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With a distinctive internal structure from all established hadrons, the beauty-charmed baryons Ξbc can
provide us with new points of view to decipher the strong interaction. In this work, we point out that the
inclusive Ξbc → Ξþþ

cc þ X decay is a golden channel for the experimental discovery of Ξbc at the LHC.
A unique feature of this process is that the Ξþþ

cc is displaced, which greatly reduces the combinatorial
background. A feasibility analysis is performed on the Ξþ

bc search, which is expected to have a longer
lifetime than Ξ0

bc and thus a better displacement resolution. The Ξþ
bc → Ξþþ

cc þ X branching ratio is
calculated within the heavy diquark effective theory. Combining the production rate of Ξbc and the detection
efficiency of Ξþþ

cc , we anticipate that hundreds of signal events will be collected during LHCb Run 3.

DOI: 10.1103/PhysRevD.105.L031902

I. INTRODUCTION

Doubly heavy baryons, especially the Ξþþ
cc , have recently

received much attention [1]. Different from other baryons
with one or zero heavy quarks, doubly heavy baryons
resemble a “double-star” core surrounded by a light
“planet.” The discovery of Ξþþ

cc also motivated studies to
probe the nature of exotic four-quark states or structures,
e.g., cusps or true resonances (see, e.g., Refs. [2–4]). Very
recently, the first doubly heavy tetraquark candidate Tþ

cc
was observed by the LHCb Collaboration [5,6]. However,
unlike in doubly charmed systems, the “double-star” core
in the beauty-charm baryons Ξbc is imbalanced, resulting in
diverse features. Compared to the charm-charm binary,
the beauty-charm core is expected to have a smaller
size, behaving more like a point particle. Moreover, the

beauty-charmed baryons involve more energy scales—
the beauty mass, the charm mass, and the nonperturbative
QCD scale ΛQCD—so they involve more affluent dynamics.
Thereby, the beauty-charmed baryons could provide a unique
new hadronic platform to decode the strong interaction.
Experimentalists have made abundant efforts to search

for the beauty-charmed baryons Ξbc. However, such
searches are much more difficult than those for Ξþþ

cc . For
example, the exclusive channels Ξ0

bc → D0pK− [7] and
Ξ0
bc → Ξþ

c π
− [8] were used to search for Ξbc at the LHCb,

but no definitive evidence was established. With some
theoretical and experimental inputs, the experimental upper
limit on the Ξ0

bc → Ξþ
c π

− branching ratio can be extracted
from Ref. [8] to beOð10−4Þ. Comparing it to the theoretical
prediction [9], we find a big gap of about 3 orders of
magnitude. One difficulty in such exclusive searches lies in
the limited production rate for Ξbc at the LHC, but a bigger
challenge is due to the very low reconstruction efficiency,
because a beauty typically decays with fractions of
Oð10−3Þ even to the most abundant exclusive final states
[9–11]. To overcome this difficulty, we propose an
approach to search for Ξbc via an inclusive decay channel
Ξbc → Ξþþ

cc þ X, where X stands for all possible particles.
This inclusive approach to search for Ξbc has multiple

advantages. First, it has a much larger branching ratio
than any exclusive decay channel. Second, the detection
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efficiency is greatly improved because only Ξþþ
cc needs to be

reconstructed. Last, but very importantly, because theweakly
decaying Ξbc has a relatively long lifetime and can typically
form a submillimeter displaced secondary decaying vertex,
the Ξþþ

cc ’s generated from Ξbc do not draw back to the
primary proton-proton collision vertices. The Ξþþ

cc displace-
ment characterized by a nonzero impact parameter (IP) can
clearly distinguish the signal events from the main back-
ground, primarily produced Ξþþ

cc ’s. To clarify this point, a
diagrammatic sketch is displayed in Fig. 1. The use of the IP
has been applied at the LHCb for a long time (see, e.g.,
Ref. [12]), and it was proposed that displacedBc mesons can
be used to search for Ξbb in Ref. [13], which inspired the
starting point of this work. According to Ref. [13], the
relatively long lifetime of Ξþ

bc [14] can bring it good IP
resolution, while the situation will be worse for Ξ0

bc. Apart
from the IP value, the distance between theΞþþ

cc decay vertex
and the primary collisionvertex can also be used in the search
to improve the sensitivity.
As the Ξbc production rates and lifetimes have been

evaluated in, e.g., Ref. [15,16] and Ref. [14] (see also
references therein), respectively, the remaining key issue is
the Ξbc → Ξþþ

cc þ X branching ratio. Based on the heavy
diquark effective theory [17,18], we calculate the branching
ratio and find BðΞþ

bc → Ξþþ
cc þ XÞ ≈ 7%. Moreover,

because the signal is a displaced Ξþþ
cc , the reconstruction

efficiency of the signal events is close to the detection
efficiency of Ξþþ

cc , which can be reliably extracted from
previous experiments. Combining all of this information,
we find that hundreds of signal events are expected during
LHCb Run 3, with an integrated luminosity of 23 fb−1 by
2024. Consequently, the proposed inclusive approach for
the Ξbc search is feasible and timely for the LHCb.

II. DECAY RATE

In the feasibility analysis of this approach, the inclusive
Ξbc → Ξþþ

cc þ X decay rate is calculated as follows. Based
on the heavy quark symmetry and the heavy diquark
symmetry, each step of the calculation is trustworthy.
First, under the heavy (di)quark symmetry, it can be
demonstrated that the leading contribution to the inclusive
Ξbc → Ξþþ

cc þ X decay is from Xbc → X cc þ f̄f0, where

XQQ0 stands for a heavy diquark constituted by the heavyQ
and Q0 quarks, and fð0Þ can be any possible quarks or
leptons. Subsequently, the unknown Xbc → Xcc diquark
transition current is evaluated by matching from the b → c
transition current. Afterwards, the decay rate of Ξbc →
Ξþþ
cc þ X is numerically calculated, with possible theoreti-

cal uncertainties taken into account.
We first validate the treatment of the two heavy quarks

QQ0 as a point-like object in a doubly heavy baryon.The
QQ0 form a color anti-triplet and have an attractive
potential. As illustrated by [19], the distance between
the two heavy quarks is estimated as rQQ ∼ 1=ðmQvÞ with
v being the heavy quark velocity in the baryon rest frame,
while the spatial size of the light quark in the baryon is
rQq ∼ 1=ΛQCD. Furthermore, it can be deduced that v is
small if mQ is heavy enough [20]. Numerical calculations
confirm the hierarchy by giving v2c ∼ 0.3 and v2b ∼ 0.1 [20].
It indicates that mbv2b ∼mcv2c ∼ ΛQCD, so rQQ=rQq∼
ΛQCD=ðmQvÞ ≪ 1. In conclusion, the two heavy quarks
can be treated as a point-like diquark compared to the
baryon size. This greatly simplifies the structure of a three-
quark system to a bound state of a heavy diquark and a
light quark.
Benefitting from the quark-diquark picture, we can

formulate the inclusive decay of a doubly heavy baryon
within the heavy diquark effective theory [17,18].
Performing the operator product expansion, the inclusive
Ξbc → Hcc þ X decay rate can be expanded by inverse
powers of the diquark mass MX , with the leading-power
contribution given by the free diquark decay rate,

ΓðΞbc → Hcc þ XÞ ¼
X

f;f0
ΓðXbc → Xccf̄f0Þ þO

�
1

MX

�
:

ð1Þ

The fermion pairs f̄f0 include v̄ll− (l ¼ e; μ; τ) and
ūd; ūs; c̄d; c̄s. The Hcc represents all doubly charmed

hadrons, including the ground-state baryons ΞþþðþÞ
cc , Ωþ

cc
and the tetraquarks Tcc, and their excited states as well. As
the fragmentation rates to strange baryons and to tetra-
quarks are much smaller than those to non-strange baryons
(see, e.g., [21,22]), the fragmentations to Ωcc and Tcc
and their excited states are neglected in the following
discussions. For the non-strange baryons, the excited
states eventually decay strongly (or electromagnetically)
into Ξcc. Therefore, all the Ξbc → Hcc þ X decay processes
produce a displaced Ξcc, half Ξþþ

cc and half Ξþ
cc

by the isospin symmetry, i.e., ΓðΞbc → Hcc þ XÞ≈
ΓðΞbc → Ξcc þ XÞ ≈ 2ΓðΞbc → Ξþþ

cc þ XÞ.
In the evaluation of ΓðXbc → Xccf̄f0Þ induced by the

weak interaction vertices such as c̄γμPLbf̄γμPLf0 with the
left-handed projector PL ≡ ð1 − γ5Þ=2, the f̄f0 part can be
factorized out at the leading order of the strong coupling

FIG. 1. Sketch of Ξbc production and decay at the LHC. The
secondary decay vertex of Ξbc → Ξþþ

cc þ X is displaced from the
proton-proton collision vertex, which produces a unique signal: a
displaced Ξþþ

cc .
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constant αs, and the key issue in the calculation is the
remaining diquark current hX i

ccjc̄γμPLbjX l
bci, where i, l

are color indices. The S-wave diquark Xbc is either a scalar
or axial vector but, as implied by studies of the beauty-
charmed baryon spectroscopy [23,24], an axial-vector Xbc
state is dominant in the Ξbc baryons. On the other hand,
Xcc can only be an axial vector due to the flavor and spin
symmetries. The calculation of the diquark current is
performed in two different kinematic regions: the large-
recoil region and the small-recoil region. In the former, the
perturbative calculation is applicable because typically a
hard gluon exchange between the spectator quark and the
weak interacting quarks is required, as displayed in Fig. 2.
In practice, we adopt the non-relativistic QCD (NRQCD)
factorization for this calculation, which were applied to
calculate the Bc → ηc; J=ψ form factors [25,26]. In the
small-recoil region, the so-called soft overlap contribution
is dominant and the perturbative QCD expansion is less
trustworthy. However, the heavy quark symmetry deter-
mines the form of the diquark current at the zero-recoil
point. For the intermediate region, we use a simplified
z-series expansion [27] to perform the interpolation.
The vector and axial-vector diquark currents can be

parametrized as

hX i
ccðv; ϵÞjc̄γμbjX l

bcðv0; ϵ0Þi
¼ δil

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2MccMbc

p
½−a0ϵ� · ϵ0v0μ − a1ϵ� · ϵ0vμ

þ a2ϵ� · v0ϵ0μ þ a3v · ϵ0ϵ�μ�;
hX i

ccðv; ϵÞjc̄γμγ5bjX l
bcðv0; ϵ0Þi

¼ δil
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2MccMbc

p
½−ib0ϵϵ0ϵ�v0μ − ib1ϵϵ

0ϵ�vμ�; ð2Þ

where vð0Þ, ϵð0Þ, and MccðbcÞ are the 4-velocity, polarization
vector, and mass ofX ccðbcÞ. The functions aiðq2Þ and biðq2Þ
of the transfer momentum squared q2 are to be determined.
At the zero-recoil [maximal q2 ¼ ðMbc −MccÞ2] point, they
can be obtained by taking the heavy quark limit, and the
results read

a0;1;2;3ðq2maxÞ ¼ b0;1ðq2maxÞ ¼ 1: ð3Þ

It can bederived in the followingway.Due to the heavyquark
symmetry, the ground-stateQQ0 diquark can be represented
by a Lorentz bilinear field [see, e.g., Eq. (9) of Ref. [18] ],

DQQ0
v ðxÞ ¼ 1þ =v

2
½γμAμðxÞ þ iγ5SðxÞ�C; ð4Þ

where C≡ iγ0γ2, the axial-vector field AμðxÞ annihilates an
axial-vector diquark with a polarization vector ϵμ, and the
scalar field SðxÞ annihilates a scalar diquark. All of the color
indices are hidden for convenience. Its Lorentz transforma-
tion property isDvðxÞ → D0

v0 ðx0Þ ¼ DðΛÞDvðΛ−1xÞDðΛÞT,
where Λ and DðΛÞ are the Lorentz transformation matri-
ces for Lorentz vectors and Dirac spinors, respecti-
vely. The conjugate field of Dv can be introduced as
D̄v ¼ γ0D†

vγ0, which transforms as D̄vðxÞ → D̄v0 ðx0Þ ¼
½DðΛÞ−1�TD̄vðΛ−1xÞDðΛÞ−1. Then, we can match the quark
transition currents to the corresponding diquark transition
currents via

c̄Γb ¼ tr½LTD̄cQ
v0 ΓD

bQ
v �; ð5Þ

which is determined by the heavy quark spin symmetry and
Lorentz covariance. The Γ matrix represents a general 4 × 4
matrix, and only γμ and γμγ5 are involved in this work. The
Lorentz bispinor L only depends on v and v0. The general
expression for L with the correct parity and time-reversal
properties is L ¼ L0 þ L1=vþ L2=v0 þ L3=v=v0, where the
coefficients Li are functions of w≡ v · v0. The property
=vDv ¼ Dv together with v · ϵ ¼ v0 · ϵ0 ¼ 0 simplifies the
current (5) such that LT can be replaced by a scalar function
ξðwÞ ¼ L0 þ L1 þ L2 þ L3. Evaluating the trace with
Γ ¼ γμ; γμγ5 under Eq. (5) with a proper normalization gives
the matrix elements

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2MbcMcc

p hXccðv; ϵÞjc̄γμbjXbcðv0; ϵ0Þi

¼ ξðwÞ½−ϵ� · ϵ0v0μ − ϵ� · ϵ0vμ þ ϵ� · v0ϵ0μ þ v · ϵ0ϵ�μ�;
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2MbcMcc
p hXccðv; ϵÞjc̄γμγ5bjXbcðv0; ϵ0Þi

¼ ξðwÞ½−iϵϵ0ϵ�v0μ − iϵϵ
0ϵ�vμ�; ð6Þ

where the symmetry factor
ffiffiffi
2

p
is due to the identical

c quarks in Xcc, and the masses are introduced to make
ξðwÞ dimensionless. Replacing X ccðv; ϵÞ → Xbcðv0; ϵ0Þ
and c → b, the above vector-current expression leads to
hXbcðv0; ϵ0Þjb̄γμbjXbcðv0; ϵ0Þi=Mbc ¼ 2ξð1Þv0μ ¼ 2v0μ. It
determines that ξðwÞ ¼ 1 at the zero recoil w ¼ 1, leading
to the final result in Eqs. (2) and (3).
In the large-recoil (small-q2) region, the diquark currents

are induced by exchanges of hard gluons. At the leading
order with one hard gluon exchange, a sample Feynman
diagram is shown in Fig. 2. The hard gluon leads to the

FIG. 2. A sample Feynman diagram of the Xbc → X cc diquark
transition induced by the V − A current at the large recoil. The
double lines denote the heavy quarks. The gluon line close to the
weak vertex denotes a hard gluon. The dashed lines denote any
number of soft gluons which can be absorbed into the initial and
final diquark wave functions. The velocity of X ccðbcÞ is vð0Þ. The
relative momentum of the two heavy quarks in X ccðbcÞ is kð0Þ.
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large recoil, while the soft gluon exchanges can be absorbed
into the initial and final diquark wave functions in the
NRQCD framework. The NRQCD calculation formulates
the diquark currents as nonperturbative matrix elements
along with the corresponding Wilson coefficients as

ai½χbcðv0Þ → χccðvÞ�

¼
X

jk

cjki ðμÞ
m

dj−4
2

b m
dk−4
2

c

h0jK0
jðμÞjχbcðv0ÞihχccðvÞjKkðμÞj0i; ð7Þ

where the Kð0ÞðμÞ are all possible independent bilinear
combinations of two component operators which can be
power counted by the velocity vð0Þ. The cjki ðμÞ are the short-
distance Wilson coefficients which can be calculated order
by order in series of αs. Following an analogous procedure to
obtain Eq. (4) in Ref. [25], we calculate the quark-level hard
kernel with one hard gluon exchange, convolute it with the
diquark nonperturbative matrix elements, and obtain the
leading-order result

a2;3ðq2Þ ¼
αs

2ð1 − wÞ2 ffiffiffiffi
w

p Nc þ 1

Nc

1

m3
c
Rbcð0ÞR�

ccð0Þ;

a0ðq2Þ ¼ b0ðq2Þ ¼ ξ̄2a2;3ðq2Þ;
a1ðq2Þ ¼ b1ðq2Þ ¼ ξ̄1a2;3ðq2Þ; ð8Þ

where ξ̄1 ≡mb=Mbc, ξ̄2 ≡mc=Mcc, and the number of
colors Nc ¼ 3. The diquark wave functions at the origin
are defined through the nonperturbative matrix elements

ϵijk
h0jψT

c;iiσ2σ⃗ψb;jjXk
bcðε⃗Þiffiffiffiffiffiffiffiffiffiffiffi

2Mbc
p ¼ Nc!

Rbcð0Þffiffiffiffiffiffi
4π

p ε⃗;

ϵijk
hXk

ccðε⃗Þjψ†
c;iiσ⃗σ2ψ

�
c;jj0iffiffiffiffiffiffiffiffiffiffiffi

4Mcc
p ¼ Nc!

R�
ccð0Þffiffiffiffiffiffi
4π

p ε⃗ �; ð9Þ

where ψ’s are two-component spinor fields, σ’s are Pauli
matrices and ϵijk is the Levi-Civita symbol in the color space.
To obtain the numerical result, it requires the input of the
diquark wave functions at the origin Rbc;ccð0Þ. They are
obtained by solving the nonrelativistic Schrödinger equa-

tions, with the potential VðrÞ ¼ − 2
3

αsðνlatÞ
r þ c2rþc1

c3rþ1
þ σr [28]

with νlat ¼ 2.16GeV;σ¼ 0.21GeV2;c1¼ 1.948GeV;c2 ¼
15.782GeV;c3¼ 9.580GeV, which were fitted from the
lattice calculation [29,30]. The quark masses take values
of mc ¼ 1.392ð11Þ GeV and mb ¼ 4.749ð18Þ GeV.
The ground-state solutions to the Schrödinger equations
give Rccð0Þ ¼ ð0.66� 0.06ÞGeV3=2 and Rbcð0Þ ¼ ð0.87�
0.09ÞGeV3=2. The uncertainties were estimated from the
differences between the results obtained with the above
lattice potentials and the Cornell potentials [31], though the
real uncertainties could be larger.
To interpolate the diquark current in the whole range

from the above results in the small- and large-recoil

regions, a simplified z-series expansion [27] is adopted
with the formulation fðq2Þ ¼ fð0Þ=ð1 − q2=m2

Bc
Þ½1þ

bζðq2Þ þ cζ2ðq2Þ� for a0ð¼ b0Þ, a1ð¼ b1Þ and a2ð¼ a3Þ,
where ζðq2Þ ¼ zðq2Þ − zð0Þ, zðq2Þ ¼ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p Þ=ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p Þ, t� ¼ ðMbc �MccÞ2,

t0 ¼ tþð1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t−=tþ

p Þ and the free parameters fð0Þ,
b, and c are to be determined. The value of t0 is chosen to
minimize jzj to improve the convergence. Unlike Ref. [27],
we use ζðq2Þ instead of zðq2Þ for the expansion, though
these two parameterizations are equivalent. The expansion
in ζðq2Þ ensures that fð0Þ is exactly the value of the
form factor at q2 ¼ 0. Fitting the points of q2 ¼
0; 0.1; 0.2; 0.3; 0.4 GeV2 and q2max ≈ 11.3 GeV2, the
parameters are extracted as: fð0Þ ¼ 0.247; b ¼ −58.6;
c ¼ 238.2 for a2, fð0Þ ¼ 0.124; b ¼ −52.9; c ¼ 1898.2
for a0; and fð0Þ ¼ 0.191; b ¼ −57.0; c ¼ 388.0 for a1.
The corresponding results are plotted in Fig. 3, with the
uncertainties transferred from the diquark wave functions at
origin.
Finally, with the numerical results for the diquark

currents, the inclusive Ξbc → Hcc þ X decay rate (1) can
be calculated. The leading power free diquark decay rates
were calculated by phase space integration of the amplitude
squares. For example, for the electron channel contribution
ΓðXbc → X cce−ν̄eÞ, the amplitude is given by the product
of 4GF=

ffiffiffi
2

p
VcbūðpeÞγμPLvðpνÞ and the diquark current

hXccjc̄γμPLbjXbci, where GF is the Fermi constant and
Vqq0 is the corresponding Cabbibo-Kobayashi-Maskawa
(CKM) matrix element. The calculation is similar for
the other leptonic channels; for the hadronic channels,
the replacement jVcbj2 → jVcbV�

UDj2ð3C2
1 þ 2C1C2 þ C2

2Þ
should be performed at the level of amplitude squares with
U ¼ u; c and D ¼ d; s, where the Wilson coefficients are
defined in Ref. [32]. Summing over the contributions from
all possible channels with f̄f0 ¼ eν̄; μν̄; τν̄; ūd; ūs; c̄d; c̄s,
the numerical result for the inclusive decay rate reads

ΓðΞbc →Hcc þXÞ ¼ ð1.9� 0.1� 0.3� 0.4Þ× 10−13GeV:

ð10Þ

Most numerical inputs have been given previously, except
that the Wilson coefficients took values from Ref. [32] and

FIG. 3. Central values (solid curves) and �1σ uncertainties
(shadow areas) of the numerical results for a0;1;2ðq2Þ appearing in
the diquark currents.
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the Fermi constant and theCKMmatrix elements took values
from Ref. [33]. The uncertainties in order are from the quark
mass variation, the diquark wave functions at the origin, and
the scale dependence, respectively. The former two were
obtained by varying the values of the quark masses and the
diquark wave functions at the origin as listed below (9).
As for the scale, we chose μ ¼ mb for the central value
calculation, and doubled and halved it for the uncertainty
estimation. In addition, onewould expect more uncertainties
induced by unknown power corrections. The dominant v2

corrections are expected to potentially modify the result
by ∼30% [26]. The decay rate translates to the branching
ratios as

BðΞþð0Þ
bc → Hcc þ XÞ ≈ 14%ð3%Þ; ð11Þ

where we have taken τðΞþð0Þ
bc Þ ≈ 508ð105Þ fs [14]. As

analyzed before, the Ξþ;0
bc → Ξþþ

cc þ X branching ratio is
approximately 1/2 of BðΞþ;0

bc → Hcc þ XÞ.

III. PHENOMENOLOGY

Based on the Ξbc → Ξþþ
cc þ X branching ratio calculated

above, as well the information on Ξbc production and the
Ξþþ
cc detection efficiency, the number of signal events

containing a displaced Ξþþ
cc can be estimated.

In practice, the inclusive approach to search for Ξbc
depends crucially on the lifetimes of the Ξbc baryons. Only
if they fly far enough from the collision vertices before
decaying, the displacement of the decay products Ξþþ

cc ’s
can be clearly distinguished. According to the study of
Ξbb → B−

c þ X [13], with the vertex resolution of the LHCb
detector, the Ξbb particles with lifetimes above about 500 fs
can lead to displaced Bc’s with significantly higher IP
values than those of the prompt Bc’s. In contrast, if their
lifetimes are much below 500 fs, the IP values will hardly
help separate their decaying Bc’s from the prompt ones.
Therefore, we will focus on the Ξþ

bc in the following, which
is expected to have a sufficiently long lifetime [14].
The Ξbc production cross section at the LHC has been

theoretically evaluated in Refs. [15,16]. To reduce system-
atic uncertainties, instead of the direct result for the cross
section, we adopt the cross section ratio σðΞbcÞ=σðΞccÞ ≈
40% [15]. The signal is determined by a displaced Ξþþ

cc , so
its detection efficiency is expected to be identical to that of
a normal Ξþþ

cc , εðΞþþ
cc Þ. With these inputs, the expected

signal yield Ns is expressed as

Ns ¼ NpðΞþ
bcÞ · BðΞbc → Ξþþ

cc þ XÞ · εðΞþþ
cc Þ

¼ NdðΞþþ
cc Þ · σðΞbcÞ

σðΞccÞ
· BðΞþ

bc → Ξþþ
cc þ XÞ; ð12Þ

where Np;d are the number of produced and detected
particles. Quantitatively, it is expected that the LHCb
Run3 will collect approximately 104 Ξþþ

cc ’s through
the Λþ

c K−πþπþ [34] and Ξþ
c π

þ [35] reconstruction.

Combining the inclusive decay branching ratio (11) and
the Ξbc production information σðΞbcÞ=σðΞccÞ≈ 40% [15],
one finally arrives at the signal yield at the LHCb Run3,
Ns≈ 300. In a real measurement, some of these events will
get swamped by the background of the primarily produced
Ξþþ
cc ’s, if, for example, the Ξþ

bc’s are not displaced by a
distance far enough. Although it will lose some efficien-
cies, the Ξbc discovery will still be hopeful during LHCb
Run3, and will be very promising during LHCb Run4 and
at the high-luminosity LHC.
As for the background, a displaced Ξþþ

cc is also possibly
produced from Bþ

c decays, Bþ
c → Ξþþ

cc þ X. However, such
background is negligible because the branching ratio is
expected to be tiny due to the phase-space suppression.
The dominant quark-level transition for such decays is
b̄ → cc̄ s̄, so the least massive final state is Ξþþ

cc Ξ̄−
c , with

∼0.18 GeV phase space. Considering a similar decay
channel B → Λc þ Ξ̄c with ∼0.5 GeV phase space having
anOð10−3Þ branching ratio [33], the Bþ

c → Ξþþ
cc Ξ̄−

c branch-
ing ratio is expected to be even smaller. It also allows decay
processes with some other final states such as ΞccΞ̄cπ and
ΞccΞ̄�

c, but all of them are expected to have similar or
smaller branching ratios due to even smaller phase spaces
compared to Ξþþ

cc Ξ̄−
c . As Bc and Ξbc have production cross

sections of the same order at the LHC [16], the number of
the displaced Ξþþ

cc ’s produced via Bc decays is smaller than
that of the signal by at least 1 to 2 orders of magnitude.
Therefore, this background source can be safely neglected.
With the above analyses/calculations about aspects of the

experimental Ξbc search, we can conclude that it will be
very hopeful to discover Ξbc during LHCb Run 3 via the
inclusive approach that we proposed. The inclusive
approach should be more efficient than searches using
exclusive decays. The exclusive channels induced by b
quark decaying typically have branching ratios smaller
than BðΞbc → Ξþþ

cc þ XÞ by more than 1 or 2 orders of
magnitude [9]. The bc annihilation channels are power
suppressed and are thus even rarer. The c quark decay
channels suffer low reconstruction efficiencies of the b-
hadrons in their final states [11].

IV. CONCLUSION

We have proposed that the inclusive Ξbc decay channel—
or, more explicitly, Ξþ

bc → Ξþþ
cc þ X—can be used to

search for the Ξbc baryons, with a very clean and simple
signal: a displaced Ξþþ

cc . By making use of effective
theories of QCD, we have calculated its branching ratio
at the leading order and found that it is approximately 7%,
while the radiative corrections and power corrections are
left for future studies. Based on the result for the Ξþ

bc →
Ξþþ
cc þ X branching ratio, the Ξbc production rate, and

the Ξþþ
cc detection efficiency extracted from previous

experiments, we estimated that LHCb Run 3 can accu-
mulate approximately 300 such signal events. The possi-
ble background, the Bþ

c → Ξþþ
cc þ X decay, has been

demonstrated to be negligible. In conclusion, the inclusive
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Ξþ
bc → Ξþþ

cc þ X decay is very likely to serve as the
discovery channel for the Ξbc baryons.
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