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The lifetimes of doubly charmed hadrons are analyzed within the framework of the heavy quark expansion
(HQE). Lifetime differences arise from spectator effects such asW-exchange and Pauli interference. TheΞþþ

cc

baryon is longest-lived in the doubly charmedbaryon systemowing to the destructive Pauli interference absent
in the Ξþ

cc and Ωþ
cc. In the presence of dimension-seven contributions, its lifetime is reduced from ∼5.2 ×

10−13 s to ∼3.0 × 10−13 s. The Ξþ
cc baryon has the shortest lifetime of order 0.45 × 10−13 s due to a large

contribution from theW-exchange box diagram. It is difficult to make a precise quantitative statement on the
lifetime of Ωþ

cc. Contrary to Ξcc baryons, τðΩþ
ccÞ becomes longer in the presence of dimension-seven effects

and thePauli interferenceΓintþ evenbecomesnegative. This implies that the subleading corrections are too large
to justify thevalidity of theHQE.Demanding the rateΓintþ to be positive for a sensibleHQE,we conjecture that
the Ω0

c lifetime lies in the range of ð0.75 ∼ 1.80Þ × 10−13 s. The lifetime hierarchy pattern is τðΞþþ
cc Þ >

τðΩþ
ccÞ > τðΞþ

ccÞ and the lifetime ratio τðΞþþ
cc Þ=τðΞþ

ccÞ is predicted to be of order 6.7.

DOI: 10.1103/PhysRevD.98.113005

I. INTRODUCTION

Recently, the LHCb collaboration observed a resonance
in the Λþ

c K−πþπþ mass spectrum at a mass of 3621.40�
0.78 MeV [1], which is consistent with expectations for the
doubly charmed baryon Ξþþ

cc baryon. Subsequently, LHCb
presented the first lifetime measurement of this charmed
doubly baryon [2]

τðΞþþ
cc Þ ¼ ð2.56þ0.24

−0.22 � 0.14Þ × 10−13 s: ð1:1Þ
Theoretical predictions available in the literature [3–7]
listed in Table I spread a large range, e.g., τðΞþþ

cc Þ ranges
from 0.2 to 1.6 ps. The lifetime hierarchy was predicted to
be of the pattern τðΞþþ

cc Þ > τðΩþ
ccÞ > τðΞþ

ccÞ in [4,5], but
τðΞþþ

cc Þ > τðΞþ
ccÞ > τðΩþ

ccÞ in [6].
In [8] we have shown that the heavy quark expansion

(HQE) in 1=mb works well for bottom hadrons. The
calculated B meson lifetime ratios τðBþÞ=τðB0

dÞ and
τðB0

sÞ=τðB0
dÞ in HQE are in excellent agreement with experi-

ment, and the computed lifetime ratios τðΞ−
b Þ=τðΛ0

bÞ,
τðΞ−

b Þ=τðΞ0
bÞ and τðΩ−

b Þ=τðΞ−
b Þ also agree well with the

data. On the contrary, the HQE to 1=m3
c fails to give a

satisfactory description of the lifetimes of both charmed

mesons and charmed baryons. The HQE to order 1=m3
c

implies the lifetime hierarchy τðΞþ
c Þ > τðΛcÞ > τðΞ0

cÞ >
τðΩcÞ, which seems to be in agreement with the current
one from the Particle Data Group (PDG) [9]. However, the
quantitative estimates of charmed baryon lifetimes and their
ratios are rather poor. For example, τðΞþ

c Þ=τðΛþ
c Þ is calcu-

lated to be 1.03 [8], while experimentally it is measured to
be 2.21� 0.15 [9]. Since the charm quark is not heavy,
it is thus natural to consider the effects stemming from the
next-order 1=mc expansion. This calls for the subleading
1=mQ corrections to spectator effects.
It turns out that the relevant dimension-seven spectator

effects are in the right direction for explaining the large
lifetime ratio of τðΞþ

c Þ=τðΛþ
c Þ, which is enhanced from 1.05

to 1.88, in better agreement with the experimental value [8].
However, the destructive 1=mc corrections to ΓðΩ0

cÞ are too
large to justify the use of the HQE, namely, the predicted
Pauli interference and semileptonic rates for the Ω0

c become
negative, which certainly do not make sense. Demanding
these rates to be positive for a sensible HQE, it has been
conjectured in [8] that the Ω0

c lifetime lies in the range of
ð2.3 ∼ 3.2Þ × 10−13 s. This leads to the new lifetime pattern
τðΞþ

c Þ > τðΩ0
cÞ > τðΛþ

c Þ > τðΞ0
cÞ, contrary to the current

hierarchy τðΞþ
c Þ > τðΛþ

c Þ > τðΞ0
cÞ > τðΩ0

cÞ. This new
charmed baryon lifetime pattern can be tested by LHCb.
Very recently, LHCb has reported a new measurement of

the Ω0
c lifetime, τðΩ0

cÞ ¼ ð2.68� 0.24� 0.10� 0.02Þ ×
10−13 s [10], using the semileptonic decay Ω−

b →
Ω0

cμ
−ν̄μX with Ω0

c → pK−K−πþ. This value is nearly
four times larger than the current world-average value of
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τðΩ0
cÞ ¼ ð0.69� 0.12Þ × 10−13 s [9] from fixed target

experiments.1 This indicates that the Ω0
c, which is naively

expected to be shortest-lived in the charmed baryon
system owing to the large constructive Pauli interference,
could live longer than the Λþ

c due to the suppression from
1=mc corrections arising from dimension-seven four-quark
operators.
In thiswork,we shall study the lifetimesof doubly charmed

baryons within the framework of the HQE. It is organized as
follows. In Sec. II, we give the general HQE expressions
for inclusive nonleptonic and semileptonic widths. A special
attention is paid to the doubly charmed baryon matrix
elements of dimension-three and -five operators which are
somewhat different from the ones of singly charmed baryons.
We then proceed to discuss the relevant dimension-six and
-seven four-quark operators. Evaluation of doubly charmed
baryon matrix elements and numerical results are presented
in Sec. III. Conclusions are given in Sec. IV.

II. THEORETICAL FRAMEWORK

Under the heavy quark expansion, the inclusive non-
leptonic decay rate of a doubly heavy baryonBQQ containing
two heavy quarks QQ is given by [12,13]

ΓðBQQÞ ¼
1

2mBQQ

ImhBQQjTjBQQi

¼ 1

2mBQQ

hBQQj
Z

d4xT½L†
WðxÞLWð0Þ�jBQQi;

ð2:1Þ
in analog to the case of a singly heavy hadronHQ. Through
the use of the operator product expansion, the transition
operator T can be expressed in terms of local quark operators

ImT ¼ G2
Fm

5
Q

192π3
ξ

�
c3;QQ̄Qþ c5;Q

m2
Q
Q̄σ ·GQþ c6;Q

m3
Q
T6

þ c7;Q
m4

Q
T7 þ � � �

�
; ð2:2Þ

where ξ is the relevant CKMmatrix element, the dimension-
sixT6 consists of the four-quark operators ðQ̄ΓqÞðq̄ΓQÞwith
Γ representing a combination of the Lorentz and color
matrices, while a subset of dimension-seven T7 is governed
by the four-quark operators containing derivative insertions.
Hence,

ΓðBQQÞ ¼
G2

Fm
5
Q

192π3
ξ

1

2mBQQ

�
c3;QhBQQjQ̄QjBQQi

þ c5;Q
m2

Q
hBQQjQ̄σ · GQjBQQi

þ c6;Q
m3

Q
hBQQjT6jBQQi

þ c7;Q
m4

Q
hBQQjT7jBQQi þ � � �

�
: ð2:3Þ

A. Dimension-three and -five operators

In heavy quark effective theory (HQET), the dimension-
three operator Q̄Q in the rest frame has the expression

Q̄Q ¼ Q̄γ0Q −
Q̄ðiD⃗Þ2Q
2m2

Q
þ Q̄σ ·GQ

4m2
Q

þO
�

1

m3
Q

�
; ð2:4Þ

with the normalization

hBQQjQ̄γ0QjBQQi
2mBQQ

¼ 1: ð2:5Þ

Hence,

hBQQjQ̄QjBQQi
2mBQQ

¼ 1 −
μ2π
2m2

Q
þ μ2G
2m2

Q
þO

�
1

m3
Q

�
; ð2:6Þ

where

μ2π ≡ 1

2mBQQ

hBQQjQ̄ðiD⃗Þ2QjBQQi

¼ −
1

2mBQQ

hBQQjQ̄ðiD⊥Þ2QjBQQi ¼ −λ1;

μ2G ≡ 1

2mBQQ

hBQQjQ̄
1

2
σ · GQjBQQi ¼ dHλ2: ð2:7Þ

The non-perturbative parameters λ1 and λ2 are independent
of mQ and have the same values for all particles in a given
spin-flavor multiplet.
We first consider the non-perturbative parameter μ2π.

In general, μ2π ¼ hp2i ¼ hm2
Qv

2
Qi. The average kinetic

energy of the diquark QQ and the light quark q is T ¼
1
2
mdv2d þ 1

2
mqv2q, where md (mq) is the mass of the diquark

(light quark). This together with the momentum conserva-
tion mdvd ¼ mqvq leads to

TABLE I. Predicted lifetimes of doubly charmed baryons in
units of 10−13 s.

Kiselev
et al. [3]

Kiselev
et al. [4]

Guberina
et al. [5]

Chang
et al.
[6]

Karliner
et al. [7]

Ξþþ
cc 4.3� 1.1 4.6� 0.5 15.5 6.7 1.85

Ξþ
cc 1.1� 0.3 1.6� 0.5 2.2 2.5 0.53

Ωþ
cc 2.7� 0.6 2.5 2.1

1An early conjecture of τðΩ0
cÞ of order 2.3 × 10−13 s first

presented in [11] by one of us is indeed consistent with the LHCb
measurement.
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v2d ¼
mqT

2m2
Q þmQmq

: ð2:8Þ

As shown in [3], the average kinetic energy T 0 of heavy
quarks inside the diquark given by 1

2
mQðv2Q1 þ v2Q2Þ is

equal to T=2 due to the color wave function of the diquark.
Hence, the average velocity ṽ of the heavy quark inside the
diquark is ṽ2 ¼ T=ð2mQÞ. The average velocity vQ of the
heavy quark inside the baryon BQQ is [3]

v2Q ≈ ṽ2 þ v2d ¼
T

2mQ
þ mqT

2m2
Q þmQmq

: ð2:9Þ

Hence,

μ2πðBQQÞ ≃mQ

�
T
2
þ mqT

2mQ þmq

�
: ð2:10Þ

We next turn to the parameter μ2G. In HQET, the mass of
the singly heavy baryon BQ has the expression

mBQ
¼ mQ þ Λ̄BQ

þ μ2π
2mQ

−
μ2G
2mQ

þO
�

1

m2
Q

�
; ð2:11Þ

where Λ̄BQ
is a parameter of HQETand it can be regarded as

the binding energy of the heavy hadron in the infinite mass
limit. For the doubly heavy baryonBQQ, if the heavy diquark
acts as a point-like constitute, its mass is of the form

mBQQ
¼ 2mQ þ Λ̄BQQ

þ μ2π
mQ

−
μ2G
mQ

þO
�

1

m2
Q

�
: ð2:12Þ

There are two distinct chromomagnetic fields inside theBQQ:
one is the chromomagnetic field produced by the light quark
and the other by the heavy quark. For the former (latter), the
operator σ ·G is proportional to S⃗d · S⃗q (S⃗1 · S⃗2), where S⃗d ¼
S⃗1 þ S⃗2 (S⃗q) is the spin operator of the diquark (light quark),

and S⃗i (i ¼ 1, 2) is the spin of the constituent quark inside the
diquark. The parameter dH is given by2

ddqH ¼−4hBQQjS⃗d · S⃗qjBQQi
¼−2½StotðStotþ1Þ−SdðSdþ1Þ−SqðSqþ1Þ�;

dQQ
H ¼−4hBQQjS⃗1 · S⃗2jBQQi

¼−2½SdðSdþ1Þ−S1ðS1þ1Þ−S2ðS2þ1Þ�: ð2:13Þ

Therefore, ddqH ¼ 4, dQQ
H ¼ −1 for the spin-1

2
doubly heavy

baryon BQQ and ddqH ¼ −2, dQQ
H ¼ −1 for the spin-3

2
doubly

heavy baryonB�
QQ. It follows from Eq. (2.12) that λdq2 can be

expressed in terms of the hyperfine mass splitting

λdq2 ðBQQÞ ¼
1

6
ðmB�

QQ
−mBQQ

ÞmQ; ð2:14Þ

and hence,

μ2GðBQQÞ ¼
2

3
ðmB�

QQ
−mBQQ

ÞmQ − λQQ
2 : ð2:15Þ

To evaluate the parameter λQQ
2 , let us consider a simple

quark model of De Rújula et al. [14]

Mbaryon ¼ M0 þ � � � þ 16

9
παs

X
i>j

S⃗i · S⃗j
mimj

jψð0Þj2;

Mmeson ¼ M0 þ � � � þ 32

9
παs

S⃗1 · S⃗2
m1m2

jψð0Þj2: ð2:16Þ

It is well known that the fine structure constant is − 4
3
αs for

q̄q pairs in a meson and − 2
3
αs for qq pairs in a baryon [14].

This is because the q̄q pair in a meson must be a color-
singlet, while the qq pair in a baryon is in color antitriplet
state. The mass of the doubly heavy baryon BQQ is given by

mBQQ
¼ 2mQ þ � � � þ 16

9
παs

�
S⃗d · S⃗q
mQmq

jψdqð0Þj2

þ S⃗1 · S⃗2
m2

Q
jψQQð0Þj2

�
þO

�
1

m2
Q

�
; ð2:17Þ

where ψdqð0Þ is the light quark wave function at the origin
of the QQ diquark and ψQQð0Þ is the diquark wave
function at the origin. For the doubly charmed baryons
we have

mΞcc
¼ 2mc þ � � � þ 16

9
παs

�
−

1

mcmq
jψdqð0Þj2

þ 1

4m2
c
jψccð0Þj2

�
þO

�
1

m2
c

�
;

mΞ�
cc
¼ 2mc þ � � � þ 16

9
παs

�
1

2mcmq
jψdqð0Þj2

þ 1

4m2
c
jψccð0Þj2

�
þO

�
1

m2
c

�
: ð2:18Þ

The term proportional to jψdqð0Þj2 can be expressed in
terms of the hyperfine mass splitting of Ξcc. Hence, we
obtain

2The coefficients of S⃗d · S⃗q and S⃗1 · S⃗2 can be arbitrarily
chosen. The μ2G term is independent of the choice of dH .
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μ2GðΞccÞ¼
2

3
ðmΞ�

cc
−mΞcc

Þmc−
4

9
παs

jψccð0Þj2
mc

þO
�

1

mc

�
:

ð2:19Þ

Hence, λcc2 ðΞccÞ ¼ ð1=9Þg2s jψccð0Þj2=mc.
However, the above expression of μ2G is not the end of

story. It has been known that HQET is not the appropriate
effective field theory for hadrons with more than one heavy
quark. HQET is formulated as an expansion in ΛQCD=mQ.
For a singly heavy hadron, the heavy quark kinetic energy is
neglected as it occurs as a small 1=mQ correction. For a
bound state containing two or more heavy quarks, the heavy
quark kinetic energy is very important and cannot be treated
as a perturbation. The appropriate theory for dealing such a
system is non-relativistic QCD (NRQCD),3 in which one has

Q̄gsσ ·GQ ¼ −2ψ†
Qgsσ⃗ · B⃗ψQ −

1

mQ
ψ†
QgsD⃗ · E⃗ψQ þ � � �

ð2:20Þ

in terms of the two-spinor ψQ. According to the counting
rule, the Darwin term for the interaction with the chromo-
electric field is of the same order of magnitude as the
chromomagnetic term [16]. Hence, we get an additional
contribution to μ2G

μ2G ¼ 2

3
ðmΞ�

cc
−mΞcc

Þmc −
1

9
g2s

jψccð0Þj2
mc

−
1

6
g2s

jψccð0Þj2
mc

:

ð2:21Þ

The last term can be obtained by using the equation ofmotion
for the chromoelectric field. Note that our result is different
from the original expression4

μ2G ¼ −
2

3
ðmΞ�

cc
−mΞcc

Þmc −
2

9
g2s

jψccð0Þj2
mc

−
1

3
g2s

jψccð0Þj2
mc

ð2:22Þ

obtained in [3] in the sign of the first term and in the
magnitude of jψccð0Þj2 terms. Therefore,

hΞccjc̄cjΞcci
2mΞcc

¼ 1 −
1

2
v2c þ

1

3

mΞ�
cc
−mΞcc

mc
−
2

9
παs

jψccð0Þj2
m3

c

−
1

3
παs

jψccð0Þj2
m3

c
ð2:23Þ

Since the hyperfinemass splitting ofDmesons is given by

mD� −mD ¼ 32

9
αsπ

jψcq̄ð0Þj2
mcmq

; ð2:24Þ

we are led to the relation

mΞ�
cc
−mΞcc

¼ 3

4
ðmD� −mDÞ

jψdq
Ξcc

ð0Þj2
jψcq̄

Dq
ð0Þj2 : ð2:25Þ

In the heavy quark limit, the doubly charmed baryon wave
functionψdq

Ξcc
ð0Þ is expected to be the same as themesonwave

function ψcq̄
Dq
ð0Þ if the diquark behaves as a point-like

particle,5

ψdq
Ξcc

ð0Þ ≈ ψcq̄
Dq
ð0Þ: ð2:26Þ

It follows the well-known mass relation

mΞ�
cc
−mΞcc

¼ 3

4
ðmD� −mDÞ; ð2:27Þ

which has been derived in various contents, such as HQET
[18],6 pNRQCD (potential NRQCD) [19,20] and the quark
model [21,22].
The nonleptonic and semiletponic decay rates of the

heavy quark c of the Bcc are given by

ΓdecðBccÞ¼ 2
G2

Fm
5
c

192π3
ξ

�
cNL3;c

�
1−

μ2π
2m2

c
þ μ2G
2m2

c

�
þ2cNL5;c

μ2G
m2

c

�
ð2:28Þ

and

ΓSLðBccÞ ¼ 2
G2

Fm
5
c

192π3
ξ

�
cSL3;c

�
1 −

μ2π
2m2

c
þ μ2G
2m2

c

�
þ 2cSL5;c

μ2G
m2

c

�
;

ð2:29Þ

where the expressions of the coefficients c3;c and c5;c can
be found, e.g., in [8].

3However, it was pointed out very recently in [15] that in the
limit mQ > mQvQ > mQv2Q ≫ ΛQCD, such a system can be
described by a version of HQET with a diquark degree of
freedom.

4Guberina et al. [5] obtained a similar expression except for the
magnitude of jψccð0Þj2 terms

μ2G ¼ 2

3
ðmΞ�

cc
−mΞcc

Þmc −
2

9
g2s

jψccð0Þj2
m�

c
−
1

3
g2s

jψccð0Þj2
mc

:

5In [5] and in [17], the authors argued that jψdqð0Þj2 ¼
2
3
jψcq̄ð0Þj2 due to different spin content of doubly charmed

baryons. However, this will not lead to the approximate mass
relation given by Eq. (2.27).

6A factor of 2 was missed in the original mass relation derived
in [18].
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B. Dimension-six operators

Defining

T 6 ¼
G2

Fm
2
Q

192π3
ξcNL6;QT6; ð2:30Þ

the dimension-six four-quark operators in Eq. (2.3) for spectator effects in inclusive decays of doubly charmed baryons
denoted by Bcc are given by (only Cabibbo-allowed decays with ξ ¼ jVcsVudj2 being listed here) [23–25]

T Bcc;d
6;ann ¼

G2
Fm

2
c

2π
ξð1 − xÞ2fðc21 þ c22Þðc̄cÞðd̄dÞ þ 2c1c2ðc̄dÞðd̄cÞg;

T Bcc;u
6;int− ¼ −

G2
Fm

2
c

6π
ξð1 − xÞ2

�
c21

��
1þ x

2

�
ðc̄cÞðūuÞ − ð1þ 2xÞc̄αð1 − γ5Þuβūβð1þ γ5Þcα

�

þ ð2c1c2 þ Ncc22Þ
��

1þ x
2

�
ðc̄uÞðūcÞ − ð1þ 2xÞc̄ð1 − γ5Þuūð1þ γ5Þc

��
;

T Bcc;s
6;intþ ¼ −

G2
Fm

2
c

6π
ξfc22½ðc̄cÞðs̄sÞ − c̄αð1 − γ5Þsβs̄βð1þ γ5Þcα�

þ ð2c1c2 þ Ncc21Þ½ðc̄sÞðs̄cÞ − c̄ð1 − γ5Þss̄ð1þ γ5Þc�g; ð2:31Þ

where ðq̄1q2Þ≡ q̄1γμð1 − γ5Þq2, and α, β are color indices and x ¼ m2
s=m2

c.
Spectator effects in the weak decays of the doubly charmed baryons Ξþþ

cc , Ξþ
cc and Ωþ

cc are depicted in Fig. 1. The first
term T Bcc;d

6;ann in (2.31) corresponds to a W-exchange contribution which appears in Ξþ
cc decays (Cabibbo-suppressed T Bcc;s

6;ann

term appearing in Ωþ
cc decays). The second term T Bcc;u

6;int− arises from the destructive Pauli interference of the u quark
produced in the c quark decay with the u quark in the wave function of the doubly charm baryon Bcc, namely Ξþþ

cc

(a)

(b)

(c)

FIG. 1. Spectator effects in doubly charmed baryon decays: (a) destructive Pauli interference in Ξþþ
cc decay, (b) W-exchange and

constructive Pauli interference in Ξþ
cc decay, and (c) W-exchange and constructive Pauli interference in Ωþ

cc decay.
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(Fig. 1(a)). The last term T Bcc;s
6;intþ is due to the constructive

interference of the s quark and hence it occurs only in
charmed baryon decays (Fig. 1(c)).
For inclusive semileptonic decays, apart from the heavy

quark decay contribution there is an additional spectator
effect in charmed-baryon semileptonic decay originating
from the Pauli interference of the s or d quark [26]; that is,
the s (d) quark produced in c → slþνl (c → dlþνl) has an
interference with the s (d) quark in the wave function of the
charmed baryon (see Fig. 1). It is now ready to deduce this
term from T q3

6;intþ in Eq. (2.31) by putting c1 ¼ 1, c2 ¼ 0,
Nc ¼ 1:

T SL
6;int¼−

G2
Fm

2
c

6π
ðjVcsVudj2½ðc̄sÞðs̄cÞ− c̄ð1−γ5Þss̄ð1þγ5Þc�

þjVcdVudj2½ðc̄dÞðd̄cÞ− c̄ð1−γ5Þdd̄ð1þγ5Þc�Þ.
ð2:32Þ

Before proceeding, wewould like to clarify how the heavy
quark expansion and approximation are consistent with the
claimed accuracy. For example, the hadronic matrix element
of the dimension-three operator Q̄Q, Eq. (2.6), is in itself an
approximation valid up to corrections of order 1=m3

Q. This is
because the chromomagnetic operator μ2G given inEq. (2.21),
for instance, is valid up to 1=mQ corrections stemming from
the expansion of Eq. (2.12) truncated at order 1=mQ. Hence,
to the order of 1=m3

Q expansion in Eq. (2.3), onemaywonder
if it is necessary to take into account the higher order
corrections such as c3;QOð1=m3

QÞ þ c5;QOð1=m3
QÞ besides

the dimension-six operator c6;QT6=m3
Q. It turns out that

higher order corrections can be neglected as there is a two-
body phase-space enhancement factor of 16π2 for spectator
effects induced by dimension-six four-quark operators T6

relative to the three-body phase space for heavy quark decay.
Indeed, the phase-space enhancement for spectator effects is
already taken into account in Eq. (2.31). Likewise,
higher order corrections c3;QOð1=m4

QÞ þ c5;QOð1=m4
QÞ

should be less important than the dimension-seven operators
c7;QT6=m4

Q.

C. Dimension-seven operators

To the order of 1=m4
Q in the heavy quark expansion in

Eq. (2.3), we need to consider dimension-seven operators.
For our purposes, we shall focus on the 1=mQ corrections to
the spectator effects discussed in the last subsection and
neglect the operators with gluon fields. Dimension-seven
terms are either the four-quark operators times the spectator
quark mass or the four-quark operators with one or two
additional derivatives [27,28]. We shall follow [29] to
define the following dimension-seven four-quark operators:

Pq
1 ¼

mq

mQ
Q̄ð1 − γ5Þqq̄ð1 − γ5ÞQ;

Pq
2 ¼

mq

mQ
Q̄ð1þ γ5Þqq̄ð1þ γ5ÞQ;

Pq
3 ¼

1

m2
Q
Q̄D⃖ργμð1 − γ5ÞDρqq̄γμð1 − γ5ÞQ;

Pq
4 ¼

1

m2
Q
Q̄D⃖ρð1 − γ5ÞDρqq̄ð1þ γ5ÞQ;

Pq
5 ¼

1

mQ
Q̄γμð1 − γ5Þqq̄γμð1 − γ5ÞðiDÞQ;

Pq
6 ¼

1

mQ
Q̄ð1 − γ5Þqq̄ð1þ γ5ÞðiDÞQ;

and the color-octet operators Sqi (i ¼ 1;…; 6) obtained from
Pq
i by inserting t

a in the two currents of the respective color
singlet operators. In order to evaluate the baryon matrix
elements, it is more convenient to express dimension-seven
operators in terms of Pq

i and P̃
q
i operators, where P̃i denotes

the color-rearranged operator that follows from the expres-
sion of Pi by interchanging the color indices of the qi and q̄j
Dirac spinors. We shall see below that the hadronic matrix
elements of dimension-seven operators are suppressed rel-
ative to that of dimension-six ones by order mq=mc.
Using the relation

Si ¼ −
1

2Nc
Pi þ

1

2
P̃i; ð2:33Þ

we obtain [8]

T Bcc;d
7;ann¼

G2
Fm

2
c

2π
ξð1−xÞf2c1c2½2ð1þxÞPd

3þð1−xÞPd
5�

þðc21þc22Þ½2ð1þxÞP̃d
3þð1−xÞP̃d

5�g;

T Bcc;u
7;int ¼

G2
Fm

2
c

6π
ξð1−xÞ

�
ð2c1c2þNcc22Þ

×

�
−ð1−xÞð1þ2xÞðPu

1þPu
2Þþ2ð1þxþx2ÞPu

3

−12x2Pu
4−ð1−xÞ

�
1þx

2

�
Pu
5þð1−xÞð1þ2xÞPu

6

�

þc21

�
−ð1−xÞð1þ2xÞðP̃u

1þP̃u
2Þþ2ð1þxþx2ÞP̃u

3

−12x2P̃u
4−ð1−xÞ

�
1þx

2

�
P̃u
5þð1−xÞð1þ2xÞP̃u

6

��
;

T Bcc;s
7;int ¼

G2
Fm

2
c

6π
ξfð2c1c2þNcc21Þ½−Ps

1−Ps
2þ2Ps

3−Ps
5þPs

6�
þc22½−P̃s

1−P̃s
2þ2P̃s

3−P̃s
5þP̃s

6�g: ð2:34Þ

As for the dimension-seven four-operator for semileptonic
decays, it can be obtained from T Bcc;s

7;int by setting c1 ¼ 1,
c2 ¼ 0 and Nc ¼ 1. Taking into account the lepton mass
corrections, it reads [8]
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T SL
7;int ¼

G2
Fm

2
c

6π
ξ½−ð1 − zÞ2ð1þ 2zÞðPs

1 þ Ps
2Þ

þ 2ð1 − zÞð1þ zþ z2ÞPs
3 − 12z2ð1 − zÞPs

4�;
ð2:35Þ

where z ¼ ðml=mcÞ2.

III. LIFETIMES OF DOUBLY
CHARMED BARYONS

The inclusive nonleptonic rates of doubly charmed
baryons in the valence quark approximation and in the
limit ms=mc ¼ 0 can be expressed approximately as

ΓNLðΞþþ
cc Þ ¼ Γdec þ Γint

− ;

ΓNLðΞþ
ccÞ ¼ Γdec þ cos θ2CΓann þ sin θ2CΓintþ ;

ΓNLðΩþ
ccÞ ¼ Γdec þ sin θ2CΓann þ cos θ2CΓintþ : ð3:1Þ

Because Γintþ is positive and Γint
− is negative, it is obvious

that Ξþþ
cc is longest-lived, whereas Ξþ

cc (Ωþ
cc) is the shortest-

lived if Γintþ > Γann (Γintþ < Γann). In this section, we shall
begin with the evaluation of the doubly charmed baryon
matrix elements of dimension-six and -seven operators and
then proceed to compute the spectator effects to see the
relative weight between Γintþ and Γann.

A. Baryon matrix elements

The spectator effects in inclusive heavy bottom baryon
decays arising from dimension-six and dimension-seven
operators are given by Eqs. (2.31), (2.32), (2.34), and
(2.35), respectively. We shall rely on the quark model to
evaluate the baryon matrix elements of four-quark oper-
ators. The cc diquark of the doubly charmed baryon is of
the axial-vector type with spin 1. Hence, the Bcc matrix
elements of dimension-six four-quark operators are similar
to that of the sextet singly charmed baryon Ω0

c. Following
[8], we write down the relevant baryon matrix elements of
dimension-six operators

hBccjðc̄qÞðq̄cÞjBcci¼−f2Dq
mDq

mBcc
rBcc

;

hBccjðc̄cÞðq̄qÞjBcci¼ f2Dq
mDq

mBcc
rBcc

B̃;

hBccjc̄ð1− γ5Þqq̄ð1þ γ5ÞcjBcci¼−
1

6
f2Dq

mDq
mBcc

rBcc
;

hBccjc̄αð1− γ5Þqβq̄βð1þ γ5ÞcαjBcci¼
1

6
f2Dq

mDq
mBcc

rBcc
B̃;

ð3:2Þ

where fDq
and mDq

are the decay constant and the mass of
the heavy meson Dq, respectively, and the wave function
ratio rBcc

is defined by

rΞcc
≡

����ψ
dq
Ξcc

ð0Þ
ψcq̄
D ð0Þ

����
2

¼ 4

3

mΞ�
cc
−mΞcc

mD� −mD
;

rΩcc
≡

����ψ
ds
Ωcc

ð0Þ
ψcs̄
Ds
ð0Þ

����2 ¼ 4

3

mΩ�
cc
−mΩcc

mD�
s
−mDs

: ð3:3Þ

According to Eq. (2.26), we should have rΞcc
¼ 1.7 The

parameter B̃ is defined by

hBccjðc̄cÞðq̄qÞjBcci ¼ −B̃hBccjðc̄qÞðq̄cÞjBcci: ð3:4Þ

Since the color wavefunction for a baryon is totally
antisymmetric, the matrix element of ðc̄cÞðq̄qÞ is the same
as that of ðc̄qÞðq̄cÞ except for a sign difference. That is,
B̃ ¼ 1 under the valence-quark approximation.
Likewise, the Bcc matrix elements of dimension-seven

operators are similar to that of the sextet singly charmed
baryon Ω0

c (see Eq. (4.14) of [8])

hBccjPq
1jBcci ¼ hBccjPq

2jBcci

¼ 1

8
f2Dq

mDq
mBcc

rBcc

�m2
Bcc

−m2
fccg

m2
c

�
ηq1;2;

hBccjPq
3jBcci ¼ 6hBccjPq

4jBcci

¼ −
1

4
f2Dq

mDq
mBcc

rBcc

�m2
Bcc

−m2
fccg

m2
c

�
ηq3;4;

ð3:5Þ

where the parameters ηqi are expected to be of order unity,
andmfccg is the mass of the cc diquark. We takemfccg to be
3226 MeVobtained from the relativistic quark model [22].
Note that the term

m2
Bcc

−m2
fccg

m2
c

≈ 4
pc · pq

m2
c

ð3:6Þ

is of order mq=mc. Therefore, the matrix elements of
dimension-seven operators are suppressed by a factor of
mq=mc relative to that of dimension-six ones. For the
matrix elements of the operators P̃q

i , we introduce a
parameter β̃qi in analog to Eq. (3.4)

hBccjP̃q
i jBcci ¼ −β̃qi hBccjPq

i jBcci; ð3:7Þ

so that β̃qi ¼ 1 under the valence quark approximation.
For the spectator effects in doubly charmed baryon

decays,

7Using the masses of doubly charmed baryons calculated in the
relativistic quark model [22], we find numerically rΞcc

¼ 0.99
and rΩcc

¼ 0.87.
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ΓspecðBccÞ ¼
hBccjT 6 þ T 7jBcci

2mBcc

; ð3:8Þ

we apply Eqs. (3.2) and (3.5) to evaluate the matrix elements of the dimension-six and -seven operators. The results are

ΓannðΩþ
ccÞ ¼ 3

G2
Fm

2
c

π
jVcsVusj2rΩcc

jψDs
cs̄ ð0Þj2

�
ð1 − xÞ2 þ

����Vcd

Vcs

����2
��

ðB̃ðc21 þ c22Þ − 2c1c2Þ

þ 1

2
ðβ̃ðc21 þ c22Þ − 2c1c2Þη

�m2
Ωcc

−m2
fccg

m2
c

��
;

ΓannðΞþ
ccÞ ¼ 3

G2
Fm

2
c

π
jVcsVudj2rΞcc

jψD
cd̄
ð0Þj2

�
ð1 − xÞ2 þ

����Vcd

Vcs

����2
��

ðB̃ðc21 þ c22Þ − 2c1c2Þ

þ 1

2
ðβ̃ðc21 þ c22Þ − 2c1c2Þη

�m2
Ξcc

−m2
fccg

m2
c

��
;

Γintþ ðΩþ
ccÞ ¼

G2
Fm

2
c

6π
jVcsVudj2rΩcc

jψDs
cs̄ ð0Þj2

�
ð2c1c2 þ Ncc21 − B̃c22Þ

�
5þ

���� Vus

Vud

����2ð1 − xÞ2ð5þ xÞ
�

−
9

2
ð2c1c2 þ Ncc21 − β̃c22Þη

�m2
Ωcc

−m2
fccg

m2
c

��
;

Γintþ ðΞþ
ccÞ ¼

G2
Fm

2
c

6π
jVcdVudj2rΞcc

jψD
cq̄ð0Þj2

�
ð2c1c2 þ Ncc21 − B̃c22Þ

�
5þ

���� Vus

Vud

����2ð1 − xÞ2ð5þ xÞ
�

−
9

2
ð2c1c2 þ Ncc21 − β̃c22Þ

�
1þ

���� Vus

Vud

����2ð1 − xÞ2ð1þ xÞ
�
η

�m2
Ξcc

−m2
fccg

m2
c

��
;

Γint
− ðΞþþ

cc Þ ¼ −
G2

Fm
2
c

6π
jVcsVudj2rΞcc

jψD
cq̄ð0Þj2

�
ðB̃c21 − 2c1c2 − Ncc22Þ

�
ð1 − xÞ2ð5þ xÞ þ

����Vcd

Vcs

����2

þ
���� Vus

Vud

����2 ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p �
−
9

2
ðβ̃c21 − 2c1c2 − Ncc22Þð1 − xÞ

�
1þ x −

2

3
x2
�
η

�m2
Ξcc

−m2
fccg

m2
c

��
; ð3:9Þ

and

ΓSL
int ðΩþ

ccÞ ¼
G2

Fm
2
c

6π
jVcsj2rΩcc

jψDs
cs̄ ð0Þj2

�
5 −

9

2

�
1 −

5

6
z2 þ 1

3
z3
��m2

Ωcc
−m2

fccg
m2

c

��
;

ΓSL
int ðΞþ

ccÞ ¼
G2

Fm
2
c

6π
jVcdj2rΞcc

jψD
cd̄
ð0Þj2

�
5 −

9

2

�
1 −

5

6
z2 þ 1

3
z3
��m2

Ξcc
−m2

fccg
m2

c

��
: ð3:10Þ

Except for the weak annihilation term, the expression of
Pauli interference will be very lengthy if the hadronic
parameters ηqi and β̃qi are all treated to be different from
each other. Since in realistic calculations we will set
β̃qi ðμhÞ ¼ 1 under valence quark approximation and put
ηqi to unity, we shall assume for simplicity that ηqi ¼ η
and β̃qi ¼ β̃.
As far as the dimension-six spectator effects are con-

cerned, we now compare our results Eqs. (3.9) and (3.10)
with Eqs. (13) and (8) of [5]. Since we are working at the
μ ¼ mQ scale, we need to set the parameter κ appearing in

[5] to be unity. Noting that rBcc
jψcq̄

D ð0Þj2 ¼ jψdq
Bcc

ð0Þj2 in

our case, we see that Γintþ and Γint
− obtained by Guberina,

Melić and H. Štefančić (GMS) are larger than ours by a
factor of 3=2, whereas their Γann (ΓSL) is smaller than ours
by a factor of 6=5 (2). Because the wave function of the
doubly charmed baryon is related to that of the charmed
meson through the relation jψdqð0Þj2 ¼ 2

3
jψcq̄ð0Þj2 by

GMS, it turns out that while we agree on the Γintþ and
Γint
− in terms of jψcq̄ð0Þj2, the expressions of Γann and ΓSL

int
by GMS are smaller than ours by a factor of 9=5 and 3,
respectively.

B. Numerical results

To compute the decay widths of doubly charmed
baryons, we have to specify the values of B̃ and rBcc

.
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Since B̃ ¼ 1 in the valence-quark approximation and since
the wavefunction squared ratio r is evaluated using the
quark model, it is reasonable to assume that the NQM and
the valence-quark approximation are most reliable when the
baryon matrix elements are evaluated at a typical hadronic
scale μhad. As shown in [30], the parameters B̃ and r
renormalized at two different scales are related via the
renormalization group equation to be

B̃ðμÞrðμÞ ¼ B̃ðμhadÞrðμhadÞ;

B̃ðμÞ ¼ B̃ðμhadÞ
κ þ 1

Nc
ðκ − 1ÞB̃ðμhadÞ

; ð3:11Þ

with

κ ¼
�
αsðμhadÞ
αsðμÞ

�
3Nc=2β0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αsðμhadÞ
αsðμÞ

s
ð3:12Þ

and β0 ¼ 11
3
Nc − 2

3
nf. The parameter κ takes care of the

evolution from mQ to the hadronic scale. We consider
the hadronic scale in the range of μhad ∼ 0.65–1 GeV.
Taking the scale μhad ¼ 0.90 GeV as an illustration,
we obtain αsðμhadÞ ¼ 0.59, B̃ðμÞ ¼ 0.75B̃ðμhadÞ ≃ 0.75
and rðμÞ ≃ 1.33rðμhadÞ. The parameter β̃ is treated in a
similar way.
For numerical calculations, we use c1ðμÞ ¼ 1.346 and

c2ðμÞ ¼ −0.636 evaluated at the scale μ ¼ 1.25 GeV with

Λð4Þ
MS

¼ 325 MeV [31], mΞ�
cc
−mΞcc

¼ 106 MeV and
mΩ�

cc
−mΩcc

¼ 94 MeV from [22], the wave function
jψccð0Þj ¼ 0.17 GeV3=2 and the average kinetic energy
T ¼ 0.37 GeV from [3]. For the decay constants, we use
fD ¼ 204 MeV and fDs

¼ 250 MeV. For the charmed
quark mass we use mc ¼ 1.56 GeV fixed from the exper-
imental values for Dþ and D0 semileptonic widths [8].

The results of calculations to order 1=m3
c are exhibited in

Table II. The lifetime hierarchy τðΞþþ
cc Þ > τðΩþ

ccÞ > τðΞþ
ccÞ

is understandable. The Ξþþ
cc baryon is longest-lived owing

to the destructive Pauli interference, while Ξþ
cc is shortest-

lived due to the fact that ΓannðΞþ
ccÞ ≫ Γintþ ðΩþ

ccÞ. From
Eq. (3.9) we see that apart from QCD corrections to Wilson
coefficients, Γann=Γintþ is basically of order 18=5. As for
semileptonic decay rates, we have ΓSLðΩþ

ccÞ ≫ ΓSLðΞþ
ccÞ >

ΓSLðΞþþ
cc Þ owing to a large Pauli interference effect in the

Ωþ
cc but Cabibbo-suppressed in the Ξþ

cc. We have checked
the lifetimes of doubly charmed baryons against the
hadronic scale μhad. The Ξþþ

cc lifetime remains nearly
constant, τðΞþ

ccÞ is increased by 10%, while τðΩþ
ccÞ

increased by 35% when the hadronic scale varies from
0.65 to 1.0 GeV.
As shown in [8], the heavy quark expansion in 1=mc

does not work well for describing the lifetime pattern of
singly charmed baryons. Since the charm quark is not
heavy enough, it is sensible to consider the subleading
1=mc corrections to spectator effects as depicted in
Eq. (3.9). The numerical results are shown in Table III.
By comparing Table III with Table II, we see that the
lifetimes of Ξþþ

cc and Ξþ
cc become shorter, while τðΩþ

ccÞ
becomes longer. This is because Γintþ and Γsemi for Ωþ

cc are
subject to large cancellation between dimension-six and -
seven operators. Such cancellation also occurs in Ξþ

cc but
not so dramatic as the constructive Pauli interference there
is Cabibbo-suppressed. We see from Table III that Γintþ ðΩþ

ccÞ
even becomes negative. This is because the dimension-
seven contribution Γint

þ;7ðΩþ
ccÞ is destructive and its size is so

large that it overcomes the dimension-six one and flips the
sign. This implies that the subleading corrections are too
large to justify the validity of the HQE.
In order to allow a description of the 1=m4

c corrections to
ΓðΩþ

ccÞ within the realm of perturbation theory, we follow
[8] to introduce a parameter α so that Γint

þ;7ðΩþ
cc;Ξþ

ccÞ and

TABLE II. Various contributions to the decay rates (in units of 10−12 GeV) of doubly charmed baryons to order
1=m3

c with the hadronic scale μhad ¼ 0.90 GeV.

Γdec Γann Γint
− Γintþ Γsemi Γtot τð10−13 sÞ τexptð10−13 sÞ

Ξþþ
cc 2.198 −1.383 0.450 1.265 5.20 2.56þ0.28

−0.26
Ξþ
cc 2.198 8.628 0.123 0.525 11.475 0.57

Ωþ
cc 2.148 0.611 3.217 2.445 8.421 0.78

TABLE III. Various contributions to the decay rates (in units of 10−12 GeV) of doubly charmed baryons to order
1=m4

c with the hadronic scale μhad ¼ 0.90 GeV.

Γdec Γann Γint
− Γintþ Γsemi Γtot τð10−13 sÞ τexptð10−13 sÞ

Ξþþ
cc 2.198 −0.437 0.451 2.212 2.98 2.56þ0.28

−0.26
Ξþ
cc 2.198 12.260 0.030 0.469 14.958 0.44

Ωþ
cc 2.148 0.979 −0.246 0.318 3.200 2.06
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ΓSL
7 ðΩþ

cc;Ξþ
ccÞ are multiplied by a factor of (1 − α); that

is, α describes the degree of suppression. In Table IV, we
show the variation of the Ωþ

cc lifetime with α. At α ¼ 0.08,
Γintþ ðΩþ

ccÞ starts to become positive, where τðΩþ
ccÞ ¼ 1.80×

10−13 s. Sincewe do not knowwhat is the value of α, we can
only conjecture that the Ωþ

cc lifetime lies in the range

0.75 × 10−13 s < τðΩþ
ccÞ < 1.80 × 10−13 s: ð3:13Þ

For theΞþ
cc, its lifetime is rather insensitive to the variation of

α as both Γint
þ;7ðΞþ

ccÞ and ΓSL
7 ðΞþ

ccÞ are Cabibbo-suppressed.
Our prediction of τðΞþþ

cc Þ is slightly larger than the
LHCb measurement given by Eq. (1.1). We learn from [8]
that the predicted lifetimes of heavy mesons or baryons are
always longer than the measured values. Presumably, this is
because we have not yet taken into account all possible
QCD corrections fully. Nevertheless, the lifetime ratios
should be more trustworthy than the absolute lifetimes
themselves. In the present work, we find that the ratio
τðΞþþ

cc Þ=τðΞþ
ccÞ is ∼9.1 to order 1=m3

c and ∼6.7 to
order 1=m4

c.

IV. CONCLUSIONS

In this work, we have analyzed the lifetimes of doubly
charmed hadrons within the framework of the heavy
quark expansion. It is well known that the lifetime
differences stem from spectator effects such as W-
exchange and Pauli interference. We rely on the quark
model to evaluate the hadronic matrix elements of

dimension-six and -seven four-quark operators respon-
sible for spectator effects.
The main results of our analysis are as follows.
(i) The doubly charmed baryon matrix element of the σ ·

G operator receives three distinct contributions: the
interaction of the heavy quark with the chromomag-
netic field produced from the light quark and from the
other heavy quark, and the so-called Darwin term in
which the heavy quark interacts with the chromo-
electric field. The last term arises because the appro-
priate theory for dealing hadrons with more than one
heavy quark is NRQCD rather than HQET.

(ii) The Ξþþ
cc baryon is longest-lived in the doubly

charmed baryon system owing to the destructive Pauli
interference absent in theΞþ

cc andΩþ
cc. In the presence

of dimension-seven contributions, its lifetime is
reduced from ∼5.2 × 10−13 s to ∼3.0 × 10−13 s.

(iii) The Ξþ
cc baryon has the shortest lifetime of order

0.45 × 10−13 s due to a large contribution from the
W-exchange box diagram.

(iv) It is difficult to make a precise statement on the
lifetime of Ωþ

cc. Contrary to Ξcc baryons, τðΩþ
ccÞ

becomes longer in the presence of dimension-7
effects so that the Pauli interference Γintþ even
becomes negative. This means that the subleading
corrections are too large to justify the validity of the
HQE. Demanding the rate Γintþ to be positive for a
sensible HQE, we conjecture that theΩ0

c lifetime lies
in the range of ð0.75 ∼ 1.80Þ × 10−13 s.

(v) The lifetime hierarchy pattern is τðΞþþ
cc Þ > τðΩþ

ccÞ >
τðΞþ

ccÞ and the lifetime ratio τðΞþþ
cc Þ=τðΞþ

ccÞ is
predicted to be of order 6.7.
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