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We investigate the semileptonic decay of Q, — Q.£7, in three lepton channels. To this end, we use the
QCD sum rule method in three point framework to calculate the form factors defining the matrix elements
of these transitions. Having calculated the form factors as building blocks, we calculate the decay widths
and branching fractions of the exclusive decays in all lepton channels and compare the results with other
theoretical predictions. The obtained results for branching ratios and ratio of branching fractions at different
leptonic channels may help experimental groups in their search for these weak decays. Comparison of the
obtained results with possible future experimental data can be useful to check the order of consistency
between the standard model theory predictions and data on the heavy baryon decays.
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I. INTRODUCTION

In recent years, there has been considerable attention
given to the study of hadrons containing heavy quarks.
Following the first observation of deviations from the
Standard Model (SM) predictions in B meson decays at
different experiments, attention has shifted towards all
members of the b-hadrons. The BaBar experiment reported
a 3.4¢ deviation from the SM prediction in the semileptonic
B — D decay, specifically in the ratio of branching fractions
between the 7 channel and either e or u that couldn’t be
explained [1]. Subsequently, the LHCb experiment reported
aviolation of Lepton Flavor Universality (LFU) in the ratio of
branching fractions for semileptonic B — K decay, observed
at the y channel compared to e, by 2.6¢ from the SM
prediction [2]. Furthermore, discrepancies from the SM
predictions have been observed in the B — J/W¥ decay,
showing 2¢ deviations above the range of central values
predicted by the SM in the ratio of branching fractions
between the 7 and y channels [3]. The semileptonic decays of
b-hadrons hold promise for exploring Beyond the Standard
Model (BSM) physics. The decay of A, to A, has been
studied using various theoretical methods [4—11], but LHCb
has not observed any deviations from the SM predictions
[12]. According to the quark model, which serves as a
framework to describe particles in the SM, nine single-heavy
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spin one-half ground state baryons can be made of a b quark.
All of these baryons together with the spin three-half
single heavy baryon members have been detected in the
experiment so far. The heaviest particle among the spin one-
half single heavy baryons is the £;,, containing a bottom and
two strange quarks. The first observation of €, occurred in
pp collisions at /s = 1.96 TeV, through the reconstructed
decay Q, — J/¥Q~ in the DO detector at Fermilab’s
Tevatron, with J* zéf The signal event at a mass of
6.165 £ 0.010 + 0.013 GeV was with a significance of
5.40 [13]. After measuring mass and lifetime by the
Collider Detector at Fermilab [14], its mass and lifetime
have then been respectively measured as 6045.1 £3.2 +
0.5+0.6 MeV/c? and 1.78 £0.26 & 0.05 4 0.06 ps by
LHCb [15].

The semileptonic decays of b-baryons can also be served
as good probes to check the SM predictions with the results
of ongoing progressive experiments. It is important to
check whether there are similar deviations between the SM
predictions and experimental data in b-baryon semileptonic
decays or not. Such possible deviations will increase our
hope to indirectly search for new physics BSM. In this
context, we investigate the semileptonic decay of Q, — Q.
using the QCD sum rule (QCDSR) method, which is a
powerful tool to study the nonperturbative phenomena. The
study of weak decays offers two advantages: firstly, it
provides valuable insights into various SM parameters
including the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements; secondly, it provides us with insight into the
lepton flavor universality and serves as a good candidate for
studying BSM physics. Since the SM predicts the same
coupling to the W and Z gauge bosons for all three lepton
families, measuring the ratio of branching fraction,

Published by the American Physical Society


https://orcid.org/0000-0003-3741-2167
https://orcid.org/0000-0002-9657-7116
https://ror.org/05vf56z40
https://ror.org/0272rjm42
https://ror.org/0272rjm42
https://ror.org/01dg47b60
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.014010&domain=pdf&date_stamp=2024-07-08
https://doi.org/10.1103/PhysRevD.110.014010
https://doi.org/10.1103/PhysRevD.110.014010
https://doi.org/10.1103/PhysRevD.110.014010
https://doi.org/10.1103/PhysRevD.110.014010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Z. NEISHABOURI, K. AZIZI, and H. R. MOSHFEGH

PHYS. REV. D 110, 014010 (2024)

B Br[,Q; - QCTDT]
B0 — (e i

Rq

(1)

and comparing it with future experimental data can open a
new window for exploring LFU.

The weak semileptonic €2, — €. channel has not been
observed yet, but some theoretical computations to calcu-
late the corresponding decay rates have been conducted.
The semileptonic decay of Q, — Q. was investigated
by heavy quark effective theory (HQET) [16], 1/m
corrections to form factors in the nonrelativistic quark
model [17], the spectator quark model [18], relativistic
three-quark model [19-23], constituent quark model [24],
an independent method [25], using the Beth-Salpeter
equation [26,27], large N, method in HQET framework
[28,29], light front approach [30,31], and Bjorken sum
rules [32]. Our aim is to calculate the decay rates and
branching ratios of Q, - Q.Zv, using the QCDSR
method in full theory for the first time. As stated, the
QCDSR method is one of the powerful and predictive
models in the nonperturbative area of QCD developed by
Shifman et al. [33,34] and it is used to calculate different
hadronic parameters. This method has had good predic-
tions and comparable results with the experiments so far
and it is a trustworthy nonperturbative approach to study
the hadronic decays [35-40].

The manuscript is organized as follows. In Sec. II, we
obtain the sum rule for the form factors entering the low
energy amplitude of the decay under study. In Sec. III, we
conduct a numerical analysis of the form factors by
determining the working regions of auxiliary parameters
and find the fit functions for the behavior of form factors in
terms of transferred momentum squared. We determine the
decay rates and branching ratios for all the lepton channels,
and compare our results with the predictions of other
theoretical studies in Sec. IV. Section V is devoted to
the concluding remarks. Some details of the calculations
are presented in the Appendices.

II. QCD SUM RULE CALCULATIONS

QCD sum rule provides two perspectives on a hadron:
the physical or phenomenological side, which views the
hadron as a unique object in time-like region, and the
QCD or theoretical side, which perceives the hadron’s
content through constituent quarks and gluons and their
interactions in spacelike region. By connecting these
two perspectives through dispersion integrals and the
quark-hadron duality assumption, hadronic parameters
are derived in terms of fundamental QCD parameters
[33,34,41,42]. The form factors relevant to the semileptonic
decays are obtained by equating the coefficients of the
corresponding Lorentz structures from these two parts
and applying double Borel transformation and continuum
subtraction.

A. Phenomenological side

To obtain the amplitude for the , — Q.£7, transition
we need the responsible Hamiltonian at quark level. In this
decay s quarks are spectators, so transition happens via
b — cfv, with transition current of J* = ¢y,(1 —ys)b.
The effective Hamiltonian can be written as

G _ _
Hegr = 7%Vcb07;4(1 - }’5>bf7”(1 - 75)1//, (2)

where G is the Fermi coupling constant and V., is the
CKM matrix elements. Obtaining the decay amplitude
involves sandwiching the effective Hamiltonian between
the initial and final baryon states. In this process, the
leptonic part exits the matrix element and we have

M= <Qc|Heff|Qb>

Gr > _
ﬁvcbﬁ” (1 _75>Vf<Qc|C7/4<l —75)b|9b>~ (3)

The decay contains two parts: the vector (V#) and the axial
vector (A*) transitions. Each of these parts can be para-
metrized in terms of three form factors in full QCD. The
most complete parametrizations considering the Lorentz
invariance and parity are [11]

<@@mmwmmm»=%yﬂwhwﬂw

pﬂ p/ﬂ
+ Fy(q*) — + F3(q?) ]
me, mg,

X ”Qb(P’S)’

<@@mwmmmm»=%mﬂmkmﬂw

pﬂ plﬂ
+ G1(q*) — + G;(q?) }
m m

Q, Q,

X 75”Qb(P75)’ (4)

where, F\(q%),F2(q%). F3(¢*), and G(¢*). G2(¢%), and
G;(g?) are form factors describing the vector and axial
transitions, respectively. ¢ = p — p’ is the momentum
transferred to the leptons, and uq (p.s) and ug (p'.s’)
are Dirac spinors of the initial and final baryonic states. To
find the form factors, we use an appreciate three point
correlation function. In this framework, the initial hadron
can emerge from the vacuum state and subsequently, after
interacting with the weak current, the final hadron can be
annihilated into the vacuum state

,(p.p'.q) = i2/d4xe‘i1"x/d4yeip’-y<0|7{jgf(y)

x T (0) T (x)}0), (5)
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where 7 is the time-ordering operator, and 7% (x) and
J%(y) are the initial and final hadron’s interpolating
currents, respectively. To evaluate the correlation func-
tion on the phenomenological side, one needs to insert

|

two relevant hadronic complete sets with the same
quantum numbers as the currents J% and J% for
each the initial and final hadrons, respectively, as
follows:

d'p 2 2 .
1 =0)(0] + Z/ (27)6(p;, — m3,)|h(p))(h(p)| + higher Fock states. (6)
7

(2z)*

After performing some algebraic manipulations, the hadronic side for the correlation function is obtained in the following

form:

;"™ (p, p',q) = <

017 (0|2 (p")) (R (P T "™ (0)192, (p)) (R4 ()T (0)[0)

4 .. (7)

(p”

= m )(p* —m,) ’

where - - - means the contributions of the higher states and continuum. The residues of the initial (A, ) and final (1q, ) states

are defined as

(017%(0)|Qc(p)) = Ao, uq (P'.5").
(Qy(p)|T*(0)[0) = 4, Tig, (- 5)- (8)

Now, by using the summations over Dirac spinors

ZMQC(P" sig (p'ss') = p +mq,,

ZMQ,,(P, s)itg, (p.s) = P+ mg,, 9)

as well as inserting all the matrix elements, defined above, into Eq. (7), we can obtain the final form of the
phenomenological side after performing the double Borel transformation as

2 2
"o, Mo,

o Phys Moy, Mo
BIL ™ (p.p'. q) = A, e ¥ e " [Fl(mg,,mgc}’ﬂ +mq, By, + mo v, B+ Bv.P)

F Mo, L / ’ F L v I ’ ’
+ 2 m pyp+m pul’lﬁ"i_mﬂcpﬂ_kpﬂﬁ + 3 me pﬂﬁﬁ"i_pup +p/4[5+m§2bp/4

Q Q

— G (mq,mq_y,ys +mq, B'y.ys — ma.vubvs — B'YubYs)

-G / _Ma. _
2| Pul'ys +mq puys PuPYs PP Prs
mgq, mgq,

m

me 1
-G; < Qb Pub'ys +mg, puys — Epﬁlf/ﬁ}’s - PLIWSH +e (10)

where M? and M" are Borel parameters that should be
fixed in the numerical analysis section.

B. QCD side
To evaluate the correlation function on the QCD side
in the deep Euclidean region, one should insert the
interpolating currents of hadrons into the correlation
function, i.e., Eq. (5). The interpolating current of single

|
heavy Q, baryon with spin-parity J” = (3)* is given by
(see also [43])
T%(x) = S euncl (g7 () CQP (X)) ()
+B(q" (x)Crs 0" (x))q° (x)
= (@ (x)Cq" (x))rsq° (%)
+ Q™ (x)Crsq”(x)) g (x)]}, (11)
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where a, b, and ¢ are color indices, C is the charge
conjugation operator, g is s quark, and Q is bottom or
charm quark field. The f is a general mixing parameter with
p = —1 corresponding to loffe current. We will also fix
the working region of this parameter in the numerical
analysis section. A proof of the above current considering
all the quantum numbers and properties of Q) is given in
Appendix A. Now, we are in a position to evaluate the
correlation function in the QCD side at coordinate space.

|

By replacing the interpolating currents of the initial and
final hadrons (7%, J), as well as the transition current
(J') of the decay, in the correlation function Eq. (5),
and considering all possible contractions of the quark
fields using Wick’s theorem, we find the correlator in
terms of the heavy and light quarks’ propagators. To avoid
the inclusion of a lengthy formula inside the text, we
present it in Appendix B. For the light quark propagator
we use [44]

X m (aq) m,(aq) 2 X% fm,
S (x) = is ) 1__5 1) "y -9, G 0, G
q (x) L0gp 277.'2)(4 ab 477.'2)62 ab 12 + ab™ 1o 48 ab 7on 192 <ng Q> +1 ab 1152 <qg6 q>
ap 24 2/= \2 4/ 22
. 9Gyy . XX’ (aq) x*(gq)(g°G*)
- 0 -0 12
ama How + ¥l = =5 b 07648 (12)
and the heavy quark propagator is given by [44]
d*k (S +mg)  gGhy 0 (K +mg) + (K +mg)o,,  g*G? 4+ mol
Sab 7 —ikx a 0 _ ab ~pv 9 0)%uw 6a 0 e, 13
o) l/ (2r)* ¢ { k* — m2Q 4 sz)2 12 Cab"0 (k* — m2)* + (13)
where
Gl =G, =Gy G, (14)

A,B,C =1,2...8; u and v are Lorentz indices and t* = A4/2 with A* being the Gell-Mann matrices. The gluon field
strength tensor GA =G y(O) is fixed at x = 0. Each term in quark propagator gives us an operator with the mass dimension
in the Wilson’s operator product expansion (OPE). Bare loop is a perturbative term and corrections from the operators with
d=3,(qq), d=4,{G*), d=5,(ggoGq), and d = 6, (§q)* are nonperturbative terms. By inserting the heavy and light
quark propagators into the correlation function we get the results including all the perturbative and nonperturbative
corrections of different mass dimensions. In the calculations we consider the nonperturbative operators up to six mass
dimensions. The next step is to perform the Fourier integrals and four integrals over momenta of the heavy quarks. In the
calculations, as an example, there appear terms of the form

/ d'k / d*K / d*xeit=p). / T Y AL p— xgyvkﬂfz’ — (15)
(k* = my,)' (k™ = m)"[(y — x)*]"
To proceed, first we use the identity [45]
1 Pt I'(D/2—n) 1\ D/2=n
— —it-(y—x) ; -1 n+12D—2n D/2 _ , 16
EEr L e i Tl O 1)
and substitute x, — i5°- a and y, —» —i #, which leads to
) F(k K 1\ D/2-n
/dD /d“k/d“k’/d“xe (k=pt0)-x /d4ye = >y(k2_m%)l(k,2_m2)m - : (17)
Now we perform Fourier integrals using
[ dtwetiorens [yt < @ayst - p o+t -K + pf =) (18)

In this step, the two resultant four-dimensional Dirac delta functions are used to perform integrals over four k and k’. The
remaining D-dimensional integral over ¢ is evaluated by the Feynman parametrization and utilizing [45]
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n. (@™ ir?(=1)""T(m 4 2)(n —m - 2)
/ ¢ ST I(2)[(n)[-L]"—"2 ' (19)

The final step is to calculate the imaginary parts of the obtained results by employing the following identity [45]:

r E _ n] <_ %) e E;l_)z_)l' (=L)"2In|-L]. (20)

Note that for those contributions that don’t have imaginary parts we follow the standard procedure of the method and
calculate the contributions directly. Finally, the function takes the following form in terms of twenty-four different Lorentz
structures:

P (p. p'.q) = 0 (P2 P2 ) P, + 1) ,,(pz, P2 @) P+ 100 (P p” aP) P
IS0 (P2 P2 ) pulys 1050, (0% 0 )Pl Prs + 1150 (0% P ) P rurs
I (P PR )P ulbrs w1000, (PP P2 )Pl Prs + 1157 (7. p™. 4P Py,
I (P2 P q)pulys + T 0 (0% p g plul + TS0 (0% p2. ¢ pult
+T250 (0%, P 4)r,br's +H%,CD(p 02 @)y, A TP (P2 P2 )y b+ TR0 (P2 P2 aP)rrs

CD
I (P2 P2 @) pubys + T, (P2 2 @) pybrs + 1050 (0. p™. a7 Py

+ I (P2 P )P + 105 (P2 P2, ¢ ply + T2 (P2 P2, 0P s + 103, (P2 P, 0

+ 11352 (P2 P2 ) purs- (21)

Here H?CD( p%, P, ¢*) (i stands for different structures) are the invariant functions defined in terms of double dispersion
integrals as follows:

QCD QCDSS‘I) )
I (p?, p?. 4%) ds ds —— + TP P, q%), (22)
Smin sl pH(s" = p”)

where sy, = (2m, +my)?, s mm = (2my +m.)?, and p?CD(s,s’,qz) denote the spectral densities, defined by
p?CD(s,s’,qz) :%ImH?CD (p%. p”.q%). Here T;(p? p?.q*) represent the contributions directly calculated. Upon
performing the quark-hadron duality assumption later, the upper limits of the integrals will be altered to sy and sj,
which are continuum thresholds at the initial and final states, respectively. The spectral densities include two parts and can

be returned as

4

p?CD(s,s', q ) pf’en(s,s’, qz) + ZP?(&S/, q2)’ (23)
n=3

where Pert stands for the perturbative contribution, n = 3 for the quark condensates, and n = 4 for the gluon condensates.
The fifth and sixth dimensions represent the mixed condensates and are denoted by I';(p?, p?, ¢*) in Eq. (22). Now we
apply the double Borel transformation to the QCD side using [46]

1 Ly 1 1
(p2 _ S)m (p/2 _ S/)n F[m]r[n] <M2)m—1 (MIZ)n—l

As mentioned before, the Borel transformation subtracts the contributions of the higher resonances and continuum and
enhances the ground states contributions at the initial and final channels. We also perform continuum subtraction supplied
by the quark hadron assumption. As a result, we get

B e=S/M g=5'/M? (24)

P (M2, M2, 59, 55, ) / "S/ ds'e™s/M =5 M7 p00 (5 o1 g2) 4 BIC,(p2. pP. )], (25)
S‘n‘lll”l

min
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where the components of p;(s,s’,¢*) and T;(p*, p"%, %)
are given, as an example for the structure p'y,p, in
Appendix C.

At the last step, we match the coefficients of different
structures from the phenomenological and QCD sides to
get the sum rules for the form factors in terms of QCD
parameters like quark masses, quark and gluon conden-
sates, strong coupling constant, etc., as well as the auxiliary
parameters M2, M, s, i, and S.

III. NUMERICAL ANALYSIS OF THE
FORM FACTORS

After obtaining sum rules for the form factors we analyze
the results for the form factors and obtain their behavior in
terms of g which are necessary to find the widths of the
weak transitions under study. To this end, we need some
input parameters presented in Table I. The sum rules for the
form factors include some auxiliary parameters as well: The
Borel parameters M? and M'?, the continuum thresholds s,
and s(,, and the mixing parameter f entering the currents.
We need to find the working regions for these helping
parameters considering the standard requirements of the
method. These conditions are pole dominance at the initial
and final channels, convergence of the OPE, and relatively
weak dependence of the physical quantities on the auxiliary
parameters. In technique language, to find the upper limits
of Borel parameters M? and M'> we demand the pole
contribution (PC) to exceed the contributions of higher
states and continuum, i.€.,

PC — HQCD<M27 M/27 SO’ S(/))
HQCD(MZ,M/Z, 0, oo)

> (26)

1
5

TABLE I. Input parameters used in calculations.
Parameters Values
my, (4.181003) GeV [47]
m, (1.27 £0.02) GeV [47]
mg (93.478¢) MeV [47]
m, 0.51 MeV [47]
m, 105 MeV [47]
m, 1.776 GeV [47]
m, (6.045 4 0.012) GeV [47]
me, (2.695 4 0.017) GeV [47]
Gr 1.17 x 107 GeV~2 [47]
Vep (394 1.1) x 1073 [47]
m? (0.8 £0.2) GeV? [48-50]
7q, 1647518 x 10712 5 [47]
(iau) —(0.24 +0.01)% GeV? [48,49]
(35) (0.8 £0.1)(u) GeV? [48,49]
(0| La,G?|0) (0.012 4 0.004) GeV* [48-50]
o, 0.121 £ 0.012 GeV? [43]
Ao 0.062 £ 0.018 GeV? [43]

e

Their lower limits are set by the convergence of the OPE
series. We require that the higher dimensional nonpertur-
bative operator has maximally a few percent contribution.
In other words we impose the condition

HQCD—dim6(M27M/2’ S0956)
HQCD(Mz,M’Z,so,sf))

R(M?,M?) = <0.05. (27)

These requirements lead to the following regions for the
Borel parameters

9 GeV? < M? < 12 GeV?,
and

6 GeV2 < M <9 GeV>. (28)

The parameters s, and s{,, which represent the continuum
thresholds in Q; and €. channels, respectively correspond
to the energy of the first excited states in the initial and final
channels. These thresholds are determined based on the
conditions ensuring the sum rules exhibit optimal stability
in the allowed M? and M’? regions. We choose the regions

(mgb + 0.1)2 GeV? <5y < (mgb + 0.5)2 GeV?,
and

(mgf + 0.1)2 GeV? < s6 < (mgL _|_0.5)2 GeV2, (29)

which lead to a good OPE convergence and pole
dominance.

As is seen from Figs. 1-4 the form factors show good
stability with respect to variations of M?, M"?, s,, and s, in
their working windows. As previously mentioned, in
addition to the Borel parameters and continuum thresholds
we have f parameter arising from the interpolating currents.
This parameter can span the entire region from —oo to co.
To confine it in a manageable range, we define x = cos 6
with @ = tan™!f ensuring x operates within the [-1,1]
region. We select the region that maintains the form factors
possibly unchanged. As an example, in Fig. 5, we depict
the variations of the form factor F; with respect to x. From
this figure we restrict this parameter as

-1.0<x<-0.5,
and
05<x<1.0, (30)

which are valid for all the form factors. This is equivalent to
the interval € [—1.73, 1.73], which the form factor show
minimal dependency on this parameter as is seen from the
plot of the form factor F| with respect to f again in Fig. 5.
We shall note that the Ioffe current corresponding to
x =—0.71 or # = —1 falls within the obtained region on
the negative side.
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0.0 2.0 0.00
-0.2f — 50=42.84 GeV?
—0.4f 1.5 = 5p=40.26 Ge\/2
—06h e 2 ]
c 0.6 5p=42.84 GeV & 10 e 5923776 GeV? & o0 — 50=4284 GeV? |
- b — 2 ] =V.
0.8 == 50=40.26 GeV == 59=40.26 GeV?
- b _ 2 ]
1.0 -- 50=37.76 GeV —0.45 wen 50=37.76 GeV2 |
-1.2} 1
-14p . . . . . E 0.0 . . . . . -0.20 . . . . .
90 95 100 105 11.0 115 12.0 90 95 100 105 11.0 115 120 9.0 95 100 105 11.0 115 120
M (GeV?) M?(GeV?) M*(GeV?)
0.00 . . . . .
-0.02 — 50=42.84 GeV?
— 50=42.84 GeV? -- 50=40.26 GeV?
-0.04} o= 1 2 50=42.84 GeV2
& —- 50=40.26 GeV? === $0=37.76 GeV & -0.10 — o=t ,
-0.06} we 5p=37.76 GeV2 ] == 50=40.26 GeV2
-0.15 - 50=37.76 GeV
-0.08}
-0.10 . . . . . 0.0 . . . . . -0.20 . . . . .
9.0 95 100 105 11.0 11.5 120 90 95 100 105 110 115 120 9.0 95 100 105 11.0 115 12.0
M2(GeV?) M (GeV?) M*(GeV?)
FIG. 1. Form factors, corresponding to the structures presented in Table II, as functions of the Borel parameter M? at various values of

the parameter s, g> = 0 and average values of other auxiliary parameters.

After determining the working regions of the auxiliary
parameters, we will analyze the behavior of the form factors
in terms of ¢>. Our analysis shows that the form factors are
well fitted to the function

7(0)

(31)

me,

2 4 6 5
— a4 A a a_
(1 aj g tay -t az e +ass )

b Q @

The values of the parameters, F(0), a;, a,, az, and ay,
obtained using the average values of the auxiliary param-
eters, are shown in Tables II and III for different structures.

As the QCD sum rules for form factors rely on structures,
multiple choices are available for each form factor. We
select the best options considering the Borel, continuum,
and x parameter working regions, ensuring relatively less
uncertainties of the results. Generally, structures with more

— sp= 42.84GeV?
== 50=40.26 GeV?
= Sp= 37.76GeV?

T T T

— 59=42.84 GeV?

== $0=40.26 GeV?

— 59=42.84 GeV?
== $,=40.26 GeV?

$0=37.76 GeV? W -0.10

-1.2 -015¢ = 54=37.76 GeV?
1.4 . . . . . -0.20 . . . . .
60 65 70 75 80 85 9.0 60 65 7.0 75 80 85 90
M2(GeV?) M3(GeV?) M%(GeV?)
0.00 . . . . . 2.0 . . . . .
-0.02 15 — 59=42.84 GeV?
— sSo=42.84GeV? == $p=40.26 GeV?
-0.04} 1 — sp= 42.84GeV?
%) == $0=40.26 GeV? & 1.0 50=37.76 GeV? 0= =
- L ] — — 2
0.06 - Sy 37.76GeV2 $0=40.26 GeV/
-0.08} - so= 37.76GeV?
-0.10 . A . . . 0.0 . . . A . -0.20 . . . A .
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FIG.2. Form factors, corresponding to the structures presented in Table II, as functions of the Borel parameter M’ at various values of
the parameter s, ¢> = 0 and average values of other auxiliary parameters.
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FIG. 3. Form factors, corresponding to the structures presented in Table II, as functions of the Borel parameter M? at various values of

the parameter sj, g> = 0 and average values of other auxiliary parameters.

momenta lead to more stability. The selected structures for
the form factors are shown in Table II. F'1, G1, and G2 are
determined based on fixed structures as shown in Table II,
however, for F2, F3, and G3, we have two more alternative
structure selections that are seen in Table III. The presented
uncertainties for the form factors at g> = 0 in Tables II
and III are due to the uncertainties in the calculations of the
working regions for the auxiliary parameters as well as
errors of other input values.

Figure 6 shows the form factors F; and G; as functions of
g* at average values of s, s, M?, M"?, and loffe point.
Meanwhile, Fig. 7 shows the same behavior but consid-
ering the uncertainties of the form factors. Figures 8 and 9
depict the behaviors of the form factors with and without
uncertainties corresponding to the structures presented in
Table III. As it is expected from weak decays, the form
factors grow with increasing the g>. We will use the fit
functions of the form factors in the allowed physical region,

0.0 . . . . . 0.00
1.4f ]
-0.2} i
04 1.2} — 5'9=10.21 GeV? 1 ~0.05
’ 1.0 _—' 2 '
-0.6} — s'0=10.21 GeV? | §'0=8.97 GeV
W _o.8} — spsorce: | €0 - §=7.81GeV? ] W -0.10} — 54=10.21 GeV? |
-1.0f , 2 06/ ] -= 5,=8.97 GeV?
. === s'0=7.81 GeV 0.4t [
. -0.15
-1.2}f i = §9=7.81 GeV2
1.4 i 0.2¢ 1
- . . . . . 0.0 . . . A . -0.20 . . . . .
60 65 70 75 80 85 9.0 60 65 7.0 75 80 85 9.0 60 65 70 75 80 85 9.0
M2(GeV?) M%(GeV?) M'2(GeV?)
0.00 . . . . . 2.0 . . . . . 0.00 . . . . .
-0.02 omcee | pemmssee
= S)o= . e
-0.04f ] 1.5¢ 1 -0.05¢ 1
—_— 2
~0.06} — s'=10.21 GeV? ] §'0=8.97 GeV — s=10.21 GeV?
- o~ v Ll
© —0.08} - sp=897cevz | © 10 = S0=7.81GeV? 1 & -0.10¢ -- §)=8.97 GeV?
-0.10¢ == §'9=7.81 GeV? ] 0.5 _045! = §'0=7.81 GeV?
-0.12} ] - :
-014¢ . . . . . 0.0 . . . . . -0.20 . . . . .
60 65 70 75 80 85 9.0 60 65 70 75 80 85 90 60 65 70 75 80 85 9.0
M'2(GeV?) M*(GeV?) M?(GeV?)

FIG. 4. TForm factors, corresponding to the structures presented in Table II, as functions of the Borel parameter M' at various values of
the parameter sj, ¢*> = 0 and average values of other auxiliary parameters.
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B

FIG.5. Variations of F; form factor corresponding to the structure p'y,, ¥ with respect to x and f at the average values of s, s¢, M 2, and

M and at ¢*> = 0.

TABLE II. Parameters of the fit functions for different form factors corresponding to Q, — Q. Iy, transition.

Fi(@):pvy  Fad):p v Fi(@):p v GiI@):Pvirs  Gol@):pulprs  Gi(@):pul prs
F(g*>=0) —0.28 £ 0.08 0.39 +£0.10 —0.04 £ 0.01 —0.018 + 0.007 040+ 0.11 —0.037 £+ 0.009
a 1.38 1.32 2.16 0.47 1.32 2.16
a, 0.25 0.22 1.38 —-0.01 0.22 1.38
as 0.08 0.07 —0.19 0.12 0.072 -0.19
a 0.01 0.003 —0.045 —-0.06 0.004 —-0.05
TABLE III. Parameters of the fit functions for other possible structures for form factors of €, — Q. transition.

F2(q?):pup Fy(q?):put F3(q%):p,p F3(¢%):pup Gs(q®):pup'7s G3(q?): P pYs

F(¢?=0) —0.13 £ 0.05 0.66 +0.21 0.57 +£0.14 0.37 +£0.12 044 4+0.13 —0.60 £0.17
a 1.42 1.25 1.14 1.33 1.38 1.2
a 0.11 0.19 0.13 0.31 0.31 0.15
as 0.16 0.06 0.05 0.06 0.07 0.05
ay 0.15 —0.006 —0.001 -0.014 —-0.013 —0.002

m} < g* < (mg, —mg_)?, to find the exclusive widths and
branching ratios in next section.

IV. DECAY WIDTH AND BRANCHING RATIO

Now, we are in a position to evaluate the decay widths
and branching fractions of the semileptonic Q, — Q. /v
transitions in all lepton channels using the fit functions of
the form factors determined in the previous section. We
utilize the following formula [5,6,51-53]:

dr'(Q, — Q.¢v,)
dq2

G2
= (277,’1:)‘3 |V0b|2

P2 = m2)
48m§2b q2

Htot(qz)v
(32)

where 1 is defined as A=A(m} ,m} . q%) =m +

méb +q* - z(mszzbmszz[ + méqu + méﬁ q*), m; stands for

the lepton mass, and H,,(g?) refers to the total helicity and
is defined as

Hal®) = Mo () + Ho ()] (1 +;"q) I ()
(33)

The relevant parity conserving helicity structures are
expressed as

Hy(q?) = |H o+ Hoy oo I
Hi(q*) = |H+1/2,o|2 + [H_1 20/,

Hs(q*) = [H vy, l* + |Ho1 0] (34)

where different helicity amplitudes are parametrized in
terms of the transition form factors, F; and G;,
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FIG. 6. The form factors Fy, F,, F3, G1, G», and G5, corresponding to the structures in Table II, as functions of q* at average values of

auxiliary parameters and loff point.
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FIG. 7. The form factors corresponding to the structures in Table II with their errors at the average values of auxiliary parameters.
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FIG. 8. The form factors F,, F5, and G5 corresponding to the structures in Table III as functions of g> at average values of auxiliary
parameters and Ioff point.
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FIG. 9. The form factors corresponding to the structures in Table III with their errors at the average values of auxiliary parameters.
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TABLE IV. Decay widths (in GeV) for the semileptonic Q;, — Q_.£7, transition at different channels.

rQ, —» Qc(e,,u)ﬂ(e_y)] x 1014

rQ, —» Q.. x 10'3

Present work

1/mg correction HQET [16]
Nonrelativistic quark model [17]
Spectator quark model [18]
Relativistic three-quark model [19]
Relativistic in quasipotential approach [20]
Relativistic three-quark model [21]
Independent model [25]

Relativistic three-quark model [23]
Bethe—Salpeter [26]

Covariant quasipotential approach [27]
Large N, HQET [28]

Large N, HQET [29]

Light front [30]

1107555 3115
1.32 2.1
1.51
3.55
1.23
0.85
0.85 -
0.85 3.5
1.11 e

1.19

1.72 ce

- 4.83

1.68 -

1.14

1
va VA
H o= —\/? \/stzbmsz( (a F 1)[(mg, £ mg )F ;" (a)

+mg (a+ 1).7:;/’/‘(05) + mg, (a =+ l)f;/’A(a)],
HV,A

+1/21 _2\/ mq,mq (o F 1>JT¥‘A(0‘)’
1
HJ‘:}A}Z, = —\/? \/2ma,mo (a £+ 1)[(mg, F mgc)}-}/’A(“)

+ (mg, — mg[a)]:;/‘A(a)
+ (mg,a — mgf)}—g’A(a)]v (35)

with

2 2 2
o — mq, + Mg —4
2m9bmgc

In the above formulas, F) = F; represent the vector form
factors and F f-‘ = G; (i = 1,2, 3) are the axial form factors,
the upper (lower) sign corresponds to the vector (the axial
vector) contributions. Here, H,‘f/j‘lw are the helicity ampli-

tudes for weak decays including the vector (V) and the axial
vector (A) currents and their indices (/',hy) are the
helicities of the final baryon and the virtual W-boson.
Since the amplitudes for negative values of the helicities are

related to H ‘—/}?,— hy = iHZ,‘fzw, the total amplitude is given

by Hy, = Hy,, —Hj, for the V-A currents.

W hy

We utilize the fit functions for all the form factors
obtained in previous section to evaluate the decay rates for
all lepton channels. The average values for the widths,
along with their uncertainties, are presented in Table IV.
Additionally, we compare our results with other predictions
existing in the literature in this table. As is seen, our result,
within the errors, is consistent with the predictions of
Refs. [16,17,19-21,23,25-27,29,30] for the e¢/u channel.
The prediction of Ref. [18] differs with others considerably.
Our result is also consistent with the predictions of
Refs. [16,25] and is close to the prediction of Ref. [28]
considering the presented uncertainties for the 7 channel.

We also find the branching fractions at different lepton
channels. We present the obtained results in Table V and
compare them with other existing predictions. Considering
the uncertainties, our results are in good consistency with
those of Refs. [28-30] for different channels.

It is instructive to evaluate the ratio of branching
fractions in 7 and e/u channels. We find

Br[Q, — Q. t7,]
Rq = =
‘ Br[gb - Qc(e’ /“’)’/(e,y)]

=0.2910%¢. (36)

This ratio is predicted (only central values) in Refs. [25,28]
as well, which are Rg = 0.37 and Rqo = 0.30, respec-
tively. As is seen, our result, within the errors, is con-
sistent with the prediction of Ref. [28] and close to
that of Ref. [25]. Our result together with the presented

TABLE V. Branching ratios of the semileptonic Q, — Q.£7, transition at different channels.

Present work

N, HQET [28]

N. HQET [29] Light front [30]

Br [Qb - Qc(ev /4)1_/(6.;4)}(%)
Br[Q, — Q.17 |(%)

274515

07545

e 2.82 272
1.21
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uncertainties as SM theory prediction would be very useful
for comparison with future data.

V. CONCLUSION

The exploration of deviations of experimental data from
the SM predictions on some parameters related to the
semileptonic B decays has prompted further researches on
other b-hadrons’ decay channels that may exhibit similar
deviations. Such possible deviations at baryonic channels
can help us explore physics BSM. In this study, we
examined the semileptonic decay Q;, — Q.Zv in all lepton
channels. We calculated the form factors defining these
weak transitions and found their fit functions in terms of ¢>
in the allowed physical region. We used the obtained form
factors to estimate the widths, branching ratios, and ratio of
branching fractions at different lepton channels. We com-
pared our results with the predictions of others studies
existing in the literature.

As we said, there is no experimental data regarding
these decay channels. Thanks to the new progresses in the
experiments, we hope it will be possible to study such
decay modes in experiments like LHCb in near future. The
future data and their comparison with our results will help
us not only check the values of SM parameters but also, in
the case of any inconsistency in the values of decay rates,
search for new physics effects. Specifically, our prediction
on Rq and its comparison with future related data will
be very important regarding the consistency/inconsistency
between the SM theory prediction and experiment. Any
deviations of data from the SM prediction can be consid-
ered as a hint for new physics effects BSM.
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APPENDIX A: THE INTERPOLATING CURRENT

In this appendix, we construct the interpolating current
for the €, baryon. According to the quark model, this
single heavy state with Q = b or ¢ belongs to the sextet
representation meaning that the interpolating current is
symmetric with respect to the exchange of the light quarks.
The current should also be a color singlet. By these
requirements and considering J© = %* as the spin-parity
of this state, the general form of the interpolating current
can be written as

jQQ ~ €abc{(saTCFsb)ch + (saTCFQb)f*Sc

— (QTCTs")I's}, (A1)

where I', T = 1, ys5, Yus ¥sYus O 6, are Dirac sets. We need
to determine I" and I" considering all the quantum numbers

and requirements. We show that the first term does not
contribute to the interpolating current. To this end, we consider
the transpose of the term ¢€,,;,.s%7 CT's”, which leads to

[€apesTCTsP)T = —€,,s"TTTCT 59, (A2)
where we considered the Grassmann number nature of the
quark fields. Using C> = —1 and CT = C~!, we get

[€apes®TCTsP]T = €,.sPTC(CTTC s (A3)
where
CI'Cc' =T forI' = 1ys.757,
and
Cr'c!=-r forl'=y,.0,. (A4)

Switching color dummy indicies, one obtains

[€apes™T CTs?)T = —€,p.5"TCTs?  for I =1, 75,757,

and

[€apes™ CTs? )T = €, 5"TCTs?  for ' =y,,0,,.  (AS)
The transpose of a one-by-one matrix like €57 CI's”
should be equal to itself. Thus

€apesTCls? =0 for ' =1, 75,757, (A6)
The Q,, baryon with J” = 1* consists of two s quarks and a
heavy quark b or c. The spin of the attached heavy quark to the
above diquark is % and the same as the spin of the baryon. Thus
the spin of the diquark is zero. This implies I' =1, ys.
Therefore I" in Eq. (A1) can be either I or y5, which defines
our Dirac particle of spin-1/2. Therefore, we consider both the
possibilities and write the interpolating current as

J% ~ e {(sTCQ )T s + B(sT Cys Q)¢

—(QCs" ) s = BQT Cyss")Tos ). (AT)
where we considered the linear combinations of the two
possibilities by introducing the general mixing parameter f.
Now, we should determine I"; and I',. They are determined
through the Lorentz and parity considerations. As previously
mentioned, the interpolating current for the states under study
is Lorentz scalar, so one must have both of the I"; and I", equal
to I or ys considering the above values for I'. The parity
transformation leads to the results I'; = y5 and ", = I. After
normalization, we obtain

-1 : :
T = 7€abc{(suTCQb)75sc +B(sT Cys Q)¢

= [(QCs")ysse + PO Cyss”)s ]} (A8)
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APPENDIX B: THE CORRELATION FUNCTION ON QCD SIDE

After substituting the interpolating and transition currents into Eq. (5) and applying Wick’s theorem, the following result
is obtained in coordinate space:

. 1 / !
197 = [[atwe [ e egyoen{rsS5 =08, (=3)(1 =1 SIS =0

/

—Tr[S'S9S(¥)7u(1 = 75)Sp(—=x)]rsSs (v = x)ys + S5 (y = x) 8" (=) (1 = ¥5)7,8"2 1 (y)r5S4 < (y — x)7's
—BTS'S (v = x)7sSE T (3)r, (1 =75)Si (=x)185 (v =) = 7585 “(y = %) S (=) (1 = 75)7,, 8¢ () ST (y = X)rs

+ T[S (y —x) "¢ (y)p(1 = 75) S (=x)]rsSs (v = x)ys = S5 “(x = )" (=) (1 = 75)7, 8¢ (V)rsSY (v = X)rs
HATL[ST (v = x)rsSE (V)7 (1= 75) P (=x)ISE (v = )rs = PrsSe (v = x)rsS i (=x) (1 = 75)y, S0 (x) 4 (v = x)
+ ATrlysS'd (v = x)SE1(x)y, (1= 75)Si (=x)]ysSE e (v = x) = 2854 (v = x)ysS P (=) (1 = 75)7,,S'E ' (3)r5 S5 (v — %)
+ B TlysS'E (v = x)7s S (9)1u(1=75) Sy (=) S5 (v =) + PrsSE (v = 075" (=) (1 = 75)r, 8¢ (9) ST (v = x)
—BTrlysS'Y (v =x) ST (3)r, (1= 75)Si (=x)]ysSs e (v = x) + 285 (v = x)ys S (=x) (1 = 75)7, S ¢ (v)rsSy (v = x)
— PTlysSY (v = x)rsSE (0)ru(1=75) S (=3)1S5 (v = x) =585 (y =)' (=x) (1 = 75)7, S8 (v) S5 (v = %)7s
T[S (x =) SET(3)r, (1= 75) S (=x)]rsSS (v = x)ys = BSs P (y = %) ' (=x) (1 = 75)7,,S'E 1 (3)rsS¢ (v = x)rs

X PSP sx = y)ysSE(y)ru(1 —75) S (=x)ISS (y = X)rs + 7585 P (v = %) 8" (=x) (1 = 75)7, 8¢ () S5 (y = x)rs
—Tr[Slf/b(y—X)S?/i()’)h(l—VS)SW( x)]}’sscc(y x)7s +ﬁSCb()’ X)S”a( )(1—75)7,45/?/i()’)755?1C()’—X)Vs
—BTr[S (v = 2)rsSE (V)71 =75) S (=x)1S5 (v = x)rs + BrsSe (v = 2)rsS i (=x) (1 = 15)r '€ () S4< (y = x)
—BTtlysS'SP (v =x)S2 ()7, (1 = 75)Si (=2)]ys S5 (v =) + 528 (3 = x)rsS s (=x) (1 = 75)7,, S (9)r5S¢ (v = x)
+ PTalysS"S (v = x)ysSE (9)ru(1=75) S (=x)]S5“ (y = x) = PrsSs P (v = x)rsS i (=x) (1 = 75)7, S ¢ (v) ST (v — %)
(
)

S

X BTrlysS"o? (y = x)SE )y, (1 —75)Sic(—x)|ysSs (v — x) = B2SS P (y — x)y5 S5 (—=x) (L = 15)7,, 8¢ (y)r5 ST (v — x)
+B2Trlys S0P (y = x)ysS9 (y)y, (1 —75)Si (—x)]S (y — x) ), (B1)

where S’q = CS’c.

APPENDIX C: DIFFERENT PERTURBATIVE AND NONPERTURBATIVE CONTRIBUTIONS

In this appendix, the explicit forms for the components of p;(s,s’, ¢*) and I';(p?, p”, ¢*) for the structure p'y,p are
given as

1 1—u 1
pl;efﬂ s,s',q%) = A duA dvm{[(—l +u)u?(=25" + (=q* + S)u) + u(2S + (s + 35 )u(=3 + 2u)
G (=2 +3u))v + (25 + ¢*(4 = 5u)u + su(—=8 + Su) + s'u(=4 + Tu))v?
+2(=25 4 (=g + 35 + 5" u)v® + 2sv* + 12m2Z2% = 2LZ(Z + 1)][-f* + 1]

+ [12m,Z(m e+ myo) 57 + 1OILGs, o ), 1)
P 5.5 %) =0, )
pl 5.5'.4%) =0, (©3)
and
Uy, (P2 0707 =T, (P 074" +T%, (0074, (C4)
with
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<o\, 2
S (p2 R gty = ASSMMm
Fld'h,/(p P4 ) - 192722 2/2
and
6 _ (55)?
Pl 2597213 r

[(memgr + mymgr) (14 B2) + 3rr (52 = 1), (C5)

T {2Tmimin*rR + 277%rr (=4rr + mi(—¢* + R')) + 2Tmim3z* ' R][1 — /]

+ [=2momy(g? = 547°)r*r = 2mumy(g? — 547°)rr?][* + 1]}. (C6)

In the above equations we have used the following short-hand notations:

L(s,s',q*) = —m2u + s'u — s'u®
Z=u+v-1,
S=s+7,
r=m: - p?,
r=mg—p~,
R=r—-7r,

R =r+7/,

and ©|...] stands for the unit-step function.

—miv+ sv+ q*uv — suv — s'uv — sv°,

2
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