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Abstract: The existence of doubly heavy flavor baryons has not been well established experimentally so far. In this

Letter we systematically investigate the weak decays of the doubly charmed baryons, 25" and Z., which should be

helpful for experimental searches for these particles. The long-distance contributions are first studied in the doubly

heavy baryon decays, and found to be significantly enhanced. Comparing all the processes, Ef;" = AJK nTnt and

=t
=i
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1 Introduction

Plenty of hadrons, including quite a few exotic can-
didates, have been discovered in experiments during
the past few decades. Doubly and triply heavy fla-
vor baryons, however, with two or three heavy (b or c)
quarks, are so far still absent in hadron spectroscopy [1-
4]. Searches for the doubly and triply heavy baryons
will play a key role in completing hadron spectroscopy
and shedding light on perturbative and non-perturbative
QCD dynamics.

The only evidence was reported by the SELEX ex-
periment for ZF, via the process E}, = ATK~ 7t in 2002
[5], followed by = —pD+K~ [6]. However, this has not
been confirmed by any other experiments so far. The
FOCUS experiment reported no signal right after SE-
LEX’s measurements [7]. The BaBar [8] and Belle [9, 10]
experiments searched for =} (") with the final states of
E07tt (ntT) and ATK= 7t (n™), and did not find any evi-
dence. The LHCb experiment performed a search using
the 0.65fb~! data sample in the discovery channel used
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are the most favorable decay modes for experiments to search for doubly heavy baryons.
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by SELEX, Zf —ATK~7t", but no significant signal was
observed [11]. Besides, the mass measured by SELEX,
mzt =3518.940.9 MeV, is much lower than most the-
oretical predictions, for instance mz = 3.55-3.67 GeV
predicted by lattice QCD [12-17]. These puzzles can
only be solved by experimental measurements with high
luminosities.

At the Large Hadron Collider (LHC), plenty of heavy
quarks have been generated, and thereby abundant dou-
bly heavy hadrons have been produced due to quark-
hadron duality, such as BE, which has been studied in
great detail by LHCDb. The cross sections of the hadronic
production of Z.. at the LHC have been calculated in
QCD [18], and are of the same order as those of B, [19].
As LHCb has a data sample larger than 3 fb~! and is
collecting even more data during Run 2, there is now a
good opportunity to study Z... One key issue left is to
select the decay processes with the largest possibility of
observing doubly charmed baryons.

In this work, we will systematically study the pro-
cesses of Eft and EF decays to find those with the
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largest branching fractions, which should be helpful for
experimental searches for the doubly charmed baryons.
The lowest-lying heavy particles can only decay weakly.
We will analyze the color-allowed tree-operator domi-
nated decay modes using the factorization ansatz. For
other decay channels which are suppressed in the factor-
ization scheme, the non-factorizable contributions might
be significant and behave as long distance contributions.
With a direct calculation in the rescattering mechanism,
we will demonstrate that long-distance contributions are
significantly enhanced for some decay modes with high
experimental efficiencies. At the end, we will point out
that instead of searching for the =, using the SELEX
discovery channels =} — ATK-nt and pDTK~™, one
should measure Z%+ — ATK-mtnt and EFtt with the
highest priority.

The branching fractions depend on the lifetimes of
EXT and =} which, however, are predicted to be quite
different in the literature. Predictions for the lifetime of
EF vary from 53 fs to 250 fs, while those for Zf range
from 185fs to 670fs [20-23], except for 7:++=15501s
in Ref. [24], which is too large compared to the life-
times of singly charmed baryons. Despite the large
ambiguity in the absolute lifetimes, it is expected that
T(EXT) > 7(EY) for their relative lifetimes, due to the
effect of the destructive Pauli interference in the former.
The ratio between their lifetimes is then

Tt
—See —0.25~0.37, (1)

Te++
=cc

with small uncertainty in all these calculations [20-23].
The branching fractions of =X decays should be rela-
tively larger due to its longer lifetime, compared to those
of 27 . Besides, particles with longer lifetimes can be bet-
ter identified with high efficiency at the detectors. Thus,

we recommend experimentalists to search for 2%+ before
=+

2 Form factors

In the study of the exclusive modes of heavy hadron
decays, the transition form factors are required in the cal-
culations. The hadronic matrix elements of =Z.. decaying
into the anti-triplet and sextet singly charmed baryons,
ie. B.=E., 2/, A, and X, are expressed in terms of the
form factors as

(Be(ps)I 1y |Ece(pi))

=0, |1 )+ L 4 2 ) )
i0,,9"

92(q2)+ Ao QB(QQ)} Ysui (i),

—s(py) [%91(612)+ m, m;
(2)

where the initial and final baryons are all %Jr states, J)7
is the weak current in the relevant decays and ¢=p;,—p;.
In this work, the form factors are calculated in the light-
front quark model (LFQM). The LFQM is a relativis-
tic quark model under the light front approach, and has
been successfully used to study the form factors of heavy
meson and heavy baryon decays [25-27]. We adopt the
diquark picture for the two spectator quarks [25, 26].
The diquark state with a charm quark and a light quark
can be either a scalar (J¥=07), or an axial-vector state
(1*). Considering the wave functions of the relevant
baryons, the hadronic matrix elements of =.. decaying
into the anti-triplet and sextet singly charmed baryons
are linear combinations of the transitions with the scalar
and the axial-vector diquarks,

V6 V6

BB 2ee) =Y T o + L T

BB E) =~ 22 ) L2

—_T <J;VLV>1+~ (3)

In the case with two identical quarks in the final state,
for instance Eg, an overall factor of v/2 has to be consid-
ered. The details of the calculations of the form factors
in the LFQM can be seen in Ref. [29]. The results are
given in Table 1, with the ¢ dependence of

2

Fa)=ro)/ (1ralss )

fit fit

where a=+1 for g,(¢?) with 17 diquarks as shown with
stars in Table 1, and a=—1 for all the other form fac-
tors. Under the flavor SU(3) symmetry, the form factors
are related to each other between E " and =¥ decays,
and between ¢— s and ¢— d transitions as seen in Ta-
ble 1. The uncertainties of the form factors can then
be mostly cancelled in the relative branching fractions

between decay channels.

Table 1. The transition form factors of =.. decay-
ing into singly charmed baryons. The form factors
with the scalar and the axial-vector diquarks are
shown with 0 and 17 respectively.

Eee—Ec/EL(0T) Ece—Ec/EL(1T)

f1 g1 f2 g2 f1 a f2 95

F(0) 0.75 062 -0.78 —-0.08 0.74 —-0.20 0.80 —0.02
mgy 1.84 2.16  1.67 1.29 158 210 162 1.62
0 0.25 0.35 0.30 0.52 036 021 031 1.37

ECCHAC/EC(()‘F) ECCHAC/EC(1+)
5 f2 g2 f1 g1 f2 95
F(0) 0.65 053 -0.74 -0.05 0.64 -0.17 0.73 —0.03

mgy  1.72  2.03  1.56 112 149 199 153 2.03
0 0.27 0.38 0.32 1.10 0.37 0.23 032 2.62
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3 Short-distance contribution domi-

nated processes

With the form factors obtained above, we proceed to
study the non-leptonic decays of =... The short-distance
contributions in the external and internal W-emission
amplitudes of two-body non-leptonic modes are calcu-
lated in the factorization approach manifested in the
heavy quark limit. The amplitudes of =.. decaying into
a singly charmed baryon and a light meson (M) can be
expressed by the product of hadronic matrix elements

AEee=BM)sp= MM (q)|J*10)(Be(ps) |} [Ece (i),
(5)

where )\ = GTP;VCKMaLQ(u), Vexm denotes the product
of the corresponding Cabibbo-Koboyashi-Maskawa ma-
trix elements, and a; () =C}(u)+Cs(p)/3 for the exter-
nal W-emission amplitudes and a,(u) =Cy(u)+Ci(1)/3
for the internal W-emission ones, with C(u)=1.21 and
C,(p)=—0.42 at the scale of p=m, [32]. In this work M
denotes a pseudoscalar meson (P) or a vector meson (1),
with the hadronic matrix elements of decay constants as

(P(g)|J*]0)=ifpq", (V(9)|J"]0)=fvmve™  (6)

In this work, we show the results of a few gold channels
with the highest probability of being observed in exper-
iments. More discussions on various processes can be
found in Refs. [28-31]. According to Eq. (5), the rela-
tive branching fractions of the other processes compared
to that of ZX+ —=*nt are given as

BEL—Ein")/BEL Bl ) =R, =0.25~0.37,
B(EL — AP m) [B(EL —E1 ) =0.056, ™
B(EL —EITv)/BEL —EInT)=0.11,

The above relations are basically unambiguous, since the
uncertainties from the transition form factors are mostly
cancelled under the flavor SU(3) symmetry. It is obvious
that the branching fraction of 21 —Z* 7t is the largest,
compared to that of Zff — Af7w™ which is a Cabibbo-
suppressed mode, and that of Ef, -Z7t" due to the ex-
pected smaller lifetime of =} . The semi-leptonic mode of
Ert —Efty suffers a low efficiency of detection for the
missing energies of neutrinos. Similarly, some other pro-
cesses with possible larger branching fractions may lose
lots of events at hadron colliders, due to neutral particles
such as in ZFp*(—7mtn®) and E/F(—EFy)mt. The final
state of =Faf (=7t ) has two more tracks, reducing
the efficiency of detection. Besides, the longer lifetimes
of 21 and ZF compared to those of =}, and =2, respec-
tively, benefit higher efficiencies of the identification of
the particles in experiments. Thus the 2%t —=n" pro-

c

cess is the best of the external WW-emission processes to

search for the doubly charmed baryons.

The absolute branching fraction of Eff — Efnt is

calculated to be
ottty [ TE&

B(E:+ —Erm )_(300fs) x7.2%. (8)
This result is given by comparing the lifetime of =1 with
300 fs, which is in the range of the predictions. Even if
considering the uncertainties of the transition form fac-
tors and the lifetime, the branching fraction of this pro-
cess is of the order of percent, which is large enough for
measurements.

To measure ZF T — ZFnt) =+ can be reconstructed
using the mode E} — pK~7t at hadron colliders with
all the charged particles in the final state. The absolute
branching fraction of this process has never been directly
measured, but the relative branching ratio was measured
as B(EX — pK)/B(Ef — pK-mt) = 0.5440.10 [33].

Besides, the relation A(Z} — pK*O) = AAT — ZTK*?)
holds under U-spin symmetry. With the measurement
of B(AF — XTK*) =(0.36+0.10)% [34], the branching

fraction is
B(Ef —pK n")=(2.240.8)%. (9)

The relatively larger branching fraction of this Cabibbo-
suppressed mode is induced by the larger phase space
of =F —pK" and the longer lifetime of EF. The main
uncertainty in Eq. (9) arises from the branching fraction

of AT — X1tK* and the ratio between =7 —pK" and
Er —pK~7m", which may be measured by BESIII, Belle
IT and LHCD with higher precision. Considering the rela-
tively large value of B(Ef —pK~7") within the 1o range,
we suggest to measure the process of =5+ — =7t with
27T reconstructed by the final state pK~—7t".

C

4 Long-distance contribution dominated
processes

In the factorization approach, only the factoriz-
able contributions are taken into account. For the
color-allowed tree-operator dominated channels, the non-
factorizable contributions are expected to be small. For
the color-suppressed processes with a tiny Wilson coef-
ficient a,, the decay widths are likely to be underesti-
mated in the factorization framework. For instance, the
branching fractions of the internal W-emission decays of
SR H2j+(2455)K*0 and EjCHAjK*O are predicted to
be of the order of 1075, due to ay(u)~—0.02.

However, the long-distance contributions are usually
significantly enhanced in charmed meson decays, which
can be described well by the rescattering mechanism of
the final-state-interaction effects [35-38]. The rescatter-
ing mechanism in the heavy-flavor-baryon decays was
only considered in Ref. [39] to study the Cabibbo-
suppressed decays of AT —pn® and nt, whose results
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have not been directly manifested so far, but are consis-
tent with the upper limit recently measured by BESIII
[40]. In doubly heavy flavor baryon decays, the long-
distance contributions have never been considered. In
this work we first calculate the rescattering effects in two-
body non-leptonic =.. decays for the internal W-emission
and W-exchange amplitudes, and then find some other
processes with large branching fractions.

The absorptive part of the amplitudes is obtained
by the optical theorem [41], summing over all possible
amplitudes of E..(p;) decaying into the states {p,}, fol-
lowed by the rescattering of {p,} into the final state
B.(ps)M(q),

d®py

(H/ o 32Ek> (2m)*

T*(prg—{ps})- (10

AbsM (p;—peq)=

j

J
8 (pr+a—Y _pe)M(p—{pi})
k=1
One typical rescattering diagram is given in Fig. 1, tak-
ing as example the ¢-channel triangle diagram of 21+ —

= ”p*%Zj*K*O via quark exchange.

5‘ >

=+ [ e ‘ ++
=cc Z(i

F*()

—++
—cc

e
ZC

Fig. 1. (color online) The ¢-channel rescattering di-
agram of Z;" — =+ pT E++K . The rescat-
tering is induced by the quark exchanges, shown
in the top figure. The bottom figure is the dia-
gram at the hadron level.

The rescattering amplitudes are calculated using the
effective Lagrangian [42-45]. The hadronic strong cou-
pling constants are related to each other under the flavor
SU(3) symmetry, and the chiral and heavy quark sym-
metries [42—44], with the values taken from Refs. [41, 46—
52]. The effective Lagrangian and the strong coupling
constants are given in the Appendix. Most of the uncer-
tainties will then be cancelled in the relative branching
ratios. The results of the rescattering amplitudes de-
pend on the form factor F(¢,m) which describes the off-
shell effect of the exchanged particle. It is parametrized
as F(t,m)=(A?—m?)/(A*—t) [41], with the cutoff A=

m+nAqcep, m and ¢ being the mass and the momen-
tum squared of the exchanged particle, respectively, and
Aqcp taken as 330 MeV. The free parameter 7 cannot be
calculated from first principles. In this work, we take n
varying in the range from 1.0 to 2.0, as found in Ref. [41].
The dependence of F(t,m) on 7 is plotted in Fig. 2.

F(t,m)

0.8

0.6

1.0 1.2 1.4 1.6 1.8 2.0

Fig. 2. (color online) The form factor F(t,m) as a
function of 7.

The relative branching fractions of some processes
dominated by the long-distance contributions compared
to that of =5t — X+ (2455)K" *® are shown in Table 2.
The results of the relative branching fractions are less
ambiguous in theory, since the uncertainties from the ef-
fective hadronic strong coupling constants and from the
transition form factors are mainly cancelled due to the
flavor SU(3) symmetry and the chiral and heavy quark
symmetries as discussed before. The absolute branching
fractions depend heavily on the values of the parameter
7, as seen in the top plot of Fig. 3, taking as exam-
ples B(ZfF — Zj+(2455)K*0) and B(EXt — pD*t) as
functions of 7. In the bottom of Fig. 3, we plot the
ratio B(Z ++HpD**)/lS’(ch*HEj*K*O) as a function of
1. The ratio of branching fractions is insensitive to 7.
Therefore, the theoretical uncertainties are under con-
trol for the relative branching fractions. From Table 2,
it is obvious that Eft — Ej+(2455)K*0 has the largest
branching fraction, which is useful for experimental mea-
surements.

Table 2. Branching fractions of 2.7 and 2, de-
cays with the long-distance contributions, relative
to that of =t -3+ + (2455 K™

baryons modes Bip

Eich(ccu) st (2455)K*U defined as 1
pD*t 0.04
pD+ 0.0008

=& (ced) AFR (R /0.3)x0.22

BT (2455)K (R+/0.3)x0.01

=+,0
Ecp (R+/0.3)x0.04
ADT (R+/0.3)x0.004
pD? (R+/0.3)x0.001
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In the process 25t — Zj+(2455)K*0, the dominant
rescattering amplitude is S+ —Z0+p* - K" with
exchange of K**, depicted in Fig. 1. Considering some
other triangle diagrams, including the t-channel rescat-
tering by )+t with exchange of K*, and u-channels
rescattering by 2ttt and E()*p* with exchange of A}
or XF, the absolute branching fraction is

— Tot++
SNt (2455) K ) = (== 824,
BEL —S (455K )= (5o ) (3.8 6)%(, |
11

where the range corresponds to the value of 7 varying
between 1.0 and 2.0. Compared to the short-distance
results of Eff — Ej+(2455)K*0 as O(107°), the long-
distance contributions in the doubly charmed baryon
decays are significantly enhanced. The branching frac-
tions of =5t — Efpt and = fpt are 12.6% and 17.4%
respectively, which are large enough to lead to a result
for EXF — Zj+(2455)K*0 of the order of percent. In
the charmed meson decays, the large- N, approach gives
a good description of the internal W-emission contribu-
tions, which amounts to |aS®(u.)|~ Ca(u.) ~ —0.5 [53].
With this value, the branching fraction of this process
is then 4.6%, which is in the range of Eq. (11). So the
results considering the rescattering mechanism for long-
distance contributions are trustworthy.

BR(%)
50 .
Z:‘FK 0

10

0.1%
Ratio
0.10

0.08

0.06

0.04

0.02

0.00 n
1.0 1.2 1.4 1.6 1.8 2.0

Fig. 3. (color online) The absolute branching frac-
tions of 27 — XK and pD** (top) and the
ratio of B(ch+—>pD*+)/B(Ej;+—>Ej‘+ﬁ*o) (bot-
tom) as functions of 7.

St — N (2455)K
cess with the strong decays of ¥FT — Afnt and K=
K=7t". In the charmed meson decays, the resonant con-
tributions almost saturate the decay widths [54]. The
final-state particles are not very energetic in charm de-
cays, and hence easily located in the momentum range
of resonances. Thus the resonant contributions can
indicate the key physics. For the four-body process
2t > ATK 7ttt there are many low-lying-resonance
contributions, such as X71(2455) and X1+ (2520) for
Azt and K" and (KT)s.wave for K=mtt.  Recalling
that B(Ef" — Ej+(2455)K*0) is as large as shown in
Eq. (11), the branching fraction of Zf " — ATK~mtmt
will be expected to be a few percent, or even reach
0(10%). With AT reconstructed by pK~-mt, the pro-
cess 217 — AFK-mtnt can be used to search for the
doubly charmed baryon.

Apart from the above four-body decay mode, the
branching fraction of Zf, — AFK~ 7t should be consid-
erable, contributed by Ajﬁ*o and ¥F1(2455)K~. This
process is just the one used by the SELEX experiment
to report the first would-be evidence of = [5]. How-
ever, no significant signal was observed by the LHCb
experiment using this channel [11]. We find the pro-
cess EXt — ATK -ttt is better than Ef, — ATK - n*
for the searches for doubly charmed baryons, for the
following reasons. For the dominant resonant contribu-
tions in these two processes, the branching fraction of
ch+—>2j+(2455)ﬁ*0 is larger than that of E;HAjK*O
by a factor of about five, due to the predicted value
of R, ~ 0.3 with a small uncertainty, seen in Eq. (1).
As explained before, the efficiency of identifying = * is
larger than that of Ef at LHCb by a factor around the
lifetime ratio, in the range of their predicted lifetimes.
Even though EF - ATK -7t 7t suffers a lower efficiency
in detection by a few factors, due to one more track
than Zf - ATK~ 7t it can still be expected that there
would be more signal yields in the former process. For
the other discovery channel by the SELEX experiment,
=+ —pD*K~, there are no low-lying-resonance contribu-
tions. In the mode =, —AD*, whose branching ratio is
small, the A state is below the pK~ threshold, while the
higher excited resonances would be more difficult to pro-
duce. Therefore, the process =5+ — ATK-7mttnt is the
best of the long-distance contribution dominated pro-
cesses for the searches for doubly charmed baryons.

In addition to the study of the ground states of dou-
bly charmed baryons, the suggested processes should
be useful to search for excited states below the charm-
meson-charm-baryon thresholds. Such particles strongly
or radiatively decay into the ground states, which would
be reconstructed in experiments by the most favorable
modes found in this work. Besides, the long-distance
contributions, for which we found large and important

is actually a four-body pro-
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Z.. decays, should also be considered in the studies on
the search for the discovery channels of other heavy par-
ticles, such as bottom-charm baryons and stable open
flavor tetraquarks and pentaquarks.

5 Summary

We have systematically studied the weak decays
and recommend the processes =} —
ATK-mtnt and Zf 7wt as the most favorable decay
modes for searches for doubly charmed baryons in exper-
iments. The channels Ef — ATK~7t" and pDtK™ used

of = =++ and = =+

—cc —cc

=++ +K— ot
Ef - ATK -ttt

tributions are first studied in the double-charm-baryon
decays, considering the rescattering mechanism.
found that the long-distance contributions are signifi-
cantly enhanced and are essential for the favorable mode
Our suggestions are based on the

It is

analysis of the relative branching fractions between decay
modes, which is less ambiguous since the theoretical un-

perimental measurements®).

by the SELEX and LHCb experiments are not as good as

the above two Ef*

contributions of the decay amplitudes are calculated un-
der the factorization approach. The long-distance con-

Appendix A

decay processes. The short-distance

and Xiang Liu for careful proofreadings.

The effective Lagrangians used in the rescattering mechanism are [42-45]

Lxp*p =—gnp*D(

»CpD*D* :ing*D*(

Lefs=Lanh+Lonh+LraBB+LoBB+Lornrn+Lppp+LrpD+Lap* D+LoD D,
Lrhn =0nBeBs LT [BM’}%HBG] +gnB;B; T’I“[Bgi’)@HBg]—F{gnBaBg Tr [Be"i’ys)HBg] +h.c.},
Lonn=f1 o505, TT[BGWV“BG]+MTT[860W8”V”BG}

f2p63

+ f1o858; Tr[B37y, V" B3]+ mB3T (B0, 0" V" Bs]

_ f20B685 = —
+{ f1p3633Tr[BWv“BgHﬁTr[BwWa* V¥ Bs]+h.c.},

La=gB8TT [Bi'yg, 3],

Loss=f1,88T7[B,V"B]+ Z%—B;Tr [Bo,, 0"V B],
Lo ==L TV [0,

Lppp—lg&%pT [(auVu—auVu)V”V”l:%Tﬂ@uvﬂv“—v“&w)v%

Lopp=—1g,DD (DiauDjT—auDiDjT)(V”);v

D'9"11;; DT+ D} 9"11;;,D'T),
D:uauD;jT_auD:VD;jT)(Vﬂ) 4 f,p*D* l*: (auvu_auvu);_D;j

where the corresponding I, V', B and Bg, Bs respectively represent the matrices

w

r_
V2
V: _

P

K*~

S

1 1
KL + + it —=nd =B
it o8 YERE
ne| = _T.m ko Be—| Lur w0 Lan
\/5 \/6 5 2 c c \/§ c )
_ 2 1 1
K~ K° =z —Er —=EY  Q
3" 2 2
+ 4 —t E_O+A +
p K 0 AC e \/5 \/6 ) p
LW o s Be=| -Af 0 22|, B=| = \27+%
55 2 6
\/Iz*oﬁ é —-=¢ —=2 0 =" =0 ,lA
V6

1) Note added: very recently, the LHCb collaboration reported the discovery of 24" with the final state ATK—mtat [55].
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certainties are mainly cancelled by the flavor symmetries.
The absolute branching fractions of =F+ — ATK-ntzt
and Efntt are estimated to be a few percent, or even
reach the order of 10%, which are large enough for ex-
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According to the generalized form of baryons coupled
with mesons in Eq. (A1), we extend to the vertex B.BD and
B.BD*, and write the Lagrangian as

LAcND, =9gAeND, (AcivsDgN+h.c.),
La.npg=fiacnp; (AevuDg" N+h.c.)

Ls.NDy=gs.ND, (Bcivs DgN+h.c.),

Ls.ND;=f1s.ND; (ZecvuDg" N+h.c.)

fosoNDx .
S0 (8.0,,0" D N+he).  (A3)

ms.+mn

where N denotes baryons belong to the octet baryon matrix
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