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Abstract: The static properties and semileptonic decays of ground-state doubly heavy baryons are studied in the

framework of a non-relativistic quark model. Using a phenomenological potential model, we calculate the ground-

state masses and magnetic moments of doubly heavy Q and = baryons. In the heavy quark limit, we introduce a

simple form of the universal Isgur-Wise function used as the transition form factor and then investigate the exclus-
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ive b — ¢ semileptonic decay widths and branching fractions for 575 baryon transitions. Our obtained results are

in agreement with other theoretical predictions.
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I. INTRODUCTION

The study of heavy baryons containing two heavy
charm or bottom quarks has attracted attention during the
last few years. In 2002, the lightest flavored charm-charm
baryon was observed by the SELEX Collaboration in the
analysis of decay modes Ef — AfK zn* and Ef —
pD*K™ [1, 2]. They reported Mz.. =3518+1.7 MeV. It
was the first observation of double heavy baryons. Later,
the LHCb collaboration reported the new mass values of
the EfF state as 3621.40+0.72+0.14+0.27 MeV and
3620.6 £ 1.5+ 0.4+0.3 MeV on different decay modes [3,
4]. Such important observations undoubtedly promote the
investigation on the hadron spectroscopy and also on the
weak decays of double heavy baryons. The beauty-
charmed and double-beauty baryons are different types of
doubly heavy baryons. Considering that the doubly heavy
baryon states can be generated at the LHC or future high
luminosity e*e™ colliders, proposing theoretical studies
on this subject is important.

A detailed understanding of semileptonic transitions
necessitates an understanding of the interesting interplay
between the weak and the strong interactions. The trans-
ition form factors and exclusive decay rates provide in-
formation about the heavy baryon structures and also
provide another opportunity to measure the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. There are
different theoretical [5— 11] and experimental [12— 16]

achievements on semileptonic decays of single heavy ba-
ryons. However, for doubly heavy baryons, no experi-
mental data are reported and only a limited number of
theoretical calculations are available.

Some theoretical explanations are proposed to ana-
lyze the semileptonic weak decays of double heavy bary-
ons based on the QCD sum rules (QCDSR) [17, 18], cov-
ariant confined quark model [19], Bethe-Salpeter equa-
tion [20], heavy quark spin symmetry (HQSS) [21], re-
lativistic quark model (RQM) [22], non-relativistic quark
model (NRQM) [23, 24], light-front quark model
(LFQM) [25], and heavy diquark effective theory
(HDET) [26]. However, the studies on semileptonic de-
cays presented by the different approaches lead to essen-
tially different values for the decay rates.

We aim to give a description of doubly heavy baryon
properties within the non-relativistic hypercentral quark
model. First, we calculate the mass spectra and magnetic
moments of the ground-state (2 and = baryons containing
two heavy quarks (bottom or charm). Then, we study the
semileptonic decays of doubly heavy baryons for specif-
ic decay modes and focus on the studies of exclusive
b — ¢ semileptonic decays of doubly heavy Q(J=1/2)
and Z(J=1/2) baryons. We proceed with our model
close to the zero recoil point in which all the weak trans-
ition form factors between double heavy baryons can be
expressed through a single universal function n(w)[27].
Introducing a phenomenological potential model, we cal-
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culate the mass spectra and magnetic moments of double
heavy baryons, and then, using the obtained results, we
report our numerical results for the semileptonic decay
widths of doubly heavy Q and E baryons.

Many studies have presented various methods to
solve the Schrodinger equation of the three-body baryon-
ic system, which are mostly long and complicated. The
purpose of the present study is to simplify the solution of
the three-body problem using the hypercentral approach
and calculate the semileptonic decay widths in the lim-
itmp,m. > Apcp to reduce the independent number of
form factors and evaluate the decay widths in a simple
way.

Our paper is structured as follows. We introduce our
phenomenological potential model in Sec. II and simpli-
fy the three-body problem of the baryonic system using
the hypercentral approach. In Secs. III and IV, we present
our predictions for the ground-state masses and magnetic
moments of doubly heavy baryons, respectively. In Sec.
V, we simplify the transition form factors in the heavy
quark limit and introduce an Isgur-Wise (IW) function to
evaluate the semileptonic decay rates and branching ra-
tios of doubly heavy baryons for b — ¢ transitions. We
also calculate the averaged values of asymmetry paramet-
ers. Section 6 presents our conclusions.

II. THREE BODY PROBLEM

To obtain the heavy baryon masses, we need to calcu-
late the energy eigenvalues and also the eigenfunctions of
the baryon states. We study the doubly heavy baryons
and therefore, the non-relativistic formalism is an appro-
priate method. We consider the baryon system as a bound
state of three constituent quarks. Using the hypercentral
constituent quark model [28, 29], we can simplify the
three-body problem of the baryon states. After removal of
the center of mass coordinates, R, the configurations of
the three quarks can be described by the Jacoobi coordin-
ates, p and 4,

1 > 1
f=—@F-r), A=-—F+r3-273) )
V2 V6
such that
o 2mmy _ 3mz(my +my) ?)
p_m1+m2’ /1_2(m1+m2+m3)

Here, m;, m;, and m3 are the constituent quark masses.
Instead of p and A, one can introduce the hyperspherical
coordinates, which are given by the angles Q, = (6,,4,)
and Q, = (6,,¢,) together with the hyperradius x and the
hyperangle { defined in terms of the absolute values of p
and 1 by

X = 4Jp?+ 2% f:arctan(\/g). ?3)

Therefore, the Hamiltonian of three-body system is given
by

2 2

pp p,{
= +—+V(x). 4
2m,  2my ) “)

and the kinetic energy operator takes the form (aA=c=1)

54 LH9Q,018)

A, Ay 1(d 5d
o)l -t

3y omy) ™ 2

where u is the reduced mass

B 2m,my

K (6)

my+my’

and Q, and Q, are the angles of the hyperspherical co-
ordinates. In the hypercentral approach, the three-quark
interaction is assumed to be hypercentral, that is, the en-
ergy of the system depends only on the distance of quarks
X.

The eigenfuctions of L? are hyperspherical harmonics

L2920, Q0,6 Y 51,0, (Qp, Q1. E) = Y (¥ + DY (10,.1,(82, Q1,6),
(7

where y is the grand angular quantum number given by
y=2n+1,+1;; I, and I, are the angular momenta associ-
ated with the p and 1 variables, and » is a non-negative
integer number. The wave function of any system con-
taining three particles can be expanded in the hyperspher-
ical harmonic basis:

‘P(P, A) = zy,l/,,h N'y‘ﬁv,y(x) Y[y],l/,,lA (Qp’ Q/la‘f): (8)

where v determines the number of nodes of the wave
function. The hyperradial wave funtion y,,(x) is ob-
tained as a solution of the hyperradial equation [29-32]

@ 5d yy+4d)

dx?  xdx x2

l//v,y(x) = _2/1[Ev,y - V(x)]‘//v,y(x)-
)

For the ground-state doubly heavy baryons, we have
v=v=0. Here, u is a free parameter with dimension of
mass [30—32]. We consider the Coulomb-plus-linear po-
tential known as the Cornell potential and given by
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Vix) = —§+Bx. (10)

Here, x is the hyper radius and 7 and f are constant. In the
present study, we solve the Schrédinger Eq. (9) numeric-
ally.

In our model, the spin dependent interaction is treated
as perturbation. We make the following model for the
spin-spin hyperfine interaction:

A en N
Vspin = __22i<j(?l?'sj)7 (11)
mpmy Xx;

where 5} is the spin operator of the i quark, and A, and
xp are constants. We have neglected the isospin depend-
ent potential. The isospin mass splittings for doubly
heavy baryons have been studied in Ref. [33] with the
results

mz,. —mz, = (1.5£2.7) MeV,
mg; —mg = (-1.5+0.9) MeV,
ms, —mz, = (6.3%1.7) MeV. (12)

Thus, the isospin splittings are at most a few MeV and
can be neglected in our calculations.

IIT. BARYON SPECTRUM

From the experimental side, only the mass of the E.,
state has been measured. Other than the double-charm
E.. baryons, the masses of other doubly heavy baryons
are not known yet and may be measured in the future. Re-
cently, several experimental efforts have been made on
the exclusive channels Z) — D°pK~ [34] and Z) —
Efn~ [35] to search for the beauty-charm baryons, but no
signals have been observed. Recently, an inclusive decay
channel E,. — E/} + X has been proposed [26] to search
for the =, baryons where, X stands for all the possible
particles. The theoretical results on the mass spectrum of
doubly heavy baryons would be also helpful and can be
tested in the near future.

In theory, the mass of the baryon is simply given by
the energy of the baryonic system. One can calculate the
baryon masses by the sum of the quark masses, energy ei-
genvalues, and perturbative hyperfine interaction (Vipyin)
as

Myaryon = my +my +m3 +E+<Vspin>s (13)

All the model parameters (listed in Table 1) are taken
from our previous work [32] in which we have studied
the properties of charm and bottom heavy baryons in a
quark model. Our results for the ground-state baryons are

Table 1. Quark-model parameters. ¢ refers to the light
quarks u and d.
Parameter Value Parameter Value

mq 330 MeV T 4.59
ms 469 MeV B 1.61 fm™>
me 1600 MeV Ag 67.4
ny 4908 MeV X0 2.87 fm
H 0.884 fm™!

listed in Table 2 and compared to those reported within a
relativistic quark model [36], non-relativistic quark mod-
el [37-39], and QCD sum rules [40]. Our evaluation for
Mz=_ is 58 MeV higher than the experimental value repor-
ted by LHCb collaboration [3]. Our predicted masses are
in good agreement with the ones reported by Ref. [38].
For the Q}, , our mass prediction is the same as that repor-

bb>
ted by Ref. [38].

o 3
For the mass splittings between J = 3 and the corres-

ponding J :% doubly heavy baryons, our calculations
showthatME; - ME,, = 84MCV,ME;( - ME,“_ = 53M6V,M57m—
ME,,,, =25 MCV, MQ:T —MQ(( =61 MeV, MQ;{ _MQM =38
MeV, and Mq:. — Mg, =20 MeV. The obtained results of
Ref. [38] show that M=z. — M= 77 = MeV, M=z, — Mz, =
58 MGV, Mg;h - Mghh =27 MCV, MQ:( _MQ“ =61 MGV,
Mg —Mgq, =44 MeV, and Mg, — Mg, =30 MeV, which
are very close to our calculations, respectively. For
doubly bottom baryons, our evaluated mass splittings
Mz, — M=, and Mg, — Mg, arethe same as those ob-
tained by Ref. [39].

For the mass splittings between the double heavy ba-
ryons containing two identical heavy quarks and corres-

ponding bottom-charm baryons we find

mg, —mg, = 3324 MGV,

Zpe e

mg, —mgz, = 3322 MGV,
maq, —mg, =3319 MeV,
maq,, —mgq, = 3317 MeV. (14)

All the splittings are close to the mass difference of the
bottom and charm quarks

my, —me = 3309 MeV. (15)

In the case of mz, —mz, , our results are the same as
the mass splittings reported in Refs. [37] and [38].

It is also interesting to point out the mass difference
Ay = Mg, — M=, between Q and the corresponding =
doubly heavy baryons. In our calculations, it takes the
value of Ay =142~ 151 MeV, which is close to the
Ay =155 ~ 158 MeV reported by Ref. [36].
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Table 2. Masses of the ground states of double heavy baryons (in GeV). * refers to the s = % baryons.

Baryon Content Our results [36] [37] [38] [39] [40]

= gee 3.679 3.620 3.613 3.676 3.685

= gee 3.763 3727 3.707 3.753 3.754 3.690
Epe gbe 7.003 6.933 6.928 7.020

=, gbe 7.056 6.980 6.996 7.078 7.250
S qbb 10.325 10.202 10.198 10.340 10.314

=, qbb 10.350 10.237 10.237 10.367 10.339 10.400
Qe sce 3.830 3.778 3712 3.815 3.832

o, scc 3.891 3.872 3.795 3.876 3.883 3.780
Qe sbe 7.149 7.088 7.013 7.147

Q, sbe 7.187 7.130 7.075 7.191 7.300
Qb sbb 10.466 10.359 10.269 10.456 10.447

Q, sbb 10.486 10.389 10.307 10.486 10.467 10.500

IV. MAGNETIC MOMENTS

The orbital part of the magnetic moment is defined in
terms of the velocities v of the quarks. In the present
study, we investigate the ground-state heavy baryons and
also how the orbital magnetic moments vanish and the
magnetic moment of the baryon is entirely given by the
spin contribution. The magnetic moment operator is giv-
en as

7= uic (16)
where
e .
Hi= 5o (17)

and ¢; and o; represent the charge and spin of the i

quark respectively (s,- = 2). The magnetic moment of the

baryon is obtained in terms of its constituent quark mag-
netic moments (y;). By sandwiching the magnetic mo-
ment operators between the appropriate baryon wave
functions we get

1 =(Bt | i | Bst)

€9, €Q, eq
= <Bsf _(_S)Q, )z + _(_S)Qz)z + _(_s)q)z
mg, mg, mq

where Q and ¢ refer to the heavy and light quarks, re-
spectively, and | By > is the spin-flavor wave function of

Bsf>’ (18)

the baryon. The 17 matrix elements are evaluated as fol-
lows

2 eg, eg, 1 e
I~‘B(J:1/2)—>§(L+ = g )

2mg, 2mg, 22m,
€, €0, €q
=3/ — ——+ —. 19
HMB(J=3/2) 2mg, | 2mg, " 2m, 19)

With my, > m,,my,m,, the contribution from the b
quark is negligible compared to those of the light quarks.
This is also true to a lesser extent for the ¢ quark.

The spin-flavor wave functions of doubly heavy E ba-
ryons and their magnetic moments in terms of the con-
stituent quark magnetic moments are presented in Table
3. In the same way, if the light (v and d) quarks are re-
placed by the s quark, we can obtain the results for the
corresponding Q doubly heavy baryons. In Table 4 we
present our numerical results for the magnetic moments
of doubly heavy baryons in terms of the nuclear mag-
neton uy and compare them to those obtained by differ-
ent approaches [24, 41-43].

V. SEMILEPTONIC B — B'ly DECAY WIDHTS
AND BRANCHING RATIOS

In a semileptonic decay, a hadron decays weakly into
another hadron with the emission of a lepton and a neut-
rino. In this section, we study different doubly heavy
B(1/2%) — B’(1/2") baryon semileptonic decays for b — ¢
transitions where a doubly heavy baryon B with J=1/2
decays into another doubly heavy baryon B’ with the
same spin. The transition matrix element for the
semileptonic decay is
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Table 3. Spin-flavor wave functions of = doubly heavy baryons and their magnetic moments in terms of the constituent quarks mag-

. 3
netic moments. * refers to the s = 3 baryons.

Baryon Spin-flavour wave function HB
Shag %(ZM_C+C+ —C_U4Cy —ULC_Cy + 201 U_Cy —C1C_ Uy
4 1
—C_Cyll+ —CyUsCULCLC— + 201 CrU_) 5“"_ 5””
2
=hel %(Zd,ar@ —c_dycy—dic_cy +2cid_cy —cic_dy
4 1
—c_cyd+—cydicdicic_+2cicido) 5”5_ g#d
2
Egb %(zu_lh.b.;. —b_uyby —uib_by +2byu_by —bib_uy
—b_byu+—byusbucb b +2b,bu) gﬂb - %Nu
2
B %(Zd,lubJr —b_diby —d.b_by +2byd_by —b b_d,
—b_byd+—-b,d bd bib_+2b,b.d-) %/Jb— %,Ud
- -1
-Z;J,rc ?(lb,c_ Uy +cib_uy +urc by +urb_cy —2biu_cy
—2ciu_by +b_ciuy +c_bruy —2u_cyby —2u_bycy %,ub + %/.tc - gﬂu
+b_uicy +c_upby —2biciu2cibiu_+uicib
+uybic_ +byurc_ +ciurb_)
— -1
= & (bro-di +eibodi+dic by +dibocy =2bid-cy
—2cid_by +b_cidy +c_bidy —2d_ciyby —2d_bycy %llb + %ﬂc - %lld
+b_d.cy+c_diby —2bicid2cibid_+dicib_
+dibyc_+bidic_+cydib)
1
Bt %(C+C+u++c+u+c++u+c+c+) Qe + fy
1
=z $(0+C+d++c+d+0+ +dycycy) 20+ g
1
Ezg %(hﬂ’#ﬂ +byuyby +usbiby) 2up +
1
Ez; %(b+b+d+ +bydiby +dibyby) 2up + pa
1
E;‘];’ %(b+c+u+ +eybius +biugscy
+uybycy +cpuyhby +ugcyby) Mp + e + [y
1
g0 %(b+c+d+ +eibidy +bidicy
+dibicy +cidiby +dicyby) Hp + He + Ha
GF — JC b — Jc b :
T = %Vcb J L (20) Vi =y yp” and A, =y y,ysy’ are the vector and axial-

with Gr and V., representing the Fermi Coupling con-
stant and CKM matrix element, respectively. J, is the fla-
vor changing (weak) hadronic current and £* is the
leptonic current given as

Ju=Vu=Au =0y -y, L'=HF(1-ysv, (1)

where y”© refers to the bottom (charm) quark field.

vector weak currents, respectively. The leptonic current
of the semileptonic decay can be calculated from first
principles of Quantum mechanics but not the hadronic
matrix element,H,,. The hadron matrix elements can be
parametrized in terms of six form factors as

Hy =<BI(P/55,) | Vu _Au | B(p,s)) = <B/(PI,S/) | l/_/CVu(I—)’s)l/’
=i (P, $') {Yu(F1(w) = y5G1(@)) + vu(Fa(@) — ¥5G(w))
+V/,(F3(w) = ysG3(@)| u(p, s), 22)
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Table 4. Magnetic moments of the = and Q doubly heavy
baryons (in py ).

Baryon Our results [24] [41] [42] [43]
B -0.110 -0.208  —0.137

=2 0.836 0785  0.859

Bt 2.676 2670 2749 2.590
Bt ~0.165 -0.311  -0.168 ~0.200
g, ~0.413 -0.475 0400  —0.387

8, 0.533 0518 0476  0.499

Bt 2222 2270 2052 2,011
g0 ~0.620 -0.712  -0.567 -0.551
BY -0.716 -0.742  -0.656  —0.665

= 0.230 0251 0.190 0208

i 1.767 1.870 1.576 1.596
55, -1.074 -L110  —0.951 —0.984
Q. 0.743 0.635 0.783

it 0.114 0.139  0.121 0.120
Q) 0.440 0368 039 0399

Q0 ~0.339 -0.261  -0.316 -0279
Q,, 0.137 0.101 0.109  0.111

Q) -0.794 -0.662  —0.711 -0.703

where | B(p, s)> and | B'(p’, s’) > represent the initial
and final baryons. u(p, s) and u’(p’, s’) are dimension-
less Dirac spinors, normalized as & =1, and v, = p,/mp-
(v, = p,/mf) is the four velocity of the initial B (final B’)
baryon.

The differential decay rates from transversely I'y and
longitudinally I';, polarized W's, are given as

dr dr, dry
do dw * dw’ 23)

Neglecting the lepton masses, the differential decay
rates 'y and I';, for the case B'/?> — B’'/? are given as [23,
24]

dr G2|Vb|2M3
—L =T B - 1w - DIF ()P

do 1213
+(w+ DIGH (W)}, (24)
and
drp, GHVal My, v
T Vo — H{(w - DIF " (w)|
+(w+ DIFA W)}, (25)
where

F VA (W) =[(mp £ mp)F () + (1 £ w)
X (mp Fy (@) + mpFy* ()],

F] =Fj(w), Fl=Gjw), j=123 (26)
w=v.v is the velocity transfer, and ¢*>=(p—p’)’ =
m%+m3 —2mpmpw is the momentum transfer squared

between the initial and final baryons. The form factors
are functions of @ and ¢*. In the decay w ranges from
w =1 corresponding to zero recoil of the final baryon to a
Maximum wmax = (m%+m3,)/(2mgmp).

Integrating over the parameter w, we can obtain the
total decay width

Winax dl" Winax dl" L dr‘ T
Ir= dwo— = do|—+—]. 27
j]‘ @ dw j; w( do dw ) @7)

We can also calculate the polar angle distribution [23, 24]

d2FL 3 dFT er ’ ” 2
m S(da) Zd— {1+20,’ cosf +a’"cos 9}, (28)

where 6 is the angle between the four momenta of the fi-
nal baryon and the final lepton measured in the off-shell
W rest frame. a and o’ are asymmetry parameters given
by

o GoIVer P M3, g2(w? - 1)F | (w)G(w) 29
673 dl7/dw+2dl/dw

and

., dI'r/dw—2dl; /dw
T dI'y/dw+2dT; /dw

(30)
Averaging over w, we obtain

G2Vl2 M3, [ 2 (w? = DF{(w)Gi(w)dw

’

<a >=-—

613 FT 1+2RL/T ’
(1)

1-2Ry7 I,
<d'>= —— Ryr=—=—. 32
V= e Rur=g (2)

To study the semileptonic transitions of baryons, we
need the form factors, which can be parametrized in dif-
ferent ways. Some earlier works [27, 44—46] simplified
the transition form factors using different methods. The
authors of Ref. [27] have studied the form factors and
semileptonic decays of doubly heavy baryons using a
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manifestly Lorentz covariant constituent three-quark
model. In the heavy quark limit and close to zero recoil
point, the expressions for the rates can be simplified con-
siderably, and the weak transition form factors between
doubly heavy baryons can be expressed by a single IW
function n(w) [27, 47, 48]

Fi(w) = G1(w) =n(w),
Fr(w) = F3(w) = G2(w) = G3(w) =0. (33)

The universal function n(w) depends on the kinemat-
ical parameter @ [27]

m
n(w) = exp(—3(w— I)A—CZC) (34)
B

with m.. = 2m, for the bc — cc weak transitions. The cut-
off parameter Ap is an adjustable parameter related to the
size of a baryon and its value has been determined as
2.5 < Ap<3.5 GeV [27]. The values of the size paramet-
er Ap are fixed using data on fundamental properties of
mesons and baryons such as leptonic decay constants,
magnetic moments, and radii. By replacing m.. — my, in
the IW function, one can obtain the results for the
bb — bc transitions. Close to zero recoil, the IW func-
tions for bb — bc and bc — cc transitions explicitly con-
tain the flavor factors m.. and my,;,, respectively, and there
exists only spin symmetry. There is no dependence on the
light quark masses. At zero recoil (w = 1) there exists a
spin-flavor symmetry, and n(1) = 1 means that the bb —
bc and bc — cc transitions are identical.

Using Eq. (33), we obtain the following relations for
the differential decay rates:

dry  GilVal*M;,
d_wT = %qb Vo? - 1 (w), (35)

and

& _G%chble;
do ~ 24n3

x| (= Dmp +mp)? + @+ Dmp - mp)?* |1 ().
(36)

w? -1

Using the obtained masses listed in Table 2 and Egs.
(27), (35), and (36), one can calculate the semileptonic
decay rates of doubly heavy = and Q baryons. For that
purpose, we need to fix a value for |V.|. We take
[Vepl =0.0422 [49]. We neglect the mass difference
between the u and d light quarks.

The Q values of the semileptonic decays are not large
enough to allow for the semileptonic  modes. However,
the QO values are sufficiently large to allow one to neglect

the lepton masses in the semileptonic e and u modes.

The behaviors of differential decay widths iﬁ and
w

dr . . .
30 L with dependence on w are shown in Figs. 1 and 2 for
w

the Z,, — . and ;. — E.. transitions. We find that the
results for doubly heavy E and Q decays (not shown) are
very close to each other.

In Table 5, our results for the semileptonic decay
widths (transverse I'7, longitudinal Tz, and total I') are
presented. In Table 6, we compare our results to those
calculated in different models [24, 27, 36, 50, 51].

For semileptonic decays of doubly heavy baryons, no
experimental data are available at present. From the nu-
merical results in Table 6, we can see that the decay

1201
100-
D
ﬂJ
9O g0
M
2 60
518
401
201
0 . . . . . ,
1 101 102 103 104 105 106
(o]
. . dI'r dIp dr . .
Fig. 1. (color online) —, —, and — semileptonic de-
dow ~ dw dw

cay widths in units of 10-1% GeV for Zj, — Ep.(7, transition
with Ap=2.5 GeV and ¢=e¢ or u. The results for Qp, decay
(not shown) are very similar.
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Fig. 2.  (color online) %, i—wL, and j—w semileptonic de-

cay widths in units of 107 GeV for =, — E..£v, transition
with Ag=2.5 GeV and ¢=e or u. The results for Q. decay
(not shown) are very similar.
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Table 5. Semileptonic decay widths of doubly heavy baryons in units of 1071% GeV. I'y and T';, stand for the transverse and longitud-
inal contributions to the width I'. / stands for a light lepton, /= e, u.
Decay I'r I, r Decay I'r Iy T
Epp = EpclVe 0.55 0.42 0.98 Qpp = Qpe Ve 0.58 0.45 1.03
Epe = Bl 1.32 1.75 3.08 Qpe = Qe 1.40 1.91 3.32
Table 6. Semileptonic decay widths of doubly heavy baryons in units of 107'* GeV. / stands for a light lepton, [ = e, u.
Decay Our results NRQM [51] RCQM [27] NRQM [50] RQM [36] NRQM [24]
Epp — Bpelve 0.98 1.75+0.73 0.80+0.30 0.94 1.63 1.92+923
Epe = BeelVe 3.08 4.39+0.83 2.10+0.70 3.01 2.30 2.5792¢
Qpp = Qpele 1.03 1.87+0.76 0.86+0.32 0.99 1.70 2.147029
Qpe — Qeelvp 3.32 470+0.83 1.88+0.62 3.28 2.48 2.59+0:20

widths are approximately on the order of 10713 ~
10-'% 57!, Different forms for the Isgur-Wise function
may result in different decay widths. However, the order
is not changed. Further, the results are insensitive to the
size parameterAg. The authors of Refs. [51] and [27]
have allowed the parameter Ap to vary in the range
2.5< Ap < 3.5 GeV. However, there are some uncertain-
ties in their works. The error bars in the third and fourth
columns of Table 6 denote the variations of the size para-
meter Ap in their calculations, which are larger than the
variations repored in Ref. [24]. Note that a smaller value
of Ap gives smaller decay widths and vice versa. In our
calculations, we take Ap =2.5 GeV [50, 52, 53]. Regard-
ing Ag=3.5 GeV, our values of decay widths would be
larger by a factor of ~ 1.8 and ~ 1.4 for bb — bc and
bc — cc transitions, respectively.

The authors of Refs. [23] and [24] have studied the
semileptonic decays of doubly heavy baryons in a non-re-
lativistic quark model and evaluated the hadronic matrix
elements parametrized in terms of six form factors. In the
present work, we follow their strategy. We develop their
approach in the heavy quark limit and provide a way to
simplify their evaluation of the hadronic matrix elements
and form factors. From the last column of Table 6, one
can see that our results agree with their predicted decay
widths. Our results of predictions for bb — bc transitions
are lower than the estimates in Ref. [24], while for
bc — cc transitions, our I' values are higher than theirs.
The same applies for the estimates presented in the re-

lativistic quark model [36]. Meanwhile, the predictions of
Ref. [27] in a relativistic covariant quark model are lower
than ours. In comparison with those of Ref. [50], our res-
ults are in good agreement with the ones presented in.

By using the relation Br=I'xt, one can get the
branching ratios of double heavy baryons, where 7 is the
lifetime of the initial baryon. We use 75, =370x 10715 s,
Tz, =244x 1075 s [54], 1o, =220x 10, and 7, =
800 x 10715 5 [55, 56].

Our evaluated results are presented in Table 7 and
compared to those of other works [25, 50, 51]. Our calcu-
lations for the branching ratios of bc — cc decays are in
good agreement with the ones reported by Ref. [S0]. The
predictions presented in Refs. [25] and [51] are higher
than ours for all the transitions. Especially for the E;, —
Epclve and Qpp — Qp Ly, decays, the predicted ratios giv-
en in Ref. [25] exceed our estimates by a factor of ~ 3.5.

One notes that the rates for the exclusive semilepton-
ic decay modes bb — bc and bc — cc are rather small
when compared to the total semileptonic inclusive rate.
The remaining part of the inclusive rate would be filled in
by decays into excited or multi-baryonic states.

In Table 8, we compile our calculations for the aver-
aged angular asymmetries o’ and o, as well as the
Ryr =T'/T7 ratio. From Table 8, one can see that the
values of the averaged angular asymmetries for the =y,
(Epc) and Qpp (Qp) semileptonic transitions are almost
the same. This means that the mean values of the asym-
metry parameters are independent of the light quark fla-

Table 7. Branching fractions of semileptonic decay widths for double heavy baryons.

Process Our results [50] [25] [51]
Epe = EeelVe 1.14 x1072 1.11x 1072 1.67x 1072 1.63x 1072
Epp — Epclve 0.55x1072 0.28 x 1072 1.86x 1072 0.98x 1072
Qpe = Qeelvy 1.10x1072 1.10x 1072 1.32x 1072 1.57x1072
Qppy = Qpelye 1.26x1072 4.49x 1072 2.27x1072
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Table 8. Averaged values of the asymmetry parameters o’ and o’ and Ry 7 ratio.

Decay (@) (@) Ryr Decay (@) (@) Ryt
Epp = ZpelVe —0.05 —0.21 0.76 Qpp — Qpelvye —0.05 —0.21 0.77
Spe — By ~0.09 -0.45 1.32 Qpe — Qooliy ~0.08 ~0.46 1.35

vors (u, d and s) inside the considered baryons. Mean-
while, by increasing the size parameter Ap, the mean val-
ues of the asymmetry parameters increase. The increase
of Ry for the bb — bc and bc — cc transitions would be
approximately 20% and 40%, respectively, in the region
Ap=25~3.5GeV.

VI. CONCLUSIONS

In summary, we have evaluated the mass spectra,
magnetic moments, and semileptonic decays of the
ground-state doubly heavy Z and Q baryons. The calcula-
tions have been performed in the framework of a non-re-
lativistic quark model with the use of the hypercentral ap-
proach. By introducing a simple form of the universal
function, we could simplify the weak transition form
factors in the heavy quark limit. Finally, we have invest-
igated the semileptonic decay rates and branching ratios
driven by a b — ¢ quark transition for the J=1/2 bary-
ons. We have worked near the zero recoil point and in the
heavy quark limit, with lepton mass neglected. The res-
ults for doubly heavy Q decays are almost identical to the

corresponding ones for doubly heavy E decays. Because
we have two heavy quarks, the light quark acts as a spec-
tator and makes the results almost independent of the
light quark mass. According to Ref. [27] the value of the
size parameter Ap varies in the range 2.5 < Ag < 3.5 GeV.
We have selected Ap=2.5 GeV. The decay widths ob-
tained in Ref. [51] are larger than ours for all the trans-
itions. If we select Ag =3 GeV, the evaluated decay rates
and branching ratios will be very close to the calcula-
tions of Ref. [51]. A comparison between our results and
those of other theoretical studies shows that our results
are acceptable. Note that the triplet (J=3/2) doubly
heavy baryons are dominated by the strong or electro-
magnetic decays. If these excited states are the initial
ones, owing to the smallness of the weak coupling, the
weak decays cannot be observed in the experiments.
Therefore, one can neglect the calculations for the
semileptonic decays of J =3/2 doubly heavy baryons be-
cause of the difficulty in the experiments. We hope that
our results can be used to extract the CKM parameters
Ve from future experiments on the semileptonic decays
of doubly heavy baryons.
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