
CHIN.PHYS. LETT. Vol. 35, No. 1 (2018) 011401

Exclusive Ω++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐 Production from 𝑍0/𝛾* Decays *

Hong Chen(陈洪)1, Rong-Gang Ping(平荣刚)2,3**

1School of Physical Science and Technology, Southwest University, Chongqing 400715
2Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049

3University of Chinese Academy of Sciences, Beijing 100049

(Received 21 July 2017)

Based on the quark model the cross section for the 𝑒+𝑒− → 𝑍0/𝛾* → Ω++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐 exclusive process is investigated

at the tree level. Compared with the 𝑍0 → Ω−Ω̄+ decay, our result shows that the 𝑍0 boson favors decaying
into charmed baryon pairs. The results are also compared with the calculation of inclusively charmed baryon
production.

PACS: 14.20.Lq, 13.38.Dg, 14.65.Dw, 12.15.Ji DOI: 10.1088/0256-307X/35/1/011401

In the quark model, charmed baryons belong to
the 𝑆𝑈(4) multiplets made of light quarks, strange
quarks and charmed quarks. Searches for the charmed
baryon have been a topic in particle physics in the ex-
istent high-energy experiments. Nowadays, there are
17 candidate baryons of singly charmed quarks estab-
lished in experiment,[1] such as Λ𝑐, Σ𝑐, Ξ𝑐 and Ω𝑐

baryons. However, few of the decay properties and
spin parity quantum numbers are measured in exper-
iments. The LHC and Belle II experiments will pro-
vide us with an ideal laboratory to search for charmed
baryons. Very recently, two narrow baryon states with
charmed quarks, Ω0

𝑐 and Ξ++
𝑐𝑐 ,[2,3] were discovered in

the LHCb experiments.
The triply charmed baryon Ω++

𝑐𝑐𝑐 is the charmed
quark version of the Ω− baryon with replacement of
three strange quarks by charmed quarks in the quark
model. Due to the totally symmetric configuration
of charmed quarks, the Ω++

𝑐𝑐𝑐 baryon is assumed as
an interesting bound state to study the three-body

static potential. However, no information from ex-
periments is available. Its mass, lifetime and other
properties were studied over past years.[4−7] The cross
section for the Ω++

𝑐𝑐𝑐 inclusive production from gluon
fusions was predicted for the LHC experiment,[7] and
the prospects to search for the Ω++

𝑐𝑐𝑐 baryon produced
via quark coalescence mechanism in the high-energy
nuclear collisions were discussed in Refs. [4,8].

Another mechanism for the Ω++
𝑐𝑐𝑐 production is

from the weak decays of 𝑍0 boson. The abundant pro-
duction of 𝑍0 boson in the LHC or super 𝑍-factory[9]

will provide us with another laboratory to search for
the charmed baryons. The Ω++

𝑐𝑐𝑐 inclusive production
from 𝑍0 decays has been investigated based on the
assumption that a 𝑐𝑐 quark pair is produced from 𝑍0

weak decays, and then a charmed quark evolves into
a Ω++

𝑐𝑐𝑐 baryon by emitting gluons and fragmentation
into the triply charmed baryon. In this ansatz, the
total cross section for the 𝑒+𝑒− → 𝑍0 → Ω++

𝑐𝑐𝑐 (𝑐𝑐𝑐)
process was calculated to be 0.04 fb.[10]
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Fig. 1. Feynman diagrams for the process 𝑒+𝑒− → 𝑍0/𝛾* → Ω++
𝑐𝑐𝑐 Ω̄−−

𝑐𝑐𝑐 . The cross diagrams for the interchanging
𝑐𝑐𝑐 ↔ 𝑐𝑐𝑐 are implied.
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In this work, we investigate the production of
charmed baryons from the 𝑒+𝑒− → 𝑍0/𝛾* →
Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐 process. Compared with the situation

of inclusive production, the exclusive production of
baryons make the calculation comparable with the
experimental results unambiguously. Since it is well
known that the baryon number is conserved in the
strong and weak interaction, the number of baryons
and antibaryons produced from the 𝑍0 decays should
be the same. However, this requirement is impossible
to implement in the calculation of inclusive produc-
tion, and thus it overestimates the baryon production
rate.

We consider the Ω++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐 pair produced from the

𝑒+𝑒− annihilation via the electromagnetic and weak
processes, i.e., 𝑒+𝑒− → 𝑍0/𝛾* → 𝑐𝑐. Then the 𝑐𝑐
quark pair is further fragmented into 3(𝑐𝑐) by assump-
tion of the gluon emission mechanism 𝑔 → 𝑐𝑐. At tree
level, the 𝑐𝑐 quark fragmentation is described by the
processes shown in Fig. 1, together with the diagrams
for 𝑐𝑐𝑐↔ 𝑐𝑐𝑐 interchanges, which are implied through-
out this work. The final stage is the transition of three
charmed/anti-charmed quarks into the charmed Ω/Ω̄
baryons. There are a total of 360 graphs considered in
the calculation either for the 𝑍0 or virtual photon pro-
cesses. The cross section for the process 𝑒+𝑒− → 3(𝑐𝑐)
will be calculated in the framework of perturbative
QCD (pQCD). However, the quark–hadron transition
is a nonperturbative process, and we use the baryon
wave function to parameterize this process.

Firstly, let us consider the neutral weak current
contribution, and the Lagrangian takes the form as

𝑔

2 cos 𝜃

∑︁
𝑖

𝜓𝑖𝛾
𝜇(𝑔𝑖V − 𝑔𝑖A𝛾

5)𝜓𝑖𝑍𝜇, (1)

where 𝑔𝑒V = − 1
2 + sin2 𝜃, 𝑔𝑒A = − 1

2 , and 𝑔𝑐V =

− 1
2 − 4

3 sin2 𝜃, 𝑔𝑐A = 1
2 , and 𝜃 is the weak angle.

For the decay 𝑍0 → 𝑒−(𝑝, 𝑠)𝑒+(𝑞, 𝑠), the decay
amplitude reads

𝑀̄𝑠𝑠 =
𝑔𝑧
2
𝑣(𝑞, 𝑠)𝜖/(𝑔𝑒V − 𝑔𝑒A𝛾

5)𝑢(𝑝, 𝑠), (2)

where 𝑠 and 𝑠 denote spins, 𝑝 and 𝑞 denote mo-
menta, and the free Dirac spinors are normalized as
𝑢+𝑢 = 𝑣+𝑣 = 2𝐸. Then one has the decay width

Γ𝑒+𝑒− =
1

8𝜋

∑︁
𝑠𝑠

|𝑀̄𝑠𝑠|2
|𝑝|
𝑀2

𝑍

=

√
2𝐺F

12𝜋
𝑀3

𝑍(𝑔𝑒V
2 + 𝑔𝑒A

2), (3)

where |𝑝| = 𝑀𝑧

2 , 𝑀𝑍 is the mass of 𝑍0 boson, and 𝐺F

is the Fermi coupling constant.
The cross section for the 𝑒+𝑒− → 𝑍0 → Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐

process reads

𝜎 =
4𝜋(2𝐽 + 1)

2 · 2𝑀2
𝑍

Γ𝑒+𝑒−ΓΩ++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐

(𝐸 −𝑀𝑍)2 + 1
4Γ

2
, (4)

where Γ is the full width of the 𝑍0 boson, the factor
2 · 2 accounts for the average over 𝑒+𝑒− spins, and 𝐽

is the spin of 𝑍0 boson. Here ΓΩ++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐

is the decay

width for the 𝑍0(𝑆𝑍) → Ω++
𝑐𝑐𝑐 (𝑄,𝑆)Ω̄−−

𝑐𝑐𝑐 (𝑃, 𝑆) decay,
and is estimated with the decay amplitude

𝑀𝑆𝑆𝑆𝑧
= ⟨𝜓𝐵(𝑄,𝑆)𝜓𝐵̄(𝑃, 𝑆)|ℳ|𝑍0(𝑆𝑧)⟩

=

∫︁ 3∏︁
𝑖,𝑗=1

[︁𝑑3𝑝𝑖
2𝑝0𝑖

]︁[︁𝑑3𝑞𝑗
2𝑞0𝑗

]︁
× ⟨𝜓𝐵(𝑄,𝑆)𝜓𝐵̄(𝑃, 𝑆)|

∏︁
𝑝𝑖𝑠𝑖𝑞𝑗𝑠𝑗⟩

× ⟨
∏︁

𝑝𝑖𝑠𝑖𝑞𝑗𝑠𝑗 |ℳ|𝑍0⟩

× 𝛿3(𝑝1 + 𝑝2 + 𝑝3 − 𝑃 )

× 𝛿3(𝑞1 + 𝑞2 + 𝑞3 −𝑄), (5)

where 𝜓𝐵(𝑄,𝑆) and 𝜓𝐵̄(𝑃, 𝑆) are the wave functions
for Ω++

𝑐𝑐𝑐 and Ω̄−−
𝑐𝑐𝑐 with momenta 𝑄, 𝑃 and total spin

𝑆 and 𝑆, respectively. By inserting the free quark
states 𝑝𝑖 and 𝑠𝑖 for charm quarks and 𝑞𝑖, 𝑠𝑖 for anti-
charm quarks, into the amplitude matrix element, the
baryonic wave functions are expanded in the flavor-
spin and momentum space. The delta functions ensure
the momentum conservation for quarks transition into
baryons.

If the mass of the Ω++
𝑐𝑐𝑐 baryon is taken as

4.8476GeV, predicted in the quark model,[11] the
outgoing charmed baryon carries momentum 𝑝 =
45.3GeV. Hence, the transverse momenta for bounded
charm/anti-charm quark are negligible compared with
the longitudinal momenta, and the baryonic wave
functions are approximated in collinear direction. The
amplitude is calculated in the helicity frame, and the
outgoing directions for baryon and anti-baryon are
chosen as the 𝑧 and −𝑧 axis directions, respectively.
One has

𝑀𝑆𝑆𝑆𝑧
=

∫︁ ∏︁[︁𝑝𝑖𝑑𝑥𝑖
2𝑝0𝑖

]︁[︁𝑞𝑗𝑑𝑦𝑗
2𝑝0𝑖

]︁
× ⟨𝜓‖

𝐵(𝑄,𝑆)𝜓
‖
𝐵̄

(𝑃, 𝑆)|
∏︁

𝑝𝑖𝑠𝑖𝑞𝑗𝑠𝑗⟩

× ⟨
∏︁

𝑝𝑖𝑠𝑖𝑞𝑗𝑠𝑗 |ℳ|𝑍0⟩

× 𝛿(𝑥1 + 𝑥2 + 𝑥3 − 1)

× 𝛿(𝑦1 + 𝑦2 + 𝑦3 − 1), (6)

where 𝑥𝑖 and 𝑦𝑖(𝑖 = 1, 2, 3) are the fraction of momen-
tum carried by charm and anti-charm quarks, respec-
tively.

The matrix elements for the 𝑍0 → 3(𝑐𝑐) transition
are calculated by

ℳ = ⟨
∏︁
𝑖,𝑗

𝑝𝑖𝑠𝑖𝑞𝑗𝑠𝑗 |
∑︁
𝑘

ℳ(𝑘)|𝑍0⟩, (7)

where matrix elements ℳ(𝑘) are calculated using the
standard Feynman rule according to all diagrams as
shown in Fig. 1. For example, the amplitude for

011401-2

http://cpl.iphy.ac.cn


CHIN.PHYS. LETT. Vol. 35, No. 1 (2018) 011401

Fig. 1(a) reads

ℳ(𝑎) =
𝑔𝑧
2
𝒞𝑢̄(𝑞1, 𝑠1)𝛾𝜇

𝑞1/− 𝑞3/− 𝑝3/+𝑚

(𝑞1 − 𝑞3 − 𝑝3)2 −𝑚2
𝛾𝜈

× 𝑞1/− 𝑝2/− 𝑝3/− 𝑞2/− 𝑞3/+𝑚

(𝑞1 − 𝑞2 − 𝑞3 − 𝑝2 − 𝑝3)2 −𝑚2
𝜖/

× (𝑔𝑐V − 𝑔𝑐A𝛾5)𝑣(𝑝1, 𝑠1)𝑢̄(𝑞2, 𝑠2)𝛾𝜈

× 𝑣(𝑝2, 𝑠2)
𝑢̄(𝑞3, 𝑠3)𝛾𝜇𝑣(𝑞3, 𝑠3)

(𝑞2 + 𝑝2)2(𝑝3 + 𝑞3)2
, (8)

where 𝒞 = 4
9 is the color factor, 𝑢(𝑞𝑖, 𝑠𝑖) and 𝑣(𝑝𝑗 , 𝑠𝑗)

are the Dirac spinors for free charmed quarks. The
graphs for the 𝑝𝑖𝑠𝑖 ↔ 𝑞𝑖𝑠𝑖 interchanges are implied
for the 𝑐𝑐𝑐↔ 𝑐𝑐𝑐 cross diagrams. The decay width for
the 𝑍0 → Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐 decay is calculated by

ΓΩ++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐

=
1

16𝜋

∑︀
|𝑀𝑆𝑆𝑆𝑍

|2

𝑀𝑍

8𝜋2

3
, (9)

where the factor 1/3 accounts for the average over the
𝑍0 spins, and 8𝜋 factor comes from the integration
over the Wigner-𝐷 function in the helicity amplitude.

Finally, let us consider the contributions from the
electromagnetic process 𝑒+𝑒− → 𝛾* → 𝑐𝑐. The di-
agrams are the same as that for the neutral current
process, but only differ in the coupling constants. The
amplitudes are calculated by making a replacement of
coupling constant in Eq. (1) with

𝑔𝑖V = 𝑄𝑖, 𝑔𝑖A = 0,
𝑔

cos 𝜃
= 𝑖𝑒, (10)

where 𝑄𝑖 is the charge for the 𝑖th quark.
The inclusion of the baryonic wave function is es-

sential in our model to account for the transition of
free quarks into hadrons. However, little informa-
tion about baryon structures from the perturbative
QCD theory is known, since the hadron lies out of the
asymptotic region. Phenomenologically, the proper-
ties of charmed baryons are described with the bound-
state wave functions in the naive quark model. The
flavor-spin wave function of the charmed baryon is
symmetric and constructed in the representation of
the 𝑆𝑈(4) ⊗ 𝑆𝑈(2) group

ΨFS = Ψ𝐵
F 𝜒(𝑆), (11)

where the flavor Ψ𝐵
F and spin wave function 𝜒(𝑆) are

explicitly expressed by

Ψ𝐵
F = |𝑐𝑐𝑐⟩,Ψ 𝐵̄

F = |𝑐𝑐𝑐⟩,

𝜒
(︁3

2

)︁
= | ↑↑↑⟩,

𝜒
(︁1

2

)︁
=

1√
3

(| ↑↑↓⟩ + | ↑↓↑⟩ + | ↓↑↑⟩),

𝜒
(︁
− 1

2

)︁
=

1√
3

(| ↓↓↑⟩ + | ↓↑↓⟩ + | ↑↓↓⟩),

𝜒
(︁
− 3

2

)︁
= | ↓↓↓⟩.

We assume that the spatial distribution for charmed
quarks in a baryon can be described by a simple

harmonic-oscillator eigenfunction in their center-of-
mass (c.m.) system, i.e.,

Ψ(𝑘12,𝑘23) =
1

(𝜋2𝛼12𝛼23)3/4
exp

(︁−𝑘2
12

2𝛼12
− 𝑘2

23

2𝛼23

)︁
,

(12)
where 𝑘𝑖𝑗 = 𝑘𝑖 − 𝑘𝑗 is the momentum difference be-
tween quarks 𝑖 and 𝑗, and 𝛼𝑖𝑗 is the harmonic os-
cillator parameter. The quark masses and 𝛼𝑖𝑗 can
be obtained from global fitting to the baryon spec-
troscopy. We quote the results obtained with the
Hamiltonian[11]

𝐻 =
∑︁

(𝑚2
𝑙 + 𝑝2

𝑙 )1/2 +
∑︁
𝑙<𝑚

1

2
𝐾𝑟2𝑙𝑚 +

∑︁
𝑙<𝑚

𝑈𝑙𝑚 +𝐻0,

(13)
where 𝐾 is the spring constant, and 𝑈𝑙𝑚 is the Breit–
Fermi term. The global fit yields masses of dou-
bly charmed baryon with the expected accuracy of
±10MeV. Then the mass of Ω++

𝑐𝑐𝑐 baryon is calcu-
lated to be 4847.6MeV with the fitted parameters:
𝑚c = 1952.97MeV, 𝛼12 = 𝛼23 = 0.189GeV2. Here
the charm quark mass is model dependent, and it
is different from the value 𝑚c = 1275.0MeV in the
PDG.[1]

In the 𝑒+𝑒− c.m. system, the outgoing baryon car-
ries large momentum. To boost the baryonic wave
function from its c.m. system to the 𝑒+𝑒− c.m. sys-
tem will bring about significant Lorentz contraction.
In general, the Lorentz transformation includes two
aspects. One is the Lorentz boost of the spatial wave
functions from the charmed baryon rest frame to the
𝑒+𝑒− c.m. system; the other is the Melosh rotation
of quark spinors. For simplicity, the free Dirac quark
spinors have been factored out and calculated in the
𝑒+𝑒− c.m. system. We only perform the Lorentz
transformation for the spatial wave function as

Ψ(𝑝12,𝑝23) =
⃒⃒⃒𝜕(𝑘12,𝑘23)

𝜕(𝑝12,𝑝23)

⃒⃒⃒1/2
Ψ(𝑘12,𝑘23), (14)

where 𝑝𝑖𝑗 is the momentum difference between 𝑖, 𝑗-
quark in the laboratory system, and the collinear wave
function is obtained by integrating the transverse mo-
mentum of the bound quarks. One has

Ψ‖(𝑝12,𝑝23) =

∫︁
𝑑𝑝⊥

12𝑑𝑝
⊥
23Ψ(𝑝12,𝑝23). (15)

The strong running constant 𝛼s(𝑄
2) up to next-

to-leading-log is written as

𝛼s(𝑄
2) = 𝜋

[︁ 1

𝛽1𝐿
− 𝛽2
𝛽1

ln𝐿

(𝛽1𝐿)2

]︁
, (16)

with 𝐿 = ln(𝑄2/Λ2
QCD), 𝛽1 = (33 − 2𝑛𝑓 )/12, 𝛽2 =

(153 − 19𝑛𝑓 )/24, 𝑛𝑓 = 4, and ΛQCD = 0.25GeV.
With these parameters, the partial decay width

for 𝑍0 → 𝑒+𝑒− is calculated to be 8.34 × 10−2GeV,
which is comparable with the measurement (8.39 ±
0.01)× 10−2GeV.[1] At the 𝑍0 peak, the cross section
from virtual photon process is suppressed by a fac-
tor of 2.7 × 10−3 respective to the 𝑍0 contribution,
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and is negligible. Before we present the numerical re-
sults, it is worthwhile to examine the amplitudes by
counting the 𝛼s power multiplied by the gluon prop-
agators. Two 𝑐𝑐 quark pairs are created and accom-
panied by two gluon propagators 1/(𝑝𝑖 + 𝑞𝑖)

2. Hence
the amplitude squared is suppressed by a factor of
𝛼4
s/(𝑝𝑖 + 𝑞𝑖)

8 ∼ 𝛼4
s/(𝑀𝑧/3)8. Considering the branch-

ing fraction 𝐵𝑟(𝑍0 → 𝑐𝑐) = 12.03%,[1] the branching
fraction for 𝐵𝑟(𝑍0 → Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐 ) is suppressed by a

factor of 6.4 × 10−17. If one incorporates the contri-
butions from the baryon wavefunctions to count for
the triply charmed quark distribution, the branching
fraction becomes even smaller. To cancel uncertain-
ties associated with the parameters, we normalize the
cross section with the decay 𝑍0 → Ω−Ω̄+ with the
strange quark mass taken as 𝑚s = 0.538GeV, and the
ratio is determined to be

𝜎(𝑒+𝑒− → 𝑍0 → Ω++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐 )

𝜎(𝑒+𝑒− → 𝑍0 → Ω−Ω̄+)
= 1.81 × 102.

The result indicates that though the Lorentz contrac-
tion effect for baryon wave function is non-negligible,
the quark mass dominates the amplitude of quark
propagator. The branching fraction for the 𝑍0 →
Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐 decay is enhanced by a factor of 181 rel-

ative to the 𝑍0 → Ω−Ω̄+ decay.
In summary, the cross section for the 𝑒+𝑒− →

𝑍0/𝛾* → Ω++
𝑐𝑐𝑐 Ω̄

−−
𝑐𝑐𝑐 exclusive process is investigated

based on the quark model at the tree level. The cross
section is extremely suppressed compared with the cal-

culation of Ω++
𝑐𝑐𝑐 inclusive production. This can be un-

derstood from the factor that the calculation of exclu-
sive production of charmed baryons introduces a prob-
ability to describe the charmed/anti-charmed quarks
distribution in space, hence it significantly suppresses
the exclusively charmed baryon production. This in-
dicates that to search for Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐 baryon pairs in

the 𝑍-Factory needs a huge integrated luminosity of
data set, while in the LHC experiments, the Ω++

𝑐𝑐𝑐 Ω̄
−−
𝑐𝑐𝑐

baryon production is dominated by the gluon–gluon
fusion process[7] relative to the 𝑍0 decays. Compared
with the 𝑍0 → Ω−Ω̄+ decay, the 𝑍0 boson favors
decaying into charmed baryon pairs.
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