function and then extrapolate
them into the timelike region. The z series expansion
approach is commonly employed to fit the form
factors [59]. With this method, the form factors can be
expressed as

2(0)3]] +b [Z(QZ)2 -2(0)*~ % 2(Q%)* - z(O)ﬂ }

{14 2107 - 20) -3 @7 - 2007 +ala(07 - 2t02 -3 (@7 -0 | 0

[

figures, we can see that the form factors are fitted well by
the z series expansion approach. Thus, it is reliable for us to
obtain the values of form factors in the timelike region,
which can be used to analyze the semileptonic decays of
E.. and Q.. baryons.

A similar analysis about the form factors was also carried
out in the framework of the light-front quark model in
Ref. [21]. For comparison, the results of the present work
and those obtained with the quark model [21] are all listed
in Table I1. Note that if a factor of v/2 is multiplied to F,/G;
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-1.6
-1 0 1 2 3 4 5 6 7 8

QH(GeV?)

-1 0 1 2 3 4 5 6
QH(GeV?)

=
%

FIG. 5. The fitting results of the form factors for the transition
processes ZfF — Xt and BT — EFT.

“1 0 1 2 3 4 5 6

Q' (GeV?)
12 * {1 12 *
ﬂcc —r ﬂc ncc - nc
0.8 1 s
04 1 o4
00 1 o0
0.4 1= _ ——
=
04
-0.8
12 o ;, -0.8
u 2 =
16 ir 12
—20 . F, -1.6

-2.0
-1 0 1 2 3 4 5 6 7 8

Q(GeV?)

4
-1 0 1 2 3 4 5 6
Q¥(GeV?)

-
o

FIG. 6. The fitting results of the form factors for the transition
processes Q. — 0 and Q. — Q.

for E}." — X**, we can obtain the results for the transition
B+ — 20 Thus, the results of the latter are not listed in
the table. It is shown that our results are apparently lower
than the values of the quark model. Compared with the
present work, another difference in Ref. [21] is that they
employ the analytical function with a two-pole structure to
fit the numerical results for the form factors. Their fitting
curves illustrate that the absolute values of the form factors

become lower after being extrapolated into the timelike
region. In the present work, the situation is exactly the
opposite, where the absolute values increase after being fitted
into the timelike region (see Figs. 5 and 6). From Table I, we
can see that the on-shell values of F(g2.y)/G(g2ax) and
Gmax = (mp, —mp;)* are larger than the values at zero. In
Ref. [23], the form factors of Z1;" — i were also analyzed
by the light-front quark model. The results of F;(0) ~ F,4(0)
and G| (0) ~ G4(0) are (—0.0179,0.374, —0.381, 0.429) and
(—0.453,0,0.320, —1.14), which are inconsistent with those
of the present work and Ref. [21].

IV. SEMILEPTONIC DECAYS
OF E,, AND Q, BARYONS

As a phenomenological application, the results for the
form factors are applied to analyze the decay widths and
branching ratios of the semileptonic decays E/f — X[y,
EZ‘LCJF d Eé*+l+1/l, Qjc e E/C*OZ+IJZ, and Qz‘rc g Q:OFLI/]. The
effective Hamiltonian of these processes can be expressed as

G _ _
He = 7%("&57;4(1 - 75)07117#(1 - Vs)l

+ V:dﬁ_lj/ﬂ(l - }/S)C’Dﬂ/ﬂ(l - 75)1), (31)

where G is the Fermi constant and V' and V7, are the CKM
matrix elements. Their values are taken from the PDG [1],

Gr=1.166x10"5GeV=2, |V 4=0225 |V.|=0.974.

With this Hamiltonian, the transition matrix element of the
semileptonic decay processes =" — ZiT, Bl — BT,
Q. — 20 and Qf. — Q¥ can be expressed as

T= (B;‘Heff|81>

G _
= —£ Vi (B31gy, (1 = ys)e|By)

V2
x (0| oy, (1 = 75)1]0). (32)

The leptonic matrix element can be formulated as the
following form by electroweak perturbation theory:

<lﬂl|1_}l7/ﬂ(1 - ]/5)l|0> = ﬁv.s}/ﬂ(l - YS)ul,s’- (33)

Here, u,, and u;  are the spinor wave functions of 7,
and [, and the subscripts (/) and s(s’) represent the four-
momentum and spin, respectively. The helicity amplitudes
will be used in the calculation and for the vector current and
the axial vector current. They are written as
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TABLE II. The values of form factors (FFs) at Q> = 0 and fitting parameters of different form factors by the z series expansion
approach.
Mode FE  F;(0) a b F(qha)  Fi(0) 211 FF  G;(0) ¢ d G(qmax)  Gil0) [21]
Eif -t F o.szj%g;g —9.45107 2.39:?:‘;1’] 0.75t§_-§§ =0.979 Gy 0191900 -84212% 577+l 0247000 -5792
F, 0.41:());%?)4 _23,25%-5}; 134.383;27118 0.593(])_-(())%6 0.66 G, —0.8670% -35.05t133  286.907[017 —1.097040  3.84
F3 007G 17641535 2856205075 0.101506 042 Gs 057igp; 31944157 25165155  0.72105) 228
Fy —1.001019  —13.501098 473815 144701 —1969 Gy —0201093 625708 _120657137 _02510%4 0393
Bl =BT P 054505 —13531503] S17300 0695060 —L148 Gy 08500 —9.13732 1349768 021100 —10.350
F, 0.40t§;§%9 24,5198 164.35:‘23;%13 0.51t§;§§ 072 Gy —0.8710% 34787136 307.9311457 1041000 6.43
. 7. .01
Fy 0033000 692134 —1LI5373 0a7:80 052 Gy 0.60:0% 315318 267.8811377 072200 470
Fy —1055013  —165850%) 93657040 —1341017 2297 Gy 0247008 -020108%  -62.143337 028300 0404
QL—EN Fi 0495007 1526109 85.8070% 070010  —1.017 G, 022709 2059129 1525072095 028709 —6.244
Fy 0455003 -33231000 28501509 065105 066 G, —0.7970% —40.54712  386.8011312 —1.0170{]  3.86
Fy 0025000 144877040 —1612.007020 0037001 047 Gy 051709 3618713 3316171730 065100 273
Fy —093%013  —19.002590  133.0455%0 1347017 -2.045 Gy —0.19709 404750 0.0371L92 0241000 0.389
Qf —Q F 0.733:}_}‘)8 1873112 132111158 o.94j§;£ —L178 Gy 0290087 —20495)7 160421795 0355007 —10.670
0.07 11.61 .
F 0.63t%%2 —34.84f3:_§§5 328.0931%12%7 0.81t%.?%2 073 Gy —L155017 —40.551]50 4133418 138101} 655
Fy  0.08%000: 32057345 —469.48%329;313 0.101560: 054 Gs  0.7850%7 -36.54+14 358317198 0937058 4.85
Fy —1.420007  —21.625008 1704851509  —1.821922 2359 G, -03370% -8.897]%0 46771038 —0.3910% 0415
v _ v V(2 V(2 2mp mp: (@0 + 1
Hy = -l - | @, = 1 af = =[BT D)
3 33 1t 10 q2
mp: q2
V2 2 V(2
+f3(‘1) (mBlw_mB’z‘)+f4(‘1) ) v 4
! o Y= =\
2 2 q
2
H) = —\/=al [fV(¢*)(mg 0 —mp) — fY(qg*) (0 + 1)m_
i 3 %0[ 1 (q%)(mp 5;) = f3(q°)( ) a%Vl =2 mBlmB;(w_ 1),
+f3(q*) (@ = 1)mg], TS
3 2 a?l =2 mBImBE(a}-i—l),
vV _ VieVe, 2 V(2
Hl] = _all[f] (q°) =23 (q°) (@ + 1)]
2 6 3 and
1
HY = -——a, V(f]2) 2 2 2
3 1J 1 ’ —
51 \/5 3l mBl +m33 q
w=———,
A Al 2 2 sz‘ s,
Hy, = \[3e(@ + )| f1(@*)ms, = f2(q)m-
2 2 my =mg + mpg;,

A2\ 5 NS
+15(q%) (mp,0 —mg;) + f4(q%) .
2
)y = \ 2 136?) 0 )~ PG = i,

+ £5(¢°) (@ = 1)mg],

\ = \/éa; 7 (a?) = 274(a>) (= 1)),

Hl

HA _LGA A( 2)
%1_\/2 %lfl q ’
where

(34)

with mp and mpg; being the masses of initial and final

baryons. The parametrization of the transition matrix element
in the present work [see Eq. (1)] is different from Eq. (34),
and the relations between these form factors are as follows:

Y (@?) = Fi (%), 91 (¢*) = Gy (¢*),
(@) =F{ ().  9(d*) =Gl (g%,

mpg
Y(g?) = m—BiF3V(q2) + Fy(q),

mp
93 (q%) = —G3(¢*) + G} (4*).

mB;

@ =F (.  gi(qd*) =GY(qg%).
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The amplitudes for negative helicity are given by

—_pgv A — gA
H—iz —Aw _H/12x/1WH_12v_ﬂW - Hﬂzyiw’

where 4, and Ay represent the polarizations of the final
baryon and the intermediate W boson, respectively. The
helicity amplitude for the J) = current can be expressed as

_ \%4
H;, 5, = H

_ A
QoA H/lz Aw*

(35)
Finally, the total amplitude about the decay process 3+ — 3
can be expressed as the combinations of the helicity
amplitudes,

Hyy=Hy P + IH_l_ll2 +Hy P+ H o P+ [Hyo

+IH 1o (3|H1t|2+3|H P+ Hy P

+ |H———1|2+ |H31|2+ |H—-—1|2+ |Hlo|2

+H o) (36)
According to the helicity amplitudes, differential decay
widths can be decomposed into the following longitudinally
and transversely polarized components:

dl,  GE|\Vexm|* ™y (¢ —m?)? 5
“rL F| CKM| (q q l) 0)2—1|:|H%’0|2+|H_%,0|2

d¢*  1927° m%l

Ll P31 P+ P+ H )]

dl'y F|VCKM|2mB§ (42—’"%)2 2
— Var—=1||H,?
d 1922 mh ¢ 7 1l

HH g [P [Hyy P+ [H o

m2
2—q12(|H%,1|2+|H-g,-1|2+|Hg,1|2+|H-g,-1|2)]- (37)

The dependences of the differential decay widths on ¢? are
explicitly shown in Figs. 7 and 8. By integrating out the
square momentum ¢, the decay widths can be written as

F:/(m‘*‘_mﬁi)z{ﬂéerFT}d 2
m? dg*  dq’

The integrated partial decay widths, ratios of T'; /T'7, and
the corresponding branching fractions are calculated, and
the results are all listed in Table III. For comparison, the
results in Ref. [21] are listed in the last two columns in the
table. In Ref. [9], the authors used the covariant confined
quark model to analyze the decay processes of =" —
EX* Iy, and QF, — Q%I*y,, where the decay widths are
predicted to be 2.2 x 107'* and 4.0 x 10~'* GeV. It can be

(38)

BB — Tleve

g
Sarcgg

0 0
00 02 04 06 08 10 12 00 02 04 06 08 10 12
¢(GeV?) ¢(GeV?)

ul= * =
See = Bopvy Qec = EFpv,

0 %10
g ‘4
""E 8 —E 8
T T
% 4 % 4
2 2
0 0
00 02 04 06 08 10 12 00 02 04 06 08 10 12
@Gev) @GV
FIG. 7. Variations of the differential decay widths with respect
to ¢*> for the transition processes ZEIT — T[Ty, and

Tt B
B - By,

seen that the predicted widths in the present work are
slightly lower than those obtained by the quark model in
Refs. [9,21]. In addition, the predicted results in the present
work show that the decay channels E};" — ZE**[*y, and
Q. — Q:%"y, have a much larger branching fraction than
the other decay modes.

In the flavor SU(3) symmetry, there exist the following
relations for the semileptonic decay processes:

' —— Conter-valus Tot

[ Error bound Tot

r val
[0 Error bound L
Center value T

[0 Error bound T

—Ce torvalue Tot
T

*
Qe = Nieve

o
0 Error bon AL
Center value T
[0 Error bound T

dr/dg*(10™GeVv)
dI/dg*(104GeVv™)
v

==
=

.0 0.2 0.4 0.6 0.8 1.0
¢*(GeV?)

.0 0.2 0.4 0.6 0.8 1.0
(GeV?)

Center value Tot
[ Error bound Tot
Center value L
[ Error bound L
Center value T
[0 Error

Center value Tot
[ Exror bound Tot
Center value L

Qee = Qopvy

[

=%
c S Ky

Error bound L
Center value T
[0 Error bound T

bound T

dT/dq*(10GeV™)
dI/dq’(104GeVv™)
©

0 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

q*(GeV?) q(GeV?)

FIG. 8. Variations of the differential decay widths with
respect to g> for the transition processes Qf, — Z/0/Ty, and
Qf - Q0 y,
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TABLE III. Results of semileptonic decay, where I" is in units
of 107" GeV and the lifetimes of =, and Q... are taken to be 256
and 206 fs, respectively.

This work Ref. [21]
Modes I B(%O) FL/FT I FL/FT
Bl = ety 0.0965007 0375097 1.651002 0.14 0.92

=+ LRNTRE
Zee _)Zc H I/M

Tt mlt et
:‘CC - ‘:‘C e I/E

0.0911007 0.35100¢ 1.621045 0.14  0.92
1017924 3.937093 1.597013 1.74  1.08
0.9550% 3.681058 1.55013 1.74 1.08
0.08510¢F 0.27007 1.60%01] 0.14 0.93
0.0817007 0.25200¢ 1.57-91] 0.14 0.93
1951038 4.82704 1.54701} 3.45 1.07

1.837030 4.69705¢ 1.5050} 345 1.07

Bl = Bftuty,
Qf. - B0ty
QL = E%Ty,
QL - Qlety,
Ql — Q'

LEL - Xt My) =T(Qf, - EXI'y),

1
P(EL — EoHy) = ST(Qh — Q1) (39)

The predictions in the present work show that these
relations are not strictly satisfied (see Table III), which
reflects the SU(3) symmetry breaking effect. The reason
can be ascribed to the fact that the masses of # and d quarks
are taken to be zero in this work, however, the mass of the
strange quark is not neglected.

V. CONCLUSIONS

In the present work, we firstly analyze the form factors of
the transition processes ZfF — Xt BT - BT
Qf - B and QFF - Q0 in the framework of three-
point QCDSRs. Considering the spin-parity of the initial
and final baryons, these transition processes can be
expressed as 3© — 3. On the phenomenological side, if
all couplings of interpolating currents to hadronic states are
considered, there are many redundant contributions to the
results. For example, the states with J© = %‘ will lead to
contaminations of the initial baryons, and the states
JP =3*, 3 will interfere with the final baryons. By
eliminating the Dirac structures y, and p) and solving
16 linear equations, we successfully extracted the form
factors for the process %* — %*. As for the OPE on the

QCD side, the perturbative part and vacuum condensate

terms of (gq), (53GG), (39,0Gq), and g;(gq)* are con-
sidered. After the Q> dependence of the form factors is
calculated, the numerical results are fitted to an analytical
function and then extrapolated into the timelike region
(Q? < 0). Using the predicted form factors, we analyze the
decay properties of Eff — X[ty BEfF - BTy,
Q. — 20y, and Qf, — QIty,. Although our pre-
dicted values for the form factors at zero are not consistent
with those of other works, the difference becomes smaller
after the numerical results are extrapolated into the timelike
region. Thus, the final decay widths predicted in the present
work are comparable with those of other collaborations.

More theoretical efforts in analyzing the weak decays of
singly and doubly heavy baryons are still needed. Because
the form factors that we have calculated in the present work
are related to heavy-to-light transitions at the quark level,
the heavy-to-heavy transition will be studied in the future.
In addition, the form factors studied now are defined by
vector and axial vector currents, while the tensor form
factors are also important parameters in some other decay
processes, such as the radiative and the dilepton
decay modes.
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APPENDIX A: FORM FACTOR OF B, - B;

In this appendix we first write down the matrix elements
of the vector and axial vector currents J) ™ between the
1

baryon states with spin 5 and % [Eq. (AD)]. In these

equations, F/'"2/GM" (i=1~4) and FM2/GM"
(i =1~ 3) are the form factors, where A1, and 1, denote
the parity of the initial and final states, respectively. After
the interferences of the baryons with spin-parities %i and %‘
in the final states, and %‘ in the initial states, are eliminated,

the correlation function can be written as Eq. (A2),
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APPENDIX B: THE INTEGRAL FORMULAS FOR TWO AND THREE DIRAC DELTA FUNCTIONS

The integral formulas of two Dirac delta functions can be expressed as

[ e —miyalig — k2 -y = DAL

2r
AMr,m?, m> 2_ 2
/d4k6(k2—m%)a[(q’_k)2_m§]k _ m/A(r,mi,m3) r+ mi m

K 2r 2r w

j’ b 27 2 )’ b 2? 2
/d“ké(kz — m3)((q = k)? = m3k,k, ==Y (r, i, mg) [ ACr, oy, ) G + <m2

2r T 12r Tt

Aok g
3r ;/2 ’ (Bl)

where r = ¢%, and A(a, b, ¢) = a® + b* + ¢* — 2(ab + ac + bc) is the triangle function.
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The integral formulas of three Dirac delta functions can be given as follows:
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The expressions for the coefficients a3 ~ k3 are too complicated to write down explicitly. In addition, a geometric constraint
will be introduced in the integration of three Dirac delta functions, which is actually a constraint on the phase space and it

has the following form:

(u—q*+m3—m*)(s+u—q*) +2s(m*> — u—m3)

—1<cosl =

V(=g +m3 —m?)? —dsm3\/A(s, u, ¢%)
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