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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 as W-exchange and Pauli interference. The 21"
baryonis longest-lived in the doubly charmed baryon system owing to the destructive Pauli interference absent
in the Ef,. and Q.. In the presence of dimension-seven contributions, its lifetime is reduced from ~5.2 x
10713 s to ~3.0 x 10713 5. The Z, baryon has the shortest lifetime of order 0.45 x 10~!3 s due to a large
contribution from the W-exchange box diagram. It is difficult to make a precise quantitative statement on the
lifetime of Q.. Contrary to E,. baryons, 7(Q}.) becomes longer in the presence of dimension-seven effects
and the Pauli interference '™ even becomes negative. This implies that the subleading corrections are too large
to justify the validity of the HQE. Demanding the rate FL‘“ to be positive for a sensible HQE, we conjecture that

the Q! lifetime lies in the range of (0.75 ~ 1.80) x 10713 s. The lifetime hierarchy pattern is 7(E/;") >
7(QL) > 7(E{,) and the lifetime ratio 7(2f")/7(E{,) 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 AT K~ z"z" mass spectrum at a mass of 3621.40 +
0.78 MeV [1], which is consistent with expectations for the
doubly charmed baryon Z." baryon. Subsequently, LHCb
presented the first lifetime measurement of this charmed
doubly baryon [2]

(1.1)

Theoretical predictions available in the literature [3-7]
listed in Table I spread a large range, e.g., 7(Ef") ranges
from 0.2 to 1.6 ps. The lifetime hierarchy was predicted to
be of the pattern 7(E/") > 7(Qf.) > 7(E}.) in [4,5], but
(BT > 7(Bf.) > 7(Qf,) in [6].

In [8] we have shown that the heavy quark expansion
(HQE) in 1/m; works well for bottom hadrons. The
calculated B meson lifetime ratios 7(B")/z(BY) and
7(BY)/z(BY) in HQE are in excellent agreement with experi-
ment, and the computed lifetime ratios 7(Z;)/7(AY),
7(8;)/7(E)) and 7(Q;)/7(E;) also agree well with the
data. On the contrary, the HQE to 1/m} fails to give a
satisfactory description of the lifetimes of both charmed

7(BiF) = (2.561035 £0.14) x 10713 5.
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mesons and charmed baryons. The HQE to order 1/m}
implies the lifetime hierarchy 7(Z}) > 7(A.) > (20) >
7(€.), 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, 7(2)/7(A/) 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/m,. expansion. This calls for the subleading
1/mg 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 7(E[) /z(A¢ ), which is enhanced from 1.05
to 1.88, in better agreement with the experimental value [8].
However, the destructive 1/m, corrections to I'(Q?) are too
large to justify the use of the HQE, namely, the predicted
Pauli interference and semileptonic rates for the Q¥ 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 Q¥ lifetime lies in the range of
(2.3 ~3.2) x 10713 5. This leads to the new lifetime pattern
7(E) > 7(QY) > 7(A}) > 7(EY), contrary to the current
hierarchy 7(E}) > 7(Af) > 7(EY) > ¢(Q%). This new
charmed baryon lifetime pattern can be tested by LHCb.

Very recently, LHCb has reported a new measurement of
the Q¥ lifetime, 7(Q2) = (2.68 +0.24 & 0.10 4 0.02) x
1073 's [10], using the semileptonic decay €, —
Qo v,X with Q) — pK~K~z*. This value is nearly
four times larger than the current world-average value of

Published by the American Physical Society
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TABLE 1. Predicted lifetimes of doubly charmed baryons in
units of 10713 s.
Chang

Kiselev Kiselev Guberina et al. Karliner

etal. [3] etal [4] etal [5] [6] et al. [7]
EiF 43+£1.1 46405 15.5 6.7 1.85
B 1.1+£03 1.6+£05 2.2 2.5 0.53
Q. 2.7+£0.6 2.5 2.1

(QO) (0. 69 +0.12) x 1073 s [9] from fixed target

expenments. This indicates that the Q?., 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 A} due to the suppression from
1/m, corrections arising from dimension-seven four-quark
operators.

In this work, we shall study the lifetimes of 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 baryon B, containing
two heavy quarks QQ is given by [12,13]

1
00

1
2m

(oo / AT}y () £ (0)]|Bgg)-
(2.1)

in analog to the case of a singly heavy hadron H ;. Through
the use of the operator product expansion, the transition
operator 7" can be expressed in terms of local quark operators

GQFmSQ Cs.0
ImT = 35 C;QQQ"’—QU GQ"’ T6
1927 mQ
C77Q
+ 4T7+"'>, (2.2)
Mo
'An early conjecture of 7(Q?) of order 2.3 x 10713 s first

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

where £ is the relevant CKM matrix element, the dimension-
six T consists of the four-quark operators (QT'q) (gI"Q) with
I' representing a combination of the Lorentz and color
matrices, while a subset of dimension-seven 77 is governed
by the four-quark operators containing derivative insertions.
Hence,

Gzm? 1 _
[(Bgo) = ﬁé’w {Cs,Q<BQQ|QQ|BQQ>

00

c -
+%<BQQ|Q6‘GQ|BQQ>
(0

3 2 (BoolTsBoo)
mo
_Q

i (Bool|T71Boo) + } (23)
0

A. Dimension-three and -five operators

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

2
00 = 0100 - Q(‘D) ¢, 0000, O( ) (24)
o o

with the normalization

(Boo|0700|Boo)

=1. 2.5
2mBQQ ( )
Hence,
B B 2 2 1
(BoolQ0IBgo) _ | _ e +”—GZ+0<—3>, (2.6)
ZmBQQ 2mQ 2mQ mQ
where
2 = (Boo|O(iB)0lBog)
=5 N 00 0
1
=5 <BQQ|Q(1DJ_) Q|Bgo) = A1
1
ﬂgzzm <BQQ|Q o-GO|Bpg) = dyl,. (2.7)

The non-perturbative parameters 4; and 4, are independent
of m and have the same values for all particles in a given
spin-flavor multiplet.

We first consider the non-perturbative parameter 2.
In general, u; = (p?) = (mgvp). The average kinetic
energy of the diquark QQ and the light quark ¢ is T =
L mgv3 +1m,v2, where my (m,) is the mass of the diquark
(light quark). This together with the momentum conserva-
tion myvy = myv, leads to
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o Mt 2.8
Ya 2mg + mom,’ (2.8)

As shown in [3], the average kinetic energy 7’ of heavy
quarks inside the diquark given by %mQ(szl + UZQZ) is
equal to T/2 due to the color wave function of the diquark.
Hence, the average velocity # of the heavy quark inside the
diquark is 7 = T/(2my). The average velocity v, of the
heavy quark inside the baryon B, is [3]

T m,T
vy RV vy = + 1 . (29
2mg 2mQ +mgom,
Hence,
T m,T
2(B ~ 44— ), 2.10
Hz(Bgg) = mg <2+2mQ+mq> (2.10)

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

2

- propg 1
= A -——+0(— ), (2.11
iy = Mo+ Ay + 2mg  2myg * <m2Q> ( )

where A 5, is a parameter of HQET and it can be regarded as

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

pr WG 1
mBQQ—2mQ+A5QQ+fQ me‘FO m72Q . (212)

There are two distinct chromomagnetic fields inside the B :
one is the chromomagnetic field produced by the light quark
and the other by the heavy quark. For the former (latter), the

operator ¢ - G is proportional to §d .S q (§ E 52), where S’d =
S 1+ §2 (§ ¢) 1s the spin operator of the diquark (light quark),

and S ; (i = 1,2)is the spin of the constituent quark inside the
diquark. The parameter dj is given by2

=—4(BgolS4-S4Boo)

= =2[Siot(Sior + 1) = Sa(Sa+1) =S, (S, + 1],
d% = —4(Byo|S, - 55|Boo)

=-2[S,(Sy+1) =5, (S;+1)

—$,(S,+1)].  (2.13)

Therefore, d4 = 4, d29 = —1 for the spin-} doubly heavy
baryon By and djf = —2, d5¢ = —1 for the spin-3 doubly

The coefficients of §d~§q and 51 -§2 can be arbitrarily
chosen. The yZ term is independent of the choice of dy.

heavy baryon By, It follows from Eq. (2.12) that /13" can be
expressed in terms of the hyperfine mass splitting

(mg (2.14)

1
d
4" (Boo) = ¢ (ms, —ms,,)mo.

and hence,

- 282

p6(Bog) = 5 (mp

2
3 (2.15)

00 mBQQ)mQ

To evaluate the parameter AZQQ, let us consider a simple
quark model of De Rujula ef al. [14]

16 S:-5; ,
Myaryon = My +"'+?7[as 1§>j Wh’/(o” )
32 5,-5,
M =My+ -+ =ra; 0)[? 2.16
meson 0 + + ) T mym, l//( )| ( )

It is well known that the fine structure constant is — 3y for
gq pairs in a meson and — 5 2 q, for qq pairs in a baryon [14].

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

16 S;-S
mBQQ=2mQ+~--+3ms(an 215 )
‘1

S .S 1
SR ye0p) 1of).
m mQ

Q

(2.17)

where y%(0) is the light quark wave function at the origin
of the QQ diquark and w?2(0) is the diquark wave
function at the origin. For the doubly charmed baryons
we have

[w(0)?

16 < 1
mg =2m.+ -+ —nag| —
9 m.my

1 1
— |y (0 2 ol — ,
+ i) +0(
1
lw4(0)[*
q

1 cc 2 L
+ ) ) +0(m3).

| 2

cc

= om0
e, = “e g "% 2m.m

(2.18)
The term proportional to [y94(0)[> can be expressed in

terms of the hyperfine mass splitting of E... Hence, we
obtain
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- 2 |WCC(0)|2 1
2 =) =—(m= — —_ —_— 7_'_ —
:UG('—‘CC) 3( = — Mg, )”lc 9”0{5 . @ . .

(2.19)

Hence, A5¢(E..) = (1/9)g2 [y (0)*/m.,.

However, the above expression of yZ 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 Agcp/m,.
For a singly heavy hadron, the heavy quark kinetic energy is
neglected as it occurs as a small 1/m 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

_ L= 1 N
Qg0 - GQ = ~2y,9,6 - Byg — m—nggsD Epg+ -

(2.20)

in terms of the two-spinor y . 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 yZ

2 Loy () 1 ,[pe(0)P
2 —Z (e —m= VM. — = ——? .
'MG_3( Z, ~Me, )M 97" m, 6% m,
(2.21)

The last term can be obtained by using the equation of motion
for the chromoelectric field. Note that our result is different
from the original expression*

)P 1 e (0)f
— g'
37 m,

(2.22)

2 2 (0
e = —g(mazc —mz, )m, —§9% i m(c

See

obtained in [3] in the sign of the first term and in the
magnitude of |y“¢(0)|* terms. Therefore,

*However, it was pointed out very recently in [15] that in the
limit my > movg > vazg > Agep, such a system can be
described by a version of HQET with a diquark degree of
freedom.

Guberina et al. [5] obtained a similar expression except for the
magnitude of [y¢(0)]? terms

) 2 5w 1, pee(0))
e Ece T g mi 37 m, .

(B,eltc|Eee) 1, Img, —mz, 2 |y(0)P
=1== S Zec - 7
2mECC ) V¢ + 3 m, 9 aon mg
Ly (o)
—ra L (2.23)

c

Since the hyperfine mass splitting of D mesons is given by

2 |y
32 w0

T = . 2.24
mD mD 9 aS mcmq ( )
we are led to the relation
dq 2
3 ly=' (0)]
mg;, —mg, = (mp —mp) —o——0.  (2.25)
4 vl ()

In the heavy quark limit, the doubly charmed baryon wave
function q/éi (0) is expected to be the same as the meson wave
function y/f)z (0) if the diquark behaves as a point-like
paurticle,5

ya! (0) =y (0). (2.26)
It follows the well-known mass relation
3
mz; —mz, = (mp- —mp), (2.27)

which has been derived in various contents, such as HQET
[18],6 pPNRQCD (potential NRQCD) [19,20] and the quark
model [21,22].

The nonleptonic and semiletponic decay rates of the
heavy quark ¢ of the B, are given by

G2m® 22 12
Fdec(B ):2 F Cg{CNL|:1— i + G:|+2CNL G}

“UT192a T L 2m? 2m? > m?
2

and

G2 22 .
SL _ F SL G SL G
PH(Be) =2 192”55{% [1 - 2n:§ + m%] + ZCS’Cm_}’

(2.29)

where the expressions of the coefficients ¢3 . and c¢s . can
be found, e.g., in [8].

’In [5] and in [17], the authors argued that |y (0)?> =
2ly“9(0)|* due to different spin content of doubly charmed
baryons. However, this will not lead to the approximate mass
relation given by Eq. (2.27).

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

76 = s §C16\I’]‘QT6, (230)

the dimension-six four-quark operators in Eq. (2.3) for spectator effects in inclusive decays of doubly charmed baryons
denoted by B,. are given by (only Cabibbo-allowed decays with & = |V V,,|* being listed here) [23-25]

B..d G%:}’I’L2 - -
T =~ €1 = x){(¢F + ) (20)(dd) + 2¢15 (@d) (de)},
Beest G%«"m% ) X\ ooN/- - _
Teie = —?5(1 - X) {cl [(1 +§) (¢c)(uu) — (1 +2x)e*(1 — ys)u’a (1 + }’s)ca}

+ (2¢105 + Noc2) Kl + g) (cu)(@ic) — (1 +2x)e(1 — ys)ui(1 + }/5)c} }

B G2 m2
Th, = =B 3 ee) 5~ (1 = (1 -+ 7))
+ (2cicy + Noc)[(@s)(5¢) — e(1 —ys5)s5(1 + ys)c]}, (2.31)

where (§1¢2) = §17,(1 — 75)q2, and a, f are color indices and x = m?/m?.

Spectator effects in the weak decays of the doubly charmed baryons 2.7, =, and Q. are depicted in Fig. 1. The first

term 7 gg‘rﬁ in (2.31) corresponds to a W-exchange contribution which appears in Z/. decays (Cabibbo-suppressed 7' g o
term appearing in Q. decays). The second term 7 g‘i';’[”_ arises from the destructive Pauli interference of the u quark

produced in the ¢ quark decay with the u quark in the wave function of the doubly charm baryon B,., namely ="

—cc
E)Q zk

d(3)
5{(9) c
U
+
c c c c
d$ u §$4d d d d d

(b)

FIG. 1. Spectator effects in doubly charmed baryon decays: (a) destructive Pauli interference in 27~ decay, (b) W-exchange and

—cc

constructive Pauli interference in E7, decay, and (c) W-exchange and constructive Pauli interference in Q. decay.
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(Fig. 1(a)). The last term Tfﬁ;ﬁr 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 producedin ¢ — s¢*v, (¢ — df"v,) 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 7 . in Eq. (2.31) by putting ¢; = 1, ¢, = 0,

6,int+
N,=1:
SL __ G - - -
T6mt - 6r (|chvud| [( )(SC)_C(I_}'S)SS(1+75)C]
+VeaVual[(€d)(de) —e(1-ys)dd(1+ys)c)).

(2.32)

Before proceeding, we would 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 QQ, Eq. (2.6), is in itself an
approximation valid up to corrections of order 1/ m3Q This is
because the chromomagnetic operator uZ givenin Eq. (2.21),
for instance, is valid up to 1/m,, corrections stemming from
the expansion of Eq. (2.12) truncated at order 1/m . Hence,
to the orderof 1/ ng expansion in Eq. (2.3), one may wonder
if it is necessary to take into account the higher order
corrections such as ¢3 oO(1/m},) + ¢5 oO(1/m},) besides
the dimension-six operator cg o7/ m3Q It turns out that
higher order corrections can be neglected as there is a two-
body phase-space enhancement factor of 16z for spectator
effects induced by dimension-six four-quark operators 7'g
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 ¢3oO(1/mf) 4 ¢so0O(1/my)
should be less important than the dimension-seven operators
c7.0T6/ m‘é.

C. Dimension-seven operators

To the order of 1/ m‘é 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/m, 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:

Pl = Z—Q(l—ys)qq(l—}'s)Q
0
P{="10(1 + rs)qa(l +75)Q,
Q
Pl = 2QD,)J/,,( —75)D?qqy* (1 —ys)0,
mo
1.
TQ ,(1=75)D?qq(1 +v5)0,
mo
1 -
m—Q Yu(1 =7s5)qqr(1 —ys)(iD)Q,
1 .
P =—0(1 —ys5)qq(1 +ys)(iP)Q,
mo

and the color-octet operators S? (i =1,...,6)obtained from
P! by inserting “ 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 P¢ and P? operators, where P; denotes
the color-rearranged operator that follows from the expres-
sion of P; by interchanging the color indices of the ¢; and g;
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 m,/m,.
Using the relation

1 1.
i =——P;+=-P,, 2.
S; N, =+ 3 (2.33)
we obtain [8]

T8 GF’” © (1 —x) {2613 2(1+x) P+ (1-x)PY]

+(01 +e3)[2(1+x)P{+(1-x) P4},

- >{<zc1c2+Ncc%>

7.int

2
TBC,_ Lt_ Fm
6
X [—(l—x)(1+2x)(P‘1‘+Pg)+2(1+x+x2)P§‘
—12x?P4—(1-x) (1 +§> Pi+(1-x)(1+2x)P"

+c? {—(1 —x)(142x) (P +P4)+2(1 +x+x>)PY

—12x2]~’f{—(1—x)(1+§>Pg‘+(l—x)(l+2x)15g }

. Gim
T =—¢ 5{(201Cz+N0)[ P

—P§+2Py—P}+Py]

+c2[—P§ —P§+2P—Ps+ P} (2.34)
As for the dimension-seven four- operator for semileptonic
decays it can be obtained from 75 75t * by setting ¢; = 1,

=0 and N, = 1. Taking into account the lepton mass
corrections, it reads [8]
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TSL _G%m% 2 2 s N
Tint T T r g=(1—-2)*(1 + Z)(P] +P2)

+2(1 - 2)(1 + 2+ )Py — 122%(1 — )Py,
(2.35)

where z = (my/m.)?*.

III. LIFETIMES OF DOUBLY
CHARMED BARYONS

The inclusive nonleptonic rates of doubly charmed
baryons in the valence quark approximation and in the
limit m,/m. = 0 can be expressed approximately as

D\ (BED) = Do 1,
e (EL) = 9+ cos G20 + sin 2™,

Ine(QF.) = T4+ sin G2 + cos G2, (3.1)
Because I is positive and '™ is negative, it is obvious
that 27" is longest-lived, whereas Z/,. (Q,) is the shortest-
lived if [t > T2 (it < T2m0) 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 I'* and ™.

A. Baryon matrix elements

The spectator effects in inclusive heavy bottom baryon
decays arising from dimension-six and dimension-seven
operators are given by Egs. (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 B.. matrix
elements of dimension-six four-quark operators are similar
to that of the sextet singly charmed baryon Q2. Following
[8], we write down the relevant baryon matrix elements of
dimension-six operators

<Bcc|(EQ)(ZIC)|BCC> = _f%)ququu rBEC7
<BCC|(EC) (ZIQ)|BCC> :szququw rB(,CB,

] _ 1
(Becle(1=75)qa(1 +7s)elBec) == fb,mp,ms, 15

cc?

] _ 3 1 i

(Beele*(1=75)g"q" (1 +y5)c? Be.) :EfZD(,memBM’”BMB’
(3.2)

where f D, and m p, are the decay constant and the mass of

the heavy meson D, respectively, and the wave function
ratio rp_is defined by

2

vel O _4ms, —ms,
rg = = =3 s
== 1yg| "3 mp—mp
rg = - =— . .
e v (0) 3 mp: —mp,

According to Eq. (2.26), we should have rg = 1.” The
parameter B is defined by

(Bec|(20)(a9)|Bee) = =B(B.c|(€q)(qc)|Bec).  (3.4)
Since the color wavefunction for a baryon is totally
antisymmetric, the matrix element of (¢c)(gq) is the same

as that of (¢q)(gc) except for a sign difference. That is,
B = 1 under the valence-quark approximation.

Likewise, the .. matrix elements of dimension-seven
operators are similar to that of the sextet singly charmed
baryon QY (see Eq. (4.14) of [8])

<BCC|P‘II|BCC> = <BCC|Pg|BL(>

2 2
_ 1y "B T Mec} g
= gf p,Mp,MB. . TB,. ) M 2s

c

<Bcc|P§l|Bcc> = 6<Bcc|PZ|Bcc>

2 2
1 mg. = m{cc}
= ——fp mp mp rp, | ——5— |1,
4 q q cc Pec mC K

(3.5)

where the parameters 77 are expected to be of order unity,
and my, is the mass of the cc diquark. We take my, to be
3226 MeV obtained from the relativistic quark model [22].
Note that the term

2 2
mB(.l, m{cc} ~ 4pc *Pyq
2 ~ 2

me meg

(3.6)

is of order m, /m.. Therefore, the matrix elements of
dimension-seven operators are suppressed by a factor of
m,/m, relative to that of dimension-six ones. For the
matrix elements of the operators P?, we introduce a
parameter ﬁ? in analog to Eq. (3.4)
<BCC|P?|BCC> = _B?<BCC‘P?|BCC>’ (37)

so that ﬁ? = 1 under the valence quark approximation.

For the spectator effects in doubly charmed baryon
decays,

"Using the masses of doubly charmed baryons calculated in the
relativistic quark model [22], we find numerically rg_ = 0.99
and ro = 0.87.
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<Bcc |T6 + T7 |Bcc>

(B,,) =

) 3.8
2mBM ( )

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

N V.,
DS(O)Z{(ZCICZ +NCC% - BC%) (5 + ’ Vu

e+ d-2eie
>{ (et +c3) = 2¢16,)

cd

CS

2

(1-x)%(5 -l—x))

ud

2

(1=x)2(5 —|—x)>

ud

(- +>)n(%)}

(0)2{(Bc% —2¢ic, — N.c3) ((1 X254+ 1) + ‘ “icd

2

cs

=

. mg —mi,.
V1 —4x> —g(ﬁc% —2cic5 = N.3)(1 —x)(l —I—x—%xz)n(“"“—z{“}) }, (3.9)

me

2 2
5 1 mQ,._m{cc}
1__2 -3 cc
(162 32) ()
1

(3.10)

G2
ron(s) = 39V P W2 O)F ( 2+‘
1 . 'Qe(‘ cc
+ 3 (Blct +¢3) = 20102)77< { }> }
_ G
P (5, = Valre, cd<o>|2( (1= 2+ |
2 _
1= 5 2 Mz, m{cc}
+—(ﬁ(Cl +¢3) —2¢c1¢)n — )
. sz
Flw{lt(gzrc) - F ‘Vcsv
2 2
9 % Mo, = Micc
_5(201024’1\/00% —ﬁC%)l’](T{}>},
int [+ G 2 D2 Vus
F (—‘cc) |Vcdvud| r_‘“|l//cq( )| (2C102+NCC1 _Bc2) 5+ vV
9 ~ Vs
_§(2C1C2 + NCC% —/J)C%) (1 + ‘ Vud
4 G2
rm(Egt) = F’” VesVudl?rs,
+ ‘ VLtS 2
ud
and
sz 9
k@) = SV Pro I O 5 -
_ G 9
) = L Vs B 0P[5 -5

Except for the weak annihilation term, the expression of
Pauli interference will be very lengthy if the hadronic
parameters 7 and ¢ are all treated to be different from
each other. Since in realistic calculations we will set
B?(ﬂh) = 1 under valence quark approximation and put
n! to unity, we shall assume for simplicity that 5! =75
and ¢ = p.

As far as the dimension-six spectator effects are con-
cerned, we now compare our results Egs. (3.9) and (3.10)
with Egs. (13) and (8) of [5]. Since we are working at the
u = mg scale, we need to set the parameter x appearing in

2 = |y (0)] in

our case, we see that I" iﬁt and I'™ obtained by Guberina,

[5] to be unity. Noting that r;_[w5/(0)

2 2
5 mE, _m{cc}
122 cc .
(12 52) (™)

Meli¢ and H. Stefan¢i¢ (GMS) are larger than ours by a
factor of 3/2, whereas their I'™™ (I'SL) 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 |y97(0)|* =2[y°(0)|* by
GMS, it turns out that while we agree on the FT and
' in terms of |y<?(0)|?, the expressions of ™™ and ISk

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 B and rg_.
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TABLE II.
1/m? with the hadronic scale y,,q = 0.90 GeV.

Various contributions to the decay rates (in units of 107'2 GeV) of doubly charmed baryons to order

l—*dec [ann 1'*1_nt Fl};t I‘*semi Ttot 1(10—13 S) Texpt(10_13 S)
= 2.198 —1.383 0.450 1.265 5.20 2,56j8:§§
=5 2.198 8.628 0.123 0.525 11.475 0.57
QF 2.148 0.611 3.217 2.445 8.421 0.78

cC

Since B = 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 pip,g. As shown in [30], the parameters B and r
renormalized at two different scales are related via the
renormalization group equation to be

B(ﬂ)”(ﬂ) = E(ﬂhad)r(ﬂhad

P e VB Y
with
[ (ﬂhad) 3Ne/2Po % (ﬂhad)
"‘(asoo) “Vaw G

and fy =4 N. —3n;. The parameter « takes care of the
evolution from mg to the hadronic scale. We consider
the hadronic scale in the range of py,q ~ 0.65-1 GeV.
Taking the scale pup,q = 0.90 GeV as an illustration,
we obtain @ (pp.g) = 0.59, B(u) = 0.75B(upaq) ~0.75
and r(u) = 1.337(iteq). The parameter j3 is treated in a
similar way.

For numerical calculations, we use ¢;(u) = 1.346 and
¢, (1) = —0.636 evaluated at the scale y = 1.25 GeV with

AY =325MeV  [31], mg, —mz, =106 MeV and

mg. —mqg =94 MeV from [22], the wave function
ly<(0)| = 0.17 GeV3/? and the average kinetic energy
T = 0.37 GeV from [3]. For the decay constants, we use
fp =204 MeV and fp =250 MeV. For the charmed
quark mass we use m, = 1.56 GeV fixed from the exper-
imental values for D* and D° semileptonic widths [8].

The results of calculations to order 1/m? are exhibited in
Table II. The lifetime hierarchy 7(E{.") > 7(Q{.) > 7(E{.)
is understandable. The E}" baryon is longest-lived owing
to the destructive Pauli interference, while =/, is shortest-
lived due to the fact that ™™ (Z{) > I'M(Q/.). From
Eq. (3.9) we see that apart from QCD corrections to Wilson
coefficients, ¥ /T is basically of order 18/5. As for
semileptonic decay rates, we have I'M(Q) > I'SH(EY) >
ISL(E/F) owing to a large Pauli interference effect in the
Q. but Cabibbo-suppressed in the Z/.. We have checked
the lifetimes of doubly charmed baryons against the
hadronic scale py,q. The Ef lifetime remains nearly
constant, 7(E/.) is increased by 10%, while 7(Q.)
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/m,
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/m, 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 E/ and EJ, become shorter, while 7(Q,)
becomes longer. This is because ' and I™**™ for Q. are
subject to large cancellation between dimension-six and -
seven operators. Such cancellation also occurs in =}, but
not so dramatic as the constructive Pauli interference there
is Cabibbo-suppressed. We see from Table III that I'M(Q,)
even becomes negative. This is because the dimension-
seven contribution I'", (Q/.) 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/m? corrections to
I'(Q/.) within the realm of perturbation theory, we follow
[8] to introduce a parameter a so that '™, (QF., 2f.) and

TABLE III.  Various contributions to the decay rates (in units of 107> GeV) of doubly charmed baryons to order
1/m# with the hadronic scale g,y = 0.90 GeV.

Fdec [ann ri_nt Fi“ rsemi Itot T(10_13 S) Texpl(lo_B S)
Chuy 2.198 —0.437 0.451 2212 2.98 256105
Bt 2.198 12.260 0.030 0.469 14.958 0.44
Qf, 2.148 0.979 —-0.246 0.318 3.200 2.06
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TABLE IV. Various contributions to the decay rates (in units of
10712 GeV) of the Q. after including subleading 1/m, correc-
tions to spectator effects. However, the dimension-seven con-
tributions I $‘7 and I ?L are multiplied by a factor of (1 — a) with a
varying from O to 1.

a Fdec [ann I—TK Fsemi [tot T( 10~ 13 S)
0 2.148 0979 -0.246 0318 3.200 2.06
0.08 2.148 0979 0.031 0489 3.647 1.80
0.30 2.148 0979 0.792 0956 4.876 1.35
1 2148 0979 3217 2445 8.789 0.75

SH(Qf,, B,.) are multiplied by a factor of (I — a); that
is, a describes the degree of suppression. In Table IV, we
show the variation of the Q. lifetime with a. At a = 0.08,
Q) starts to become positive, where 7(Q/.) = 1.80 x
1013 s. Since we do not know what is the value of a, we can
only conjecture that the Q. lifetime lies in the range
0.75x 1072 s < 7(Q%) < 1.80 x 10713 s. (3.13)
For the E_, its lifetime is rather insensitive to the variation of
a as both 'Y, (E4.) and I'}*(E/,) are Cabibbo-suppressed.
Our prediction of z(E") 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
7(Bi)/7(EL) is ~9.1 to order 1/m} and ~6.7 to
order 1/m?.

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.

(1) The doubly charmed baryon matrix element of the o -
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 Ef" baryon is longest-lived in the doubly
charmed baryon system owing to the destructive Pauli
interference absent in the =, and Q... In the presence
of dimension-seven contributions, its lifetime is
reduced from ~5.2 x 10713 s to ~3.0 x 10713 s.

(iii) The =}, baryon has the shortest lifetime of order
0.45 x 107" 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 Q.. Contrary to E.. baryons, 7(Q.)
becomes longer in the presence of dimension-7
effects so that the Pauli interference I'M even
becomes negative. This means that the subleading
corrections are too large to justify the validity of the
HQE. Demanding the rate I'™ to be positive for a
sensible HQE, we conjecture that the Q0 lifetime lies
in the range of (0.75 ~ 1.80) x 10713 s,

(v) The lifetime hierarchy pattern is 7(E/") > 7(Q{.) >
7(E}.) and the lifetime ratio 7(Ef")/z(Ef.) is
predicted to be of order 6.7.
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