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The discovery of doubly heavy baryon provides us with a new platform for precisely testing the standard
model and searching for new physics. As a continuation of our previous works, we investigate the flavor-
changing neutral current processes of doubly heavy baryons. The light-front approach is adopted to extract
the form factors, in which the two spectator quarks are viewed as a diquark. Results for form factors are
then used to predict some phenomenological observables, such as the decay width and the forward-
backward asymmetry. We find that most of the branching ratios for b — s processes are 1078-10~7 and
those for b — d processes are 107°—1073. The flavor SU(3) symmetry and symmetry breaking effects are

explored. Parametric uncertainties are also investigated.
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I. INTRODUCTION

Just one year ago, LHCb collaboration announced
the discovery of a doubly charmed baryon Z/ with the
mass [1]

Mz = (3621.40 £ 0.72 + 0.27 £ 0.14) MeV. (1)

Since then, great theoretical interests have been devoted to
the study of doubly heavy baryons, some of them can be
found in Refs. [2-22]. Recently, some more new results
were reported on Z/." by LHCb collaboration, including
the first measurement of the lifetime [23] and the first
observation of the new decay mode E/" — Efz™ [24].
After discovering Z7F in the decay mode of Zif —
AfK~ztzt, LHCb collaboration is also continuing to
search for the Ef. and Z,. baryons [25]. Comprehensive
theoretical studies on weak decays are highly demanded
and our previous and forthcoming works aim to fill this
gap. In our previous works [4,5], we have presented the
calculations of 1/2 to 1/2 and 1/2 to 3/2 weak decays. As
a continuation, we investigate the flavor-changing neutral
current (FCNC) processes in this work.

FCNC processes are considered to be an ideal place to
the precise test of the standard model (SM) and the search
for new physics (NP), while the discovery of the doubly
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heavy baryon provides us a new platform. b — d/s process
in SM is induced by the loop effect, thus its decay width is
small. NP effects manifest themselves in two different
ways. One is to enhance the Wilson coefficients, and the
other is to introduce new effective operators which are
absent in the SM. The typical value of the branching
ratio for FCNC processes is ~107® for mesonic sector.
However, the small branching ratio can be compensated by
the high luminosity at the B factories. Also, with the
accumulation of data, we are in an increasingly better
position to study these semileptonic process. Baryonic rare
decay modes, which are also induced by b — d/sltI~ at
the quark level, are also important as its mesonic counter-
parts. Serious attention is deserved, both theoretically and
experimentally.

A doubly heavy baryon is composed of two heavy
quarks and one light quark. Light flavor SU(3) symmetry
arranges them into the presentation 3. For 1/2% doubly

heavy baryons, we have Z;."" and Q. in the cc sector,

Eg‘b_ and €, in the bb sector, while there are two sets of
baryons in the bc sector depending on the symmetric
property under the interchange of b and ¢ quarks. For the
symmetric case, the set is denoted by E‘.btto and Q) , while
for the asymmetric case, the set is denoted by Z,'"* and
Q;]Oc.l In reality these two sets probably mix with each other,
which will not be considered in this work.

To be explicit, we will concentrate on the following
FCNC decay modes of doubly heavy baryons. For b — s
process,

'"The convention here for be sector is opposite to that in
Ref. [26].
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(i) bb sector
2Y, (bbu) — E)(sbu)/EQ(sbu),
5, (bbd) — E; (sbd)/E; (sbd),
Q5 (bbs) — ;5 (sbs)
(i1) bc sector
B/ (bcu)/E;} (bcu) — Ef (scu)/E (scu),
20 (bed)/ED.(bed) — E(scd)/EL (scd),
QY (bes) /L (bes) — Q(scs).

For b — d process,
(i) bb sector

5), (bbu) — A)(dbu)/Z)(dbu),
=5, (bbd) — 35 (dbd),
Q;, (bbs) — E; (dbs)/Z, (dbs),
(i1) bc sector
B} (bcu) /&, (bcu) — Af(dcu)/ZE (dcu),
20, (bed) /2 (bed) — T2(ded),
Q) (bes) /P (bes) — E(des) /EL (dcs).

In the above, the quark components of the baryons have
been explicitly presented in the brackets, and the quarks
that participate in weak decay are put in the first place.
Taking the b — s process in bc sector as an example, the
final baryons g0 belong to the presentation of 3, while
E’CMO and Q?. belong to the presentation of 6, as can be seen
from Fig. 1.

Light front approach will be adopted to deal with the
dynamics in the decay. This method has been widely used
to study the mesonic decays [27-44]. Its application to
baryonic sector can be found in Refs. [45-49]. As in our
previous works, diquark picture is once again adopted, i.e.,
the two spectator quarks are viewed as a whole system, as
can be seen from Fig. 2. The two spectator quarks form a
scalar diquark or an axial-vector diquark. Generally speak-
ing, both types of diquarks contribute to the decay process

FIG. 1. Spin-1/2 anti-triplets (panel a) and sextets (panel b) of
charmed baryons. It is similar for the bottomed baryons.

FIG. 2. Feynman diagram for baryon-baryon transition in the
diquark picture. P") is the momentum of the parent (daughter)
baryon, pgl) is the initial (final) quark momentum, p, is the
diquark momentum, and the cross mark denotes the weak

interaction.

and their contribution weights can be determined by the
wave functions of the baryons in the initial and final states.

SU(3) analyses for FCNC processes will also be con-
ducted. A quantitative predictions of SU(3) symmetry
breaking effects will be performed within the light-front
approach.

The rest of the paper is arranged as follows. In Sec. II, we
will present the effective Hamiltonian responsible for the
b — d/slTI~ process. Then the framework of light-front
approach under the diquark picture will be briefly intro-
duced, then flavor-spin wave functions will also be dis-
cussed. Some phenomenological observables are collected
in the last subsection of Sec. II. Numerical results are
shown in Sec. III, including the results for form factors,
decay widths, forward-backward asymmetry, the SU(3)
symmetry breaking and the error estimates. A brief sum-
mary is given in the last section.

II. THEORETICAL FRAMEWORK

A. The effective Hamiltonian

The effective Hamiltonian for b — s[*[~ is given as

_Gr
V2

Here the explicit forms of the four-quark and the penguin
operators O; can be found in Ref. [50] and C; are their
corresponding Wilson coefficients, which are presented in
Table I in the leading logarithm approximation [50]. The
transition amplitude for B — B'["[~ turns out to be

10
Heip(b — sIT17) = Vi Vis Z Ci(m)Oi(u).  (2)
i=1

G
M(B=BIT) == 2V, Vi 5

- { <C3ff(q2)<8’lm(1 ~75)b|B)

_2mbC%ff<B/|§i6/w%<l + y5)b|B>>Z}/Ml

+clo<B'|sy,,<1—y5>b6>2wysz}. 3)
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TABLEIL Wilson coefficients C;(m,,) calculated in the leading logarithmic approximation, with my, = 80.4 GeV
and p = Mp pole [50].

C, C, C, o Ce ceft Cy Cy
1.107 —0.248 —0.011 —0.026 —0.007 —0.031 -0.313 4.344 —4.669

Note that the sign before C< is different in literatures. Our
result coincides with those in Refs. [51,52], but is different
from that in Ref. [53]. In Eq. (3), CT and C&f are defined
by [54]
Cs' = C; - Cs/3 = Cg,
Cgff(qz) - C9(ﬂ) + h(ﬁlm §)C0

1
— 5 h(1.8)(4C; +4C; +3Cs + Cy)

1
—Eh(O,g)(CB +3Cy)
2
+5(3Cs +Cy +3C5 + C). 4)

Wlth §:q2/ml27, CO = C1 + 3C2 + 3C3 + C4 + 3C5 + C6’
and 7/, = m./m,. The auxiliary functions & are given by

8 my, 8 8 4 2
h(z.3) = ——-In—2—21nz _Z0 1 — x|1/2
(z,9) 5" g +27+9x 9( +x)[1 — x|
(ln’m“‘ iﬂ'), xz¥<1
X 1=t .
2arctanﬁ, xz“g > 1
8 nmy, 4 8 4
h(0,8) = —2In "2 —1ng -
(0,%) o, 79 +27+9m (5)

The effective Hamiltonian and transition amplitude for
b — d process can be written down in a similar way.

B. Light-front approach

Light-front approach for 1/2 — 1/2 FCNC transition
will be briefly introduced in this subsection, including the
definitions of the states for spin-1/2 baryons, and the
extraction of form factors. More details can be found in
Refs. [45,49].

In the light-front approach, the wave function of
1/2" baryon with a scalar or an axial-vector diquark is
expressed as

IB(P.S.S,))
- /{d3pl}{d3pz}2(2ﬂ)3é3@ —P1=D2)

X > WSS (py, oA )l (P14 (dD) (P2 ), (6)
s

where ¢, stands for b/s quark in the initial/final state, and
the diquark is denoted by (di), which is composed of one b
quark and one light quark. The momentum-space wave
function W55 is given as

A
V2(p1 - P+ mM,)
X ﬁ(pl’ll)ru(p’ Sz)d)(x’ kl_)’ (7)

Tssz(ﬁlvi’%ﬂl?/b) =

with A =1 and I' =1 for the case of a scalar diquark

myMo+p,-P) —
involved, and A = \/%mlMoerl Fr20np) (pr P and I" =

\/gysg;/*(pz,/lz) for the case of an axial-vector diquark

involved. A Gaussian-type function is usually adopted

for ¢:
3/4 €16y —]_C)Z
=4 exp( 5 |- (8)
XXM 2p
Taking the V —A current of b — s process as an
example, the transition matrix element can be derived as

(B'(P',S%)[57,(1=75)b|B(P.S.))
@' (X K )p(x, k)
= [{d’py} - = _
/ ’ 2v/pi Py (py - P+mMy)(p) - P'+m\ M})
x Y a(P' ST (# +m))y,(1=7s) (71 +m)Tu(P.S,),

o)
9)

where
m; = my, my = my, my = my, (10)
and @) = AV@"), p, (p") denotes the four-momentum of

the initial (final) quark, P (P’) stands for the four-momen-
tum of B (') in the initial (final) state. For the case of a
scalar diquark involved,

r=1r=1, (11)

while for the case of an axial-vector diquark involved,

r= —%mﬁ(pz,m (12)

and
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= —%}’sfl’(l?z,/lz) (13)

The transition matrix element (B'(P', S})|5y,(1 —ys)b|B(P,S,)) can be parametrized as

(B SOI5HIBP.S.) = WP 50 [ () + i By 120%) + 3 12 P50

/ / 7 = - / ! . g q
(B'(P'.S,)[57,r5b|B(P.S,)) = (P, S") [n,gl (4%) + wﬂyqﬂgz(qz) + —”93(612)} ysu(P,S,), (14)

M

while (B'(P', S%)|5ic,,q" (1 + y5)b|B(P,S;)) can be parametrized as

v

. v - . q
(B, S, L OIB(P.5) = 8PS0 1) + i L7 + 2 7102 w50
o o ¢ q
(5P )i, &7 1P 5) = 0P, ) () + i By ) + Sk ()| psulP.s). (19

Here ¢ = P — P/, and f,m, gET) are the form factors.

It should be noted that f7 and f% are not inde-
pendent. Multiply the first equation of Eq. (15) by ¢* to
yield

0= a(P sy —afT+ L ptlups). (16)

and one obtains

[ —} (17)
1 M(M—M/) 3

In a similar way, one can obtain from the second equation
of Eq. (15)

T _ 7
e

mgg- (18)

g
Taking the extraction of f; as an example, these form
factors can be extracted as follows [49]. Multiplying the
corresponding expressions in Eqgs. (9) and (14) by
u(P,S,)(I*)u(P',S,) with (I'"), = {y*, P*, P} respec-
tively, and taking the approximation P} — PU) within the
integral, and then summing over the polarizations in the
initial and final states, one can arrive at

1ed 0,0 400 (1 + 0 Lo 21 2 o) |

¢ (X K )p(x. k)

:/{d3p2} +,/+ > /. p/ IBYQ
2/ pi Py (py - P+ miMy)(ph - P/ + miMp)
X Y Tr{(T4),(P' + MY)T (¢ + m))y,,(p1 + my)T(P + Mo)} (19)

A

with (%), = {y#, P*, P*}. Then f; can be determined by
solving linear equations. The form factors g; can be
obtained in a similar way. Only f7 ; or g} ; can be extracted
in this way with (I*), = {y#, P*}, fT or ¢! is then obtained
by Eq. (17) or (18).

C. Flavor-spin wave functions

In fact, the flavor-spin wave functions are not taken
into account in the last subsection. This problem will be
fixed in this subsection. We consider first the initial states.

[

For the doubly bottomed baryons, the wave functions are
given as

B,, :\% [(—?bl(bzq)s—kébl(bzq),;) o bz)} ,

(20)

with ¢ = u, d or s for 32 b 2pp, OF £, respectively. For the
bottom-charm baryons, there are two sets of states, as
discussed in Sec. I. The wave functions of bottom-charm
baryons with an axial-vector bc diquark are given as
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Bieas+ibleas @)

B, — —
be B

while those with a scalar bc diquark are

= —ableas - Lo, @

with ¢ = u, d or s for EgC)Jr, Eggo or Qggo, respectively.

For the final states, the singly charmed baryon which
belongs to antitriplets are given as

1
A = —Ed(cu)s +—d(cu),,
1
Bl = —=s(cu)g+—s(cu),,
1
2= ——s(cd)g+—s(cd), = =d(cs)sg — ?d(cs)A.

(23)

For the sextet of singly charmed baryons, the following
wave functions are needed

TABLE II.

3 1
P gd(cu)s + 5 d(cu)
1 [V3 1
X = [%dl(cdz)s +§d1(cd2)A + (d' < dz)},

V3 1
It = TS(C”)S +§S(CM)A’
=0 — \/gs c

20 = L s(cd)s+ Es(ed)y = Ld(es)y + 1 d(eo),
Q0 = % [gsl(cﬁ)s + %sl(csz)A +(s! < sz)]. (24)

The final states of singly bottomed baryons can be written
down in a similar way.

Finally, the overlapping factors are determined by taking
the inner product of the flavor-spin wave functions in the
initial and final states. The corresponding results are
collected in Table II for both b — s and b — d processes.
The physical form factors are then obtained by

thy:CSFS+CAFAv (25)

where Fg(4) denotes the form factor f;, g;, f], or g/ witha
scalar diquark (an axial-vector diquark) involved.

=0

Flavor-spin space overlapping factors for b — s and b — d processes. Taking the 29, — EJ as an

example, the physical transition matrix elements can be evaluated as: (2)|T,|Z),) = cg(s[di]|T,|b[di]) +
ca(s{di}|T,|b{di}) with c5 = v/6/4 and ¢, = V/6/4. Here [di] and {di} denote a scalar and an axial-vector

diquark, respectively.

b — s process  (s[di]|l',|b[di])  (s{di}|T,|b{di}) b — dprocess (d[di]|l,|b[di])  (d{di}|T,|b{di})
=, - : : =, — N N N
= 8y \/Tg @ Q= &y —@ —%
gy, — Ef —¥ % By~ X —# %E
B = By —% % Epp = 2y -3 3
2, > -3 3 Q,, = &y — 32 V2
EZC - = ? ? EZ;C - A \/T§ \/T§
= ; . o), - = a a
s -2 5 sos ]
=), - & -3 : = - 2 -2 ¢
S g wem %
By, — B ! -3 2 A L -3
Epe = & i -3 Qp. — & —4 i
=i = s 5 = -zt ) B
Y > &P _g _g P - %0 _é _@
QP - Qf _6 _6 QP — =0 _\3 _\3
4 4 4 4
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D. Phenomenological observables
The hadronic helicity amplitudes can be defined by

Y = (csff<q2><6'w<1 —5)blB)

- 2, (s o (1 -+ 751018 ) ).

HVA Ceff B/SM1—5bB 26
(C§" (q*)(B'[57#( 7)|>)\/? (26)
and
Hy = (Cro(B57*(1 = v5)b|B))es(Ay).
H/v:z = (C\o(B'|sr*(1 —75)b|B)) T (27)

e

where €, (g,) is the polarization vector (four-momentum)
for an intermediate vector particle, Ay, denotes its polari-
zation, A") is the polarization of the baryon in the initial
(final) state. Hereafter the superscript “V” (“A”) always
means that its corresponding leptonic counterpart is Iy*]
(Iy*ys1). Tt should not be confused with the notation of the
vector current (axial-vector current) in the hadronic matrix
element.

Note that Eqgs. (14) and (15) have the same para-
metrization, so it is convenient to introduce the following
notations:

2mbM

FY(q*) = CS" () fi(4) = O —5—f1(47),
Gl (¢*) = C§"(a*)gi(4?) + C%“q—’ZMgiT(qz) (28)
and

Fi(q*) = Ciofi(a),

GHg*) = Cio9i(¢°)- (29)

Then the I'* and I*ys parts in Eq. (26) are calculated
respectively as:

vl /O

2
((M + M)FY - qMFZV)
TR M+ M
HVIV']Z—M/2Q_<—FY+ o F§>,

| /O 2
HA, > = i Q; ((M -M)GY + qMG,ZV),
; V4

, M-M
HA? = i\/20. <—G1V -=——aY > (30)

and

V-1 V.A
HV ., =HV,
HA';E, = —HAY, . (31)

The total hadronic helicity amplitude is then given by
Vi _ VA VA
H/l’./lv - HV,V,&V - HA/V,AV‘ (32)

Hf,”;v has the complete the same form as the correspond-

ing H)l/,:jv but with the following replacements:

G - GA. (33)

In addition, the timelike polarizations for H# are also
needed

HVY =y Ve ((M M’)FA+MFA>

—((M+M")G/ - GQ) (34)

and
AA AN Al
Hﬂ,‘t = HV“ — HAM. (35)

Finally, the angular distribution is given by the following
expression

Pr |P|B
dq2d0059 6(27)3M?*\/q

= | MP. (36)
Here the squared amplitude is

W:%MP(IO—FII cos@ +I,cos20)  (37)
with

Gf v,V e (38)

and
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- 3 v v.-L
= @+ am) (1P 11l ) (S 2o ) (1l ' )

3 1 _1 - 1 -
+ (q> = 4m}) <§|H§’f |Hi‘__1|2 o IHY P+ I |2) + 8m (|2 2+ |H) R,
I 4\/74 Re(H." H H T H
1= q°(q” — 4my) e( —H _1,_1)’
L, 2 712 —5 2 Vi -32 A=t 2 A3 2 A=t
Iy =5 (@ = 4n) (I[P 4 [P = 200 2 = 20H) R P+ A P =21 P =20 ). (39)

The differential decay width is given as

dC  dr, dry

a_ 4L, ar 40
dg*> dqg*  dg? (40)

where the ¢? is the invariant mass of the dilepton and the longitudinally and transversely polarized decay widths are
respectively

ﬂ:‘ ap— NP |P||p1|

vi v,-L
{2y (1 P+ 1B P ) + (67 = 4md) (1AL P+ P

dq’ 12273 M?\/ ¢

+ 6nr? (1Y P+ 1HTR) (41)
dr |P||P1| vi v,-L Al AL
i W o f{ ¢ +2m) (1H) 7P+ [H 5 1R) + (@ = 4d) (LR + IHSR) ) @2)

The normalized differential forward-backward asymme- III. NUMERICAL RESULTS AND DISCUSSIONS

try is defined by A. Inputs

B dcosf—dT The constituent quark masses are given as (in units of
dAI;B (fO f ) dqzdcosﬂ (43) GeV) [36-44]
dq (Jo+ [°)d cos 0 --LL—

dqzdcos¢9
m, =my; =025 m;, =037, m.=14, m,=428.

c

Then one can obtain

(45)
dApg I
dq? - 2(Iy—1,/3) (44) The masses of the scalar and axial-vector diquarks are
approximated by mg, = mg, = mg + m,. The shape
when substituting Egs. (36) and (37) into Eq. (43). parameters S in Eq. (8) are given as (in units of GeV) [31]

ﬂd[cq] = ﬂd{cq} = 0.470, ﬂs [eq] — ﬂs{cq} = 0.535, ﬂb[cq] = ﬂb{cq} = 0.836,
ﬂd[bq] = ﬁd{bq} = 0.562, ﬂs[bq] = ﬂs{bq} = 0.623, ﬂb[bq] :ﬂb{bq} = 1472, (46)

TABLE III. Masses (in units of GeV) and lifetimes (in units of fs) of doubly heavy baryons. We have quoted the
results from Refs. [26,55,56].

—(/)+ —~(10 /)0 —_ —_— —
Baryons 522 522 923 :‘(Igb Zpb Qp,
Masses 6.943 [26] 6.943 [26] 6.998 [26] 10.143[26] 10.143 [26] 10.273[26]
Lifetimes 244 [55] 93 [55] 220 [56] 370 [55] 370 [55] 800[56]
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TABLE IV. Masses (in units of GeV) of baryons in the final
states [57].

AY A D D =

2286 2.468 2471 2453 2454 2576 2578 2.695

0 =0 =- 0 - =10 == -
Ay = =p % z, =p =b Q

5.620 5.793 5.795 5.814 5816 5935 5935 6.046

where ¢ = u, d, s.

The masses and lifetimes of the parent baryons are
collected in Table III [26,55,56]. The masses of the
daughter baryons are given in Table IV [57]. Fermi constant
and CKM matrix elements are give as [57]

Gr = 1.166 x 1075 GeV~2,
IVl =0999, |V, =0.0403, |V, =0.00875.

(47)

B. Results for form factors

To access the g>-distribution, the following single pole
structure is assumed for form factors

Fg) = (48)

Here F(0) is the value of the form factor at g> = 0, and the

numerical results for f ST) and g,(»T) predicted by the light-
front approach are collected in Tables V-VIII for b — s
process and Tables IX-XII for b — d process. mp, is
taken as 5.37 GeV for b — s process and 5.28 GeV for
b — d process, which, in practice, are taken as the masses
of B, and B mesons, respectively. The discussion for the
validity of this assumption can be found in our previous
work [44].

The physical form factors can then be obtained by
Egs. (25) and (48).

TABLE V. Values of form factors f; and g; at g> = 0 for b — s process in bb sector. The left (right) half of the
table corresponds to a scalar diquark (an axial-vector diquark) involved case.

F F(0) F F(0) F F(0) F F(0)
ib;"db 0.141 gibsb—’:b 0.122 fi/;l{—’:b 0.138 g —-0.030
;ge*M —0.189 ;ﬁqb—’:» 0.056 f;b/f—’% 0.132 g —0.055

fSE’h;*Eb 0.016 935’!3/:*3 —0.406 fifx*Eb —0.068 gibX%Eb 0.261

f?ﬁé’_’% 0.143 91331,_)52 0.130 ?X—’EL 0.140 915.1):*32 —0.031
Epp—E, -0.202 Zpp—E, 0.024 Zpp—E, 0.138 Ep—E, —0.048
2.8 2.8 2.A DA

fi%b*El 0.003 gSEb; -E, -0.316 fiﬁ—’% —0.082 gib:—’il 0.249
Q, =, 0.139 Q= 0.125 Q= 0.136 Q=0 —-0.030
.S 9i.s 1A 91,4
Q,, =8, -0.198 @, —Q 0.028 Q,,~Q 0.134 2, ~€; —0.048
2.8 9as 2.A DA
féﬁgi 0.003 g?isﬁgi -0.332 fiﬁgi -0.079 ggﬁﬁgi 0.250

TABLE VL. Values of form factors f7 and g/ at ¢> = 0 for b — s process in bb sector. The left (right) half of the
table corresponds to a scalar diquark (an axial-vector diquark) involved case. fT and ¢! are obtained by Egs. (17)
and (18) respectively.

F F(0) F F(0) F F(0) F F(0)

;.SE,,,,—E,, 0.108 g;SEm,—»E,, 0.128 ;fb,,_»a,, —0.066 gg’f*’”"a” —0.049
f3577 0.091 T2 0.156 1305, 0.134 gl 0.032
fas" ™S 0.117 g 0.127 frEm=s, 0068 gEom 0049
frEnms 0.091 P 0.198 frEnms, 0.134 R 0.026
Fron; 0.112 o 0.123 1905 0063 e 0047
o 0.088 o 0.186 70505 0.130 550 0.007
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TABLE VII. Same as Table V but for b — s process in bc sector. bc' sector has the same form factors.

F F(0) F F(0) F F(0) F F(0)

fi»g —Ee 0.203 g 0.167 ff/A == 0.185 g —E —-0.033

f;fg*:<~ -0.079 gk 0.097 ;,'X_H 0.203 gy —0.068
. 0.015 o ~0.329 =2 ~0.109 Vi 0.166
Spe—EL 0.204 Epe—~Ee 0.174 Epe—Eq 0.186 BB —-0.035
LS 915 LA 91,4

f?rg—’il —0.090 g;”s”_’: 0.074 ;/X*—z 0.205 g;'}i_’“‘ —0.063
Spe ~E 0.007 Ene~E —0.300 Epe>Ee —0.116 Ehe B 0.164
3.8 3.8 3.4 3.4

fﬂ‘,L.—»Qi? 0.192 gﬂ‘,L, -0 0.165 Q) —~Q 0.177 Q) - —0.033
1S LS 1A LA
Q) —Q —0.091 Q) ~Q0 0.064 Q) ~Q 0.194 Q) ~Q —0.061
2.8 a5 2.A 924
Q) ~Q 0.004 Q) ~Q0 —0.288 Q) —Q —0.112 Q) -~ 0.163
3.5 93,5 3.4 93,4

TABLE VIII. Same as Table VI but for b — s process in bc sector. bc’ sector has the same form factors.

F F(0) F F(0) F F(0) F F(0)
T.Ep—E, Epe—=E, T.2p—=E, _ T.Epc—E. _

35" 0.160 %5 0.202 S 0.070 9 0.072

T.Epe—E, T.Ep.—E, _ T.2p—E, T.Epe—E.

35 0.085 i 0.021 x 0.172 3y 0.068
f;?m & 0.169 ggf”‘ —E 0.200 2T~AE/~-—’51- -0.071 ggf”‘ —E -0.072
fg’SE”“ & 0.083 g3T‘SEm—>EL —0.006 Zf&ﬁii 0.170 g}TmeEQ 0.068
fT,Q‘,L, -0 0.159 gTﬂ?,, - 0.188 7.9 —Qf —0.070 gT,QﬁlﬁQ? —-0.069

2,8 2,8 2.A 2.A
fgf’j" Q0 0.081 gzv;?&»—’g? —0.001 ngf—@? 0.163 937-/?2(—’99 0.067
TABLE IX. Same as Table V but for b — d process.

F F(0) F F(0) F F(0) F F(0)
=N 0.100 =5, —A 0.087 E A 0.098 Eh A —-0.020
LS 1.8 LA 91.4
), —A) —0.136 =9, ~A) 0.041 ), —A) 0.099 gE?,ﬁ/\Z —0.043
2,8 2.8 24 A
352’51»%/\? 0.008 f%*f\g —0.298 352/,{*/\2 —0.057 g?ij*/\i 0.191
YR 0.102 gEﬂ[—iZ" 0.094 YR W 0.100 ga‘;;az?,‘* -0.021
1.8 1.8 1A LA
52;925‘: —0.150 ggﬁ‘gngf 0.012 g%{wz‘;f 0.104 gg‘%@zﬁlf —0.037
fZSﬁZ‘b" —0.004 ?gsﬁxz_ —0.222 232:‘%22’ —0.070 352}&;*22‘- 0.183
?Bsb—’i’ 0.098 g?z; o 0.086 ?E\b—ﬁ; 0.095 g?;Ab_)E!: —-0.020
2, ~E, —0.137 2, ~F, 0.034 2, ~E8, 0.098 2, ~8, —0.040
2.8 92,8 24 924
??*EE 0.004 g??*EE —0.282 ?i ~E, —0.059 ggziﬁil 0.187
@, ~E; 0.099 @~ 0.091 Q= 0.097 Q,,—Ey —0.021

!

1.8 1.A LA

@, ~E —0.147 @~ 0.013 Q=8 0.102 @, ~E —-0.036
fas 925 2.4 924
f?éh—’iif —0.005 gilsfr’iﬁf -0.226 f?iﬁi'[ —0.068 ggi{,—’iﬁf 0.181
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TABLE X. Same as Table VI for b — d process.

F F(0) F F(0) F F(0) F F(0)
T.E),—A) 0.075 T2, ~A) 0.091 T.5),—A) -0.049 T.5),~A) -0.035

fas D5 2.A 924

f;fg”_”\(’: 0.072 g; ,Sﬁbiﬁf\‘,l 0.114 fg-fi,ﬁA‘,l 0.104 gg’ -f‘,ﬁ,ﬁ/\‘; 0.028
YA v 0.083 TE) )" 0.090 YA v —0.051 7.5y, -5 —0.035

fas 95 2.A 9.4

f;,sa‘;;ezg‘ 0.072 g;saz-,;ax‘;" 0.154 f;,f‘;ﬁz;}‘ 0.104 g;,AEZ-,;—i‘;’ 0.023

fg-?;b—’%? 0.074 gg‘;};b_"g; 0.088 ;fEb—’EZ —0.048 ggfz?b—’iﬁ —-0.034

fo -5 0.069 giygzgh -8 0.119 f;f;,, -5 0.100 g;:?/?h—’EZ 0.026
T.Q;, —8" 0.080 1.9, ~E; 0.087 7.9, ~E; —0.049 1.9, ~8" —-0.034

fas Ds faa 924

f’];?gb —E; 0.069 gg‘;z;b_’i/b_ 0.148 ijlzb—'E’b' 0.101 ggfzb—@; 0.023

TABLE XI. Same as Table VII but for b — d process.

F F(0) F F(0) F F(0) F F(0)
T SAF X 2y —AT . = AL . By AT —0.
e 0.143 ark 0.117 fi 0.130 gt 0.020
2 SAL —0. = AL . 2y AL . B AL —0.
2,”5‘ 0.055 o 0.070 fz[k 0.149 P 0.054
EF AL X = AL —0. 2y AT —0. B AL .
3% 0.009 g 0.224 f;,’k 0.087 g 0.121
0550 0.143 20550 0.123 50—z 0.130 0ozt -0.021
fis 91 fili G4
GRS M —0.067 S et 0.046 50—z 0.150 g0zt —0.050
125 925 VY %)
80550 0.001 B30 -0.197 Al A -0.094 g0z 0.121
f3% 935 I3 934
Q) ~E 0.133 Q) —E) 0.111 Q) ~E 0.122 Q) —E) -0.019
.S 918 1A 91,4
Q) —ED —-0.060 Q) & 0.053 Q) —E! 0.139 Q) —E —0.049
2.8 9s 2.A 924
Q) —ED . QO —E0 —-0.204 QY —E0 -0. Q0 —E) 11
f3,’s 0.003 93,'3 0.20 f3,’A 0-085 93,/A 0-118
Q) =D X Q) >E? . Q) —z0 . Q) —z0 —0.
fi 0.133 91,’3 0.116 fi 0.122 g]f;\ 0.020
Q) —E? -0.067 Q) —E 0.038 b —EC 0.140 Q) —E? -0.047
124 95 24 95
f?%.—’gg) —-0.001 g?‘éﬁii?’ —0.185 ‘ BA(,*E? -0.089 g?% -8 0.118

TABLE XII. Same as Table VIII but for b — d process.

F F(0) F F(0) F F(0) F F(0)
By oA 0.110 T.E; —~Al 0.142 By —AL —0.052 T.E, —~Al —0.052

f ‘be g be f be g ‘be

2'i+ SAT 2’i+ SAT _ 2’A:+ AT 2’A:+ AT
fT'“’“‘ A 0.068 gT'“’"‘ Al 0.010 fT'“”“ Al 0.133 gT‘“"" A 0.055

3.8 3.8 3A 3.A

TE >xt’ 0.119 .8 0-5r0 0.140 .8 0-5r? —0.053 =N B —0.052
fals 9.5 faa 92,4

YUCHILES W 0.064 7.5 0>z 0.006 AR 0.130 78,0550 0.055
VEY, 3.8 f3a 934

T.Q) —~E? 0.105 T.Q) —~E 0.131 T.Q) —~E? —0.050 T.Q) —~E —0.049
f 'be g ‘be f 'be g 'be

?::222,—’5? 0.064 2T§22 -8 —0.001 2T‘222, -8 0.124 ;?22(.*59 0.053
fas 935 f3a 934

7.Q0 -0 X 7.Q) —E? . T.Q) —EP -0. 7.Q) —E? -0.
fre 0.110 g 0.129 £ 0.051 g 0.049

7.Q) —8¢ 0.062 T.Q) —80 0.010 7.Q) —87 0.123 7.Q) —EY 0.053
fas 935 f3a 934
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TABLE XIII. Decay widths and branching ratios for b — s TABLE XV. Decay widths and branching ratios for b — s
process in bb sector. process in bc’ sector.

Channels I'/GeV B r,/Tr Channels I'/GeV B r,/Tr
E), - Elete” 1.98 x 1071 111 x 1077 3.48 Bl - Efete” 1.93 x 107 7.16 x 1078 0.58
), > Elete” 5.20 x 1071° 2.92 x 1077 0.70 g - :.’E+e+ 1.27 x 10~19 470 x 10~8 3.16
By = Epete” 1.97 x 1071 1.11 x 1077 349 EBY - Elten 1.92x 1071 272 x 1078 0.58
By, > Epete” 520 x 107" 2.92 x 1077 0.70 Y — :’0 1.26 x 10717 1.79 x 1078 3.16
Q) - Qpete” 1.02 x 10~13 1.25 x 107° 0.70 QP - Qge+ 2.11 x 1071 7.05 x 1078 3.34
B, — ) oh /f 1.92 x 107" 1.08 x 1077 3.95 AN 1.69x 1079 6.27 x 1078 0.71
B), > B0ty 447x 107 2.52x 107 091  Zf Sty 121x 10710 448x 107 3.87
Epp — d/;ﬂ W 1.91 x 107" 1.08 x 1077 3.96 g0 - Bty 1.68 x 10719 238 x 1078 0.71
By = By H ;4 4.47 x 1071 252 x 1077 0.91 g0 - ;/CO,ﬁ,r 1.20 x 10719 1.70 x 1078 3.88
Q) = Q W 8.85 x 1071 1.08 x 107 0.90 Q’O Qo 2.01 x 10~19 6.71 x 10~8 4.15
E(Izb — .:‘.2 T 3.72 x 10720 2.09 x 1078 6.17 :ZF N H(+ + - 327 x 10720 1.21 x 108 0.71
By~ EpTiT 487x 1070 2741078 102 =t SErete 203x102° 7.53% 107 456
B, = —'b st 3.69 x 10720 2.07 x 1078 6.18 B0 - B0t 323 x 1020 4.57 x 10~° 071
Sy — ‘:‘b A 4.87 x 10720 2.74 x 1078 1.02 E‘;?c N E/LQT+T 2.01 x 10720 2.85 x 1079 4.56
be - Q A 1.02 x 10~1° 1.24 x 1077 1.00 Qg)c N Q(L).TJ“L'_ 291 x 10720 974 x 10~° 4.85

C. Results for phenomenological observables

The decay widths are shown in Tables XIII-XV for b — s
process and Tables XVI-XVIII for b — d process. Some
comments are given in order.

(i) Since there exist uncertainties in the lifetimes of the
parent baryons, there may exist small fluctuations in
the results for branching ratios.

(i) It can be seen from these tables that, the decay
widths are very close to each other for [ = e/ cases,
while it is roughly one order of magnitude smaller
for [ = 7 case. This can be attributed to the much
smaller phase space for [ = 7 case.

TABLE XIV. Decay widths and branching ratios for b — s
process in bc sector.

Channels I'/GeV B r,/Tr
Ef > EBfeter 1.46 x 10717 543 x 1078 2.92
B - Bleter 4.54 x 1071 1.69 x 1077 0.68
=) - _9e e 1.46 x 1071 2.06 x 1078 2.93
E). - Blete 453 x 107" 6.40 x 1078 0.68
Q- Q%* - 7.42 x 10719 2.48 x 1077 0.68
Bl — Eiu ;4 1.40 x 10717 521 %1078 3.44
B - Bty 3.97 x 1071 1.47 x 1077 0.86
2 - _Q;ﬁ;r 1.40 x 10719 1.98 x 1078 3.45
=) — Hg%ﬁu— 3.95x 1071 5.59 x 1078 0.86
Q) — Qlut 6.41 x 10719 2.14 x 1077 0.88
B - ”+r+¢- 3.02 x 10720 1.12 x 1078 4.19
By - Bfrte 6.50 x 10720 241 x 1078 0.99
2, - Birtrm 2.98 x 10720 422 x107° 4.20
E). > Bt 6.45 x 10720 9.12 x 107° 0.99
Q) - 99. 9.12 x 10720 3.05x 1078 0.99

(iii) Most of the branching ratios are 1078-10~7 for b — s
process and 10~°—107% for b — d process, which are
roughly one order of magnitude smaller than the
corresponding mesonic cases. This is because we
believe that the lifetime of the doubly heavy baryon
is roughly one order of magnitude smaller than that
of B meson.

The differential decay widths for 29, — E0/*/~ with
[ =e, u, v are plotted in Fig. 3, where the resonant
contributions are not taken into account. It can be seen
that the curves for [ = e/u almost coincide with each other
and the much smaller phase space for / = 7 case can be
seen clearly. The curves of forward-backward asymmetry

TABLE XVI. Decay widths and branching ratios for b — d
process in bb sector.

Channels I'/GeV B r,/Tr
5 — Adet 6.46 x 102! 3.63 x 107° 3.22
_bb - 20e+e 1.60 x 10720 9.00 x 107° 0.70
g, = Zyete” 3.19 x 10720 1.79 x 1078 0.70
Q,, - E;e+e‘ 571 x 10721 6.94 x 102 3.36
Qz?b - E;e*e‘ 1.54 x 10720 1.88 x 1078 0.70
‘—‘bb — Apu™ 6.32 x 1072! 3.55 % 102 3.51
u,,,, zgw— 141 x 10720 7.94 x 1077 0.88
Epp = ZyHH” 2.81 x 1072 1.58 x 1078 0.88
Q,, = Eptum 5.58 x 102! 6.78 x 102 3.70
Q= Bt 1.36 x 10720 1.66 x 1078 0.87
=), = At 1.75 x 102! 9.86 x 1010 5.59
), - 0t 2.10 x 1072! 1.18 x 107° 1.01
Epp = Tyt 4.17 x 10721 2.35 x 107 1.01
Qy, > Byttt 1.40 x 1072! 1.71 x 107° 5.80
Q,, > B v 2.08 x 1072! 2.53 x 1079 1.01
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TABLE XVII. Decay widths and branching ratios for b — d
process in bc sector.

Channels I'/GeV B /Ty
i = Afeter 4.54 x 1072 1.68 x 1077 2.72
Ef > Zfeten 1.34 x 1072 4.97 x 107~° 0.68
) - Xleter 2.67 x 10720 3.78 x 107° 0.68
Q) > Blefer 3.28 x 1072 1.10 x 107° 3.10
Q) — Blete” 1.04 x 10720 3.47 x 107° 0.68
Ef - Afutus 4.40 x 1072 1.63 x 107° 3.05
B o Shutu 1.20 x 10720 4.44 x 107° 0.83
B - Xty 2.39 x 10720 3.38 x 107 0.83
Q) — B0ty 3.16 x 1072 1.06 x 107° 3.58
Q) - B utu 9.16 x 10721 3.06 x 1079 0.85
Lo AftTT 1.31 x 1072 4.87 x 10710 3.86
By - Xt 254 x 1072 9.43 x 10710 0.98
E). - X0t 5.06 x 10721 7.16 x 10710 0.99
Q) — Blrtem 7.46 x 1072 2.49 x 10710 4.38
Q) - Bl 1.70 x 1021 5.70 x 10710 1.00

TABLE XVIIL
process in bc' sector.

Decay widths and branching ratios for b — d

Channels I'/GeV B /Ty
Ef > Afetes 661 x 1072 245 x 1079 0.54
B> Zfete 3.55 x 102! 1.32 x 1072 3.17
EP - 2eter 7.09 x 102! 1.00 x 107° 3.17
QP — Bete” 4.59 x 102! 1.54 x 1079 0.55
QO - Etem  282x 1072 9.43x 10710 3.39
B o Afptpm 598 x 1072 222 % 1079 0.63
B =ty 341 x 1072 1.26 x 107? 3.74
B - St 681 x 1021 9.62 x 10710 375
QP - E0%tu 406 x 1072 136 x 10~ 0.67
QO S B0t 271x 1072 9.05 x 10710 4.06
AR 1.60 x 1072 5.95 % 1010 0.65
B - Zirte 7321072 271 x 10710 4.48
EP - rte 146 x 10721 2.06 x 10-1° 4.48
QP — Brtr 880 x 1072 2.94 x 1010 0.68
QP — B0t 5.04 x 10722 1.69 x 10710 481

(FBA) for E), — EV["I~ with [ = e, u, 7 are plotted in
Fig. 4. It can be seen from this figure that, the zero-crossing
point is around ¢* ~ 2 GeV? for [ = e/u cases. The zero-
crossing points for other b — s processes and for b — d
processes can be found in Tables XIX and XX respectively.
It can be seen from these tables that these s roughly range
from 2 to 3 GeV2.

Following Ref. [52], we now analyse the zero-crossing
point sy, of FBA which satisfies

dApp I,

dqz B 2(1y — 1,/3) =0 (49)

dBR/dq*(107%GeV?)

¢*(GeV?)

FIG. 3. dB/dg* for E‘,),h - Eglﬂ‘ with [ = e, u, 7. The blue
solid line, the red dashed line and the black dot-dashed line
correspond to the cases of [ = e, pu, 7, respectively. Here the
resonant contributions are not taken into account.

0.20
0.15F
NO"
2
Z 010}
I<
o
0.05 F
0.00 V
0 5 10 15
¢*(GeV?)
FIG. 4. Same as Fig. 3 but for dAz/dq’.
or

M
Re(CS(s)) + 222 €' R (s0) = 0. (50)

So
Here R is defined by
AD - BC
=— 51
R 2AB (51)
with
A=Mfi—(M+M)f.
B = Mg + (M- M)g,.
C=MfT —(M+M)fE,
D = Mg] + (M - M')g}. (52)

The meaning of R can be seen more clear in A, —» A
process with the help of the heavy quark symmetry. In the
heavy quark symmetry limit, the matrix elements of all the
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TABLE XIX. Zero-crossing points of dAyg/dg> and R defined in Eqgs. (51) and (52) for b — s process with [ = e/u.

Channels 50/GeV? R(so) Channels 59/GeV? R(so) Channels 59/GeV? R(so)
59, — B 201 030  E - B 2.80 061 o E 3.12 0.68
g, > 5,1t 2,01 030 =), - &t 2.80 0.61 =0 =t 3.12 0.68
B, — B0 2.88 043 E/ - I 3.02 0.66 = - EI 287 0.62
B, = 2y 2.88 0.43 E(IL‘ — 201 3.02 0.66 Eg)C - 201 2.87 0.62
Q- Q It 2.88 0.42 Qgc - Q- 3.00 0.65 Q’bOL - Q- 2.80 0.60
TABLE XX. Same as XIX but for b — d process.

Channels 50/GeV? R(s0) Channels 50/GeV? R(so) Channels 50/GeV? R(so)
£, — AT 1.96 029 B - AT 281 061 B - AFTE 3.09 0.67
Q;, = 510 2.00 029 Q) — Ut 277 0.60 QO — Bt 311 0.67
50— S0/t 2.88 043 &, > X 3.02 0.66 = - XiI 291 0.63
55, — X1 2.8 043 =) - 30t 3.02 066 =D 30t 291 0.63
Q, - B 2.88 042 Q0 -0 3.01 0.65 QO — =0/ 2.84 0.61

hadronic currents can be parametrized by only two inde-
pendent form factors [58]

(A(PA)STBIA,(PA,)) = Aa[F1(q%) + #F2(q%)]Tuy,,
(53)

where I' is the product of Dirac matrices, v = p’;\b [my, is

the four velocity of A,.
Under the heavy quark symmetry,

flvgl’fgvgg_)Flv

f2,90 = F,
T.gl =0, (54)
and R is reduced to the following form
F2
R=—5"—>, (55)
Fi-F

where we have also neglected the m,/m,, term. If we
further take into account the fact that F, < Fy for A, = A
process [59-61], then

R~1. (56)

The values of R for FCNC processes of doubly heavy
baryons can be found in Tables XIX and XX. It can be seen
from these tables that R roughly ranges from 0.3 to 0.4 for

bb sector, while it lies in the interval of [0.6, 0.7] for bc
sector.

D. SU(3) analyses

According to the flavor SU(3) symmetry, there exist the
following relations among these FCNC processes. These
relations can be readily derived using the overlapping
factors given in Table II. For b — s process, we have

N(29, - B0117) = T(8;, — E51T1),

T(29, - EOITI) = (85, — B 1717)

1
= EF(Q;*’ - QIM17) (57)
for bb sector,
[(E) - BH) =T(E), - EUT),
F(E,fc - BTl = F(E,‘lc — BRI
1
= EF(QQC - Q) (58)
for bc sector and
F(EZE A F(E;OC - B0,
F(E;; - Bt = F(Eg’c — BN
1
= EF(Q;;)C - Q) (59)

for bc' sector.
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TABLE XXI. Quantitative predictions of SU(3) symmetry
breaking for b — s process in bb sector.

TABLE XXIII. Quantitative predictions of SU(3) symmetry
breaking for b — s process in bc’ sector.

I'/GeV I'/GeV  |LFQM - SU(3)|/ I'/GeV I'/GeV  |[LFQM —SU(3)|/
Channels (LFQM)  (SUQ)) SU(3) Channels (LFQM)  (SU@3)) SU(3)
59, - Ef¢tem 520 x 1071 520 x 107" B Elfeter 127x1071° 127 x 1071
g, > Eyete” 520x 1071 520 x 1071 0% B - E0etem 126 x 10719 1.27 x 107 1%
Q,, = Qete” 1.02x 107! 1.04 x 10718 2% QP - Qe 2.11x 1071 254 x 10719 17%
), > EPutum 447 x107" 447 x 107" 2 o Bt 121 x 10719 121 x 10719
By = By uTHT 447 x 1071 447 x 107" 0% EY — E0tpm 1.20x 107" 1.21 x 107" 1%
Qy, = Qutp~ 8.85x 107" 8.94 x 107" 1% QY — QUutu~ 2.01 x 10719 2.42 x 1071° 17%
), - EPrtr 487 x 10720 4.87 x 1072 e B - Efrtr 203 x 10720 2,03 x 10720
Epp > Ep vt 487 x 1070 4.87 x 107 0% B0 B0t 2,01 x 10720 2,03 x 10-20 1%
Q) = Qe 1.02x 107" 9.74 x 1072 5% Q0 - QUrtr= 291 x 1072 4.06 x 10~ 28%

TABLE XXII. Quantitative predictions of SU(3) symmetry
breaking for b — s process in bc sector.

I'/GeV I'/GeV  |LFQM -SU(3)|/
Channels (LFQM) (SU@®)) SU(3)
Ef > Efete” 454 x 1071 4.54 x 1071
B - Elete” 453 x 1071 4.54 x 107" 0%
Q) - Qletem 7.42x 1071 9.08 x 1071 18%
Ef - Efptum 397 x 1071 3.97 x 107"
E), > Eutum 3.95x 1071 3.97 x 1071 1%
Q) - Q%tyu~ 6.41x 1071 7.94 x 1071 19%
Ef - Bttt 650 x 10720 6.50 x 10720 e
) - B9t 6.45x 1072 6.50 x 10720 1%
Q) - Qrtrm 9.12x 10720 1.30x 1071 30%

For b — d process, we have

(29, - A7) = T(Qy, — S;51H10),

L(&, - D) = %F(Egb = ST
= [(Q, = EPITE) (60)
for bb sector,
LBy » AJITT) =T, » Bol' D),
(& =201 = %F(Egc — X0IFI)
=0(Q), > E)  (61)

for bc sector and

0,,+

_)
— B0t ) = (192 £ 0.48 + 1.18 £ 0.14 + 0.26) x 1071 GeV,
— B97t77) = (3.72+£0.96 +2.52 + 0.51 + 1.28) x 102 GeV,

D(E) - ALT) =T(Q). — BAHIm),

1
[(8); — HH7) = SDEL - 2T

= T(QY. — E0I1) (62)

for bc’ sector.

Quantitative analysis for SU(3) symmetry breaking is
given in Tables XXI-XXIII for b — s process and some
comments on SU(3) symmetry breaking are given as
follows.

(1) SU@3) symmetry breaking is larger for the Qs
diquark involved case than that for the Qu/Qd
diquark involved case. Here Q = b, c.

SU@3) symmetry breaking is larger for the cq
diquark involved case than that for the bg diquark
involved case. Here ¢ = u, d, s.

SU(3) symmetry breaking is smaller for [ = e/u
cases than that for / = 7 case. This can be attributed
to the much smaller phase space for [ =t case.
Smaller phase space is more sensitive to the variation
of the masses of baryons in the initial and final
states.

(i)

(iii)

E. Uncertainties

Also taking the process of E), — E) as an example, the

uncertainties caused by the model parameters and the single
pole assumption will be given in this subsection. The error
estimates for the form factors can be found in Table XXIV,
in which the errors come from f;, ﬁf, and m;, respectively.
The error estimates for the decay widths are listed below:

(=9, - Zete) = (198 £ 0.49 + 1.21 +0.13 + 0.26) x 10712 GeV,
(

(63)
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TABLE XXIV. Error estimates for the form factors, taking Egb — Eg as an example. The first number is the
central value, and the following 3 errors come from f; = ﬂE‘,}, , Br= ﬂE? and mg; = my,), respectively. These

parameters are all varied by 10%.

F F(0) F F(0)
fls’,g,—e,, 0.141 4 0.018 & 0.036 % 0.002 ffﬁ*ira 0.138 +0.018 £ 0.035 4 0.002
2% —0.189 4 0.039 £ 0.037 £ 0.014 Sop=E 0.132 4 0.015 £ 0.027 + 0.029
== 0.016 + 0.009 & 0.013 £ 0.019 Vv e —0.068 =+ 0.006 + 0.007 + 0.022
g 0.122 = 0.020 = 0.025 =+ 0.007 g —0.030 + 0.004 + 0.007 + 0.001
G 0.056 + 0.016 + 0.045 + 0.030 gy —0.055 4+ 0.004 + 0.017 + 0.006
o —0.406 4 0.088 =+ 0.225 + 0.120 g 0.261 +0.019 + 0.078 + 0.022
e 0.108 £ 0.016 £ 0.023 £ 0.020 fgfwﬁh —0.066 + 0.013 + 0.013 + 0.010
FrEw=% 0.091 +0.018 & 0.018 £ 0.013 i 0.134 4 0.024 £ 0.026 £ 0.011
T2y~ 0.128 + 0.012 4 0.036 =+ 0.002 Gra T —0.049 4+ 0.005 + 0.012 + 0.001
T.5y—Ep 0.156 + 0.122 £ 0.020 + 0.012 Gaa T 0.032 4 0.010 £ 0.012 + 0.002

where these errors come from f;, fr, mg;, and myge,
respectively. The first three model parameters are all varied
by 10%, while m,., which is responsible for the single
pole assumption, is varied by 5%. It can be seen from
Table XXIV and Eq. (63) that, the uncertainties caused by
these parameters may be sizable.

IV. CONCLUSIONS

In our previous work, we have investigated the weak
decays of doubly heavy baryons for 1/2 to 1/2 case and
for 1/2 to 3/2 case. As a continuation, we investigate the
FCNC processes in this work. Light-front approach under
the diquark picture is once again adopted to extract the
form factors. The same method was applied to study the
singly heavy baryon decays and reasonable results were
obtained [62]. The extracted form factors are then applied
to study some observables in these FCNC processes.

We find that most of the branching ratios for b — s
processes are 1078-1077, while those for b — d pro-
cesses are 107°—1078, which are roughly one order of
magnitude smaller than those in mesonic sector. This
is because we believe that the lifetime of the doubly
heavy baryon is roughly one order of magnitude smaller
than that of B meson. SU(3) symmetry and sources of
symmetry breaking are discussed. The error estimates are
also investigated.

ACKNOWLEDGMENTS

The authors are grateful to Prof. Wei Wang for valuable
discussions and constant encouragements. This work is
supported in part by National Natural Science Foundation
of China under Grants No. 11575110, No. 11655002, and
No. 11735010, Natural Science Foundation of Shanghai
under Grant No. 15DZ2272100.

[1] R. Aaij et al. (LHCb Collaboration), Observation of the
Doubly Charmed Baryon =, Phys. Rev. Lett. 119,
112001 (2017).

[2] H. X. Chen, Q. Mao, W. Chen, X. Liu, and S.L. Zhu,
Establishing low-lying doubly charmed baryons, Phys. Rev.
D 96, 031501 (2017); Erratum, Phys. Rev. D 96, 119902(E)
(2017).

[3] E.S. Yu, H. Y. Jiang, R. H. Li, C. D. Lii, W. Wang, and Z. X.
Zhao, Discovery potentials of doubly charmed baryons,
Chin. Phys. C 42, 051001 (2018).

[4] W. Wang, E. S. Yu, and Z. X. Zhao, Weak decays of doubly
heavy baryons: The 1/2 — 1/2 case, Eur. Phys. J. C 77, 781
(2017).

[5] Z.X. Zhao, Weak decays of doubly heavy baryons: The
1/2 — 3/2 case, arXiv:1805.10878.

[6] H.S. Li, L. Meng, Z. W. Liu, and S.L. Zhu, Magnetic
moments of the doubly charmed and bottom baryons, Phys.
Rev. D 96, 076011 (2017).

[7] L. Meng, N. Li, and S. 1. Zhu, Possible hadronic molecules
composed of the doubly charmed baryon and nucleon,
arXiv:1707.03598.

[8] W. Wang,Z. P. Xing, and J. Xu, Weak decays of doubly heavy
baryons: SU(3) analysis, Eur. Phys. J. C 77, 800 (2017).

[9] M. Karliner and J.L. Rosner, Discovery of Doubly-
Charmed Z,, Baryon Implies a Stable (bbii d) Tetraquark,
Phys. Rev. Lett. 119, 202001 (2017).

056002-15


https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevD.96.031501
https://doi.org/10.1103/PhysRevD.96.031501
https://doi.org/10.1103/PhysRevD.96.119902
https://doi.org/10.1103/PhysRevD.96.119902
https://doi.org/10.1088/1674-1137/42/5/051001
https://doi.org/10.1140/epjc/s10052-017-5360-1
https://doi.org/10.1140/epjc/s10052-017-5360-1
http://arXiv.org/abs/1805.10878
https://doi.org/10.1103/PhysRevD.96.076011
https://doi.org/10.1103/PhysRevD.96.076011
http://arXiv.org/abs/1707.03598
https://doi.org/10.1140/epjc/s10052-017-5363-y
https://doi.org/10.1103/PhysRevLett.119.202001

ZHI-PENG XING and ZHEN-XING ZHAO

PHYS. REV. D 98, 056002 (2018)

[10] T. Gutsche, M. A. Ivanov, J. G. Krner, and V. E. Lyubovit-
skij, Decay chain information on the newly discovered
double charm baryon state Z/.", Phys. Rev. D 96, 054013
(2017).

[11] H.S. Li, L. Meng, Z.W. Liu, and S.L. Zhu, Radiative
decays of the doubly charmed baryons in chiral perturbation
theory, Phys. Lett. B 777, 169 (2018).

[12] Z.H. Guo, Prediction of exotic doubly charmed baryons
within chiral effective field theory, Phys. Rev. D 96, 074004
(2017).

[13] Q.F. Li, K. L. Wang, L. Y. Xiao, and X. H. Zhong, Mass
spectra and radiative transitions of doubly heavy baryons in
a relativized quark model, Phys. Rev. D 96, 114006 (2017).

[14] L. Y. Xiao, K. L. Wang, Q.f. Lu, X. H. Zhong, and S.L.
Zhu, Strong and radiative decays of the doubly charmed
baryons, Phys. Rev. D 96, 094005 (2017).

[15] N. Sharma and R. Dhir, Estimates of W-exchange contri-
butions to .. decays, Phys. Rev. D 96, 113006 (2017).

[16] Y.L. Ma and M. Harada, Chiral partner structure of doubly
heavy baryons with heavy quark spin-flavor symmetry,
J. Phys. G 45, 075006 (2018).

[17] L. Meng, H.S. Li, Z.W. Liu, and S.L. Zhu, Magnetic
moments of the spin-% doubly heavy baryons, Eur. Phys. J. C
77, 869 (2017).

[18] R.H. Li, C.D. Li, W. Wang, F.S. Yu, and Z.T. Zou,
Doubly-heavy baryon weak decays: Z) — pK~ and
Ef. - XI1(2520)K~, Phys. Lett. B 767, 232 (2017).

[19] C. Y. Wang, C. Meng, Y.Q. Ma, and K. T. Chao, NLO
effects for doubly heavy baryon in QCD sum rules,
arXiv:1708.04563.

[20] Y.J. Shi, W. Wang, Y. Xing, and J. Xu, Weak decays
of doubly heavy baryons: Multi-body decay channels,
Eur. Phys. J. C 78, 56 (2018).

[21] X.H. Hu, Y.L. Shen, W. Wang, and Z.X. Zhao, Weak
decays of doubly heavy baryons: "Decay constants",
arXiv:1711.10289.

[22] W. Wang and J. Xu, Weak decays of triply heavy baryons,
Phys. Rev. D 97, 093007 (2018).

[23] R. Aaij et al. (LHCb Collaboration), First Measurement
of the Lifetime of the Doubly Charmed Baryon E/,
Phys. Rev. Lett. 121, 052002 (2018).

[24] R. Aaij et al. (LHCb Collaboration), First observation of the
doubly charmed baryon decay E! — Elfz ", arXiv:1807
.01919.

[25] M. T. Traill (LHCb Collaboration), Spectroscopy of doubly-
heavy baryons at LHCb, Proc. Sci. Hadron2017 (2018) 067.

[26] Z.S. Brown, W. Detmold, S. Meinel, and K. Orginos,
Charmed bottom baryon spectroscopy from lattice QCD,
Phys. Rev. D 90, 094507 (2014).

[27] W. Jaus, Covariant analysis of the light front quark model,
Phys. Rev. D 60, 054026 (1999).

[28] W. Jaus, Semileptonic decays of B and D mesons in the light
front formalism, Phys. Rev. D 41, 3394 (1990).

[29] W. Jaus, Relativistic constituent quark model of electroweak
properties of light mesons, Phys. Rev. D 44, 2851 (1991).

[30] H. Y. Cheng, C.Y. Cheung, and C. W. Hwang, Mesonic
form-factors and the Isgur-Wise function on the light front,
Phys. Rev. D 55, 1559 (1997).

[31] H. Y. Cheng, C.K. Chua, and C. W. Hwang, Covariant
light front approach for s wave and p wave mesons: Its

application to decay constants and form-factors, Phys.
Rev. D 69, 074025 (2004).

[32] H.Y. Cheng and C. K. Chua, Covariant light front approach
for B— K xy, K(1)y, K * (2)y decays, Phys. Rev. D 69,
094007 (2004); Erratum, Phys. Rev. D 81, 059901(E)
(2010).

[33] HW. Ke, X.Q. Li, and Z.T. Wei, Whether new data
on D(s) — f(0)(980)e + nu(e) can be understood if f(0)
(980) consists of only the conventional q anti-q structure,
Phys. Rev. D 80, 074030 (2009).

[34] H. W. Ke, X. Q. Li, and Z. T. Wei, Determining the n —
mixing by the newly measured BR(D(D;) — n(y') +
1+ v, Eur. Phys. J. C 69, 133 (2010).

[35] H. Y. Cheng and C.K. Chua, B to V, A, T tensor form
factors in the covariant light-front approach: Implications on
radiative B decays, Phys. Rev. D 81, 114006 (2010);
Erratum, Phys. Rev. D 82, 059904(E) (2010).

[36] C.D. Lu, W. Wang, and Z.T. Wei, Heavy-to-light
form factors on the light cone, Phys. Rev. D 76, 014013
(2007).

[37] W. Wang, Y. L. Shen, and C. D. Lu, The study of B(c)— —
X(3872)r — (K—) decays in the covariant light-front ap-
proach, Eur. Phys. J. C 51, 841 (2007).

[38] W. Wang, Y. L. Shen, and C.D. Lu, Covariant light-front
approach for B(c) transition form factors, Phys. Rev. D 79,
054012 (2009).

[39] W. Wang and Y. L. Shen, Ds — K, Kx, ¢ form factors in the
covariant light-front approach and exclusive Ds decays,
Phys. Rev. D 78, 054002 (2008).

[40] X.X. Wang, W. Wang, and C.D. Lu, B(c) to P-wave
charmonia transitions in covariant light-front approach,
Phys. Rev. D 79, 114018 (2009).

[41] C.H. Chen, Y. L. Shen, and W. Wang, |V (ub)|and B — 5(’)
form factors in covariant light front approach, Phys. Lett. B
686, 118 (2010).

[42] G.Li, E 1. Shao, and W. Wang, B, — D,(3040) form factors
and B; decays into D;(3040), Phys. Rev. D 82, 094031
(2010).

[43] R. C. Verma, Decay constants and form factors of s-wave
and p-wave mesons in the covariant light-front quark model,
J. Phys. G 39, 025005 (2012).

[44] Y.J. Shi, W. Wang, and Z. X. Zhao, B, — B,; form factors
and B, decays into By; in covariant light-front approach,
Eur. Phys. J. C 76, 555 (2016).

[45] H.W. Ke, X.Q. Li, and Z.T. Wei, Diquarks and
A(b) - A(c) weak decays, Phys. Rev. D 77, 014020
(2008).

[46] Z.T. Wei, H.W. Ke, and X.Q. Li, Evaluating decay
rates and asymmetries of A(b) into light baryons in LFQM,
Phys. Rev. D 80, 094016 (2009).

[47] H. W. Ke, X. H. Yuan, X. Q. Li, Z. T. Wei, and Y. X. Zhang,
X, — 2. and Q;, — Q. weak decays in the light-front quark
model, Phys. Rev. D 86, 114005 (2012).

[48] J. Zhu, Z. T. Wei, and H. W. Ke, The semi-leptonic and non-
leptonic weak decays of A9, arXiv:1803.01297.

[49] H. W. Ke and X. Q. Li, £, — Z} weak decays in the light-
front quark model, arXiv:1711.02518.

[50] G. Buchalla, A.J. Buras, and M. E. Lautenbacher, Weak
decays beyond leading logarithms, Rev. Mod. Phys. 68,
1125 (1996).

056002-16


https://doi.org/10.1103/PhysRevD.96.054013
https://doi.org/10.1103/PhysRevD.96.054013
https://doi.org/10.1016/j.physletb.2017.12.031
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.96.094005
https://doi.org/10.1103/PhysRevD.96.113006
https://doi.org/10.1088/1361-6471/aac86e
https://doi.org/10.1140/epjc/s10052-017-5447-8
https://doi.org/10.1140/epjc/s10052-017-5447-8
https://doi.org/10.1016/j.physletb.2017.02.003
http://arXiv.org/abs/1708.04563
https://doi.org/10.1140/epjc/s10052-018-5532-7
http://arXiv.org/abs/1711.10289
https://doi.org/10.1103/PhysRevD.97.093007
https://doi.org/10.1103/PhysRevLett.121.052002
http://arXiv.org/abs/1807.01919
http://arXiv.org/abs/1807.01919
https://doi.org/10.22323/1.310.0067
https://doi.org/10.1103/PhysRevD.90.094507
https://doi.org/10.1103/PhysRevD.60.054026
https://doi.org/10.1103/PhysRevD.41.3394
https://doi.org/10.1103/PhysRevD.44.2851
https://doi.org/10.1103/PhysRevD.55.1559
https://doi.org/10.1103/PhysRevD.69.074025
https://doi.org/10.1103/PhysRevD.69.074025
https://doi.org/10.1103/PhysRevD.69.094007
https://doi.org/10.1103/PhysRevD.69.094007
https://doi.org/10.1103/PhysRevD.81.059901
https://doi.org/10.1103/PhysRevD.81.059901
https://doi.org/10.1103/PhysRevD.80.074030
https://doi.org/10.1140/epjc/s10052-010-1383-6
https://doi.org/10.1103/PhysRevD.81.114006
https://doi.org/10.1103/PhysRevD.82.059904
https://doi.org/10.1103/PhysRevD.76.014013
https://doi.org/10.1103/PhysRevD.76.014013
https://doi.org/10.1140/epjc/s10052-007-0334-3
https://doi.org/10.1103/PhysRevD.79.054012
https://doi.org/10.1103/PhysRevD.79.054012
https://doi.org/10.1103/PhysRevD.78.054002
https://doi.org/10.1103/PhysRevD.79.114018
https://doi.org/10.1016/j.physletb.2010.02.056
https://doi.org/10.1016/j.physletb.2010.02.056
https://doi.org/10.1103/PhysRevD.82.094031
https://doi.org/10.1103/PhysRevD.82.094031
https://doi.org/10.1088/0954-3899/39/2/025005
https://doi.org/10.1140/epjc/s10052-016-4405-1
https://doi.org/10.1103/PhysRevD.77.014020
https://doi.org/10.1103/PhysRevD.77.014020
https://doi.org/10.1103/PhysRevD.80.094016
https://doi.org/10.1103/PhysRevD.86.114005
http://arXiv.org/abs/1803.01297
http://arXiv.org/abs/1711.02518
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/RevModPhys.68.1125

WEAK DECAYS OF DOUBLY HEAVY BARYONS: THE FCNC ...

PHYS. REV. D 98, 056002 (2018)

[51] R.H.Li, C.D. Lu, and W. Wang, Branching ratios, forward-
backward asymmetry and angular distributions of B —
K(1)I + I— decays, Phys. Rev. D 79, 094024 (2009).

[52] C.D.Luand W. Wang, Analysis of B - K (— Kz)u"u~ in
the higher kaon resonance region, Phys. Rev. D 85, 034014
(2012).

[53] A.K. Giri and R. Mohanta, Study of FCNC mediated Z
boson effect in the semileptonic rare baryonic decays
A(b) = Al + -, Eur. Phys. J. C 45, 151 (2006).

[54] A.J. Buras and M. Munz, Effective Hamiltonian for
B — X(s)e + e— beyond leading logarithms in the NDR
and HV schemes, Phys. Rev. D 52, 186 (1995).

[55] M. Karliner and J.L. Rosner, Baryons with two heavy
quarks: Masses, production, decays, and detection, Phys.
Rev. D 90, 094007 (2014).

[56] V. V. Kiselev and A. K. Likhoded, Usp. Fiz. Nauk 172, 497
(2002) [Baryons with two heavy quarks, Phys. Usp. 45, 455
(2002)].

[57] C. Patrignani et al. (Particle Data Group), Review of particle
physics, Chin. Phys. C 40, 100001 (2016).

[58] A.V. Manohar and M.B. Wise, Heavy quark physics,
Cambridge Monogr. Part. Phys., Nucl. Phys., Cosmol.
10, 1 (2000).

[59] C.S. Huang and H. G. Yan, Exclusive rare decays of heavy
baryons to light baryons: A(b) — Ay and A(b) — Al + I—,
Phys. Rev. D 59, 114022 (1999); Erratum, Phys. Rev. D 61,
039901(E) (2000).

[60] C.H. Chen and C. Q. Geng, Lepton asymmetries in heavy
baryon decays of A(b) — Alepton + lepton—, Phys.
Lett. B 516, 327 (2001).

[61] C.H. Chen and C.Q. Geng, Rare A(b) — Alepton +
lepton— decays with polarized lambda, Phys. Rev. D 63,
114024 (2001).

[62] Z.X. Zhao, Weak decays of heavy baryons in light-front
approach, arXiv:1803.02292.

056002-17


https://doi.org/10.1103/PhysRevD.79.094024
https://doi.org/10.1103/PhysRevD.85.034014
https://doi.org/10.1103/PhysRevD.85.034014
https://doi.org/10.1140/epjc/s2005-02407-6
https://doi.org/10.1103/PhysRevD.52.186
https://doi.org/10.1103/PhysRevD.90.094007
https://doi.org/10.1103/PhysRevD.90.094007
https://doi.org/10.3367/UFNr.0172.200205a.0497
https://doi.org/10.3367/UFNr.0172.200205a.0497
https://doi.org/10.1070/PU2002v045n05ABEH000958
https://doi.org/10.1070/PU2002v045n05ABEH000958
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevD.59.114022
https://doi.org/10.1103/PhysRevD.61.039901
https://doi.org/10.1103/PhysRevD.61.039901
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1016/S0370-2693(01)00937-6
https://doi.org/10.1103/PhysRevD.63.114024
https://doi.org/10.1103/PhysRevD.63.114024
http://arXiv.org/abs/1803.02292

