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Abstract: In this paper, we study the production of doubly charmed baryon from anti-bottom charmed meson. Us-

ing the effective Lagrangian approach, we discuss triangle diagrams in hadronic level to get access to the branching

. = . = oy =0 . S
ratios of B, — Beeq + Bagg- It seems that the specific process B, — Ef. E; occupies the largest possibility in the or-

der of 9.1 x 1077 In addition, although the production of undiscovered Q. is Cabibbo suppressed in B, — Q. Eg,

it's branching ratio can still reach 1077 level. These results are excepted to be fairly valuable supports for future ex-

periments.
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I. PHENOMENOLOGICAL ANALYSIS

The LHCb collaboration claimed the experimental
evidence of doubly charmed baryon candidate E!' in the
A!Kn*n* final state in 2017 [1]. Its mass was determ-
ined to be 3621.55 MeV [2], and its lifetime measured by
the weakly decays, was 0.256 ps [3]. Prior to this, the
doubly charmed baryon = with a mass of 3518.7 MeV
was first reported by the SELEX collaboration in decay
modes E/, > AJK n* and E!. - pD*K=[4, 5], its life-
time was found to be less than 33 fs. However, sub-
sequent experiments FOCUS [6], BaBar [7], Belle [8]
and LHCb [9] have not confirmed this state yet. Like-
wise, for Q. baryon, the most recent searches from LH-
Cb collaboration still have not reported significant detec-
tion signal. Therefore more theoretical and experimental
efforts propelling the study of doubly heavy baryons are
urgently called for.

It is of key importance for completing the hadron
spectrum and revealing the nature of perturbative and
non-perturbative QCD dynamics about doubly heavy ba-
ryons. Presently various theoretical studies, such as dis-
cussions carried by lattice QCD [10—14], quark model
[15-22], QCD sum rules [23—28], heavy baryon chiral
perturbation theory [29—32] have been applied into the
research area of doubly heavy system. For ground states
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of E., the majority theoretical predictions concentrate on
masses and lifetimes, i.e., the masses are declared in the
range from 3.5-3.7 GeV, being close to current experi-
mental measurements. Due to effect of the destructive
Pauli interference of the ¢ quark decay products and the
valence u quark in the initial state, the lifetime of E*' is
expected to be around 2-4 times larger than the one of
&', consequently most of theoretical predictions show
that the lifetime of =¥, is in the range of 40-160 fs. For
ground state Q, there are also plentiful theoretical pre-
dictions, for instance the mass is predicted to be around
3.6-3.9 GeV, and its lifetime is 75-180 fs. We arrange
some typical results into Table 1.

The aim of our work is to present a new study about
production of doubly charmed baryon from B, meson, it
may be achieved by LHCb and future b-factory. We de-
rive the production processes in terms of effective Lag-
rangian method [33, 34]. The complete transition is di-
vided into weakly decay part associated with transition
O': b— &cd/s, and strongly couple part related to two
strong coupled vertices, i.e., B..B.D and B.B.J/v (B is
the general baryon), the production can then be described
by some triangle diagrams formally in hadronic level.
Under the SU(3) light quark flavor symmetry [35—41], it
is convenient to relate different production channels,
wherein the final states can be one doubly charmed bary-
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Table 1. The masses and lifetimes of doubly charmed baryon predicted from several theoretical methods or experiments.
LQCD[11] QM[17] [1] QCDSR[24] NR model [42] OPE [43, 44] Exp(mass & lifetime)
= 3.610 GeV 3.676 GeV 3.627 GeV 3.72 GeV 0.67 ps 0.52 ps 3.622 GeV [2] 0.256 ps [3]
. 3.610 GeV 3.676 GeV 3.627 GeV 3.72 GeV 0.25 ps 0.19 ps 3.519 GeV [5] <33 s [5]
QF. 3.738 GeV 3.832 GeV - 3.73 GeV 0.21 ps 0.22 ps - -
on B, (Eff, B, QF), and anti-charmed triplet baryon B, occurs through the weak decay of bottom quark

B3 or anti-sextet baryon B,

I'(B. > E'E,)=T(B. > E.E,),
I'(B. > =A.)=T(B, » Q.E0),

I(B. — 75, )=T(B. - E.E,),
I(B. - E7S.)=2I(B. » E.50). (1)

Furthermore, the rates of decay widths are related to the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
Vs and V4,

[(B. - EE,) I*(BL. S EMED) 3
I'B. — aj:Az,)

Consistently, we calculate the branching ratio from ef-
fective Lagrangian method, comparing with the predic-
tions from SU(3) analysis in the hope of providing assist-
ance to understand and search for doubly heavy baryons.

The rest of this paper is organized as follows. In Sec.
II, we simply introduce the calculation framework about
the production of doubly charmed baryons from B, de-
cay, several amplitudes of triangle diagrams according to
the effective Lagrangian method are achieved. Then we
give numerical analysis and branching ratios of different
processes in Sec. III. The last section contains a brief
summary.

II. THE BRANCHING RATIOS

The production of doubly charmed baryons 8B, from

<>

b — ¢cd/5, whose topological diagram in quark level is
shown in Fig. 1(a). The non-factorizable color sup-
pressed diagram with two baryons in final states are un-
usual, it is hard to handle directly by common factoriza-
tion schemes. In this paper, we shall consider the process
within the framework of the effective Lagrangian ap-
proach—a convenient method to study hadrons in had-
ronic level. The total production matrix element can be
further divided into weakly transition matrix as well as
strongly coupled matrix by inserting some complete
basis,

(BeBelH.1/B.) = Z<Bcc?5|7_{/l|/1></1|7_(eff|§c>~ A3)
A

Here H, represents the strong interaction term written in
the interaction picture, which will be given in the follow-
ing. It is not hard to see that the dominant contribution re-
specting with weakly transition matrix corresponds to
(D(D" )| H,r¢|B:)y or (D(D*)J/y|H,sf|B.) (here, we only
consider the major contribution A = D(D*)J/y(1.)), which
is depicted with an accessible emission diagram [45] in
Fig. 1(b,c). Meanwhile, the remaining one can be de-
coded by several effective Lagrangians which will be giv-
en below. Combining them, the productions of spin-1
doubly charmed baryons B.. (E77,Ef,Q) stemming
from the triangle diagrams can be attained. We proceed
with processes under quark transition b — &c3:

’

(JED),  Be—EL+E(E), &

[1]|

a

B. > ET+

(a)
Fig. 1.

(c)

(a). The production processes of B. — B.. + Bz, which are non-factorizable and color suppressed. (b,c). The weak decays of

B, — D(D*)+J/y(n.), which possess the factorizable external and internal W-emission diagrams respectively.
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and the transition b — ¢cd:

B.>E"+A.(/T), B.>E . +3., B.o>QL+E.
(5)

The corresponding triangle diagrams are drawn in Fig. 2.
Here, we have excluded some unallowable processes in
phase space, as well as the processes with decoupling
vertex.

A. Effective Lagrangians

We adopt the effective Lagrangian to study the pro-
duction of doubly charmed baryons. The process can be
regarded as B, meson firstly decays into D(D*) and
J/y¥ (n.) mesons, then exchanging with charm baryon 8B,
to produce anti-charmed baryon B; and doubly charmed
baryon B,., Bc—>MM,— B8, (MM, can be
J/yD,n.D,J/yD* or nD*). The weak decay
B.— J/y(.)+D(D*) can occur via the factorizable W-
emission process which is shown in Fig. 1(b), it usually
offers the largest contribution according to the topologic-
al classification of weak decays. The effective Hamiltoni-
an is

G

Heorr = \/EV:};Vcs(Cl(H)OI(H) + Co ()0, () + hec.,

(6)

S./Ac/Z,

Ee/Ae/Ze

Bec

()

Fig. 2.

-3

here, Gr is the Fermi constant, Ci,(u)s are the Wilson
coefficients, and O;,(u)s are the tree level fermion oper-
ators, with O, = (baCp)v-a(CpSa)v-a and
O3 = (boCo)v-a(Cs5p)v-a- The combinations of the effect-
ive Wilson coefficient a;, appears as a; = C;+C,/N,,
a, = C,+C; /N, with N, the number of colors.

The amplitude of the weak process can be expressed
as the products of two current hadronic matrix elements
companied by form factor and decay constant,

M(B. — J/yD(D"))

G - _
= TI;V:;,VNm(J/ YI(b)y-al B D(D)N(Es)y-al0)

G _ _
+ 7;V:,,vmazu/m(bc)v_A|BC><D(D*>|<as>V_A|0>,

(M

M(B. = n.D(D"))

_GF

V2

G _ _
+ 7; V2, Vesa (el (bC)y 4B D(DY)|(E5)y_410) .

Vi Ves@i (el (bO)y-al BXD(D)|(E5)v-410)

®)

The matrix elements between pseudoscalar or vector

Ze/Ae/%e

Ee/Ae/ %

Bec

(d)

The triangle diagrams attached to the production of doubly charmed baryons, brought by exchanging charm baryons =Z.,A.,Z..
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meson and vacuum have the following formations [46],

(PIES)v-al0y = ifppus  VIESv-al0) =mfve,. (9

where P, V stand for pseudoscalar and vector mesons; fp
and fy are the pseudoscalar and vector meson decay con-
stants; &; represents the polarization vector of vector
meson.

We follow the parameterized form of the transition
B. — J/yD(D") [47],

I POIBE)y-alBe(Ps,))

2 -
= ooy e P PYV(E) i m + m)A (@)
. 8* . .(9* .
—i—2 Py + Py - i T 2my AN
mBC +my q
&
+i% Domyg,A0(D),
q
(10)
<77(PP)|(BC)V—A|Ec(PB()>
mh —m> m% —m>
= (Pp +Pp— %Q)yﬂ(qz) + %%Fo(qz).
(1)

here &, denotes the polarization vector of J/y, transition

momentum g, = (Pg, - Pp),. In order to cancel the poles
at q* =0, invariant weak form factors
Fo(g?), F1(¢%), Ao(g®) and As(¢®) satisfy the following
conditions:

F1(0) = Fo(0),  A3(0) = Ay(0),

mg +m mp —m
AP = AP - AP, (12)
2mv 2mV

In the SU(4) symmetry, the interaction Lagrangians re-
lated to the processes are given as [48]

Logp = %@maﬂpﬂx (13)
P

f:

Lowy = gosv(By, V' B) + ;fv (Bowd,V'8B)y. (14
%4

Where ggsp and gggy are the couplings of pseudoscalar
meson or vector meson and two baryons B8. Since there
is no experimental data to extract values of the needed
couplings, we deduce them from the generic SU(4) sym-
metry, i.e., the empirical values gyn.=13.5(5),
8pNN = 325(90), f,;NN = Kp8pNN»> Kp = 61(1) [49, 50], are
used to reach the couplings between doubly charmed ba-
ryon and charmed baryon. One can resort to Appendix A
for more details. Within SU(4) symmetry, pseudoscalar
and vector mesons reclassified as 15-plet, whose expres-
sions are provided as [51]

770 n e —0
L K* D
V2 V6 V12
- L B Ko D
po L V2T Ve Vi | a5
V2 s _\ﬁ e _
n+ Dy
37 V12 5
Ne
D° D -
s \/ﬁ
and
0
P w J/'J/ —x0
=+ 2= K D
Ve
- P Iy 0 *—
——t—=+= K D
v=L ’ Ve | (16)
V2 . 2 Iy .
K 1/ Zw+ D:
37 V12
D*O D*+ _3']/1!/
K \/ﬁ

Baryons respesented as 8 belong to a 20-plet,
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1
BIZI =p, 8122 =n, BBZ 72 _ 7/\ 8213 A 8231 1 A, 8232 — 2—’ BZ%S E
V2 V6 1 \/>l \/_1 ” 1 1 1
8311 — Z+, 8313 — EO, 8141 — _2:+’ 3142 2: + 7/\6, 8143 — 7512 _ 7:5;’ .8241 — 72; _ 71\“
| 1 1 V2 1\/6 V2 ]«/6 V2 Ve
8242 - 20’ 8243 E/O + 750’ 341 _ 7512 + 753’ B342 _ 75/8 _ 758’ 3343 — Q?,
c \/E c 6 c \/z \/6 2 \/6 d
124 _ % 234 _ 2'—0 314 _ %:+ 144 _ m=++ 244 =+ 344 _ O+
B¥=3A, BM=\/3E), BV=\[3E, B B g, 8=
7)

These states are expressed by tensors B¢, where the first two indices is anti-symmetric.

B. Amplitudes and Decay Rates

Having the effective Lagrangians at hand, we can obtain the decay amplitudes of Fig. 2. For instance, the amplitude
of B. - EME, is
d*k itz (p2)yy (ki — mz, )y,vz (pK5K;
7 ) Cap St T ) (G = i) (B =)
d*k, iz, (p2)(ki = mz,)ys (Y — iky O auks [ (2my))ve (p1)
@y S5=P8E= K =m2) (3 —mp) (6= m3)

+ks3) -k
(s +mp16) - L0

TGP ko + ey =y +m)Fy () + (o, =) Fo(R3))

My = F2U3 )i f)ika,

(= g’”+kﬂk
my

d4k] o _ _(E(p2)(7p _lKD O-rl,uka/(sz ))(kl +quq)75(kl + PI)W (pl)
() S5 8z (6 = m2) G =m3) (G =)
(my =m;) op (my —m;)
P ) Fy(k) + in% :
d*ky Tz, (P2)(Vy — ikp TolykS | 2mp)) ey +mz )y, — iy ks [2my))vs (p1)
2n)* =(ki —mz2) (k3 —mp.) (k3 —mg,)
P

2)(—g" + ;—{)(

As(k3) < 2my A5(k3) + 2my Ag(KS) )

M. =i

K
FAR)(—g" + #%;)(mD*fD*) ((p+ks— KFo(k3)) .

Mdz

Ky
(8z.2.085,2,,)F () mp fir ) (=" + =

=csc

2
T T Cappor kv k2
mBL"‘mwgﬁ/ PPk Viky)

+hs)ok ko k
+igas (i, +my)AL(K2) - imAz(kg) _ jep

B, T My 2

k
2my A3 (k2) + 1g2m¢k2on(k§)) .
2
(18)

where k; = p;+k; is the momentum of J/y(3.) and tion vertex. In principle, we can not determine it from

ky = p, —k; is the momentum of D (D*) respectively. Had-
rons have finite sizes, therefor the monopole form factor
is adopted at each vertex,

AZ
-k

FUh2) = (

mye

here A is the so-called cutoff mass, which governs the
range of suppression. We take the value A = mg+a [39],
mg 1s the mass of exchanged particle and @ =nAgcp.
Usually the parameter # is expected to be of order unity
and it depends not only on the exchanged particle but also
on the external particles involved in the strong-interac-

(19)

first-principles calculations. However, we can fix the
parameter using the measured decay rates. In this B.
meson system [52], we take naive value for o in range of
100-300 MeV. The decay rate for nonleptonic transition
B, — PP, is expressed in terms of the decay amplitude
M(B, = P,P,)

|P1|

F(Ec i Bcc +§cqq) = |M|2

(20

where P; is the magnitude of three momentum of the fi-

Almig, ,m ,m2);

nal state meson, given as [Pil= -—
, 8 sz B

Aa,b,c) = a® +b* + ¢* = 2ab - 2bc - 2ac.
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III. NUMERICAL ANALYSIS

The calculation of branching ratios requires the de-
cay constants of several pseudoscalar and vector mesons,
which are presented as follows.

fo=0.208(15) GeV, fp, =0.273(12) GeV,

for =0.245(20) GeV, fp: =0.273(19) GeV. 1)

Furthermore, the masses of mesons and baryons refer to
PDG [53]. Numerous strong couplings are deduced from
SU(4) symmetry shown in Appendix A.

On the physical region, each of the transition form
factors can be accurately interpolated by the following
function [54]:

asq’

(P =ai+agd +———
my —q

where the parameters «;,; are taken from Table 2.
Armed with these, we determine the production of
doubly charmed baryon from B. meson, acquiring the nu-
merical number of widths and branching ratios collected
into Table 3, particularly the branching ratio-can reach to
order 107°. In our analysis, we fix the parameter
@ = Agcp in A with a value of 250 MeV [55]. For com-
pleteness, the branching ratios respecting to a are studied
still in Fig. 3. Moreover, we further vergy _the dominant
sub-process of productions B. = MM, — B:B.. (MM,

= J/yD,n.D, J/yD* or nD*). In regard to the results, we
draw several inferences below.

e Our calculation shows that the production
B, — E!E. occupies the largest branching ratio among
the considering processes in this work, which should be
confirmed experimentally. Once verified, it could be an
ideal candidate to produce doubly charmed baryon in the
future. The dominant contribution of amplitude comes
from sub-process B, — J/yD — EI}E, (branching rati/o
of the subprocess is 2.1 107%), and B. — 1.D* =S ENE,
(branching ratio of the subprocess is 1.1x1073). There-
fore, the major contribution of branching ratio comes
from these two sub-processes and their cross ones.

e It seems that the leading contributions of strong
couplings are subprocesses with both 88V or B8P ver-
texes in terms of the processes, i.e, for B. = E;/Z; , the
isolated contribution from a pair of BBPs or BBVs is tri-

viality, merely at the order of 107%.

e Different from the first four Cabibbo allowed pro-
cesses, the last four processes are Cabibbo suppressed.
However, the branching ratio are still considerable. Espe-
cially, the undiscovered Q.. can reach to 107 order.

e Table 3 shows the rates of decay widths
[(B. — E}E,)/T(B. —» E}fA;) ~ 16.4 ,

[(B. - E}}E. )/T(B. — E/E.) ~ 15.5 which turn out to

Table 2. The interpolation parameters of form factors in Eq.(10), from which a; is dimensionless and @3 have dimension GeV~!.

B. =1 B> J/y
F1(0) Fo(0) Vo(0) Ap(0) A1(0) A2(0) A3(0)
a 0.632(13) 0.632(13) 0.836(41) 0.574(33) 0.551(25) 0.561(28) 0.574(33)
a 0.032(24) 0.025(11) 0.045(80) 0.030(43) 0.018(38) 0.021(35) 0.030(43)
a3 0.061(13) 0.034(7) 0.028(110) 0.055(25) 0.036(61) 0.037(77) 0.055(25)
Table 3. Branching ratios of doubly charmed baryons from B, (B. — MM, i?{; B.c) with A =mg, +0.25 GeV. The exchanged

particles (EP) can be A.,E.,X.. In addition, we show the dominant contribution from the M; M.

Process EP Decay width(x10719) Branching ratio(x107%) Dominant M M,
B-=E L8571 78R o
B —ELE, cE 551115 427438 neD"'
B.oEE E, 83.14391 64.41139 JIyDn.D*
B.>ErE. =, 117.9%292 91.4+226 J/yD,n.D*
B E R A 030°0%8 0231908 n
B. > ELTy . 11932 92533 J/wD.n:D*
B, > =T, e 5.37+139 4.16* 148 J/yD,n.D*
B.— Q.5 = 0132053 01076 neD’
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Fig. 3.

Branching ratios respecting to o in A, o varies from 100-300

one describes Cabibbo suppressed processes with transition b — ccd.

be consistent with straightforward symmetry analysis in
Eq. 2), |V /IVal* ~ 19.9. This result exhibits that the
SU(3) symmetry is basically maintained in these pro-
cesses.

e We conduct a systematic error analysis, consider-
ing the uncertainties of form factors, decay constants, and
coupling constants. It is easy to see that-the deviation of
central value can reach 20%, Further analysis reveals that
the main uncertainties come from coupling constant
BBV, i.e. gowy =3.25(90), g=: 5 p- = —4.60(113), once ex-
cluding these, the error will be less than 10%.

e The decay channels B. — B:8B.. are computed for
the first time in this work. We note that there are studies
investigating the branching ratio for processes such as
B’ > Af+p in the framework of perturbative QCD
(pQCD) [56], the effective operator involved b — ¢id is
similar with ours b — ¢c5. However, it is well established
that a complete theoretical prediction within factorization
schemes necessitates non-perturbative inputs. In the
present case, the wave functions of doubly charmed bary-
ons remain inaccessible, as there are currently no theoret-
ical or experimental studies on the LCDAs. Con-
sequently, we adopt the effective Lagrangian approach,
which circumvents the need for explicit knowledge of
hadronic LCDAs.

IV. CONCLUSIONS

The observation of Z* by the LHCb Collaboration
opens a new field of research about the nature of baryons
containing two heavy quarks. The doubly charmed bary-
ons can form an SU(3) triplet 7, Z" and Q,, therefore,

after the experimental observation of it is of prime

=+t
cc

w B )]
o o o

N
o

Branching ratio x10~8

MeV. Left image contains four Cabibbo allowed processes, right

importance to pursue searches for additional production
modes of this particle and the other two. It is worth not-
ing that the charmonium pentaquarks have been dis-
covered from the B-meson dacays [57, 58], this inspired
us to search for doubly charmed baryons through meson
decays.

In this paper, we have presented a theoretical study on
the production of doubly charmed baryon from B. meson
decays. The decay widths and branching ratios are
achieved in terms of effective Lagrangian method and
collected in Table 3. We hope these results may provide
hints for the exploration of new decay modes in the fu-
ture.

APPENDIX A. COUPLINGS

The Lagrangian of B8P in SU(3) symmetry can be
written as,

Ly = aByysy,d PBi + B ysy, ' PiBl, (Al

here parameters a;=D+F, a,=D-F and DF
ap =0.64 [59]. Expanding the Lagrangian, we take the

couplings of NNz and KAN and the rate is

ENNr V3

8KAN - 2ap-3"

(A2)

Furthermore, the Lagrangian of 88P in SU(4) symmetry
is
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L35 = 8001 By 5,0 PIBM + b, By 57,0 P18
—{ijlk —{ijlk
= 20818 ¥y, P Bujn+ 88" v5y, 0" P'Buy;) .
(A3)

Here, we show two equivalent tensor representations of
baryon 8[,,&"* and 8", [] and {} represent symmetric
and anti-symmetric indices respectively, & is the total

antisymmetric tensor. Expanding the Lagrangian

8NNx _ by _ -2 \/§ (A4)
gkav  _bi+dby by,
243 by
Comparing the results between (A2) and (A4),
b 2—4dap. (A5)
by

It is similar for the case of B8V couplings. Generally, the
Lagrangian of 88V in SU(3) symmetry can be written as

L%%é = clg;y#(V“)iﬂf + clg;(y#(V“){Blj‘- + ng;cy#(V“)jﬂf.
(A6)

Expanding the Lagrangian and comparing the coupling
pNN with K*AN,

8oNN = — \/ggK*AN~ (A7)

The Lagrangian of BBV in SU(4) symmetry is given be-
low,

Ly = 8081 By (VB + 8,8y, (V!B
+ 83 By yu (VY BI)

, lijik lijlk
=gy(m8B ! )’y(vﬂ)fB[lj»k'f‘th ! Yp(vﬂ)fg(lk]j)~

We again show two equivalent formulas as before. Simil-
arly, one can get

4 -2
Sy _ 8 _“2V3 (A9)
grean _81+48, 814
2V3 %
finally, we have
8-, (A10)
&2

According to the couplings gyy, = 13.5(5), gy = 3.25(90),

k, = 6.1(1) as well as the relations in (A5) and (A10), we

determine the required couplings,

1
== =—b—5b =—10.23, == =0,
8E.En. 3 ’\/6( 1 2) ( ) g._c._.LJ](.
1
A, = ——=(b; —5by) = -10.2(3), n =0,
AN 3 \/6( 1 2) (3),  gazan
1
8T = %(bz ~b1)=8.6(3),
1
8zl = %(bz -by)=8.6(3),
1
8=+=.D, = _@(bl +by) = -3.4Q2),
8et+=lp, = by =13.5(5),
1
ion :—7b+b :_3.42,
ELE.D, \/5( 1+D2) (2)
8z:=/p, = —b, = —13.5(5),
1
8= AD = @(bl +by) =3.4(2),

8ziry.D = by =13.5(5),

g=x.p = — V2by = -19.1(7),
1
89 2.D = _ﬁ

1
8=z = ﬁ(gl —5g2) =-3.10(75), =,z ;4 =0,

(b1 +by)=-3.40Q2),

1
8NNy = ﬁ(gl —5g2) ==3.10(75), gz =0,

8. = gz\;g‘ — 3.98(90),
8=zl = gz;\/ggl =3.98(90),
P —%(gl +g2) = 1.88(45),
8=+ p: = &2 = 3.25(90),

fatmon = —%(gl +22) = 1.88(45),
8=r=/p: = —8 = —3.25(90),

8=irAD = %
sis.p = & = 3.25(90),
gz 5.p = — V28, = —4.60(113),
1
89} 2D = —%

(g1 +82) = —1.88(45),

(g1+g2)=1.88(45).
(A1)
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