
Eur. Phys. J. C (2019) 79:339
https://doi.org/10.1140/epjc/s10052-019-6842-0

Regular Article - Theoretical Physics

Production of doubly heavy baryons via Higgs boson decays

Juan-Juan Niu1,a, Lei Guo1,b , Hong-Hao Ma2,c, Xing-Gang Wu1,d

1 Department of Physics, Chongqing University, Chongqing 401331, People’s Republic of China
2 Faculdade de Engenharia de Guaratinguetá, Universidade Estadual Paulista, Guaratinguetá, SP 12516-410, Brazil

Received: 21 January 2019 / Accepted: 3 April 2019 / Published online: 15 April 2019
© The Author(s) 2019

Abstract We systematically analyzed the production of
semi-inclusive doubly heavy baryons (�cc, �bc and �bb) for
the process H0 → �QQ′ + Q̄′ + Q̄ through four main Higgs
decay channels within the framework of non-relativistic
QCD. The contributions from the intermediate diquark
states, 〈cc〉[1S0]6, 〈cc〉[3S1]3̄, 〈bc〉[3S1]3̄/6, 〈bc〉[1S0]3̄/6,

〈bb〉[1S0]6 and 〈bb〉[3S1]3̄, have been taken into consider-
ation. The differential distributions and three main sources
of the theoretical uncertainties have been discussed. At
the High Luminosity Large Hadron Collider, there will be
about 0.43×104 events of �cc, 6.32×104 events of �bc and
0.28×104 events of �bb produced per year. There are fewer
events produced at the Circular Electron Positron Collider
and the International Linear Collider, about 0.26×102 events
of �cc, 3.83 × 102 events of �bc and 0.17 × 102 events of
�bb in operation.

1 Introduction

The Higgs boson, as the last found fundamental particle in the
standard model (SM), is of great interest to the experimenter
and theorist of particle physics. Some future colliders that can
be called “Higgs factories” would generate large amounts of
Higgs particles. The High Luminosity LHC (HL-LHC) run-
ning at center-of-mass collision energy

√
s = 14 TeV with

the integrated luminosity of 3 ab−1 would produce about
1.65 × 108 events of Higgs boson per year [1]; the Circular
Electron Positron Collider (CEPC) would generate more than
one million Higgs particles at the center-of-mass energy of
240 GeV with the integrated luminosity of 0.8ab−1 in 7 years
[2]; and the International Linear Collider (ILC) would gener-
ate almost the same magnitude of Higgs bosons as the CEPC,
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about 105–106 at each energy stage [3]. Therefore, the decay
of Higgs boson will be a good platform for studying the indi-
rect production mechanism of doubly heavy hadrons. Many
pioneering investigations of the production of doubly heavy
meson through Higgs boson’s decay have been done not only
by experimental groups but also by theorists, i.e., the produc-
tion of Bc, J/ψ and ϒ [4–11]. The analysis of Higgs boson
decays also provides a platform for seeking the undetected
doubly heavy baryons. The doubly heavy baryon contains
two heavy quarks and a light quark as valence quarks. For
convenience, �QQ′ is used to stand for the doubly heavy
baryons �QQ′ql in this paper, where Q and Q′ represent the
heavy quarks (c or b quark) and ql denotes the light quark
(u, d or s quark). A careful study of the production of doubly
heavy baryons �QQ′ through Higgs boson decays shall be
helpful for confirming whether enough baryon events could
be produced and supporting forward guidance on the exper-
iment research.

Attributed to the first observation of the doubly charm
baryon �++

cc [12] by the LHCb collaboration in 2017, the
quark model has proved to be a great success [13–16]. How-
ever, there is no explicit evidence of the other doubly heavy
baryons �bc and �bb so far. To study all possible produc-
tion mechanisms of doubly heavy baryons shall be help-
ful for better understanding their properties and shall be a
verification of the quark model and non-relativistic Quan-
tum Chromodynamics (NRQCD) [17,18]. There were some
analyses of the direct/indirect production of doubly heavy
baryons through e+ e− colliders [19–22], hadronic produc-
tion [20,23–32], gamma–gamma production [25,33], pho-
toproduction [25,34,35], heavy ion collisions [36,37], top
quark decays [38], etc.

In this paper, we shall discuss the production of dou-
bly heavy baryons �QQ′ through indirectly Higgs boson
decays at the HL-LHC and CEPC/ILC. As is well known,
the dominant decay channel of Higgs boson is H0 → bb̄
and the branching ratio is about 58% [39,40]. For com-
pleteness, four main Higgs decay channels, H0 → bb̄, cc̄,
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Z0Z0, gg, would be taken into consideration. Due to the
Yukawa coupling and the perturbative order, the decay chan-
nel H0 → bb̄ (H0 → cc̄) plays an essential role in the
production of �bc and �bb (�cc), but the contributions from
the H0 → Z0Z0/gg channel cannot be neglected.

Within the framework of NRQCD, the production of dou-
bly heavy baryons �QQ′ can be factorized into the con-
volution of the perturbative short-distance coefficient and
the non-perturbative long-distance matrix elements. In the
amplitude, the gluon is hard enough to produce such a heavy
quark–antiquark pair, hence the hard process is perturbatively
calculable. The long-distance matrix elements are used to
describe the transition probability of the produced diquark
state 〈QQ′〉[n] binding into doubly heavy baryons �QQ′ ,
where [n] stands for the spin and color quantum number for
the intermediate diquark state. The spin quantum number of
the intermediate diquark state 〈QQ′〉[n] can be [3S1] or [1S0],
and the color quantum number is the color-antitriplet 3̄ or
the color-sextuplet 6 for the decomposition of SUC (3) color
group 3

⊗
3 = 3̄

⊕
6. All of these intermediate states would

be taken into consideration for a sound estimation. Assum-
ing the potential of the binding color-antitriplet 〈QQ′〉[n]
state is hydrogen-like, the transition probability h3̄ can be
approximatively related to the Schrödinger wave function at
the origin |�QQ′(0)| for the S-wave states, where |�QQ′(0)|
can be obtained by fitting the experimental data or some
non-perturbative methods like QCD sum rules [41], lattice
QCD [42] or the potential model [43]. As for the transition
probability of the color-sextuplet diquark state h6, there is a
relatively larger uncertainty, and we would make a detailed
discussion about it.

The remaining parts of the paper are arranged as follows:
in Sect. 2, the detailed calculation technology, such as the
factorization and the color factors, is presented. The numer-

ical results associated with the theoretical uncertainties are
given in Sect. 3. And Sect. 4 gives a summary and some
conclusions.

2 Calculation technology

Typical Feynman diagrams for the process H0(p0) →
�QQ′(p1)+ Q̄′(p2)+ Q̄(p3) through four main Higgs decay
channels, H0 → bb̄/cc̄/Z0Z0/gg, are presented in Fig. 1,
where Q and Q′ denote the heavy c or b quark for the produc-
tion of �cc, �bc and �bb accordingly. Within the framework
of NRQCD [17,18], the decay width for the production of
�QQ′ can be factorized as the following form:

�(H0(p0) → �QQ′(p1) + Q̄′(p2) + Q̄(p3))

=
∑

n

�̂(H0(p0) → 〈QQ′〉[n](p1) + Q̄′(p2)

+Q̄(p3))〈OH [n]〉, (1)

where the non-perturbative long-distance matrix element
〈OH [n]〉 is proportional to the transition probability from
the perturbative quark pair 〈QQ′〉[n] to the heavy baryons
�QQ′ . According to NRQCD, the intermediate diquark state
〈QQ′〉[n] can be expanded to a series of Fock states with
different spin and color quantum numbers [n], which are
accounted by the velocity scaling rule. Due to the symme-
try of identical particles in the diquark state, the intermedi-
ate diquark state can be either [3S1]3̄ or [1S0]6 for the pro-
duction of �cc and �bb baryons. Meanwhile, for the pro-
duction of baryon �bc there are four color and spin states
such as 〈bc〉[3S1]3̄, 〈bc〉[1S0]3̄, 〈bc〉[3S1]6 and 〈bc〉[1S0]6.
All of these Fock states would be taken into consideration
for a comprehensive understanding. We shall use h3̄ and h6
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Fig. 1 Typical Feynman diagrams for the process H0(p0) → QQ̄/Q′ Q̄′/Z0Z0/gg → �QQ′ (p1) + Q̄′(p2) + Q̄(p3), where Q and Q′ denote
the heavy c and b quark
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to describe the transition probability of the color-antitriplet
diquark state and the color-sextuplet diquark state, respec-
tively. In addition, the transition probabilityh3̄ can be approx-
imatively related to the Schrödinger wave function at the ori-
gin |�QQ′(0)| for the S-wave states, while there is a relatively
larger uncertainty for the transition probability h6, which has
been analyzed detailedly in Ref. [38]. For convenience, we
set h6 � h3̄ = |�QQ′(0)|2 [18,43] as an approximate esti-
mate.

The decay width �̂(H0 → 〈QQ′〉[n] + Q̄′ + Q̄) repre-
sents the perturbative short-distance coefficients which can
be written as

�̂(H0 → 〈QQ′〉[n] + Q̄′ + Q̄)

=
∫

1

2mH

∑
|M[n]|2d�3, (2)

where mH is the mass of the Higgs boson, M[n] is the hard
amplitude, and

∑
means to sum over the spin and color of

the final-state particles. The three-body phase space d�3 can
be expressed as

d�3 = (2π)4δ4

⎛

⎝p0 −
3∑

f =1

p f

⎞

⎠
3∏

f=1

d3 p f

(2π)32p0
f

. (3)

After performing the integration over the phase space d�3,
Eq. (2) can be rewritten as

d�̂ = 1

256π3m3
H

∑
|M[n]|2ds12ds23, (4)

where the definitions of the invariant mass are si j = (pi +
p j )

2, (i, j = 1, 2, 3). Therefore, not only the total decay
width but also the corresponding differential distributions
can be derived, which are helpful for experimental measure-
ments.

2.1 Amplitude

We made a relatively complete analysis for the production of
doubly heavy baryons �QQ′ through four main Higgs decay
channels, H0 → bb̄, cc̄, Z0Z0, and gg. Subgraphs (a)–(d)
in Fig. 1 are specifically represented the channels H0 →
bb̄/cc̄ → �QQ′ + Q̄′ + Q̄, while subgraph (e) is for H0 →
Z0Z0 → �QQ′ + Q̄′+ Q̄ and subgraphs (f)–(g) represent the
decay channel H0 → gg → �QQ′+Q̄′+Q̄. In subgraphs (f)
and (g), q stands for t, b or c quark. According to the Yukawa
coupling, the top quark in the triangle loop can make the
largest contribution to the decay width through H0 → gg.
After the action of the charge parity C = −iγ 2γ 5, the
hard amplitude M[n] for the production of the intermedi-
ate diquark state can be related to the familiar meson pro-
duction, which has been proved in Refs. [21,22] in detail. In
other words, we could obtain the hard amplitudeM[n] of the
process H0(p0) → 〈QQ′〉[n](p1) + Q̄′(p2) + Q̄(p3) from

the process H0(p0) → (QQ̄′)[n](p1) + Q′(p2) + Q̄(p3)

with an additional factor (−1)m+1, where m stands for the
number of vector vertices in the Q′ fermion line which need
to be reversed and here m = 1 for these four decay channels.
It is worth mentioning that there are vector and axial vec-
tor contributions in the channel H0 → Z0Z0, and m = 0
for the axial vector contribution. Additionally, the Z0 propa-
gators should be considered as Breit–Wigner propagators to
avoid the resonance.

According to Fig. 1, the hard amplitude Ml [n] (l =
a, . . . , g) can be written as

Ma [n] = Cūi (p2)(−igs)
2γμ

�p1 [n]
(p2 + p12)2 γμ

/p1 + /p2 + mQ

(p1 + p2)2 − m2
Q

−iemQ

2mW sin θW
v j (−p3), (5)

Mb[n] = Cūi (p2)(−igs)
2γμ

�p1 [n]
(p2 + p12)2

−iemQ

2mW sin θW

−/p12 − /p2 − /p3 + mQ

(p12 + p2 + p3)2 − m2
Q

γμv j (−p3), (6)

Mc[n] = Cūi (p2)(−igs)
2γμ

/p11 + /p2 + /p3 + mQ′

(p11 + p2 + p3)2 − m2
Q′

−iemQ′

2mW sin θW

�p1 [n]
(p3 + p11)2 γμv j (−p3), (7)

Md [n] = Cūi (p2)(−igs)
2

−iemQ′

2mW sin θW

−/p1 − /p3 + mQ′

(p1 + p3)2 − m2
Q′

γμ

�p1 [n]
(p3 + p11)2 γμv j (−p3), (8)

Me[n] = iemWC
cos θ2

W sin θW

ūi (p2)�ZQ′ Q̄′�p1 [n]�ZQQ̄v j (−p3)

((p12 + p2)2 − m2
Z + imZ�Z )((p11 + p3)2 − m2

Z + imZ�Z )
,

(9)

M f [n] =
∫

d4l

(2π)4 ūi (p2)(−igs)
4γμ

�p1 [n]
(p12 + p2)2(p11 + p3)2 γνv j (−p3)

Tr

[
/l − /p1 − /p2 − /p3 + mq

(l − p1 − p2 − p3)2 − m2
q
γμ

/l − /p11 − /p3 + mq

(l − p11 − p3)2 − m2
q
γν

/l + mq

l2 − m2
q

−iemqC
2mW sin θW

]

, (10)

Mg[n] =
∫

d4l

(2π)4 ūi (p2)(−igs)
4γμ

�p1 [n]
(p12 + p2)2(p11 + p3)2 γνv j (−p3)

Tr

[
/l − /p1 − /p2 − /p3 + mq

(l − p1 − p2 − p3)2 − m2
q
γν

/l − /p12 − /p2 + mq

(l − p12 − p2)2 − m2
q
γμ

/l + mq

l2 − m2
q

−iemqC
2mW sin θW

]

, (11)

in which C stands for the color factor Ci j,k , which will be
described in detail in Sect. 2.2; θW is the Weinberg angle; the
projector �p1 [n] has the form of [44]
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�p1 [n] = 1

2
√
MQQ′

ε[n](/p1 + MQQ′), (12)

where ε[1S0] = γ5 and ε[3S1] = /ε with εα is the polariza-
tion vector of the 3S1 diquark state. MQQ′ � MQ + MQ′ is
adopted to ensure gauge invariance; p11 and p12 are the spe-
cific momenta of these two constituent quarks of the diquark
state:

p11 = mQ

MQQ′
p1 + p and p12 = mQ′

MQQ′
p1 − p, (13)

where p is the relative momentum between these two con-
stituent quarks and it is small enough to neglect in the ampli-
tude of S-wave state for the non-relativistic approximation.
In Eq. (9), �ZQQ̄ and �ZQ′ Q̄′ stand for the vertex of the Z0

boson with quark–antiquark pairs. Because the couplings for
the Z0 boson with the bb̄ and cc̄ pair are different, we do not
state it definitely for the production of �cc, �bc and �bb. In
Eqs. (10) and (11), l is the loop momentum that needs to be
integrated.

2.2 Color factor

Given the different topologies in Fig. 1, four considered chan-
nels have different color structures, and we would like to take
the channel H0 → QQ̄ as an example to explain how the
color factor Ci j,k is calculated,

Ci j,k = N ×
∑

a,m,n

(T a)im(T a) jn × Gmnk, (14)

where i, j,m, n = 1, 2, 3 are the color indices of the outgo-
ing antiquarks Q̄′, Q̄ and the two constituent quarks Q and Q′
of the diquark, respectively; a = 1, . . . , 8 and k denote the
color indices of the gluon and the diquark state 〈QQ′〉[n]; the
normalization constant N = √

1/2. For the color-antitriplet
3̄ state, the function Gmnk is equal to the antisymmetric func-
tion εmnk , while will be the symmetric function fmnk for the
color-sextuplet 6 state. The function εmnk and fmnk satisfies

εmnkεm′n′k = δmm′δnn′ − δmn′δnm′,

fmnk fm′n′k = δmm′δnn′ + δmn′δnm′ . (15)

After squaring the amplitude through H0 → QQ̄, the
final color factorC2

i j,k equals 4
3 for the production of the color-

antitriplet diquark state and 2
3 for the color-sextuplet diquark

state. Due to the different color matrices in the subgraphs of
Fig. 1, the explicit color factors C2

i j,k accompanying the other
two different channels are listed in Table 1. Cross term 1

stands for the cross term between H0 → QQ̄/Q′ Q̄′ and
H0 → Z0Z0; Cross term 2 is the cross term between H0 →
QQ̄/Q′ Q̄′ and H0 → gg.

3 Numerical results

In our numerical calculation, the input parameters are taken
as follows [25,39]:

mc = 1.8 GeV, mb = 5.1 GeV, mt = 173.0 GeV,

mZ = 91.1876 GeV, mW = 80.385 GeV,

mH = 125.18 GeV,

M�cc = 3.6 GeV, M�bc = 6.9 GeV, M�bb = 10.2 GeV,

|�cc(0)|2 = 0.039 GeV3, |�bc(0)|2 = 0.065 GeV3,

|�bb(0)|2 = 0.152 GeV3,

�Z = 2.4952 GeV, GF = 1.1663787 × 10−5, (16)

where the quark masses and wave functions are consistent
with Ref. [25] and the others can be obtained from the PDG
[39].

We use FeynArts 3.9 [45] to generate the amplitudes and
the modified FormCalc 7.3/Loop-Tools 2.1 [46] to do the
algebraic and numerical calculations. The renormalization
scale μr is set to be 2mc, 2mc and 2mb for the production
of �cc, �bc and �bb correspondingly. Due to the total decay
width of the Higgs boson not having been detected so accu-
rately by the experiment, we consider the total decay width
of the Higgs boson as 4.2 MeV [47] to estimate the branching
ratio and corresponding events for the production of baryons
�cc, �bc and �bb.

3.1 Basic results

Based on the parameters mentioned before, four main Higgs
decay channels for the production of �QQ′ have been ana-
lyzed carefully, and the decay width of each channel is pre-
sented in Table 2. From Table 2, we find that:

• The biggest decay channel for the production of �cc

(�bb) is H0 → cc̄ (H0 → bb̄). Meanwhile for the pro-
duction of �bc, the decay width in each diquark state
through H0 → bb̄ is about two orders of magnitude
larger than that through H0 → cc̄ mainly for the Yukawa
coupling.

Table 1 The color factors C2
i j,k

for different channels of Fig. 1
C2
i j,k H0 → QQ̄/Q′ Q̄′ H0 → Z0Z0 H0 → gg Cross term 1 Cross term 2

Color-antitriplet 3̄ 4/3 3 1/3 − 2 2/3

Color-sextuplet 6 2/3 6 1/6 2 1/3
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Table 2 The decay widths for the process H0 → bb̄/cc̄/Z0Z0/gg →
�QQ′ + Q̄′ + Q̄, where Q and Q′ denote the heavy c or b quark.
Cross term 1 stands for the cross term between H0 → QQ̄/Q′ Q̄′

and H0 → Z0Z0, and Cross term 2 is the cross term between
H0 → QQ̄/Q′ Q̄′ and H0 → gg

� (GeV) �cc �bc �bb

[3S1]3̄ [1S0]6 [3S1]3̄ [3S1]6 [1S0]3̄ [1S0]6 [3S1]3̄ [1S0]6

H0 → bb̄ (×10−7) − − 5.89 2.95 4.48 2.24 0.41 0.28

H0 → cc̄ (×10−7) 0.65 0.35 1.03 × 10−2 5.16 × 10−3 1.23 × 10−2 6.16 × 10−3 − −
H0 → QQ̄/Q′ Q̄′ (×10−7) 0.65 0.35 5.87 2.94 4.57 2.29 0.41 0.28

H0 → Z0Z0 (×10−10) 0.82 1.63 4.25 8.50 4.32 8.64 0.16 1.09

H0 → gg (×10−9) 3.01 0.47 2.36 1.18 1.00 0.50 0.41 0.11

Cross term 1 (×10−10) 0.10 −0.33 2.45 −2.45 −8.25 8.25 −0.57 −9.16

Cross term 2 (×10−9) 0.65 5.64 2.48 1.24 20.58 10.29 0.63 2.91

• From the decay widths through H0 → QQ̄/Q′ Q̄′, it can
be seen that the contribution of the cross term between
H0 → bb̄ and H0 → cc̄ is positive for [1S0]3̄/6 states

and negative for [3S1]3̄/6 states.

• The decay widths through H0 → Z0Z0/gg channels
are very small and only a few percent compared to that
through H0 → QQ̄/Q′ Q̄′.

• The contributions of the cross term between H0 →
QQ̄/Q′ Q̄′ and H0 → VV (V = Z0, g) should also
be taken into account and the decay width for the pro-
duction of baryons �QQ′ from these two cross terms are
also listed in Table 2.

To estimate the events of doubly heavy baryons produced
at the “Higgs factories”, the total decay width of the Higgs
boson is needed to obtain the branching ratio correspond-
ingly. But so far, the total decay width of Higgs boson could
not be measured so accurately by the experiment and there
was only given an upper limit of 13 MeV [48]. Here the total
decay width of the Higgs boson is considered to be 4.2 MeV
as suggested by Ref. [47]. Running at

√
s = 14 TeV with

the integrated luminosity of 3 ab−1, HL-LHC could produce
1.65 × 108 Higgs bosons per year [1]; the CEPC, the same
as the ILC, would generate more than one million Higgs par-
ticles, mainly depending on the energy and integrated lumi-
nosity in operation [2,3]. Under these conditions, we can
estimate the produced events of �QQ′ at the HL-LHC and
the CEPC/ILC, respectively. The decay width and the esti-
mated events through these four Higgs decay channels are
showed in Table 3. By summing up the contribution from
each intermediate diquark state, the total decay width, the
branching ratio and the corresponding estimated events of
the doubly heavy baryons �QQ′ could be obtained, which
are given in Table 4.

Tables 3 and 4 show that:

• The estimated events of �bc are about one order of mag-
nitude larger than that of �cc and �bb.

• The branching ratio via Higgs boson decays is about 10−4

for the production of �bc baryon, and 10−5 for the pro-
duction of �cc and �bb baryons.

• At the HL-LHC, there are sizable events of doubly heavy
baryons �QQ′ , at the order of 104, produced per year.

• There are only about 102 �QQ′ events produced at the
CEPC/ILC, but with a cleaner background. In view of
the upgrade of the CEPC/ILC, such as increasing the
luminosity to the same level as the HL-LHC, there would
be 3.75 times the �QQ′ events.

To make a clear analysis of the distributions for the pro-
duction of �QQ′ through these four considered channels and
to be helpful as regards experimental detection, the invariant
mass differential decay widths d�/dsi j and the angular dif-
ferential distributions d�/dcosθi j are plotted in Figs. 2 and 3,
where the invariant mass si j = (pi + p j )

2 and θi j is the angle
between the momenta −→pi and −→p j in the Higgs boson rest
frame. All the possible spin and color configurations have
been taken into consideration, i.e., 〈cc〉[1S0]6, 〈cc〉[3S1]3̄,
〈bc〉[3S1]3̄/6, 〈bc〉[1S0]3̄/6, 〈bb〉[1S0]6 and 〈bb〉[3S1]3̄.

Figures 2 and 3 show that the behaviors of the differential
distributions for the production of baryon �bc are different
from that for the production of baryons �cc and �bb. Fig-
ure 2a shows that, as s12 gets smaller and smaller, i.e., p1

and p2 are collinear, there is a maximal value of d�/ds12.
From Fig. 3a (3b), one finds that, for the production of
�bc, d�/dcosθ12(d�/dcosθ13) is seen to be the largest when
cos θ12 = 1 (cos θ13 = −1), i.e., the doubly heavy baryons
�QQ′ and the heavy quark Q̄′ (Q̄) move side by side (back
to back). Figure 3c illustrates this fact again. Meanwhile for
the production of �cc and �bb, there are similar kinematic
behaviors for (a) and (b) in Figs. 2 and 3 for the identical
particles in the diquark state.

Concerning the discovery potential of these baryons at
the HL-LHC and CEPC/ILC, the possible decay channels of
�QQ′ is useful. Similar to the observation of �++

cc baryon, the
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Table 3 The decay width and the estimated events through these four Higgs decay channels at the HL-LHC and the CEPC/ILC

Fock states �cc �bc �bb

[3S1]3̄ [1S0]6 [3S1]3̄ [3S1]6 [1S0]3̄ [1S0]6 [3S1]3̄ [1S0]6

� (×10−7GeV) 0.69 0.41 5.93 2.97 4.78 2.41 0.42 0.30

HL-LHC events (×104) 0.27 0.16 2.33 1.17 1.88 0.95 0.17 0.12

CEPC/ILC events (×102) 0.16 0.10 1.41 0.71 1.14 0.57 0.10 0.07

Table 4 The total decay width, the branching ratio and the estimated events of the doubly heavy baryons �QQ′ by summing up the contribution
from each intermediate diquark state

� (×10−7 GeV) Br (×10−4) HL-LHC events CEPC/ILC events

H0 → �cc 1.10 0.26 0.43 × 104 0.26 × 102

H0 → �bc 16.09 3.83 6.32 × 104 3.83 × 102

H0 → �bb 0.72 0.17 0.28 × 104 0.17 × 102

�bc and �bb baryons could be observed by cascade decays
such as �+

bc → �++
cc (→ pK−π+π+)π− and �0

bb →
�+

bc(→ �++π−)π−. At present, many phenomenological
models have been suggested to study the decay properties of
the doubly heavy baryons, which are at the initial stage for
the large non-perturbative effects. An overview of the dou-
bly heavy baryons decay, together with the possibilities of
observation may be found in Refs. [49,50]. As for the detec-
tion efficiency in the experiment, the events cannot be 100%
detected. Compared to the �++

cc events detected by LHCb

[12,27–29], aboutO(10) doubly heavy baryons �QQ′ events
from Higgs boson decays would be detected per year at the
HL-LHC and there would be O(1) events which could be
detected at the ILC and CEPC.

3.2 Theoretical uncertainties

In this subsection, the theoretical uncertainties for the pro-
duction of �QQ′ via the Higgs boson decays would be dis-
cussed. There are three main sources of the theoretical uncer-

(a) (b) (c)

Fig. 2 The invariant mass differential decay widths d�/ds12 (a), d�/ds13 (b) and d�/ds23 (c) for the process H0 → �QQ′ + Q̄′ + Q̄. Eight lines
represent the possible spin and color configurations, i.e., 〈cc〉[1S0]6, 〈cc〉[3S1]3̄, 〈bc〉[3S1]3̄/6, 〈bc〉[1S0]3̄/6, 〈bb〉[1S0]6 and 〈bb〉[3S1]3̄

(a) (b) (c)

Fig. 3 The angular differential decay widths d�/d cos θ12 (a), d�/d cos θ13 (b) and d�/dcosθ23 (c) for the process H0 → �QQ′ + Q̄′ + Q̄. Eight
lines represent the possible spin and color configurations, i.e., 〈cc〉[1S0]6, 〈cc〉[3S1]3̄, 〈bc〉[3S1]3̄/6, 〈bc〉[1S0]3̄/6, 〈bb〉[1S0]6 and 〈bb〉[3S1]3̄
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Table 5 The theoretical uncertainties for the production of baryons �QQ′ via Higgs boson decays by varying mc = 1.8 ± 0.3 GeV

�(×10−7GeV) �cc �bc �bb

[3S1]3̄ [1S0]6 [3S1]3̄ [3S1]6 [1S0]3̄ [1S0]6 [3S1]3̄ [1S0]6

mc = 1.5 GeV 0.85 0.49 10.90 5.46 8.17 4.11 0.42 0.30

mc = 1.8 GeV 0.69 0.41 5.93 2.97 4.78 2.41 0.42 0.30

mc = 2.1 GeV 0.58 0.35 3.54 1.77 3.07 1.55 0.42 0.30

Table 6 The theoretical uncertainties for the production of baryons �QQ′ via Higgs boson decays by varying mb = 5.1 ± 0.4 GeV

�(×10−7GeV) �cc �bc �bb

[3S1]3̄ [1S0]6 [3S1]3̄ [3S1]6 [1S0]3̄ [1S0]6 [3S1]3̄ [1S0]6

mb = 4.7 GeV 0.69 0.41 4.94 2.47 4.11 2.07 0.46 0.33

mb = 5.1 GeV 0.69 0.41 5.93 2.97 4.78 2.41 0.42 0.30

mb = 5.5 GeV 0.69 0.41 7.02 3.51 5.51 2.78 0.38 0.28

tainties: the quark mass, the renormalization scale μr and
the transition probability. The likely quark mass uncertainty
covers mc and mb for building the mass of the corresponding
doubly heavy baryons �QQ′ . We shall analyze the caused
quark mass uncertainties by varying mc = 1.8 ± 0.3 GeV
and mb = 5.1 ± 0.4 GeV, which are listed in Tables 5
and 6, respectively. It is worth mentioning that, discussing
the uncertainty caused by one parameter, the others should be
fixed to their central values. The decay widths through these
four considered decay channels have been summed up for the
total decay width. Tables 5 and 6 show that the decay width
for the production of �cc (�bb) decreases with the increment
of mc (mb) for a suppression of the phase space. Meanwhile,
for the production of �bc, the decay width decreases with the
increment of mc but increases with the increment of mb.

Due to the QCD running coupling, the renormalization
scale μr would make a significant contribution to the decay
width. We could obtain the uncertainties by substituting three
different renormalization scales, i.e., μr = 2mc, Mbc or 2mb,
which are presented in Table 7. As a supplement, the QCD
running coupling αs(μr ) is also added to Table 7. In fact,
such a scale ambiguity could be suppressed by a higher-order
perturbative calculation or proper scale-setting methods such
as the Principle of Maximum Conformal (PMC) method [51–
54].

Finally, the theoretical uncertainty caused by the non-
perturbative transition probability is considered. Consid-
ering that the transition probability is proportional to the
decay width, its uncertainty can be conventionally obtained
when we know its exact value. Throughout the paper, the
transition probability of the color-antitriplet diquark state
〈QQ′〉3̄ and the color-sextuplet diquark state 〈QQ′〉6 to the
heavy baryon �QQ′ have been considered as the same, i.e.,
h6 � h3̄ = |�QQ′(0)|2 [18,43], where the wave functions at
the origin |�QQ′(0)| are derived from the power-law poten-

Table 7 The theoretical uncertainties for the production of baryons
�QQ′ via Higgs boson decays by substituting the renormalization scale
μr = 2mc, Mbc or 2mb. The units of the decay widths are (×10−7 GeV)

μr 2mc Mbc 2mb

αs 0.242 0.198 0.180

��cc[3S1]3̄
0.69 0.45 0.37

��cc[1S0]6
0.41 0.27 0.22

��bc[3S1]3̄
5.93 3.94 3.24

��bc[3S1]6
2.97 1.97 1.63

��bc[1S0]3̄
4.78 3.16 2.59

��bc[1S0]6
2.41 1.60 1.31

��bb[3S1]3̄
0.77 0.51 0.42

��bb[1S0]6
0.57 0.37 0.30

tial model. However, there is a larger uncertainty for h6 than
for h3̄. Within the framework of NRQCD, the intermedi-
ate diquark state 〈QQ′〉[n] can be expanded into a series of
Fock states with the relative velocity (v) and, according to
the NRQCD power counting rule, each Fock state is of the
same importance, which is the main reason why we took
h6 � h3̄. In addition to this point of view, there is another
point of view: namely, that the color-sextuplet state would
be suppressed by v2 compared to the color-antitriplet state,
i.e., h6/v

2 � h3̄ = |�QQ′(0)|2. Even if the contribution
of the color-sextuplet diquark (QQ′)6 state can be ignored
(h6 = 0) and only the color-antitriplet diquark (QQ′)3̄ state
is taken into consideration (h3̄ = |�QQ′(0)|2), there are still
0.27×104 events of �cc, 4.21 ×104 events of �bc and 0.17
×104 events of �bb produced per year at the HL-LHC. How-
ever, there are fewer events produced at the CEPC/ILC, only
0.16×102 events of �cc, 2.55 ×102 events of �bc and 0.10
×102 events of �bb.
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4 Summary

Within the framework of NRQCD, the decay widths for the
production of baryons �cc, �bc and �bb have been ana-
lyzed through four main Higgs decay channels, H0 →
bb̄/cc̄/Z0Z0/gg. By summing up all the contributions
from the intermediate diquark states, 〈cc〉[1S0]6, 〈cc〉[3S1]3̄,
〈bc〉[3S1]3̄/6, 〈bc〉[1S0]3̄/6, 〈bb〉[1S0]6 and 〈bb〉[3S1]3̄, the

total decay width for the process H0 → �QQ′ + Q̄′ + Q̄ can
be obtained, i.e.,

�H0→�cc
= 1.10+0.24

−0.17 × 10−7 GeV,

�H0→�bc
= 16.09+12.55

−6.16 × 10−7 GeV,

�H0→�bb
= 0.72+0.07

−0.06 × 10−7 GeV,

where the uncertainty is caused by varying the quark mass
mc = 1.8 ± 0.3 GeV and mb = 5.1 ± 0.4 GeV. To be
helpful as regards experimental detection, the invariant mass
and the angular differential distributions have also been pre-
sented. The corresponding produced events of the doubly
heavy baryons �QQ′ are both estimated at the HL-LHC and
the CEPC/ILC. There are about (0.27–0.43)×104 events of
�cc, (4.21–6.32)×104 events of �bc and (0.17–0.28)×104

events of �bb produced per year at the HL-LHC. There are
fewer events produced at the CEPC/ILC, only about (0.16–
0.26)×102 events of �cc, (2.55–3.83)×102 events of �bc and
(0.10–0.17)×102 events of �bb, where the uncertainties are
from the transition probability. Due to the high luminosity
and high collision energy, there are sizable events of doubly
heavy baryons �QQ′ produced per year at the HL-LHC via
Higgs boson decays, which will be accessible by experiment
research.
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