
Searching for tetraquark through weak decays 
of  b-baryons

Fei Huang


University of Jinan


济南⼤学
Phys. Rev. D 106, 114041 (2022);  Eur. Phys. J. C 82, 1075 (2022) 

第三届强⼦与重味物理理论与实验联合研讨会



Outline

Introduction


 


Search for tetraquarks


Summary

Λb → Λ*J (pK−)J/ψ(ℓ+ℓ−)
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 Provide a platform for study of strong interactions

   Lepton   Universality

Penguin diagram

Box diagram

RK =
ℬ(B → Kμ+μ−)
ℬ(B → Ke+e−)

RK* =
ℬ(B → K*μ+μ−)
ℬ(B → K*e+e−)

     Low- 


     Central-

0.927+0.093,+0.036
−0.087,−0.035 q2

1.027+0.072,+0.027
−0.068,−0.026 q2

LHCb, PRD108, 032002 (2023)

     Low- 


     Central-

0.994+0.090,+0.029
−0.082,−0.027 q2

0.949+0.072,+0.027
−0.041,−0.022 q2
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  Theoretical   Experimental

✓Quark Model：
Light-Front Quark Model

Covariant Quark Model 

Nonrelativistic Quark Model….

✓ QCD Sum rules (QCDSR)


✓ Light-Cone Sum rules (LCSR)


✓ Lattice QCD (LQCD)


✓Bethe-Salpeter approach…
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Abstract: The differential branching fraction of the rare decay Λ0
b → Λµ+µ− is measured

as a function of q2, the square of the dimuon invariant mass. The analysis is performed

using proton-proton collision data, corresponding to an integrated luminosity of 3.0 fb−1,

collected by the LHCb experiment. Evidence of signal is observed in the q2 region below the

square of the J/ψ mass. Integrating over 15 < q2 < 20GeV2/c4 the differential branching

fraction is measured as

dB(Λ0
b → Λµ+µ−)/dq2 = (1.18 +0.09

− 0.08 ± 0.03± 0.27)× 10−7 (GeV2/c4)−1,

where the uncertainties are statistical, systematic and due to the normalisation mode, Λ0
b →

J/ψΛ , respectively. In the q2 intervals where the signal is observed, angular distributions

are studied and the forward-backward asymmetries in the dimuon (A!FB) and hadron (Ah
FB)

systems are measured for the first time. In the range 15 < q2 < 20GeV2/c4 they are found

to be

A!FB = −0.05 ± 0.09 (stat) ± 0.03 (syst) and

Ah
FB = −0.29 ± 0.07 (stat) ± 0.03 (syst).
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The branching fraction of the rare decay Λ0
b → Λð1520Þμþμ− is measured for the first time, in the

squared dimuon mass intervals q2, excluding the J=ψ and ψð2SÞ regions. The data sample analyzed was
collected by the LHCb experiment at center-of-mass energies of 7, 8, and 13 TeV, corresponding to a total
integrated luminosity of 9 fb−1. The result in the highest q2 interval, q2 > 15.0 GeV2=c4, where theoretical
predictions have the smallest model dependence, agrees with the predictions.
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The standard model (SM) of particle physics provides at
present the best description of fundamental particles and
their interactions. However, it is unable to explain the
dominance of matter over antimatter or the patterns of the
interaction strengths of the elementary particles. Physics
beyond the SM (BSM) is needed to address these limi-
tations.
One way of searching for BSM physics is to study the

flavor changing neutral-current transition b → slþl−,
which proceeds through electroweak loop diagrams in
the SM, while a sizeable contribution could be introduced
by BSM physics [1–3]. Such decays have been studied in
the B-meson sector by measuring branching fractions [4–7]
and angular distributions [8–18] and testing lepton flavor
universality [19–25]. Similar to B-meson decays, the study
of b-baryon decays offers a multitude of observables that
are analogous to those typically measured in B-meson
decays, including charge-parity (CP) asymmetries. Owing
to the half-integer spin, the b-baryon decays offer an even
richer angular structure than the B-meson decays [26].
The differential branching fraction and angular observ-

ables of theΛ0
b → Λμþμ− decaywere analyzed by theLHCb

Collaboration [27], and the measured values can be
described by recent theoretical calculations [28,29]. The
Λ0
b → pK−μþμ− decay was first observed by the LHCb

Collaboration [30], and a search for CP violation was
performed. A test of lepton flavor universality in the decay
Λ0
b → pK−lþl− was carried out by the LHCb Collabo-

ration [31], and the result was found to be consistent with
SM predictions. In the aforementioned measurements, there
are various contributions of excited Λ baryon resonances to

the pK− final state, among which theΛð1520Þ stands out as
having a relatively narrowwidth of 16MeV [32]. In contrast
to the ground state Λ, which has a spin parity of
JP ¼ ð1=2Þ−, the excited Λð1520Þ state has a spin parity
of JP ¼ ð3=2Þ−, providing complementary information
on potential new physics effects in the b → slþl− tran-
sitions [33].
This Letter reports the first measurement of the differ-

ential branching fraction of the Λ0
b → Λð1520Þμþμ− decay

in intervals of the squared dimuon mass, q2, with the
Λð1520Þ baryon reconstructed through its Λð1520Þ →
pK− decay. The inclusion of charge-conjugate processes
is implied throughout this Letter. The more abundant tree-
level decay Λ0

b → pK−J=ψ, with a well-measured branch-
ing fraction [34], is used for normalization. The measure-
ments are performed using proton-proton (pp) collision
data corresponding to an integrated luminosity of 9 fb−1

recorded by the LHCb experiment at center-of-mass
energies of 7, 8, and 13 TeV.
The LHCb detector [35,36] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The online event selection is performed by a trigger [37,38],
which consists of a hardware stage, based on information
from the calorimeters and muon systems [39], followed by a
software stage, which applies a full event reconstruction.
Simulated events are used to develop the candidate selection
and to estimate the corresponding efficiency for the signal
and normalization modes. In the simulation, pp collisions
are generated using PYTHIA 8 [40,41] with a specific LHCb
configuration [42]. Decays of unstable particles are descri-
bed by EvtGen [43], in which final-state radiation is gene-
rated using Photos [44]. The interaction of the generated
particles with the detector, and its response, are simulated
using the Geant4 toolkit [45] as described in Ref. [46]. The
Λ0
b → Λð1520Þμþμ− and Λ0

b → pK−J=ψ decays are simu-
lated following a uniform phase-space model. The inter-
mediate resonant structures in the Λ0

b → pK−J=ψ decay are

*Full author list given at the end of the Letter.
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the author(s) and the published article’s title, journal citation,
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 Pentaquark production

Pentaquark

Resonances

 LHCb, Phys. Rev. Lett. 115, 072001 (2015)
 LHCb, Phys. Rev. Lett. 122, 222001 (2019)→ pK

Λb → Λ*J (pK−)J/ψ(ℓ+ℓ−)
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LHCb, Phys. Rev. Lett. 115, 072001 (2015)

 These resonances give main    
contributions

  decays depend on different  
resonances and their interference 
terms

Λb

Λb → Λ*J (pK−)J/ψ(ℓ+ℓ−)

Λ*1405, Λ*1520, Λ*1600, Λ*1690, Λ*1800, Λ*1810
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✓  does not reach the threshold   

   


✓  and   are very close 

    They will be treated together


✓  has a tiny contribution 

    Small integrated width

Λ*1405
mΛ*1405

< mp + mK

Λ*1800 Λ*1810

Λ*1690

Λ*1405, Λ*1520, Λ*1600, Λ*1690, Λ*1800, Λ*1810

LHCb, Phys. Rev. Lett. 115, 072001 (2015)

Λb → Λ*J (pK−)J/ψ(ℓ+ℓ−)
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θ φ XθΛ Y

Λb

l+

Λ∗

l−

J/ψ Z

p

K

iℳ = ∑
Λ*J

∑
sΛ*sJ/ψ

iℳ(Λb → Λ*J J/ψ)

× iℳ(J/ψ → ℓ+ℓ−)
i

q2 − m2
J/ψ + imJ/ψΓJ/ψ

× iℳ(Λ*J → pK)
i

p2
Λ* − m2

Λ*J
+ imΛ*J ΓΛ*J

iℳ(J/ψ → ℓ+ℓ−) = 2ieg × LλJ/ψ
λ−,λ+

(θ, ϕ)

g2 =
3Γ(J/ψ → l+l−)m2

J/ψ

4αem(m2
J/ψ + 2m2

ℓ) m2
J/ψ − 4m2

ℓ

Extract coupling constant

iℳ(Λ*J → pK) = 𝒜J × D*JΛ*
sΛ*,sp

(ϕΛ, θΛ)

hadronic

leptonic ℳ(Λb → Λ*J J/ψ) ∝ ⟨Λ*J | (s̄b)μ
V−A |Λb⟩ϵ*μ (sJ/ψ)
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  Spin-1/2 baryon   MCN model

fðM2
pKÞ ¼ F þ Aðω − 1Þ: ð22Þ

For the Λb → Λ%
1520 transition, results for the inputs F and

A are shown in Table II, and in the following we will use
these results as default.
If the final baryon is a spin-12 hadron, the weak transition

form factor is parametrized as [31]

hΛ%
Jðp0; s0ÞjsγμbjΛbðp; sÞi

¼ ūðp0; s0Þ
!
γμf

p
1 þ

pμ
Λb

mΛb

fp2 þ
pμ
Λ%
J

mΛ%
J

fp3

"
uðp; sÞ;

hΛ%
Jðp0; s0Þjs̄γμγ5bjΛbðp; sÞi

¼ ūðp0; s0Þ
!
γμg

p
1 þ

pμ
Λb

mΛb

gp2 þ
pμ
Λ%
J

mΛ%
J

gp3

"
γ5uðp; sÞ: ð23Þ

In Ref. [31], a model with a full quark model wave function
and the full relativistic form of the quark is adopted to
investigate the form factors, and these form factors are
studied in the multicomponent numerical (MCN) model.
The M2

pK dependence is parametrized as

fðM2
pKÞ¼ ða0þa2p2

Λþa4p4
ΛÞexp

!
−

6m2
qp2

Λ
2m̃Λ

2ðα2Λb
þα2Λ% Þ

"
:

ð24Þ

Here pΛ represents one of the daughter baryon momenta in
the Λb rest frame. The MCN model parameters a0, a2, and
a4 are given in Tables II and III, respectively. Because of
the lack of results for the Λb → Λ%

1800 transition, we use
the results for the Λb → Λ%

1405. This may induce sizable
uncertainties, and future detailed analysis can resolve this
approximation.

B. Numerical results

Two-body decays Λb → Λ%
JJ=ψ can provide a calibra-

tion for the four-body decay process, and the decay widths
for Λb → Λ%

JJ=ψ are given as

ΓðΛb→Λ%
JJ=ψÞ¼

X

sΛb ;sΛ%J
;sJ=ψ

jp⃗Λ%
J
j

8πm2
Λb

1

2
jMðΛb →Λ%

JJ=ψÞj2:

ð25Þ

With the form factors from Ref. [31], one can calculate
branching fractions for the process involving different
resonances Λ%

1520;1600;1800,

TABLE II. Input parameters in Eqs. (22) and (24) for Λ%
1520.

Lattice QCD MCN quark model

Form factor F A Form factor a0 a2 a4

f3=20
3.54(29) −14.7ð3.3Þ f1 −1.66 −0.295 0.00924

f3=2þ 0.0432(64) 1.63(19) f2 0.544 0.194 −0.00420
f3=2⊥ −0.068ð18Þ 2.49(35) f3 0.126 0.00799 −0.000365
f3=2⊥0

0.0461(18) −0.161ð27Þ f4 −0.0330 −0.00977 0.00211

g3=20
0.0024(38) 1.58(17) g1 −0.964 −0.100 0.00264

g3=2þ 2.95(25) −12.2ð2.9Þ g2 0.625 0.219 −0.00508
g3=2⊥ 2.92(24) −11.8ð2.8Þ g3 −0.183 −0.0380 0.00351

g3=2⊥0
−0.037ð14Þ 0.09(25) g4 0.0530 0.0161 −0.00221

αΛb
¼ 0.443 αΛ%ð1520Þ ¼ 0.333 m̃Λ ¼ 1.1249 mq ¼ 0.2848

TABLE III. Input parameters in Eqs. (22) and (24) for spin-1=2 resonance Λ%
1600;1800 in MCN quark model.

Λ%
1600 Λ%

1800

Form factor a0 a2 a4 Form factor a0 a2 a4

fþ1 0.467 0.615 0.0568 f−1 0.246 0.238 0.00976
fþ2 −0.381 −0.2815 −0.0399 f−2 −0.984 −0.0257 0.0173
fþ3 0.0501 −0.0295 −0.00163 f−3 0.118 0.0237 −0.000692
gþ1 0.114 0.300 0.0206 g−1 1.15 0.260 −0.00303
gþ2 −0.394 −0.307 −0.0445 g−2 −0.874 −0.0264 0.0159
gþ3 −0.0433 0.0478 0.00566 g−3 0.00871 −0.0196 −0.000997

αΛ%ð1600Þ ¼ 0.387 αΛ%ð1800Þ ¼ 0.333

ZHI-PENG XING, FEI HUANG, and WEI WANG PHYS. REV. D 106, 114041 (2022)
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In Ref. [31], a model with a full quark model wave function
and the full relativistic form of the quark is adopted to
investigate the form factors, and these form factors are
studied in the multicomponent numerical (MCN) model.
The M2

pK dependence is parametrized as

fðM2
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Here pΛ represents one of the daughter baryon momenta in
the Λb rest frame. The MCN model parameters a0, a2, and
a4 are given in Tables II and III, respectively. Because of
the lack of results for the Λb → Λ%

1800 transition, we use
the results for the Λb → Λ%

1405. This may induce sizable
uncertainties, and future detailed analysis can resolve this
approximation.

B. Numerical results

Two-body decays Λb → Λ%
JJ=ψ can provide a calibra-

tion for the four-body decay process, and the decay widths
for Λb → Λ%

JJ=ψ are given as

ΓðΛb→Λ%
JJ=ψÞ¼

X

sΛb ;sΛ%J
;sJ=ψ

jp⃗Λ%
J
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8πm2
Λb
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With the form factors from Ref. [31], one can calculate
branching fractions for the process involving different
resonances Λ%

1520;1600;1800,

TABLE II. Input parameters in Eqs. (22) and (24) for Λ%
1520.

Lattice QCD MCN quark model

Form factor F A Form factor a0 a2 a4

f3=20
3.54(29) −14.7ð3.3Þ f1 −1.66 −0.295 0.00924

f3=2þ 0.0432(64) 1.63(19) f2 0.544 0.194 −0.00420
f3=2⊥ −0.068ð18Þ 2.49(35) f3 0.126 0.00799 −0.000365
f3=2⊥0

0.0461(18) −0.161ð27Þ f4 −0.0330 −0.00977 0.00211

g3=20
0.0024(38) 1.58(17) g1 −0.964 −0.100 0.00264

g3=2þ 2.95(25) −12.2ð2.9Þ g2 0.625 0.219 −0.00508
g3=2⊥ 2.92(24) −11.8ð2.8Þ g3 −0.183 −0.0380 0.00351

g3=2⊥0
−0.037ð14Þ 0.09(25) g4 0.0530 0.0161 −0.00221

αΛb
¼ 0.443 αΛ%ð1520Þ ¼ 0.333 m̃Λ ¼ 1.1249 mq ¼ 0.2848

TABLE III. Input parameters in Eqs. (22) and (24) for spin-1=2 resonance Λ%
1600;1800 in MCN quark model.

Λ%
1600 Λ%

1800

Form factor a0 a2 a4 Form factor a0 a2 a4

fþ1 0.467 0.615 0.0568 f−1 0.246 0.238 0.00976
fþ2 −0.381 −0.2815 −0.0399 f−2 −0.984 −0.0257 0.0173
fþ3 0.0501 −0.0295 −0.00163 f−3 0.118 0.0237 −0.000692
gþ1 0.114 0.300 0.0206 g−1 1.15 0.260 −0.00303
gþ2 −0.394 −0.307 −0.0445 g−2 −0.874 −0.0264 0.0159
gþ3 −0.0433 0.0478 0.00566 g−3 0.00871 −0.0196 −0.000997

αΛ%ð1600Þ ¼ 0.387 αΛ%ð1800Þ ¼ 0.333
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¼ ūðp0; s0Þ
!
γμf

p
1 þ

pμ
Λb

mΛb

fp2 þ
pμ
Λ%
J

mΛ%
J

fp3

"
uðp; sÞ;

hΛ%
Jðp0; s0Þjs̄γμγ5bjΛbðp; sÞi
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Then one can explore the Liði ¼ 1 − 8Þ by expanding A
sΛb
sp;sJ=ψ which contain the resonance of Λ$

1520;1600;1800. The specific
expression including θΛ can be displayed in Appendix B. Thus, the differential decay width forΛb → Λ$

JðpK−ÞJ=ψðlþl−Þ
as a function of θΛ, θ, ϕ, and M2

pK is given as

dΓðΛb → Λ$
JðpKÞJ=ψðlþl−ÞÞ

d cos θd cos θΛdϕdM2
pK

¼ PðL11 þ cos θΛL12 þ cos 2θΛL13 þ cos 2ϕðL21 þ cos 2θΛL22Þ

þ cos 2θðL31 þ cos θΛL32 þ cos 2θΛL33Þ þ sin 2θ cosϕðsin θΛL41 þ sin 2θΛL42Þ
þ cos 2ϕ cos 2θðL51 þ cos 2θΛL52Þ þ sin 2θ sinϕðsin θΛL61 þ sin 2θΛL62Þ
þ sin 2ϕðL71 þ cos 2θΛL72Þ þ cos 2θ sin 2ϕðL81 þ cos 2θΛL82ÞÞ: ð19Þ

Here the formulas of Lijði ¼ 1 − 8; j ¼ 1 − 3Þ are also given in Appendix B.

IV. PHENOMENOLOGICAL APPLICATIONS

A. Transition form factors

The hadron matrix element hΛ$
Jjs̄γμð1 − γ5ÞbjΛbi in Eq. (5) can be parametrized by form factors. For the Λb → Λ$

1520
transition, one can define the helicity-based form factors as [30]

hΛ$
1520ðp0; s0Þjs̄γμbjΛbðp; sÞi ¼ ūλðp0; s0Þ

!
f3=20

mΛ$
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q2
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sp−

ðmΛb
þmΛ$

1520
Þpλðq2ðpμ þ p0μÞ − qμðm2

Λb
−m2

Λ$
1520

ÞÞ
q2spþ

þ f3=2⊥
mΛ$

1520

sp−

!
pλγμ −

2pλðmΛb
p0μ þmΛ$
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"

þ f3=2⊥0
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þ
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pμÞ
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þ
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mΛ$
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""
uðp; sÞ;
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!
−g3=20 γ5

mΛ$
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sp−

ðmΛb
þmΛ$
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Þpλqμ

q2

− g3=2þ γ5
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with qμ ¼ pμ − p0μ being the transferred momentum and sp& ¼ ðmΛb
&mΛ$

J
Þ2 − q2, q2 ¼ m2

J=ψ .
These form factors have been calculated from lattice QCD (LQCD) [30], where multisets of lattice ensembles are used.

To access the M2
pK distributions, the form factors are parametrized as [30]

fðM2
pKÞ ¼ F

#
1þ C

m2
π −m2

π;phys

ð4πfπÞ2
þDa2Λ2

$
þ A

#
1þ C0m

2
π −m2

π;phys

ð4πfπÞ2
þD0a2Λ2

$
ðω − 1Þ; ð21Þ

where the parameters F; A; C;D;C0, andD0 are fitted from the lattice data and ω ¼ ðm2
Λb

þM2
pK −m2

J=ψÞ=2mΛb
mΛ$

J
. In the

LQCD calculation, the finite lattice spacing and pion mass effects are also considered. In the physical pion limit mπ ¼
135 MeV and the continuum limit a ¼ 0, and using fπ ¼ 132, and Λ ¼ 300 MeV, one can simplify the above
parametrization as
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In Ref. [31], a model with a full quark model wave function
and the full relativistic form of the quark is adopted to
investigate the form factors, and these form factors are
studied in the multicomponent numerical (MCN) model.
The M2

pK dependence is parametrized as

fðM2
pKÞ¼ ða0þa2p2

Λþa4p4
ΛÞexp

!
−

6m2
qp2

Λ
2m̃Λ

2ðα2Λb
þα2Λ% Þ

"
:

ð24Þ

Here pΛ represents one of the daughter baryon momenta in
the Λb rest frame. The MCN model parameters a0, a2, and
a4 are given in Tables II and III, respectively. Because of
the lack of results for the Λb → Λ%

1800 transition, we use
the results for the Λb → Λ%

1405. This may induce sizable
uncertainties, and future detailed analysis can resolve this
approximation.

B. Numerical results

Two-body decays Λb → Λ%
JJ=ψ can provide a calibra-

tion for the four-body decay process, and the decay widths
for Λb → Λ%

JJ=ψ are given as

ΓðΛb→Λ%
JJ=ψÞ¼

X

sΛb ;sΛ%J
;sJ=ψ

jp⃗Λ%
J
j

8πm2
Λb

1

2
jMðΛb →Λ%

JJ=ψÞj2:

ð25Þ

With the form factors from Ref. [31], one can calculate
branching fractions for the process involving different
resonances Λ%

1520;1600;1800,

TABLE II. Input parameters in Eqs. (22) and (24) for Λ%
1520.

Lattice QCD MCN quark model

Form factor F A Form factor a0 a2 a4

f3=20
3.54(29) −14.7ð3.3Þ f1 −1.66 −0.295 0.00924

f3=2þ 0.0432(64) 1.63(19) f2 0.544 0.194 −0.00420
f3=2⊥ −0.068ð18Þ 2.49(35) f3 0.126 0.00799 −0.000365
f3=2⊥0

0.0461(18) −0.161ð27Þ f4 −0.0330 −0.00977 0.00211

g3=20
0.0024(38) 1.58(17) g1 −0.964 −0.100 0.00264

g3=2þ 2.95(25) −12.2ð2.9Þ g2 0.625 0.219 −0.00508
g3=2⊥ 2.92(24) −11.8ð2.8Þ g3 −0.183 −0.0380 0.00351

g3=2⊥0
−0.037ð14Þ 0.09(25) g4 0.0530 0.0161 −0.00221

αΛb
¼ 0.443 αΛ%ð1520Þ ¼ 0.333 m̃Λ ¼ 1.1249 mq ¼ 0.2848

TABLE III. Input parameters in Eqs. (22) and (24) for spin-1=2 resonance Λ%
1600;1800 in MCN quark model.

Λ%
1600 Λ%

1800

Form factor a0 a2 a4 Form factor a0 a2 a4

fþ1 0.467 0.615 0.0568 f−1 0.246 0.238 0.00976
fþ2 −0.381 −0.2815 −0.0399 f−2 −0.984 −0.0257 0.0173
fþ3 0.0501 −0.0295 −0.00163 f−3 0.118 0.0237 −0.000692
gþ1 0.114 0.300 0.0206 g−1 1.15 0.260 −0.00303
gþ2 −0.394 −0.307 −0.0445 g−2 −0.874 −0.0264 0.0159
gþ3 −0.0433 0.0478 0.00566 g−3 0.00871 −0.0196 −0.000997

αΛ%ð1600Þ ¼ 0.387 αΛ%ð1800Þ ¼ 0.333
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fðM2
pKÞ ¼ F þ Aðω − 1Þ: ð22Þ

For the Λb → Λ%
1520 transition, results for the inputs F and

A are shown in Table II, and in the following we will use
these results as default.
If the final baryon is a spin-12 hadron, the weak transition

form factor is parametrized as [31]

hΛ%
Jðp0; s0ÞjsγμbjΛbðp; sÞi

¼ ūðp0; s0Þ
!
γμf

p
1 þ

pμ
Λb

mΛb

fp2 þ
pμ
Λ%
J

mΛ%
J

fp3

"
uðp; sÞ;

hΛ%
Jðp0; s0Þjs̄γμγ5bjΛbðp; sÞi

¼ ūðp0; s0Þ
!
γμg

p
1 þ

pμ
Λb

mΛb

gp2 þ
pμ
Λ%
J

mΛ%
J

gp3

"
γ5uðp; sÞ: ð23Þ

In Ref. [31], a model with a full quark model wave function
and the full relativistic form of the quark is adopted to
investigate the form factors, and these form factors are
studied in the multicomponent numerical (MCN) model.
The M2

pK dependence is parametrized as

fðM2
pKÞ¼ ða0þa2p2

Λþa4p4
ΛÞexp

!
−

6m2
qp2

Λ
2m̃Λ

2ðα2Λb
þα2Λ% Þ

"
:

ð24Þ

Here pΛ represents one of the daughter baryon momenta in
the Λb rest frame. The MCN model parameters a0, a2, and
a4 are given in Tables II and III, respectively. Because of
the lack of results for the Λb → Λ%

1800 transition, we use
the results for the Λb → Λ%

1405. This may induce sizable
uncertainties, and future detailed analysis can resolve this
approximation.

B. Numerical results

Two-body decays Λb → Λ%
JJ=ψ can provide a calibra-

tion for the four-body decay process, and the decay widths
for Λb → Λ%

JJ=ψ are given as

ΓðΛb→Λ%
JJ=ψÞ¼

X

sΛb ;sΛ%J
;sJ=ψ

jp⃗Λ%
J
j

8πm2
Λb

1

2
jMðΛb →Λ%

JJ=ψÞj2:

ð25Þ

With the form factors from Ref. [31], one can calculate
branching fractions for the process involving different
resonances Λ%

1520;1600;1800,

TABLE II. Input parameters in Eqs. (22) and (24) for Λ%
1520.

Lattice QCD MCN quark model

Form factor F A Form factor a0 a2 a4

f3=20
3.54(29) −14.7ð3.3Þ f1 −1.66 −0.295 0.00924

f3=2þ 0.0432(64) 1.63(19) f2 0.544 0.194 −0.00420
f3=2⊥ −0.068ð18Þ 2.49(35) f3 0.126 0.00799 −0.000365
f3=2⊥0

0.0461(18) −0.161ð27Þ f4 −0.0330 −0.00977 0.00211

g3=20
0.0024(38) 1.58(17) g1 −0.964 −0.100 0.00264

g3=2þ 2.95(25) −12.2ð2.9Þ g2 0.625 0.219 −0.00508
g3=2⊥ 2.92(24) −11.8ð2.8Þ g3 −0.183 −0.0380 0.00351

g3=2⊥0
−0.037ð14Þ 0.09(25) g4 0.0530 0.0161 −0.00221

αΛb
¼ 0.443 αΛ%ð1520Þ ¼ 0.333 m̃Λ ¼ 1.1249 mq ¼ 0.2848

TABLE III. Input parameters in Eqs. (22) and (24) for spin-1=2 resonance Λ%
1600;1800 in MCN quark model.

Λ%
1600 Λ%

1800

Form factor a0 a2 a4 Form factor a0 a2 a4

fþ1 0.467 0.615 0.0568 f−1 0.246 0.238 0.00976
fþ2 −0.381 −0.2815 −0.0399 f−2 −0.984 −0.0257 0.0173
fþ3 0.0501 −0.0295 −0.00163 f−3 0.118 0.0237 −0.000692
gþ1 0.114 0.300 0.0206 g−1 1.15 0.260 −0.00303
gþ2 −0.394 −0.307 −0.0445 g−2 −0.874 −0.0264 0.0159
gþ3 −0.0433 0.0478 0.00566 g−3 0.00871 −0.0196 −0.000997

αΛ%ð1600Þ ¼ 0.387 αΛ%ð1800Þ ¼ 0.333
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Angular distributions of Λb → Λ*J (pK−)J/ψ(ℓ+ℓ−)



12

corresponds to the interference of spin-12 and spin-32
resonance.
Based on this interference, one can construct a normal-

ized forward-backward asymmetry AΛ
FB of angle θΛ,

AΛ
FB ¼

½
R
1
0 −

R
0
−1#d cos θΛ d2Γ

dM2
pKd cos θΛ

½
R
1
0 þ

R
0
−1#d cos θΛ d2Γ

dM2
pKd cos θΛ

¼ 3ð3L12 − L32Þ
2ð9L11 − 3L13 − 3L31 þ L33Þ

¼ 3LΛc
2ð3LΛ − LΛ2cÞ

: ð32Þ

Results for AΛ
FB are given in Fig. 4. It is interesting to

notice that the forward-backward asymmetry has a crossing
point, which satisfies

dAΛ
FB

dM2
pK

∝
4π
3
ð3L12 − L32Þ ¼ 0; ð33Þ

or

X

sΛb ;sΛ'J
¼(1

2

ð2m̂2
l þ 1ÞReðH

3
2
sΛb ;sΛ'J

H
1
2'
sΛb ;sΛ'J

Þ

¼
X

sΛb ;sΛ'J
¼(1

2

ð2m̂2
l þ 1ÞðReðH

3
2
sΛb ;sΛ'J

ÞReðH
1
2'
sΛb ;sΛ'J

Þ

− ImðH
3
2
sΛb ;sΛ'J

ÞImðH
1
2'
sΛb ;sΛ'J

ÞÞ ¼ 0: ð34Þ
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2
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It can be seen from Fig. 4 that there are two cross points s10
and s20,

s10 ¼ 2.307 GeV2; s20 ¼ 3.231 GeV2: ð35Þ

The two points are very close to the invariant mass square of
Λ$
1520;1800, mΛ$

1520
¼2.308GeV2, and m2

Λ$
1800

¼3.240GeV2.
As shown in Fig. 3, the contribution of Λ$

1600 is tiny and can
be neglected. Therefore, in this scenario, Eq. (34) becomes

dAΛ
FB

dM2
pK

∝
X

sΛb ;sΛ$J
¼%1

2

ð2m̂2
l þ 1ÞReðH

3
2
sΛb ;sΛ$J

H
1
2$
sΛb ;sΛ$J

Þ

∝ ReðLΛ$
1520

LΛ$
1800

Þ: ð36Þ

The complex phase in HJ
sΛb ;sΛ$J

comes from the line shape

LΛ$
J
, while the imaginary part is proportional to the ΓΛ$

J
mΛ$

J
.

One can ignore the imaginary part, due to the small ΓΛ$
J
.

Thus, the forward-backward asymmetry will mostly be
determined by line shape LΛ$

J
and the equation becomes

ReðLΛ$1520L
$
Λ$1800Þ ∼ ðM2

pK −m2
Λ$
1520

ÞðM2
pK −m2

Λ$
1800

Þ ¼ 0:

ð37Þ

Thus, the s10 and s20 should be close to the mass square of
Λ$
1520;1800. It will be a new method for precisely measuring

resonant mass in experiments. In addition, one can find that
the AΛ

FB is positive in the regionM
2
pK ¼ ½s10; s20( and negative

when M2
pK is larger than s20. Therefore, the two parts will

almost cancel each other when theM2
pK is integrated out in

AΛ
FB. The coefficient LΛc in Eq. (30) has the same behavior

with AΛ
FB and it will also give a small value. This conclusion

is also confirmed by our numerical analysis for integrating
LΛc with M2

pK as

Z
dM2

pKLΛc ¼ 1.95 × 10−5: ð38Þ

Thus, Fig. 3 shows the nearly symmetric curve in cos θΛ
distribution. Additionally, we show the results for
ðLΛ; LΛ2cÞ distributions in Fig. 5. It can be seen that only
the spin-32 resonance contributes to the coefficient LΛ2c, and
thus this angular coefficient gives a piece of clear informa-
tion on the spin-32 resonance.

2. Distribution in the azimuthal angle ϕ

The normalized angular distribution in ϕ can be derived
by integrating the angle ðθΛ; θÞ,

1

Γ
d2ΓðΛb → Λ$

JðpKÞJ=ψðlþl−ÞÞ
dM2

pKdϕ

¼ ðLϕ þ Lϕ2c cos 2ϕþ Lϕ2s sin 2ϕÞ=Γ; ð39Þ

where

Lϕ ¼ P
4

9
ð9L11 − ð3L31 þ 3L13Þ þ L33Þ;

Lϕ2c ¼ P
4

9
ð9L21 − ð3L22 þ 3L51Þ þ L52Þ;

Lϕ2s ¼ P
4

9
ð9L71 − ð3L72 þ 3L81Þ þ L82Þ: ð40Þ

For these three coefficients, the numerical results
ðLϕ; Lϕ2c; Lϕ2sÞ are given in Fig. 6. One can see that in
Eq. (B2)only the interferenceofdifferent polarizationhelicity
amplitudes ofΛ$

1520 can contribute toLϕ2s. Since the complex
phase in the helicity amplitude comes from the Breit-Wigner
line shape, the coefficientsL71,L72,L81, andL82 are equal to
zero. Therefore, the coefficient Lϕ2s is vanishing.
We can see that Lϕ has the same behavior as Eq. (17) and

the numerical results of Lϕ2c are tiny, as shown in Fig. 6.

Because the ReðH
3
2
1
2;
3
2

H
3
2$
1
2;−

1
2

Þ term in the coefficient L21, L22,

L51, and L52 are canceled with each other.
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FIG. 5. The coefficients LΛ and LΛ2c in Eq. (30) for Λb → Λ$ðpKÞJ=ψðlþl−Þ;l ¼ μ.
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neglect  contributionΛ*1600

It can be seen from Fig. 4 that there are two cross points s10
and s20,

s10 ¼ 2.307 GeV2; s20 ¼ 3.231 GeV2: ð35Þ

The two points are very close to the invariant mass square of
Λ$
1520;1800, mΛ$

1520
¼2.308GeV2, and m2

Λ$
1800

¼3.240GeV2.
As shown in Fig. 3, the contribution of Λ$

1600 is tiny and can
be neglected. Therefore, in this scenario, Eq. (34) becomes

dAΛ
FB

dM2
pK

∝
X

sΛb ;sΛ$J
¼%1

2

ð2m̂2
l þ 1ÞReðH

3
2
sΛb ;sΛ$J

H
1
2$
sΛb ;sΛ$J

Þ

∝ ReðLΛ$
1520

LΛ$
1800

Þ: ð36Þ

The complex phase in HJ
sΛb ;sΛ$J

comes from the line shape

LΛ$
J
, while the imaginary part is proportional to the ΓΛ$

J
mΛ$

J
.

One can ignore the imaginary part, due to the small ΓΛ$
J
.

Thus, the forward-backward asymmetry will mostly be
determined by line shape LΛ$

J
and the equation becomes

ReðLΛ$1520L
$
Λ$1800Þ ∼ ðM2

pK −m2
Λ$
1520

ÞðM2
pK −m2

Λ$
1800

Þ ¼ 0:

ð37Þ

Thus, the s10 and s20 should be close to the mass square of
Λ$
1520;1800. It will be a new method for precisely measuring

resonant mass in experiments. In addition, one can find that
the AΛ

FB is positive in the regionM
2
pK ¼ ½s10; s20( and negative

when M2
pK is larger than s20. Therefore, the two parts will

almost cancel each other when theM2
pK is integrated out in

AΛ
FB. The coefficient LΛc in Eq. (30) has the same behavior

with AΛ
FB and it will also give a small value. This conclusion

is also confirmed by our numerical analysis for integrating
LΛc with M2

pK as

Z
dM2

pKLΛc ¼ 1.95 × 10−5: ð38Þ

Thus, Fig. 3 shows the nearly symmetric curve in cos θΛ
distribution. Additionally, we show the results for
ðLΛ; LΛ2cÞ distributions in Fig. 5. It can be seen that only
the spin-32 resonance contributes to the coefficient LΛ2c, and
thus this angular coefficient gives a piece of clear informa-
tion on the spin-32 resonance.

2. Distribution in the azimuthal angle ϕ

The normalized angular distribution in ϕ can be derived
by integrating the angle ðθΛ; θÞ,

1

Γ
d2ΓðΛb → Λ$

JðpKÞJ=ψðlþl−ÞÞ
dM2

pKdϕ

¼ ðLϕ þ Lϕ2c cos 2ϕþ Lϕ2s sin 2ϕÞ=Γ; ð39Þ

where

Lϕ ¼ P
4

9
ð9L11 − ð3L31 þ 3L13Þ þ L33Þ;

Lϕ2c ¼ P
4

9
ð9L21 − ð3L22 þ 3L51Þ þ L52Þ;

Lϕ2s ¼ P
4

9
ð9L71 − ð3L72 þ 3L81Þ þ L82Þ: ð40Þ

For these three coefficients, the numerical results
ðLϕ; Lϕ2c; Lϕ2sÞ are given in Fig. 6. One can see that in
Eq. (B2)only the interferenceofdifferent polarizationhelicity
amplitudes ofΛ$

1520 can contribute toLϕ2s. Since the complex
phase in the helicity amplitude comes from the Breit-Wigner
line shape, the coefficientsL71,L72,L81, andL82 are equal to
zero. Therefore, the coefficient Lϕ2s is vanishing.
We can see that Lϕ has the same behavior as Eq. (17) and

the numerical results of Lϕ2c are tiny, as shown in Fig. 6.

Because the ReðH
3
2
1
2;
3
2

H
3
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1
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Þ term in the coefficient L21, L22,

L51, and L52 are canceled with each other.
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FIG. 5. The coefficients LΛ and LΛ2c in Eq. (30) for Λb → Λ$ðpKÞJ=ψðlþl−Þ;l ¼ μ.
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It can be seen from Fig. 4 that there are two cross points s10
and s20,

s10 ¼ 2.307 GeV2; s20 ¼ 3.231 GeV2: ð35Þ

The two points are very close to the invariant mass square of
Λ$
1520;1800, mΛ$

1520
¼2.308GeV2, and m2

Λ$
1800

¼3.240GeV2.
As shown in Fig. 3, the contribution of Λ$

1600 is tiny and can
be neglected. Therefore, in this scenario, Eq. (34) becomes

dAΛ
FB

dM2
pK

∝
X

sΛb ;sΛ$J
¼%1

2

ð2m̂2
l þ 1ÞReðH

3
2
sΛb ;sΛ$J

H
1
2$
sΛb ;sΛ$J

Þ

∝ ReðLΛ$
1520

LΛ$
1800

Þ: ð36Þ

The complex phase in HJ
sΛb ;sΛ$J

comes from the line shape

LΛ$
J
, while the imaginary part is proportional to the ΓΛ$

J
mΛ$

J
.

One can ignore the imaginary part, due to the small ΓΛ$
J
.

Thus, the forward-backward asymmetry will mostly be
determined by line shape LΛ$

J
and the equation becomes

ReðLΛ$1520L
$
Λ$1800Þ ∼ ðM2

pK −m2
Λ$
1520

ÞðM2
pK −m2

Λ$
1800

Þ ¼ 0:

ð37Þ

Thus, the s10 and s20 should be close to the mass square of
Λ$
1520;1800. It will be a new method for precisely measuring

resonant mass in experiments. In addition, one can find that
the AΛ

FB is positive in the regionM
2
pK ¼ ½s10; s20( and negative

when M2
pK is larger than s20. Therefore, the two parts will

almost cancel each other when theM2
pK is integrated out in

AΛ
FB. The coefficient LΛc in Eq. (30) has the same behavior

with AΛ
FB and it will also give a small value. This conclusion

is also confirmed by our numerical analysis for integrating
LΛc with M2

pK as

Z
dM2

pKLΛc ¼ 1.95 × 10−5: ð38Þ

Thus, Fig. 3 shows the nearly symmetric curve in cos θΛ
distribution. Additionally, we show the results for
ðLΛ; LΛ2cÞ distributions in Fig. 5. It can be seen that only
the spin-32 resonance contributes to the coefficient LΛ2c, and
thus this angular coefficient gives a piece of clear informa-
tion on the spin-32 resonance.

2. Distribution in the azimuthal angle ϕ

The normalized angular distribution in ϕ can be derived
by integrating the angle ðθΛ; θÞ,

1

Γ
d2ΓðΛb → Λ$

JðpKÞJ=ψðlþl−ÞÞ
dM2

pKdϕ

¼ ðLϕ þ Lϕ2c cos 2ϕþ Lϕ2s sin 2ϕÞ=Γ; ð39Þ

where

Lϕ ¼ P
4
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ð9L11 − ð3L31 þ 3L13Þ þ L33Þ;

Lϕ2c ¼ P
4

9
ð9L21 − ð3L22 þ 3L51Þ þ L52Þ;

Lϕ2s ¼ P
4

9
ð9L71 − ð3L72 þ 3L81Þ þ L82Þ: ð40Þ

For these three coefficients, the numerical results
ðLϕ; Lϕ2c; Lϕ2sÞ are given in Fig. 6. One can see that in
Eq. (B2)only the interferenceofdifferent polarizationhelicity
amplitudes ofΛ$

1520 can contribute toLϕ2s. Since the complex
phase in the helicity amplitude comes from the Breit-Wigner
line shape, the coefficientsL71,L72,L81, andL82 are equal to
zero. Therefore, the coefficient Lϕ2s is vanishing.
We can see that Lϕ has the same behavior as Eq. (17) and

the numerical results of Lϕ2c are tiny, as shown in Fig. 6.
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It can be seen from Fig. 4 that there are two cross points s10
and s20,
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Þ
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Þ: ð36Þ
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J
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J
.
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J
.
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is also confirmed by our numerical analysis for integrating
LΛc with M2

pK as

Z
dM2

pKLΛc ¼ 1.95 × 10−5: ð38Þ

Thus, Fig. 3 shows the nearly symmetric curve in cos θΛ
distribution. Additionally, we show the results for
ðLΛ; LΛ2cÞ distributions in Fig. 5. It can be seen that only
the spin-32 resonance contributes to the coefficient LΛ2c, and
thus this angular coefficient gives a piece of clear informa-
tion on the spin-32 resonance.

2. Distribution in the azimuthal angle ϕ
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1

Γ
d2ΓðΛb → Λ$

JðpKÞJ=ψðlþl−ÞÞ
dM2

pKdϕ

¼ ðLϕ þ Lϕ2c cos 2ϕþ Lϕ2s sin 2ϕÞ=Γ; ð39Þ

where

Lϕ ¼ P
4

9
ð9L11 − ð3L31 þ 3L13Þ þ L33Þ;

Lϕ2c ¼ P
4

9
ð9L21 − ð3L22 þ 3L51Þ þ L52Þ;

Lϕ2s ¼ P
4

9
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For these three coefficients, the numerical results
ðLϕ; Lϕ2c; Lϕ2sÞ are given in Fig. 6. One can see that in
Eq. (B2)only the interferenceofdifferent polarizationhelicity
amplitudes ofΛ$

1520 can contribute toLϕ2s. Since the complex
phase in the helicity amplitude comes from the Breit-Wigner
line shape, the coefficientsL71,L72,L81, andL82 are equal to
zero. Therefore, the coefficient Lϕ2s is vanishing.
We can see that Lϕ has the same behavior as Eq. (17) and

the numerical results of Lϕ2c are tiny, as shown in Fig. 6.
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corresponds to the interference of spin-12 and spin-32
resonance.
Based on this interference, one can construct a normal-

ized forward-backward asymmetry AΛ
FB of angle θΛ,

AΛ
FB ¼

½
R
1
0 −

R
0
−1#d cos θΛ d2Γ

dM2
pKd cos θΛ

½
R
1
0 þ

R
0
−1#d cos θΛ d2Γ

dM2
pKd cos θΛ

¼ 3ð3L12 − L32Þ
2ð9L11 − 3L13 − 3L31 þ L33Þ

¼ 3LΛc
2ð3LΛ − LΛ2cÞ

: ð32Þ

Results for AΛ
FB are given in Fig. 4. It is interesting to

notice that the forward-backward asymmetry has a crossing
point, which satisfies

dAΛ
FB

dM2
pK

∝
4π
3
ð3L12 − L32Þ ¼ 0; ð33Þ

or

X

sΛb ;sΛ'J
¼(1

2

ð2m̂2
l þ 1ÞReðH

3
2
sΛb ;sΛ'J

H
1
2'
sΛb ;sΛ'J

Þ

¼
X

sΛb ;sΛ'J
¼(1

2

ð2m̂2
l þ 1ÞðReðH

3
2
sΛb ;sΛ'J

ÞReðH
1
2'
sΛb ;sΛ'J

Þ

− ImðH
3
2
sΛb ;sΛ'J

ÞImðH
1
2'
sΛb ;sΛ'J

ÞÞ ¼ 0: ð34Þ
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s1
0 = 2.307 GeV2

s2
0 = 3.231 GeV2

Λb → Λ*J (pK−)J/ψ(ℓ+ℓ−)
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   Normalized polarized decay width

3. Polarization of the Λb

The polarized angular distribution of sΛb
can be described as

dΓðsΛb
Þ

d cos θd cos θΛdϕdM2
pK

¼ PðLðsΛb Þ
11 þ cos θΛL

ðsΛb Þ
12 þ cos 2θΛL

ðsΛb Þ
13 þ cos 2ϕðLðsΛb Þ

21 þ cos 2θΛL
ðsΛb Þ
22 Þ

þ cos 2θðLðsΛb Þ
31 þ cos θΛL

ðsΛb Þ
32 þ cos 2θΛL

ðsΛb Þ
33 Þ þ sin 2θ cosϕðsin θΛL

ðsΛb Þ
41 þ sin 2θΛL

ðsΛb Þ
42 Þ

þ cos 2ϕ cos 2θðLðsΛb Þ
51 þ cos 2θΛL

ðsΛb Þ
52 Þ þ sin 2θ sinϕðsin θΛL

ðsΛb Þ
61 þ sin 2θΛL

ðsΛb Þ
62 Þ

þ sin 2ϕðLðsΛb Þ
71 þ cos 2θΛL

ðsΛb Þ
72 Þ þ cos 2θ sin 2ϕðLðsΛb Þ

81 þ cos 2θΛL
ðsbÞ
82 ÞÞ: ð41Þ

Using the polarized distribution, the normalized polarized
decay width can be defined as

dNΓP

dM2
pK

¼
dΓð12Þ
dM2

pK
− dΓð−1

2Þ
dM2

pK

dΓð12Þ
dM2

pK
þ dΓð−1

2Þ
dM2

pK

; ð42Þ

and it is shown for the LQCD form factor and MCN quark
model in Fig. 7.
The distribution of normalized polarized decay width

shows a discrepancy with different polarized Λb. The
distributions of normalized polarized branching fractions
with two sets of form factors are shown in Fig. 7, which
indicates the distribution of the two types of methods are
similar, except in the low-M2

pK region. After normalizing
the polarized decay width, the difference caused by LQCD
and MCN form factors is less significant. This is because,
in the normalized decay width, many common factors have
been canceled. In addition, one can also find that the
branching fraction with sΛb

¼ 1=2 is larger than that with
sΛb

¼ −1=2 in the low-M2
pK region for both of the two

sets of form factor results. One can see that the decay width
in Eq. (19) shows the symmetry of transformation
ððsΛb

; sΛ%
J
Þ → ð−sΛb

;−sΛ%
J
ÞÞ. Since the helicity amplitudes

in Appendix A show that for vector current and axis vector

current the transformation brings positive and negative
signs, respectively, the polarized decay width is mainly
contributed to by the interference of vector current and axis
vector current hadron helicity amplitudes. It is noteworthy
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3. Polarization of the Λb

The polarized angular distribution of sΛb
can be described as
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Using the polarized distribution, the normalized polarized
decay width can be defined as
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¼
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dΓð12Þ
dM2

pK
þ dΓð−1
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; ð42Þ

and it is shown for the LQCD form factor and MCN quark
model in Fig. 7.
The distribution of normalized polarized decay width

shows a discrepancy with different polarized Λb. The
distributions of normalized polarized branching fractions
with two sets of form factors are shown in Fig. 7, which
indicates the distribution of the two types of methods are
similar, except in the low-M2

pK region. After normalizing
the polarized decay width, the difference caused by LQCD
and MCN form factors is less significant. This is because,
in the normalized decay width, many common factors have
been canceled. In addition, one can also find that the
branching fraction with sΛb

¼ 1=2 is larger than that with
sΛb

¼ −1=2 in the low-M2
pK region for both of the two

sets of form factor results. One can see that the decay width
in Eq. (19) shows the symmetry of transformation
ððsΛb

; sΛ%
J
Þ → ð−sΛb

;−sΛ%
J
ÞÞ. Since the helicity amplitudes

in Appendix A show that for vector current and axis vector

current the transformation brings positive and negative
signs, respectively, the polarized decay width is mainly
contributed to by the interference of vector current and axis
vector current hadron helicity amplitudes. It is noteworthy
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small invariant mass

s = + 1/2 s = − 1/2

polarized decay width is an important observable for studying hadron matrix element 
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.

PRL 110, 252001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252001-6

PRL 110. 252001 (2013)BESIII Collaboration

First observation of charged 


Confirmed by Belle and CLEO-c

Zc(3900)±

PRL 110. 252002 (2013); PLB 727. 366 (2013)

We search for eþe− → π0π0J=ψ in events with exactly
two good oppositely charged tracks and at least four good
photons. In reconstructing J=ψ → eþe−, electron candi-
dates must satisfy E=p > 0.7, where E is the EMC energy
and p is the momentum measured in the MDC. To suppress
the small two-photon and Bhabha background, the two-
track opening angle is required to be less than 175° for any
eþ (e−) with cos θ > 0.5 (cos θ < −0.5). In selecting
J=ψ → μþμ− we require both muon candidates to satisfy
E=p < 0.3 and at least one to have associated hits in more
than six MUC layers.
We reconstruct π0π0J=ψ candidates if the dilepton

invariant mass is within the J=ψ signal region
(2.95 < Mll < 3.2 GeV=c2). We loop over π0 candidates
and select the two that do not share photons and have the
smallest χ2 ¼ χ21C þ χ24C, where χ21C is the sum of the χ2

values for the two one-constraint (1C) kinematic fits to the
π0 mass, and χ24C is the χ2 for the 4C fit to the π0π0J=ψ
hypothesis requiring 4-momentum conservation. To sup-
press the combinatorial background we require that there be
fewer than two π0π0 combinations meeting the tighter π0

criterion of 120 < Mγγ < 150 MeV=c2.
To search for Z0

c and suppress non-π0π0J=ψ events, the
event is subjected to a 7C fit, adding mass constraints for
both π0s and the J=ψ to 4-momentum conservation. To
improve resolutions, for events with χ27C < 230, the
7C-constrained momenta are used to construct Mπ0J=ψ
and Mπ0π0 . We verified that resonant structures in the
π0π0 mass spectrum, such as f0ð980Þ, do not produce a
peak in the Mπ0J=ψ distribution. Figure 1 shows the π0J=ψ
invariant mass distribution in data and the MC-determined
background for Ec:m: ¼ 4.260 GeV. Each π0π0J=ψ event
appears twice, once for each π0. Background processes are
estimated by MC to contribute ∼12% of selected events,
dominated by XJ=ψðX ≠ π0π0Þ and multipion final states.
Because the location of the lower peak depends on Ec:m:
while the higher peak remains fixed, we interpret the excess
near 3.9 GeV=c2 as Zcð3900Þ0 production and that near
3.4 GeV=c2 as its kinematic reflection.

We extract the yields and resonance parameters of
Zcð3900Þ0 by performing an unbinned maximum like-
lihood fit simultaneously to the π0J=ψ mass distributions
for the three high-statistics samples. The fit lower limit is
set to 3.65 GeV=c2 to avoid double counting. The signal
shape is an S-wave Breit-Wigner with phase-space factor
pq, where p is the Z0

c momentum in the eþe− frame and
q is the J=ψ momentum in the Z0

c frame. It is convolved
with a resolution function consisting of three Gaussians
with parameters set by fitting the zero-width eþe− → π0Z0

c
MC sample at Ec:m: ¼ 4.260 GeV (average resolution
≈6 MeV=c2). The background shape is an ARGUS func-
tion [16]. We use the same Breit-Wigner and resolution
functions for all energy points because resolution depend-
ence on Ec:m: is determined by MC simulation to be very
small. The ARGUS parameters are varied independently in
the fit, except that the cutoff is based on Ec:m:.
Figure 2 shows the simultaneous fit to the three π0J=ψ

invariant mass distributions, which returns a Zcð3900Þ0
signal with a statistical significance of 10.4σ and a χ2 of
176 for 151 degrees of freedom. Yields at Ec:m: ¼ 4.230,
4.260, and 4.360 GeV are 225.3% 41.0, 83.2% 20.5, and
47.5% 12.7, respectively, with a sum of 356.0% 47.6. The
Zcð3900Þ0 mass and width values with statistical errors are
3894.8% 2.3 MeV=c2 and 29.6% 8.2 MeV, respectively.
We determine the cross section ratio R and the eþe− →

π0π0J=ψ Born cross section as functions of Ec:m: by
measuring yields of Z0

c [NðZ0
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)2 (GeV/cψJ/0πM
4.03.5

)2
E

ve
nt

s/
(1

0 
M

eV
/c

0
5

10
15

20
25
30

35
40

FIG. 1 (color online). Invariant mass distribution for π0J=ψ
candidates in Ec:m: ¼ 4.260 GeV data (points). The dashed
histogram shows the MC background and the solid histogram is
the sum of this background and π0π0J=ψ production not from Z0

c.

)2 (GeV/cψJ/0πM

)
2

E
ve

nt
s/

(1
0 

M
eV

/c

0
10
20
30
40
50
60
70

)2 (GeV/cψJ/0πM

-1(a) 4.230 GeV, 1091.7 pb

)2 (GeV/cψJ/0πM

)2
E

ve
nt

s/
(1

0 
M

eV
/c

0
5

10
15
20
25
30
35
40

)2 (GeV/cψJ/0πM

-1(b) 4.260 GeV, 825.7 pb

)2 (GeV/cψJ/0πM

)2
E

ve
nt

s/
(1

0 
M

eV
/c

0
2

3.8 4.0 4.2

4
6
8

10
12
14
16
18 -1(c) 4.360 GeV, 539.8 pb

FIG. 2 (color online). The simultaneously fitted π0J=ψ mass
spectra (55 bins in Mπ0J=ψ ) for (a) Ec:m: ¼ 4.230,
(b) Ec:m: ¼ 4.260, and (c) Ec:m: ¼ 4.360 GeV. Dots represent
the data, solid lines represent the fitted results, and dashed lines
represent fitted backgrounds.

PRL 115, 112003 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

11 SEPTEMBER 2015

112003-4

First observation of neutral Zc(3900)0

PRL 115. 112003 (2015)BESIII Collaboration

Search for tetraquarks



16
1075 Page 2 of 9 Eur. Phys. J. C (2022) 82 :1075

Fig. 1 Feynman diagrams contribute to !0
b → K−Pc (left) and the analogous !0

b → !0Zc (right) are presented for illustration

stress that constrained by the lack of data and nonpertur-
bative nature, there is no universal factorization approach
established to handle production processes of Zc. This gives
a barrier for us to predict their production widths through
weak decays of b-baryons systematically. On the other hand,
the approach of flavor SU(3) symmetry allows us to relate
decay modes in the bottom-quark decays in spite of the non-
perturbative dynamics of QCD [27–54]. The diquark model
predicts that the charged and neutral Zc(3900) could be in
one octet multiplet of SU(3). Finding the other states in this
multiplet will provide crucial evidence for this model.

In this work, we consider nonleptonic decay channels of
b-baryons by utilizing flavor SU(3) analysis. Some testable
relations for b-baryon decays into a Zc and a light baryon
are presented. These relations can be used as tests for pin-
ning down the suitable model for Zc states. Very recently,
the angular distributions for the decays !0

b → !0∗ J/ψ ,
where the !0∗ are !0-type excited states, have been derived
in terms of the helicity amplitude technique [55,56]. We
will also use this technique to calculate the partial decay
widths of !0

b → !0Z0
c (3900), #−

b → $−Z0
c (3900) and

#0
b → !0Z0

c (3900). Having these results at hand, one can
get pieces of information on the various related decay chan-
nels through flavor SU(3) symmetry. The main motivation
of this work is to provide some suggestions which may help
experimentalists find new Zc states or new production modes
of already observed Zc states.

The present paper is arranged as follows. In Sect. 2, we
discuss the weak decays of b-baryons whose final states
include Zc and a light baryon. In Sect. 3, an analysis of
!0

b → !0Z0
c (3900) will be presented as well as the results

of some other decay modes. A discussion based on the results
will be also given in this section. Finally, we summarize in
the last section.

2 Production of tetraquark through weak decays
of b-baryon

In this section, we start with collecting the relevant represen-
tations for hadron multiplets under the flavor SU(3) group.

The b-baryons contain an antitriplet and a sextet multiplets,
they are denoted as B and C

(B)i j =




0 !0

b #0
b

−!0
b 0 #−

b

−#0
b −#−

b 0



 , (C)i j =
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$+
b

$0
b√
2

#′0
b√
2
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2

$−
b

#′
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2

#′0
b√
2

#′−
b√
2

%−
b




.

(1)

Light baryons made of three light quarks can group into an
SU(3) octet

T8 =


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1√
2
$0 + 1√

6
!0 $+ p

$− − 1√
2
$0 + 1√

6
!0 n

#− #0 −
√

2
3!0




. (2)

The tetraquark discussed in this work contains at least two
light quarks in addition to a cc̄ pair, i.e. [cc̄qq̄]. Under the
flavor SU(3) symmetry, the heavy quark is a singlet, the light
quark and light antiquark transform under the flavor SU(3)
symmetry as 3 ⊗ 3̄ = 1 + 8. We denote the octet tetraquark
component fields as

(Zc)
j
i =





Zcπ0√
2

+ Zcη8√
6

Zcπ+ ZcK+

Zcπ− − Zcπ0√
2

+ Zcη8√
6

ZcK 0

ZcK− Z
cK

0 − 2Zcη8√
6




. (3)

We will not consider the flavor singlet state to avoid potential
octet-singlet mixture complexity.

The weak decay modes of b-baryon into an octet tetraquark
and a light octet baryon are discussed in the following. The
leading-order effective Hamiltonian is given by

He f f (b → qcc̄) = GF√
2

(
VcbV ∗

cq (C1O1 + C2O2)

)
, (4)

with

O1 =
(
c̄αbβ

)
V−A

(
q̄βcα

)
V−A ,

O2 = (c̄αbα)V−A
(
q̄βcβ

)
V−A , (5)
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b → K−Pc (left) and the analogous !0
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stress that constrained by the lack of data and nonpertur-
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a barrier for us to predict their production widths through
weak decays of b-baryons systematically. On the other hand,
the approach of flavor SU(3) symmetry allows us to relate
decay modes in the bottom-quark decays in spite of the non-
perturbative dynamics of QCD [27–54]. The diquark model
predicts that the charged and neutral Zc(3900) could be in
one octet multiplet of SU(3). Finding the other states in this
multiplet will provide crucial evidence for this model.

In this work, we consider nonleptonic decay channels of
b-baryons by utilizing flavor SU(3) analysis. Some testable
relations for b-baryon decays into a Zc and a light baryon
are presented. These relations can be used as tests for pin-
ning down the suitable model for Zc states. Very recently,
the angular distributions for the decays !0

b → !0∗ J/ψ ,
where the !0∗ are !0-type excited states, have been derived
in terms of the helicity amplitude technique [55,56]. We
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widths of !0
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c (3900) and
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get pieces of information on the various related decay chan-
nels through flavor SU(3) symmetry. The main motivation
of this work is to provide some suggestions which may help
experimentalists find new Zc states or new production modes
of already observed Zc states.

The present paper is arranged as follows. In Sect. 2, we
discuss the weak decays of b-baryons whose final states
include Zc and a light baryon. In Sect. 3, an analysis of
!0

b → !0Z0
c (3900) will be presented as well as the results

of some other decay modes. A discussion based on the results
will be also given in this section. Finally, we summarize in
the last section.

2 Production of tetraquark through weak decays
of b-baryon

In this section, we start with collecting the relevant represen-
tations for hadron multiplets under the flavor SU(3) group.

The b-baryons contain an antitriplet and a sextet multiplets,
they are denoted as B and C
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The tetraquark discussed in this work contains at least two
light quarks in addition to a cc̄ pair, i.e. [cc̄qq̄]. Under the
flavor SU(3) symmetry, the heavy quark is a singlet, the light
quark and light antiquark transform under the flavor SU(3)
symmetry as 3 ⊗ 3̄ = 1 + 8. We denote the octet tetraquark
component fields as
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We will not consider the flavor singlet state to avoid potential
octet-singlet mixture complexity.

The weak decay modes of b-baryon into an octet tetraquark
and a light octet baryon are discussed in the following. The
leading-order effective Hamiltonian is given by

He f f (b → qcc̄) = GF√
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(
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Fig. 2 Topological diagrams
for a b-baryon decays into an
octet tetraquark and a light
baryon

Table 1 Amplitudes for b-baryon (antitriplet) decays into a tetraquark and a light baryon

Channel Amplitude Channel Amplitude

!0
b → Zcπ+#− (2a1 + a2 + a3 − a4) × V ∗

cs !0
b → Zcπ0n (a3−a4)√

2
× V ∗

cd

!0
b → ZcK− p (2a1 + a2) × V ∗

cs !0
b → Zcπ− p (a4 − a3) × V ∗

cd

!0
b → Zcπ0 #0 (2a1 + a2 + a3 − a4) × V ∗

cs !0
b → ZcK+#− (a4 − a2) × V ∗

cd

!0
b → Zcπ−#+ (2a1 + a2 + a3 − a4) × V ∗

cs !0
b → ZcK 0 #0 (a2−a4)√

2
× V ∗

cd

!0
b → Z

cK
0n (2a1 + a2) × V ∗

cs !0
b → ZcK 0 !0 − (a2−2a3+a4)√

6
× V ∗

cd

!0
b → Zcη8!

0 1
3 (6a1 + a2 + a3 + a4) × V ∗

cs !0
b → Zcη8n

(2a2−a3−a4)√
6

× V ∗
cd

%0
b → ZcK−#+ (a3 − a4) × V ∗

cs %0
b → Zcπ0 !0 − (a2+a3−2a4)

2
√

3
× V ∗

cd

%0
b → Z

cK
0 #0 (a4−a3)√

2
× V ∗

cs %0
b → Zcπ−#+ − (2a1 + a2) × V ∗

cd

%0
b → Z

cK
0 !0 (−2a2+a3+a4)√

6
× V ∗

cs %0
b → Zcπ0 #0 − 1

2 (4a1 + a2 + a3) × V ∗
cd

%−
b → ZcK−#0 (a4−a3)√

2
× V ∗

cs %0
b → Z

cK
0n − (2a1 + a3) × V ∗

cd

%−
b → ZcK−!0 (2a2−a3−a4)√

6
× V ∗

cs %0
b → Zcη8!

0 − 1
6 (12a1 + 5a2 + 5a3 − 4a4) × V ∗

cd

%−
b → Z

cK
0 #− (a4 − a3) × V ∗

cs %0
b → Zcη8#

0 − (a2+a3−2a4)

2
√

3
× V ∗

cd

%0
b → ZcK− p − (2a1 + a2 + a3 − a4) × V ∗

cd

%0
b → Zcπ+#− − (2a1 + a3) × V ∗

cd

%−
b → ZcK−n (a4 − a2) × V ∗

cd

%−
b → Zcη8#

− − (a2+a3−2a4)√
6

× V ∗
cd

%−
b → Zcπ0 #− (a3−a2)√

2
× V ∗

cd

%−
b → Zcπ−!0 − (a2+a3−2a4)√

6
× V ∗

cd

%−
b → Zcπ−#0 (a2−a3)√

2
× V ∗

cd

= &(#0
b → Zcπ−#+)

= &(#−
b → Zcπ0#−)

= &(#−
b → Zcπ−#0) .

3. Some theoretical researches predict that the charged and
neutral Zc(3900) belong to the same octet multiplet of
SU(3) group. Based on the different valence quark com-
ponents, we take Z±

c (3900) as Zcπ± and Z0
c (3900) as

Zcπ0 in this work. Therefore, once a few branching frac-
tions have been measured or calculated in the future,
some of these relations shown above may provide hints
for the exploration of new decay modes. The process

!0
b → !0 Z0

c (3900) would be analyzed for instance in
the next section.

It is necessary to point out that the above relations between
different decay widths are obtained in the flavor SU(3) sym-
metry limit, where the mass differences between final state
hadrons have been ignored. Besides, the hadronization pro-
cesses whose information contained in different decay con-
stants and form factors would also affect the relations derived
in this paper. It is widely believed that the symmetry break-
ing in bottom-quark decays is pretty small in comparison
with charm-quark decays, hence we expect that the relations
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baryon

Table 1 Amplitudes for b-baryon (antitriplet) decays into a tetraquark and a light baryon

Channel Amplitude Channel Amplitude

!0
b → Zcπ+#− (2a1 + a2 + a3 − a4) × V ∗

cs !0
b → Zcπ0n (a3−a4)√

2
× V ∗

cd

!0
b → ZcK− p (2a1 + a2) × V ∗

cs !0
b → Zcπ− p (a4 − a3) × V ∗

cd

!0
b → Zcπ0 #0 (2a1 + a2 + a3 − a4) × V ∗

cs !0
b → ZcK+#− (a4 − a2) × V ∗

cd

!0
b → Zcπ−#+ (2a1 + a2 + a3 − a4) × V ∗

cs !0
b → ZcK 0 #0 (a2−a4)√

2
× V ∗

cd

!0
b → Z

cK
0n (2a1 + a2) × V ∗

cs !0
b → ZcK 0 !0 − (a2−2a3+a4)√

6
× V ∗

cd

!0
b → Zcη8!

0 1
3 (6a1 + a2 + a3 + a4) × V ∗

cs !0
b → Zcη8n

(2a2−a3−a4)√
6

× V ∗
cd

%0
b → ZcK−#+ (a3 − a4) × V ∗

cs %0
b → Zcπ0 !0 − (a2+a3−2a4)

2
√

3
× V ∗

cd

%0
b → Z

cK
0 #0 (a4−a3)√

2
× V ∗

cs %0
b → Zcπ−#+ − (2a1 + a2) × V ∗

cd

%0
b → Z

cK
0 !0 (−2a2+a3+a4)√

6
× V ∗

cs %0
b → Zcπ0 #0 − 1

2 (4a1 + a2 + a3) × V ∗
cd

%−
b → ZcK−#0 (a4−a3)√

2
× V ∗

cs %0
b → Z

cK
0n − (2a1 + a3) × V ∗

cd

%−
b → ZcK−!0 (2a2−a3−a4)√

6
× V ∗

cs %0
b → Zcη8!

0 − 1
6 (12a1 + 5a2 + 5a3 − 4a4) × V ∗

cd

%−
b → Z

cK
0 #− (a4 − a3) × V ∗

cs %0
b → Zcη8#

0 − (a2+a3−2a4)

2
√

3
× V ∗

cd

%0
b → ZcK− p − (2a1 + a2 + a3 − a4) × V ∗

cd

%0
b → Zcπ+#− − (2a1 + a3) × V ∗

cd

%−
b → ZcK−n (a4 − a2) × V ∗

cd

%−
b → Zcη8#

− − (a2+a3−2a4)√
6

× V ∗
cd

%−
b → Zcπ0 #− (a3−a2)√

2
× V ∗

cd

%−
b → Zcπ−!0 − (a2+a3−2a4)√

6
× V ∗

cd

%−
b → Zcπ−#0 (a2−a3)√

2
× V ∗

cd

= &(#0
b → Zcπ−#+)

= &(#−
b → Zcπ0#−)

= &(#−
b → Zcπ−#0) .

3. Some theoretical researches predict that the charged and
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SU(3) group. Based on the different valence quark com-
ponents, we take Z±
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tions have been measured or calculated in the future,
some of these relations shown above may provide hints
for the exploration of new decay modes. The process

!0
b → !0 Z0

c (3900) would be analyzed for instance in
the next section.

It is necessary to point out that the above relations between
different decay widths are obtained in the flavor SU(3) sym-
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stress that constrained by the lack of data and nonpertur-
bative nature, there is no universal factorization approach
established to handle production processes of Zc. This gives
a barrier for us to predict their production widths through
weak decays of b-baryons systematically. On the other hand,
the approach of flavor SU(3) symmetry allows us to relate
decay modes in the bottom-quark decays in spite of the non-
perturbative dynamics of QCD [27–54]. The diquark model
predicts that the charged and neutral Zc(3900) could be in
one octet multiplet of SU(3). Finding the other states in this
multiplet will provide crucial evidence for this model.

In this work, we consider nonleptonic decay channels of
b-baryons by utilizing flavor SU(3) analysis. Some testable
relations for b-baryon decays into a Zc and a light baryon
are presented. These relations can be used as tests for pin-
ning down the suitable model for Zc states. Very recently,
the angular distributions for the decays !0

b → !0∗ J/ψ ,
where the !0∗ are !0-type excited states, have been derived
in terms of the helicity amplitude technique [55,56]. We
will also use this technique to calculate the partial decay
widths of !0

b → !0Z0
c (3900), #−

b → $−Z0
c (3900) and

#0
b → !0Z0

c (3900). Having these results at hand, one can
get pieces of information on the various related decay chan-
nels through flavor SU(3) symmetry. The main motivation
of this work is to provide some suggestions which may help
experimentalists find new Zc states or new production modes
of already observed Zc states.

The present paper is arranged as follows. In Sect. 2, we
discuss the weak decays of b-baryons whose final states
include Zc and a light baryon. In Sect. 3, an analysis of
!0

b → !0Z0
c (3900) will be presented as well as the results

of some other decay modes. A discussion based on the results
will be also given in this section. Finally, we summarize in
the last section.

2 Production of tetraquark through weak decays
of b-baryon

In this section, we start with collecting the relevant represen-
tations for hadron multiplets under the flavor SU(3) group.

The b-baryons contain an antitriplet and a sextet multiplets,
they are denoted as B and C
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The tetraquark discussed in this work contains at least two
light quarks in addition to a cc̄ pair, i.e. [cc̄qq̄]. Under the
flavor SU(3) symmetry, the heavy quark is a singlet, the light
quark and light antiquark transform under the flavor SU(3)
symmetry as 3 ⊗ 3̄ = 1 + 8. We denote the octet tetraquark
component fields as
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We will not consider the flavor singlet state to avoid potential
octet-singlet mixture complexity.

The weak decay modes of b-baryon into an octet tetraquark
and a light octet baryon are discussed in the following. The
leading-order effective Hamiltonian is given by

He f f (b → qcc̄) = GF√
2

(
VcbV ∗

cq (C1O1 + C2O2)

)
, (4)

with

O1 =
(
c̄αbβ

)
V−A

(
q̄βcα

)
V−A ,

O2 = (c̄αbα)V−A
(
q̄βcβ

)
V−A , (5)
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stress that constrained by the lack of data and nonpertur-
bative nature, there is no universal factorization approach
established to handle production processes of Zc. This gives
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the approach of flavor SU(3) symmetry allows us to relate
decay modes in the bottom-quark decays in spite of the non-
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predicts that the charged and neutral Zc(3900) could be in
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b-baryons by utilizing flavor SU(3) analysis. Some testable
relations for b-baryon decays into a Zc and a light baryon
are presented. These relations can be used as tests for pin-
ning down the suitable model for Zc states. Very recently,
the angular distributions for the decays !0

b → !0∗ J/ψ ,
where the !0∗ are !0-type excited states, have been derived
in terms of the helicity amplitude technique [55,56]. We
will also use this technique to calculate the partial decay
widths of !0
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c (3900). Having these results at hand, one can
get pieces of information on the various related decay chan-
nels through flavor SU(3) symmetry. The main motivation
of this work is to provide some suggestions which may help
experimentalists find new Zc states or new production modes
of already observed Zc states.

The present paper is arranged as follows. In Sect. 2, we
discuss the weak decays of b-baryons whose final states
include Zc and a light baryon. In Sect. 3, an analysis of
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b → !0Z0
c (3900) will be presented as well as the results

of some other decay modes. A discussion based on the results
will be also given in this section. Finally, we summarize in
the last section.

2 Production of tetraquark through weak decays
of b-baryon

In this section, we start with collecting the relevant represen-
tations for hadron multiplets under the flavor SU(3) group.
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they are denoted as B and C
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The tetraquark discussed in this work contains at least two
light quarks in addition to a cc̄ pair, i.e. [cc̄qq̄]. Under the
flavor SU(3) symmetry, the heavy quark is a singlet, the light
quark and light antiquark transform under the flavor SU(3)
symmetry as 3 ⊗ 3̄ = 1 + 8. We denote the octet tetraquark
component fields as
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We will not consider the flavor singlet state to avoid potential
octet-singlet mixture complexity.

The weak decay modes of b-baryon into an octet tetraquark
and a light octet baryon are discussed in the following. The
leading-order effective Hamiltonian is given by

He f f (b → qcc̄) = GF√
2

(
VcbV ∗

cq (C1O1 + C2O2)

)
, (4)

with

O1 =
(
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V−A
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stress that constrained by the lack of data and nonpertur-
bative nature, there is no universal factorization approach
established to handle production processes of Zc. This gives
a barrier for us to predict their production widths through
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the approach of flavor SU(3) symmetry allows us to relate
decay modes in the bottom-quark decays in spite of the non-
perturbative dynamics of QCD [27–54]. The diquark model
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In this work, we consider nonleptonic decay channels of
b-baryons by utilizing flavor SU(3) analysis. Some testable
relations for b-baryon decays into a Zc and a light baryon
are presented. These relations can be used as tests for pin-
ning down the suitable model for Zc states. Very recently,
the angular distributions for the decays !0

b → !0∗ J/ψ ,
where the !0∗ are !0-type excited states, have been derived
in terms of the helicity amplitude technique [55,56]. We
will also use this technique to calculate the partial decay
widths of !0

b → !0Z0
c (3900), #−
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c (3900) and
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b → !0Z0

c (3900). Having these results at hand, one can
get pieces of information on the various related decay chan-
nels through flavor SU(3) symmetry. The main motivation
of this work is to provide some suggestions which may help
experimentalists find new Zc states or new production modes
of already observed Zc states.

The present paper is arranged as follows. In Sect. 2, we
discuss the weak decays of b-baryons whose final states
include Zc and a light baryon. In Sect. 3, an analysis of
!0

b → !0Z0
c (3900) will be presented as well as the results

of some other decay modes. A discussion based on the results
will be also given in this section. Finally, we summarize in
the last section.

2 Production of tetraquark through weak decays
of b-baryon

In this section, we start with collecting the relevant represen-
tations for hadron multiplets under the flavor SU(3) group.

The b-baryons contain an antitriplet and a sextet multiplets,
they are denoted as B and C
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The tetraquark discussed in this work contains at least two
light quarks in addition to a cc̄ pair, i.e. [cc̄qq̄]. Under the
flavor SU(3) symmetry, the heavy quark is a singlet, the light
quark and light antiquark transform under the flavor SU(3)
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We will not consider the flavor singlet state to avoid potential
octet-singlet mixture complexity.

The weak decay modes of b-baryon into an octet tetraquark
and a light octet baryon are discussed in the following. The
leading-order effective Hamiltonian is given by

He f f (b → qcc̄) = GF√
2

(
VcbV ∗
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with
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b-baryons by utilizing flavor SU(3) analysis. Some testable
relations for b-baryon decays into a Zc and a light baryon
are presented. These relations can be used as tests for pin-
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nels through flavor SU(3) symmetry. The main motivation
of this work is to provide some suggestions which may help
experimentalists find new Zc states or new production modes
of already observed Zc states.

The present paper is arranged as follows. In Sect. 2, we
discuss the weak decays of b-baryons whose final states
include Zc and a light baryon. In Sect. 3, an analysis of
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c (3900) will be presented as well as the results

of some other decay modes. A discussion based on the results
will be also given in this section. Finally, we summarize in
the last section.
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The tetraquark discussed in this work contains at least two
light quarks in addition to a cc̄ pair, i.e. [cc̄qq̄]. Under the
flavor SU(3) symmetry, the heavy quark is a singlet, the light
quark and light antiquark transform under the flavor SU(3)
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We will not consider the flavor singlet state to avoid potential
octet-singlet mixture complexity.
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and a light octet baryon are discussed in the following. The
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where q can be d or s. The GF and Vi j are Fermi cou-
pling constant and CKM matrix element, respectively. Oi
is the low-energy effective operator and Ci is the corre-
sponding Wilson coefficient obtained by integrating out the
high energy contributions. We have neglected contributions
from penguin diagrams which are significantly suppressed
compared to the tree contributions. The operators Oi trans-
fer under the flavor SU(3) as 3̄, the corresponding quark
level transition b → cc̄d/s can form a SU(3) triplet with
(H3)31 = −(H3)13 = V ∗

cd and (H3)12 = −(H3)21 = V ∗
cs .

For a b-baryon which belongs to the anti-triplet multiplet
decays into an octet tetraquark and a light baryon, the corre-
sponding effective Hamiltonian can be constructed as

Heff = a1(B)i j (H3)i j (Zc)
l
k(T8)

k
l + a2(B)i j (H3)ik(Zc)

k
l

×(T8)
l
j + a3(B)i j (H3)il(Zc)

k
j (T8)

l
k

+a4(B)i j (H3)kl(Zc)
k
i (T8)

l
j . (6)

For a b-baryon belongs to the sextet multiplet, the effective
Hamiltonian reads

Heff = b1(C)i j (H3)ik(Zc)
k
l (T8)

l
j

+b2(C)i j (H3)il(Zc)
k
j (T8)

l
k

+b3(C)i j (H3)kl(Zc)
k
i (T8)

l
j . (7)

Where the ai and bi are SU(3) irreducible nonperturbative
amplitudes. Feynman diagrams for these modes are given
in Fig. 2. After expanding the above effective Hamiltonian,
we can obtain the individual decay amplitudes which are
collected in Tables 1 and 2. Many properties concerning weak
decays of b-baryons to a tetraquark and a light baryon can be
read off from these results. We present some of the interesting
properties in the following.

1. Tables 1 and 2 are arranged according to the decay ampli-
tude’s dependence on CKM matrix elements, c → s tran-
sition is proportional to |V ∗

cs | ∼ 1, while c → d tran-
sition has a Cabibbo suppressed CKM matrix element
|V ∗

cd | ∼ 0.2.
2. A number of relations for different decay widths can be

readily deduced from Table 1:
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where q can be d or s. The GF and Vi j are Fermi cou-
pling constant and CKM matrix element, respectively. Oi
is the low-energy effective operator and Ci is the corre-
sponding Wilson coefficient obtained by integrating out the
high energy contributions. We have neglected contributions
from penguin diagrams which are significantly suppressed
compared to the tree contributions. The operators Oi trans-
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collected in Tables 1 and 2. Many properties concerning weak
decays of b-baryons to a tetraquark and a light baryon can be
read off from these results. We present some of the interesting
properties in the following.

1. Tables 1 and 2 are arranged according to the decay ampli-
tude’s dependence on CKM matrix elements, c → s tran-
sition is proportional to |V ∗

cs | ∼ 1, while c → d tran-
sition has a Cabibbo suppressed CKM matrix element
|V ∗

cd | ∼ 0.2.
2. A number of relations for different decay widths can be

readily deduced from Table 1:

!("−
b → Zcπ0$−) = !("−

b → Zcπ−$0) ,

!(%0
b → Z

cK
0n) = !(%0

b → ZcK− p) ,

!(%0
b → Zcπ0n) = 1

2
!(%0

b → Zcπ− p) ,

!("0
b → Zcπ+$−) = !("0

b → Z
cK

0n) ,

!("0
b → Z

cK
0%0) = !("−

b → ZcK−%0) ,

!(%0
b → Zcπ+$−) = !(%0

b → Zcπ0$0)

= !(%0
b → Zcπ−$+) ,

!(%0
b → ZcK+$−) = 2!(%0

b → ZcK 0$0)

= !("−
b → ZcK−n) ,

!("0
b → Zcπ0%0) = !("0

b → Zcη8$
0)

= 1
2
!("−

b → Zcπ−%0)

= 1
2
!("−

b → Zcη8$
−) ,

!("0
b → Z

cK
0$0) = 1

2
!("0

b → ZcK−$+)

= 1
2
!("−

b → Z
cK

0$−)

= !("−
b → ZcK−$0) .

And the relations deduced from Table 2:

!("′0
b → Z

cK
0%0) = !("′−

b → ZcK−%0) ,

!("′0
b → Zcη8$

0) = 1
2
!("′−

b → Zcη8$
−) ,

!("′−
b → Zcπ0$−) = !("′−

b → Zcπ−$0) ,

!($+
b → Zcπ0 p) = !($0

b → Zcπ− p) ,

!($+
b → ZcK+%0) = 2!($0

b → ZcK 0%0) ,

!($+
b → Zcη8 p) = 2!($0

b → Zcη8n) ,

!($−
b → Zcπ−n) = !($−

b → ZcK 0$−) ,

!("′0
b → Zcπ0%0) = 1

2
!("′−

b → Zcπ−%0) ,

!("′0
b → Zcπ0$0) = !("′0

b → Zcη8%
0) ,

!($+
b → Zcπ+%0) = !($0

b → Zcπ0%0)

= !($−
b → Zcπ−%0) ,

!($+
b → ZcK+$0) = !($0

b → ZcK+$−)

= !("′−
b → ZcK−n) ,

!($+
b → Zcη8$

+) = !($0
b → Zcη8$

0)

= !($−
b → Zcη8$

−) ,

!($+
b → Z

cK
0 p) = 2!($0

b → Z
cK

0n)

= 2!($0
b → ZcK− p)

= !($−
b → ZcK−n) ,

!("′0
b → Z

cK
0$0) = 1

2
!("′0

b → ZcK−$+)

= 1
2
!("′−

b → Z
cK

0$−)

= !("′−
b → ZcK−$0) ,

!($+
b → Zcπ+n) = 2!("′0

b → Zcπ+$−)

= 2!("′0
b → Z

cK
0n)

= !('−
b → Z

cK
0$−)

= 2!('−
b → ZcK−$0) ,

!($+
b → Zcπ+$0) = !($+

b → Zcπ0$+)

= !($0
b → Zcπ+$−)

123

Eur. Phys. J. C          (2022) 82:1075 Page 3 of 9  1075 

where q can be d or s. The GF and Vi j are Fermi cou-
pling constant and CKM matrix element, respectively. Oi
is the low-energy effective operator and Ci is the corre-
sponding Wilson coefficient obtained by integrating out the
high energy contributions. We have neglected contributions
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compared to the tree contributions. The operators Oi trans-
fer under the flavor SU(3) as 3̄, the corresponding quark
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Where the ai and bi are SU(3) irreducible nonperturbative
amplitudes. Feynman diagrams for these modes are given
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sponding Wilson coefficient obtained by integrating out the
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 Ignoring the mass difference between final state baryons.

 The SU(3) symmetry breaking in bottom quark decay is pretty small.
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 Adopt the factorized ansatz to compute the decay width.
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M
(
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c (3900)

)
= GF√

2
VcbV ∗
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×
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∣∣!0
b

〉
ε∗
µ(sZc ) ,

(8)

where a2 = C1 +C2/Nc, with the Wilson coefficients being
C1(mb) = −0.248 and C2(mb) = 1.107 [59,60]. fZc and
MZc are the decay constant and mass of Z0

c (3900) respec-
tively, they are important spectroscopic parameters of an
exotic multiquark state, the decay constant is defined through
the matrix element
〈
0
∣∣∣J Z

µ
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〉
= fZc MZcεµ(sZc) , (9)

with εµ(sZc) being the polarization vector of Zc and the inter-
polating current is given by the following expression

J Z
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2
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] [
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] }
, (10)

here a, b, c, d, e are color indices, and C is the charge con-
jugation operator. fZc is evaluated to be fZc = 0.0051 GeV4

[19,61]. In addition to the decay constant, there is another
factor RZc in Eq. (8) whose dimension is GeV−3, it is used to
characterize the nonperturbative effects caused by the quark
and gluon propagators on which the momentum is of order
!QCD. This idea is analogous to the intermediate state prop-
agator in !0

b → !0∗ J/ψ [55] or the resonant propagator in
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Table 3 Input parameters for spin-1/2 baryon !0 in MCN quark model
[63]

!0

Form factor a0 a2 a4

f +1 1.21 0.319 −0.0177

f +2 −0.202 −0.219 −0.0103

f +3 −0.0615 0.0102 −0.00139

g+1 0.927 0.104 −0.00553

g+2 −0.236 −0.233 0.011

g+3 0.0756 0.0195 −0.00115

α!0 = 0.387 α!0
b
= 0.443

daughter baryon momentum in the !b rest frame.

#(!0
b → !0Z0

c (3900)) =
∑

s
!0
b
,s!

|p!|
8πm2

!0
b

×1
2
|M(!0

b → !0Z0
c (3900))|2

=
∑

s
!0
b
,s!

|p!|
8πm2

!0
b

∣∣∣∣
GF√

2
VcbV

∗
csa2 fZc

×MZc

∑

s!

∑

s!

H1(s!0
b
, s!, sW )
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2
.

(17)

Using the form factors in Table 3, we obtain an order-of-
magnitude estimation of partial decay width and branching
fraction

#(!0
b → !0Z0

c (3900)) = 8.61 × 10−20 GeV ,

B(!0
b → !0Z0

c (3900)) = 1.93 × 10−7 . (18)

The estimated branching fraction of !0
b → !0Z0

c (3900) is
at the order 10−7. According to the experimental result from
BESIII, Z0

c (3900) would subsequently decay into π0 J/ψ
and most of !0 decay into p π−. Therefore the cascade decay
would be !0

b → !0Z0
c (3900) → p J/ψ π−π0. It is worth

noting that our result is consistent with the transition matrix
element !0

b → !0 given in [66]. The matrix elements of
&−

b → '− and &0
b → !0 have also been calculated in [66]

which could be incorporated into the theoretical formalism
shown in this section. Similarly, one obtains the estimation
of partial decay widths and branching fractions

#(&−
b → '−Z0

c (3900)) = 8.40 × 10−21 GeV ,

#(&0
b → !0Z0

c (3900)) = 2.64 × 10−21 GeV ,

B(&−
b → '−Z0

c (3900)) = 2.01 × 10−8 ,

B(&0
b → !0Z0

c (3900)) = 5.94 × 10−9 . (19)

The results displayed above is an order of magnitude lower
than Eq. (18) mainly due to the ratio of CKM matrix ele-
ments |V ∗

cs/V
∗
cd |2. Notably, at this stage the SU(3) symme-

try is helpful for figuring out the promising decay channels
toward the discovery of Zc states through b-baryon decay.
According to the SU(3) symmetry induced results in Table 1
and the branching fractions in Eqs. (18) and (19), we collect
several channels of b-baryon decay with estimated branch-
ing fractions in Table 4. The presented branching fractions are
on the order of 10−7 or less. At present, LHCb could detect
the branching fraction down to 10−6 among !0

b decay modes
whose final states contain J/ψ or its excited states plus a pro-
ton and light mesons [67]. Thus, the decay channels shown
in Table 4 can be only observed with a large amount of data
in the future, such as the high luminosity LHC.

It should be stressed here that the results listed in Table 4
are preferred to be regarded as rough estimations rather than
accurate ones since they are based on the naive factoriza-
tion ansatz. To rigorously study the dynamics of nonlep-
tonic two-body b-baryon decays whose final states contain a
tetraquark, some popular theoretical approaches such as per-
turbative QCD (pQCD) [68,69], QCD factorization (QCDF)
[70] and SCET [71,72] would be necessary. This issue goes
surely beyond the scope of this paper.

4 Conclusions

In summary, we have studied the weak decays of b-baryon to
a tetraquark and a light baryon, decay amplitudes for various
transitions have been parametrized in terms of the SU(3)-
independent amplitudes. Using these results, we provide a
number of relations which can be served as tests for find-
ing out the suitable theoretical explanation for Zc states. The
partial decay widths as well as branching fractions of sev-
eral decay channels have also been presented in terms of the
helicity amplitude technique.

At present, with limited data it is not possible to dis-
tinguish the mechanism by which the component quarks

Table 4 Estimation of
branching fractions of b-baryon
decay in which the tetraquark
appears in the final states

Channel Branching fraction Channel Branching fraction

&−
b → '−Z0

c (3900) 2.01 × 10−8 &−
b → '0Z−

c (3900) 2.01 × 10−8

&−
b → !0Z−

c (3900) 1.26 × 10−8 &−
b → '−Zcη8 1.26 × 10−8

&0
b → !0Z0

c (3900) 5.94 × 10−9 &0
b → '0Zcη8 5.94 × 10−9

!0
b → !0Z0

c (3900) 1.93 × 10−7
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ton and light mesons [67]. Thus, the decay channels shown
in Table 4 can be only observed with a large amount of data
in the future, such as the high luminosity LHC.

It should be stressed here that the results listed in Table 4
are preferred to be regarded as rough estimations rather than
accurate ones since they are based on the naive factoriza-
tion ansatz. To rigorously study the dynamics of nonlep-
tonic two-body b-baryon decays whose final states contain a
tetraquark, some popular theoretical approaches such as per-
turbative QCD (pQCD) [68,69], QCD factorization (QCDF)
[70] and SCET [71,72] would be necessary. This issue goes
surely beyond the scope of this paper.

4 Conclusions

In summary, we have studied the weak decays of b-baryon to
a tetraquark and a light baryon, decay amplitudes for various
transitions have been parametrized in terms of the SU(3)-
independent amplitudes. Using these results, we provide a
number of relations which can be served as tests for find-
ing out the suitable theoretical explanation for Zc states. The
partial decay widths as well as branching fractions of sev-
eral decay channels have also been presented in terms of the
helicity amplitude technique.

At present, with limited data it is not possible to dis-
tinguish the mechanism by which the component quarks

Table 4 Estimation of
branching fractions of b-baryon
decay in which the tetraquark
appears in the final states

Channel Branching fraction Channel Branching fraction

&−
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c (3900) 2.01 × 10−8 &−
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Estimate of branching fractions of b-baryon decays where 
tetraquarks appear in the final states.
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We have derived the angular distribution of Lambda_b decay 
with three resonances.


Our analysis can improve our understanding on .


We presented numerical predictions for the partial decay 
widths and branching fractions of various channels.

Zc(3900)

Thank you for your attention！



23Backup

Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B0
!  0K�⇡+ decays [7–9], implying that the existence of pentaquark baryon

states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b ! J/ K�p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b lifetime [11]. (In this Letter mention of a particular

mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤

! K�p resonances, as are
evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b ! J/ ⇤⇤ and (b) ⇤0

b ! P+
c K� decay.
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Figure 2: Invariant mass of (a) K�p and (b) J/ p combinations from ⇤0
b ! J/ K�p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B0
!  0K�⇡+ decays [7–9], implying that the existence of pentaquark baryon

states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b ! J/ K�p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b lifetime [11]. (In this Letter mention of a particular

mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤

! K�p resonances, as are
evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b ! J/ ⇤⇤ and (b) ⇤0

b ! P+
c K� decay.

 [GeV]pKm
1.4 1.6 1.8 2.0 2.2 2.4

Ev
en

ts/
(2

0 
M

eV
)

500

1000

1500

2000

2500

3000

LHCb(a)

data

phase space

 [GeV]pψ/Jm
4.0 4.2 4.4 4.6 4.8 5.0

Ev
en

ts/
(1

5 
M

eV
)

200

400

600

800 LHCb(b)

Figure 2: Invariant mass of (a) K�p and (b) J/ p combinations from ⇤0
b ! J/ K�p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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