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Abstract: We systematically construct  all  the tetraquark currents/operators  of  with the quark configura-
tions , , and  ( ), and derive their relations through the Fierz rearrangement of the Dir-
ac and color indices. Using the transformations of  and , we study decay properties of the

 as  a  compact  tetraquark  state;  while  using  the  transformation  of ,  we  study  its  decay
properties as a hadronic molecular state.
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1    Introduction

XYZ

Zc(3900)+ Y(4260)→ J/ψπ+π−

Zc(3900)+

In the past twenty years, many charmonium-like 
states  have  been  discovered  in  particle  experiments  [1].
All of these are good multiquark candidates, and their rel-
evant experimental  and  theoretical  studies  have  signific-
antly improved  our  understanding  of  the  strong  interac-
tion at the low energy region. In particular, in 2013, BE-
SIII  reported  the  in  the 
process  [2],  which  was  later  confirmed by  Belle  [3]  and
CLEO  [4].  Since  it  couples  strongly  to  the  charmonium
and yet it is charged, the  is not a conventional
charmonium state  and contains  at  least  four  quarks.  It  is
quite  interesting  to  understand  how  it  is  composed  of
these four quarks, and there have been various models de-
veloped to explain this, such as a compact tetraquark state
composed  of  a  diquark  and  an  antidiquark  [5, 6],  a
loosely-bound hadronic molecular state composed of two
charmed mesons [7-13], a hadro-quarkonium [8, 14, 15],
or due to the kinematical threshold effect [16-19], etc. We
refer to reviews [20-24] for detailed discussions.

Zc(3900)
JPC = 1+− J/ψπ DD̄∗

hcπ

Zc(3900)→ ηcρ

3.9σ
√

s = 4.226

The  charged  charmonium-like  state  of
 [25]  has  been  observed  in  the  and 

channels [2, 3, 26, 27], and there were some events in the
 channel  [28].  In  a  recent  BESIII  experiment  [29],

evidence for the  decay was reported with
a statistical significance of  at  GeV, and

the relative branching ratio

RZc
≡ B(Zc(3900)→ ηcρ)
B(Zc(3900)→ J/ψπ)

, (1)

2.2±0.9was evaluated  to  be  at  the  same center-of-mass
energy.  This  ratio  has  been  studied  by  many  theoretical
methods/models [30-39],  and was suggested in Ref.  [40]
to be  useful  to  discriminate  between  the  compact  tetra-
quark  and  hadronic  molecule  scenarios.  As  summarized
in Table  1,  this  ratio  was  calculated  in  many  molecular
models, but  the  extracted  values  are  highly  model  de-
pendent. Hence, it would be useful to derive a model-in-
dependent  result,  and  it  would  be  even  better  to  do  so
within  the  same  framework  for  both  the  tetraquark  and
molecule scenarios.

Zc(3900)

[qq][q̄q̄] [q̄q][q̄q]

Zc(3900) c̄
q̄ q = u/d

In  this  paper  we  study  the  decay  properties  of  the
 under both the compact tetraquark and hadronic

molecule interpretations.  This study is  based on our pre-
vious  finding  that  the  diquark-antidiquark  currents
( )  and  the  meson-meson  currents  ( )  are
related  to  each  other  through the  Fierz  rearrangement  of
the Dirac and color indices [41-51]. More studies on light
baryon  operators  can  be  found  in  Refs.  [52-54].  In  the
present case the  contains four quarks: the c, , q,

 quarks ( ). Thus, there are three configurations:

[cq][c̄q̄] , [c̄q][q̄c] , and [c̄c][q̄q] .

Again,  the  Fierz  rearrangement  can  be  applied  to  relate
them. Based on these relations, we shall extract some de-
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Zc(3900)cay properties of the  in this paper.
[cq][c̄q̄]

JPC = 1+−
There  are  eight  independent  currents  of

, which have been systematically constructed in
Ref. [55]. Here, we choose one of them,

ηZµ = ϵ
abeϵcde qT

aCγµcb q̄cγ5Cc̄T
d −{γµ↔ γ5} , (2)

C

a · · ·e

Zc(3900)

where  is  the charge-conjugation matrix,  the subscripts
 are the color indices, and the sum over repeated in-

dices is  taken. This current would strongly couple to the
,  if  it  has  the  same  internal  structure  (internal

symmetry) as that state.
The  above  current  is  useful  from  the  viewpoints  of

both effective field theory and QCD sum rules. Note that
there  are  various  quark-based  effective  field  theories,
which  have  been  successfully  applied  to  describe  the
meson and baryon systems,  such  as  the  Non-Relativistic
QCD for the heavy quarkonium system [56, 57]:

LNRQCD =ψ
† {iD0+ · · · }ψ+χ† {iD0+ · · · }χ

+
f1(1S 0)
m1m2

ψ†χχ†ψ+
f1(3S 0)
m1m2

ψ†σχχ†σψ

+
f8(1S 0)
m1m2

ψ†T aχχ†T aψ

+
f8(3S 0)
m1m2

ψ†T aσχχ†T aσψ+ · · · . (3)

We refer to Ref. [58] for a detailed review of this method.
The above Lagrangian contains four four-fermion operat-
ors, which can be used to study the annihilation width of
a  heavy  quarkonium  into  light  particles.  In  this  method
the Fierz rearrangement is  applied to decouple the Dirac
and  color  indices  that  connect  the  short-distance  part  to
the long-distance part [57].

Zc(3900)

ηZµ

Compared  with  this,  the  quark-based  effective  field
theory  for  the  multiquark  system is  much  more  difficult
[24]. Let us attempt to do this for the . Based on
Eq. (2), we can add an eight-quark operator (the same ar-
gument applies for other Lagrangians containing ):

L =c0×ηZµ ×
(
ηZ,µ

)†
=c0×

(
ϵabeϵcde qT

aCγµcb q̄cγ5Cc̄T
d −{γµ↔ γ5}

)
×

(
ϵa′b′e′ϵc′d′e′ c̄b′γ

µCq̄T
a′ cT

d′Cγ5qc′ −{γµ↔ γ5}
)
, (4)

c0where  is a  constant.  Next,  we  can  use  the  Fierz  re-
arrangement to transform it to

L =c0×
(
+

1
3

c̄aγ5ca q̄bγµqb−
1
3

c̄aγµca q̄bγ5qb

+
i
3

c̄aγ
νγ5ca q̄bσµνqb−

i
3

c̄aσµνca q̄bγ
νγ5qb

− 1
4
λn

abλ
n
cd c̄aγ5cb q̄cγµqd

+
1
4
λn

abλ
n
cd c̄aγµcb q̄cγ5qd

− i
4
λn

abλ
n
cd c̄aγ

νγ5cb q̄cσµνqd

+
i
4
λn

abλ
n
cd c̄aσµνcb q̄cγ

νγ5qd

)
×

(
ϵa′b′e′ϵc′d′e′ c̄b′γ

µCq̄T
a′ cT

d′Cγ5qc′ −{γµ↔ γ5}
)
. (5)

Detailed discussions on this transformation will be given
below.

q̄γ5q q̄γµq
c̄γ5c c̄γµc π ρ ηc J/ψ

Zc(3900)
ηcρ J/ψπ

Zc(3900)

Considering  that  the  meson  operators, , ,
,  and  couple  to  the , , ,  and  mesons

(see Table  2 at  Sec.  3),  the  above  eight-quark  operator
can describe the fall-apart decays of the  into the

 and  final  states  simultaneously,  together  with
some  other  possible  decay  channels.  In  order  to  extract
the  widths  of  these  decays,  one  still  needs  to  do  further
calculations,  which  we  shall  not  examine  further.
However, their relative branching ratios can be extracted
much more easily, which are useful and important for un-
derstanding the nature of the  [59].

ηZµ

Zc(3900)

The  current  can  also  be  investigated  from  the
viewpoint  of  QCD  sum  rules  [60, 61].  We  assume  it
couples to the  through

RZc ≡ B(Zc(3900)→ ηcρ)/B(Zc(3900)→ J/ψπ)Table 1.    The relative branching ratio , calculated by various theoretical methods/models.

interpretations RZc methods/models

compact tetraquark

(
2.3+3.3
−1.4

)
×102 Type-I diquark-antidiquark model [40]

0.27+0.40
−0.17 Type-II diquark-antidiquark model [40]

0.95 QCD sum rules [30]

0.57 QCD sum rules [31]

1.1 QCD sum rules [32]

1.28 covariant quark model [33]

hadronic molecule

(
4.6+2.5
−1.7

)
×10−2 Non-Relativistic effective field theory [40]

0.12 light front model [34]

0.68×10−2 effective field theory [35]

1.78 covariant quark model [33]
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⟨0|ηZµ |Zc⟩ = fZc
ϵµ . (6)

ηZµ

ηcρ J/ψπ

After the Fierz rearrangement,  transforms to the long
expression  inside  Eq.  (5).  Through  the  first  and  second
terms, it  couples to the  and  channels simultan-
eously:

⟨0|ηZµ |ηcρ⟩ =
1
3
⟨0|c̄aγ5ca|ηc⟩⟨0|q̄bγµqb|ρ⟩+ · · · ,

⟨0|ηZµ |J/ψπ⟩ = −
1
3
⟨0|c̄aγµca|J/ψ⟩⟨0|q̄bγ5qb|π⟩+ · · · . (7)

RZc

Again, these  two  equations  can  be  easily  used  to  calcu-
late the relative branching ratio . Detailed discussions
on this will be given below.

Zc(3900)

fZc

In  the  above  equations,  we  have  worked  within  the
naive factorization scheme, so our uncertainty is signific-
antly  larger  than  the  well-developed  QCD  factorization
method [62-64], which has been widely and successfully
applied  to  study  weak  and  radiative  decay  properties  of
conventional  (heavy)  hadrons,  e.g.,  see  Refs.  [65, 66].
However,  given that  we still  do not  fully  understand the
internal structure of the  (as well as all the other
exotic  hadrons),  the  naive  factorization  scheme  at  this
moment can be useful. Besides, the tetraquark decay con-
stant  is  removed when calculating  relative  branching
ratios, which significantly reduces our uncertainty.

Zc(3900)

Zc(3900)

In this study, we shall examine the strong decay prop-
erties  of  the  under  the  naive  factorization
scheme.  To do this  we just  need to  replace the weak-in-
teraction  Lagrangian  by  some  interpolating  current,  and
apply the similar technics here together with the Fierz ar-
rangement.  Note  that  a  similar  arrangement  of  the  spin
and  color  indices  in  the  nonrelativistic  case  was  used  to
study strong decay properties of the  in Refs. [8,
67, 68].

This paper is organized as follows. In Sec. 2 we sys-
tematically  construct  all  the  tetraquark  currents  of

JPC = 1+− cc̄qq̄
[cq][c̄q̄] [c̄q][q̄c] [c̄c][q̄q]

Zc(3900)

 with  the  quark  content .  There  are  three
configurations, , ,  and ,  and  their
relations  are  also  derived  in  this  section  by  using  the
Fierz  rearrangement  of  the  Dirac  and  color  indices.  In
Sec.  3  we  discuss  the  couplings  of  meson  operators  to
meson  states  and  list  those  which  are  needed  in  the
present study.  In  Sec.  4  and  Sec.  5  we  extract  some de-
cay  properties  of  the , separately  for  the  com-
pact  tetraquark  interpretation  and  the  hadronic  molecule
interpretation.  The  obtained  results  are  discussed  and
summarized in Sec. 6.

JPC = 1+−2    Tetraquark  currents  of  and  their
relations

c̄ q̄ q = u/dBy using the c, , q,  quarks ( ), one can con-
struct  three  types  of  tetraquark  currents,  as  illustrated  in
Fig. 1:

η(x,y) = [qT
a (x) CΓ1 cb(x)]× [q̄c(y) Γ2C c̄T

d (y)] ,
ξ(x,y) = [c̄a(x) Γ3 qb(x)]× [q̄c(y) Γ4 cd(y)] ,
θ(x,y) = [c̄a(x) Γ5 cb(x)]× [q̄c(y) Γ6 qd(y)] , (8)

Γi C

a,b,c,d

η(x,y) ξ(x,y)
θ(x,y)

where  are the Dirac matrices,  is the charge-conjuga-
tion matrix,  the  subscripts  are  color  indices,  and
the sum over repeated indices is taken. One typically calls

 the  diquark-antidiquark  current,  and  and
 the mesonic-mesonic currents. We separately con-

struct them as follows:

[qc][q̄c̄] ηi
µ(x,y)2.1     currents 

[qc][q̄c̄]
JPC = 1+−

There  are  altogether  eight  independent  cur-
rents of  [55]:

Fig.  1.     (color  online)  Three  types  of  tetraquark  currents.  Quarks  are  shown  in  red/green/blue  color,  and  antiquarks  are  shown  in
cyan/magenta/yellow color.
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η1
µ = qT

aCγµcb q̄aγ5Cc̄T
b −qT

aCγ5cb q̄aγµCc̄T
b ,

η2
µ = qT

aCγµcb q̄bγ5Cc̄T
a −qT

aCγ5cb q̄bγµCc̄T
a ,

η3
µ = qT

aCγ
νcb q̄aσµνγ5Cc̄T

b −qT
aCσµνγ5cb q̄aγ

νCc̄T
b ,

η4
µ = qT

aCγ
νcb q̄bσµνγ5Cc̄T

a −qT
aCσµνγ5cb q̄bγ

νCc̄T
a ,

η5
µ = qT

aCγµγ5cb q̄aCc̄T
b −qT

aCcb q̄aγµγ5Cc̄T
b ,

η6
µ = qT

aCγµγ5cb q̄bCc̄T
a −qT

aCcb q̄bγµγ5Cc̄T
a ,

η7
µ = qT

aCγ
νγ5cb q̄aσµνCc̄T

b −qT
aCσµνcb q̄aγ

νγ5Cc̄T
b ,

η8
µ = qT

aCγ
νγ5cb q̄bσµνCc̄T

a −qT
aCσµνcb q̄bγ

νγ5Cc̄T
a . (9)

η1
µ−η2

µ η3
µ−η4

µ η5
µ−η6

µ

η7
µ−η8

µ

[qc]3̄c
[q̄c̄]3c

→ [cc̄qq̄]1c
η1
µ+η

2
µ η3

µ+η
4
µ η5

µ+η
6
µ

η7
µ+η

8
µ

[qc]6c
[q̄c̄]6̄c

→ [cc̄qq̄]1c

Here, we have omitted the coordinates x and y for simpli-
city.  Their  combinations, , , ,  and

 have  the  antisymmetric  color  structure
,  and , , ,  and

 have  the  symmetric  color  structure
.

|sqc, sq̄c̄⟩J sqc sq̄c̄

JP = 0+ JP = 1+

Zc(3900)
JPC = 1+−

In  the  "type-II"  diquark-antidiquark  model  proposed
in Ref. [6], the ground-state tetraquarks can be written in
the  spin  basis  as ,  where  and  are  the
charmed  diquark  and  antidiquark  spins,  respectively.
There  are  two  ground-state  diquarks:  the  "good"  one  of

 and the "bad" one of  [69]. By combining
them,  the  was  interpreted  as  a  diquark-anti-
diquark state of  in Ref. [6]:

|0qc1q̄c̄;1+−⟩ = 1
√

2

(
|0qc,1q̄c̄⟩J=1− |1qc,0q̄c̄⟩J=1

)
. (10)

ηZµ

The  interpolating  current  having  the  identical  internal
structure is simply the current  given in Eq. (2), which
has  been  studied  in  Refs.  [30– 32, 70]  using  QCD  sum
rules:

ηZµ (x,y) = η1
µ([uc][d̄c̄])−η2

µ([uc][d̄c̄])

= uT
a (x)Cγµcb(x)

×
(
d̄a(y)γ5Cc̄T

b (y)−{a↔ b}
)

− {γµ↔ γ5} . (11)

[uc][d̄c̄] Zc(3900)+
Here,  we  have  explicitly  chosen  the  quark  content

 for the positive-charged .

[c̄q][q̄c] ξi
µ(x,y)2.2     currents 

[c̄q][q̄c]
JPC = 1+−

There  are  altogether  eight  independent  cur-
rents of :

ξ1
µ = c̄aγµqa q̄bγ5cb+ c̄aγ5qa q̄bγµcb ,

ξ2
µ = c̄aγ

νqa q̄bσµνγ5cb− c̄aσµνγ5qa q̄bγ
νcb ,

ξ3
µ = c̄aγµγ5qa q̄bcb− c̄aqa q̄bγµγ5cb ,

ξ4
µ = c̄aγ

νγ5qa q̄bσµνcb+ c̄aσµνqa q̄bγ
νγ5cb ,

ξ5
µ = λ

n
abλ

n
cd

(
c̄aγµqb q̄cγ5cd + c̄aγ5qb q̄cγµcd

)
,

ξ6
µ = λ

n
abλ

n
cd

(
c̄aγ

νqb q̄cσµνγ5cd − c̄aσµνγ5qb q̄cγ
νcd

)
,

ξ7
µ = λ

n
abλ

n
cd

(
c̄aγµγ5qb q̄ccd − c̄aqb q̄cγµγ5cd

)
,

ξ8
µ = λ

n
abλ

n
cd

(
c̄aγ

νγ5qb q̄cσµνcd + c̄aσµνqb q̄cγ
νγ5cd

)
. (12)

ξ1,2,3,4
µ

[c̄q]1c
[q̄c]1c

→ [cc̄qq̄]1c
ξ5,6,7,8
µ

[c̄q]8c
[q̄c]8c

→ [cc̄qq̄]1c

Zc(3900) DD̄∗

JPC = 1+−

Among  them,  have  the  color  structure
,  and  have the  color  struc-

ture .  In  the  molecular  picture,  the
 can be interpreted as the  hadronic molecu-

lar state of  [7–10]:

|DD̄∗;1+−⟩ = 1
√

2

(
|DD̄∗⟩J=1− |D̄D∗⟩J=1

)
, (13)

and the relevant interpolating current is [71–73]:

ξZµ (x,y) = ξ1
µ([c̄u][d̄c])

= c̄a(x)γµua(x) d̄b(y)γ5cb(y)+ {γµ↔ γ5} . (14)

[c̄u][d̄c]Again, we have chosen the quark content .

[c̄c][q̄q] θi
µ(x,y)2.3     currents 

[c̄c][q̄q]
JPC = 1+−

There  are  altogether  eight  independent  cur-
rents of :

θ1
µ(x,y) = c̄a(x)γ5ca(x) q̄b(y)γµqb(y) ,

θ2
µ(x,y) = c̄a(x)γµca(x) q̄b(y)γ5qb(y) ,

θ3
µ(x,y) = c̄a(x)γνγ5ca(x) q̄b(y)σµνqb(y) ,

θ4
µ(x,y) = c̄a(x)σµνca(x) q̄b(y)γνγ5qb(y) ,

θ5
µ(x,y) = λn

abλ
n
cd c̄a(x)γ5cb(x) q̄c(y)γµqd(y) ,

θ6
µ(x,y) = λn

abλ
n
cd c̄a(x)γµcb(x) q̄c(y)γ5qd(y) ,

θ7
µ(x,y) = λn

abλ
n
cd c̄a(x)γνγ5cb(x) q̄c(y)σµνqd(y) ,

θ8
µ(x,y) = λn

abλ
n
cd c̄a(x)σµνcb(x) q̄c(y)γνγ5qd(y) . (15)

θ1,2,3,4
µ

[c̄c]1c
[q̄q]1c

→ [cc̄qq̄]1c
θ5,6,7,8
µ

[c̄c]8c
[q̄q]8c

→ [cc̄qq̄]1c

Among  them,  have  the  color  structure
,  and  have the  color  struc-

ture . We  will  discuss  their  corres-
ponding hadron states in Sec. 3.

2.4    Fierz rearrangement

We have applied the Fierz rearrangement of  the Dir-
ac and color  indices to systematically study light  baryon
and tetraquark operators/currents  in Refs.  [41-54].  It  can
also be used to relate the above three types of tetraquark
currents. To do this, we must use a) the Fierz transforma-
tion  [74] in  the  Lorentz  space  to  rearrange  the  Dirac  in-
dices, and b) the color rearrangement in the color space to
rearrange  the  color  indices.  All  the  necessary  equations
can be found in Sec. 3.3.2 of Ref. [75].

In Eq. (5) the Fierz rearrangement is applied to local
operators/currents.  However,  the  Fierz  rearrangement  is
actually  a  matrix  identity,  which  is  valid  if  the  same
quark field in the initial and final operators is at the same
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η(x, x′;y,y′) = [q(x)c(x′)][q̄(y)c̄(y′)]

location. As  an  example,  we  can  apply  the  Fierz  re-
arrangement  to  transform  the  non-local  current  with  the
quark  fields  into  a
combination of several non-local currents with the quark

ξ(y′, x;y, x′) = [c̄(y′)q(x)]
[q̄(y)c(x′)]
fields  at  the  same  locations 

.

ηi
µ(x, x′;y,y′) θi

µ(y′, x′;y, x)
Altogether,  we obtain the following relation between

the currents  and :



η1
µ

η2
µ

η3
µ

η4
µ

η5
µ

η6
µ

η7
µ

η8
µ



=



1/2 −1/2 i/2 −i/2 0 0 0 0

1/6 −1/6 i/6 −i/6 1/4 −1/4 i/4 −i/4

3i/2 3i/2 −1/2 −1/2 0 0 0 0

i/2 i/2 −1/6 −1/6 3i/4 3i/4 −1/4 −1/4

1/2 1/2 −i/2 −i/2 0 0 0 0

1/6 1/6 −i/6 −i/6 1/4 1/4 −i/4 −i/4

3i/2 −3i/2 1/2 −1/2 0 0 0 0

i/2 −i/2 1/6 −1/6 3i/4 −3i/4 1/4 −1/4



×



θ1
µ

θ2
µ

θ3
µ

θ4
µ

θ5
µ

θ6
µ

θ7
µ

θ8
µ



, (16)

ηi
µ(x, x′;y,y′) ξi

µ(y′, x;y, x′)the following relation between  and :

η1
µ

η2
µ

η3
µ

η4
µ

η5
µ

η6
µ

η7
µ

η8
µ



=



0 i/6 −1/6 0 0 i/4 −1/4 0

0 i/2 −1/2 0 0 0 0 0

−i/2 0 0 1/6 −3i/4 0 0 1/4

−3i/2 0 0 1/2 0 0 0 0

1/6 0 0 −i/6 1/4 0 0 −i/4

1/2 0 0 −i/2 0 0 0 0

0 −1/6 i/2 0 0 −1/4 3i/4 0

0 −1/2 3i/2 0 0 0 0 0



×



ξ1
µ

ξ2
µ

ξ3
µ

ξ4
µ

ξ5
µ

ξ6
µ

ξ7
µ

ξ8
µ



, (17)

ηi
µ(x, x′;y,y′) ξ1,2,3,4

µ (y′, x;y, x′) θ1,2,3,4
µ (y′, x′;y, x)the following relation among , , and :

η1
µ

η2
µ

η3
µ

η4
µ

η5
µ

η6
µ

η7
µ

η8
µ



=



0 0 0 0 1/2 −1/2 i/2 −i/2

0 i/2 −1/2 0 0 0 0 0

0 0 0 0 3i/2 3i/2 −1/2 −1/2

−3i/2 0 0 1/2 0 0 0 0

0 0 0 0 1/2 1/2 −i/2 −i/2

1/2 0 0 −i/2 0 0 0 0

0 0 0 0 3i/2 −3i/2 1/2 −1/2

0 −1/2 3i/2 0 0 0 0 0



×



ξ1
µ

ξ2
µ

ξ3
µ

ξ4
µ

θ1
µ

θ2
µ

θ3
µ

θ4
µ



, (18)

ξi
µ(y′, x;y, x′) θi

µ(y′, x′;y, x)and the following relation between  and :
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

ξ1
µ

ξ2
µ

ξ3
µ

ξ4
µ

ξ5
µ

ξ6
µ

ξ7
µ

ξ8
µ



=



−1/6 −1/6 −i/6 −i/6 −1/4 −1/4 −i/4 −i/4

−i/2 i/2 1/6 −1/6 −3i/4 3i/4 1/4 −1/4

1/6 −1/6 −i/6 i/6 1/4 −1/4 −i/4 i/4

i/2 i/2 1/6 1/6 3i/4 3i/4 1/4 1/4

−8/9 −8/9 −8i/9 −8i/9 1/6 1/6 i/6 i/6

−8i/3 8i/3 8/9 −8/9 i/2 −i/2 −1/6 1/6

8/9 −8/9 −8i/9 8i/9 −1/6 1/6 i/6 −i/6

8i/3 8i/3 8/9 8/9 −i/2 −i/2 −1/6 −1/6



×



θ1
µ

θ2
µ

θ3
µ

θ4
µ

θ5
µ

θ6
µ

θ7
µ

θ8
µ



. (19)

3    Meson operators

q̄aqa q̄aγ5qa q̄aγµqa q̄aγµγ5qa q̄aσµνqa q̄aσµνγ5qa

There  are  altogether  six  types  of  meson  operators:
, , , , ,  and .

The last two can be related to each other through

σµνγ5 =
i
2
ϵµνρσσ

ρσ . (20)

The  couplings  of  these  operators  to  meson  states  are
already  well  understood,  i.e.,  some  of  them  have  been
measured in particle experiments, and some of them have
been studied and calculated  by various  theoretical  meth-
ods, such as Lattice QCD and QCD sum rules, etc.

In  this  study,  we  require  the  following  couplings,  as
summarized in Table 2:

JS = q̄aqa IS = c̄aca

JPC = 0++

IS χc0(1P)

1.  The  scalar  operators  and  of
 couple  to  scalar  mesons.  In  Ref.  [76] the  au-

thors  used  the  method  of  QCD  sum  rules  and  extracted
the coupling of  to  to be

⟨0|c̄aca|χc0(p)⟩ = mχc0
fχc0

, (21)

where

fχc0
= 343 MeV . (22)

See also discussions in Refs. [77-79]. The light scalar
mesons  have  a  complicated  nature  [80],  so  we  shall  not
investigate their relevant decay channels in this study.

JP = q̄aiγ5qa

IP = c̄aiγ5ca JPC = 0−+

π ηc

2.  The  pseudoscalar  operators  and
 of  couple  to  the  pseudoscalar

mesons  and ,  respectively.  We  can  evaluate  them
through [81]:

⟨0|d̄aiγ5ua|π+(p)⟩ = λπ =
fπ+m2

π+

mu+md
,

⟨0|c̄aiγ5ca|ηc(p)⟩ = ληc
=

fηc
m2
ηc

2mc
. (23)

JV
µ = q̄aγµqa IV

µ = c̄aγµca

JPC = 1 ρ J/ψ
3.  The  vector  operators  and 

of  couple  to  the  vector  mesons  and , re-
spectively. In Refs. [82, 83] the authors used the method
of Lattice QCD to obtain

⟨0|d̄aγµua|ρ+(p, ϵ)⟩ = mρ fρ+ϵµ ,

⟨0|c̄aγµca|J/ψ(p, ϵ)⟩ = mJ/ψ fJ/ψϵµ , (24)

where

fρ+ = 208 MeV , fJ/ψ = 418 MeV . (25)

See also discussions in Refs. [84-86].
JA
µ = q̄aγµγ5qa

IA
µ = c̄aγµγ5ca JPC = 1++

π ηc JPC = 0−+

a1(1260) χc1(1P) JPC = 1++

JA
µ π

4.  The  axialvector  operators  and
 of  couple to both the pseudoscal-

ar  mesons  (  and  of )  and  axialvector
mesons  (  and  of ). The  coup-
ling of  to  has been well measured in particle experi-
ments [1]:

⟨0|d̄aγµγ5ua|π+(p)⟩ = ipµ fπ+ , (26)

a1(1260)while its coupling to  was evaluated by using
Lattice QCD [87]:

⟨0|d̄aγµγ5ua|a1(p, ϵ)⟩ = ma1
fa1
ϵµ , (27)

where

fπ+ = 130.2 MeV , fa1
= 254 MeV . (28)

IA
µ ηc χc1(1P)The  coupling  of  to  and  was  evaluated

by using Lattice QCD [83] and QCD sum rules [77]:

⟨0|c̄aγµγ5ca|ηc(p)⟩ = ipµ fηc
,

⟨0|c̄aγµγ5ca|χc1(p, ϵ)⟩ = mχc1
fχc1
ϵµ , (29)

where

fηc
= 387 MeV , fχc1

= 335 MeV . (30)

See also discussions in Refs. [77, 85, 88-94].
JT
µν = q̄aσµνqa

IT
µν = c̄aσµνca JPC = 1±−

ρ J/ψ JPC = 1
b1(1235) hc(1P) JPC = 1+−

JT
µν ρ b1(1235)

5.  The  tensor  operators  and
 of  couple  to  both  the  vector

mesons  (  and  of )  and  the  axialvector
mesons  (  and  of ). The  coup-
ling of  to  and  was calculated through Lat-
tice QCD [82] and QCD sum rules [95]:

⟨0|d̄aσµνua|ρ+(p, ϵ)⟩ = i f T
ρ (pµϵν− pνϵµ) ,

⟨0|d̄aσµνua|b1(p, ϵ)⟩ = i f T
b1
ϵµναβϵ

αpβ , (31)
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where

f T
ρ = 159 MeV , f T

b1
= 180 MeV . (32)

IT
µν J/ψ hc(1P)The coupling of  to  and  was calculated

through Lattice QCD [83]:

⟨0|c̄aσµνca|J/ψ(p, ϵ)⟩ = i f T
J/ψ(pµϵν− pνϵµ) ,

⟨0|c̄aσµνca|hc(p, ϵ)⟩ = i f T
hc
ϵµναβϵ

αpβ , (33)

where

f T
J/ψ = 410 MeV , f T

hc
= 235 MeV . (34)

See also discussions in Refs. [96-104].
Zc(3900) DD̄∗

OP = q̄aiγ5ca OA
µ = c̄aγµγ5qa

6. The  is above the  threshold; thus, we
need the couplings of  and  to
the D meson [1]:

⟨0|d̄aiγ5ca|D+(p)⟩ = λD ,

⟨0|c̄aγµγ5ua|D̄0(p)⟩ = ipµ fD , (35)

OV
µ = c̄aγµqa OT

µν = q̄aσµνca

D∗
and  the  couplings  of  and  to
the  meson [105]:

⟨0|c̄aγµua|D̄∗0(p, ϵ)⟩ = mD∗ fD∗ϵµ ,

⟨0|d̄aσµνca|D∗+(p, ϵ)⟩ = i f T
D∗ (pµϵν− pνϵµ) , (36)

where

λD =
fDm2

D+

mc+md
, fD = 211.9 MeV , fD∗ = 253 MeV . (37)

f T
D∗

fπ+ fρ+ f T
ρ fηc

fJ/ψ f T
J/ψ fD fD∗ f T

D∗

We found  no  theoretical  study  on  the  transverse  de-
cay constant ;  thus,  we simply fit  it  among the decay
constants, - - , - - ,  and - - ,  to
obtain

f T
D∗ ≈ 220 MeV . (38)

See also discussions in Refs. [106, 107].
Zc(3900)→ DD̄∗0→ DD̄π

OS = q̄aca

D∗0

7.  The  decay is  kinematic-
ally allowed, so we need the coupling of  to the

 meson [108]:

⟨0|d̄aca|D∗+0 (p)⟩ = mD∗0 fD∗0 , (39)

where

fD∗0 = 410 MeV . (40)

Table 2.    Couplings of meson operators to meson states. Color indices are omitted for simplicity.

operators JPC mesons JPC couplings decay constants

JS = d̄u 0++ – 0++ – –

JP = d̄iγ5u 0−+ π+ 0−+ ⟨0|JP |π+⟩ = λπ λπ =
fπm2

π

mu +md

JV
µ = d̄γµu 1 ρ+ 1 ⟨0|JV

µ |ρ+⟩ = mρ fρ+ ϵµ fρ+ = 208 MeV [82]

JA
µ = d̄γµγ5u 1++

π+ 0−+ ⟨0|JA
µ |π+⟩ = ipµ fπ+ fπ+ = 130.2 MeV [1]

a1(1260) 1++ ⟨0|JA
µ |a1⟩ = ma1 fa1 ϵµ fa1 = 254 MeV [87]

JT
µν = d̄σµνu 1±−

ρ+ 1 ⟨0|JT
µν |ρ+⟩ = i f T

ρ (pµϵν − pνϵµ) f T
ρ = 159 MeV [82]

b1(1235) 1+− ⟨0|JT
µν |b1⟩ = i f T

b1
ϵµναβϵ

αpβ f T
b1
= 180 MeV [95]

IS = c̄c 0++ χc0(1P) 0++ ⟨0|IS |χc0⟩ = mχc0 fχc0 fχc0 = 343 MeV [76]

IP = c̄iγ5c 0−+ ηc 0−+ ⟨0|IP |ηc⟩ = ληc ληc =
fηc m2

ηc

2mc

IV
µ = c̄γµc 1 J/ψ 1 ⟨0|IV

µ |J/ψ⟩ = mJ/ψ fJ/ψϵµ fJ/ψ = 418 MeV [83]

IA
µ = c̄γµγ5c 1++

ηc 0−+ ⟨0|IA
µ |ηc⟩ = ipµ fηc fηc = 387 MeV [83]

χc1(1P) 1++ ⟨0|IA
µ |χc1⟩ = mχc1 fχc1 ϵµ fχc1 = 335 MeV [77]

IT
µν = c̄σµνc 1±−

J/ψ 1 ⟨0|IT
µν |J/ψ⟩ = i f T

J/ψ(pµϵν − pνϵµ) f T
J/ψ = 410 MeV [83]

hc(1P) 1+− ⟨0|IT
µν |hc⟩ = i f T

hc
ϵµναβϵ

αpβ f T
hc
= 235 MeV [83]

OS = d̄c 0+ D∗+0 0+ ⟨0|OS |D∗+0 ⟩ = mD∗0
fD∗0 fD∗0 = 410 MeV [108]

OP = d̄iγ5c 0− D+ 0− ⟨0|OP |D+⟩ = λD λD =
fDm2

D

mc +md

OV
µ = c̄γµu 1− D̄∗0 1− ⟨0|OV

µ |D̄∗0⟩ = mD∗ fD∗ ϵµ fD∗ = 253 MeV [105]

OA
µ = c̄γµγ5u 1+

D̄0 0− ⟨0|OA
µ |D̄0⟩ = ipµ fD fD = 211.9 MeV [1]

D1 1+ ⟨0|OA
µ |D1⟩ = mD1 fD1 ϵµ fD1 = 356 MeV [108]

OT
µν = d̄σµνc 1±

D̄∗+ 1− ⟨0|OT
µν |D∗+⟩ = i f T

D∗ (pµϵν − pνϵµ) f T
D∗ ≈ 220 MeV

– 1+ – –
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See also discussions in Refs. [109, 110].

Zc(3900)4    Decay  properties  of  the  as a  com-
pact tetraquark state

Zc(3900) Zc(3900)
JPC = 1+−

JP = 0+ JP = 1+

|0qc1q̄c̄;1+−⟩
DD̄∗

JPC = 1+− |DD̄∗;1+−⟩

|1qc1q̄c̄;1+−⟩ |D∗D̄∗;1+−⟩

In this  section and the next,  we use Eqs.  (16-19) de-
rived  in  Sec.  2  to  extract  some  decay  properties  of  the

. The two possible interpretations of the 
are:  a)  the  compact  tetraquark  state  of  com-
posed of a  diquark/antidiquark and a  an-
tidiquark/diquark  [5, 6],  i.e.,  defined  in  Eq.
(10);  and  b)  the  hadronic  molecular  state  of

 [7– 10],  i.e.,  defined  in  Eq.  (13).
Moreover,  we  shall  study  their  mixing  with  the

 and  states, whose definitions will
be given below.

ηZµ (x,y)

θi
µ(x,y) ξi

µ(x,y)

Zc(3900)

In this section, we investigate the former compact tet-
raquark interpretation, whose relevant current  has
been given in Eq. (11). This current can be transformed to

 and  according  to  Eqs.  (16-18),  through
which  we  shall  extract  some  decay  properties  of  the

 as  a  compact  tetraquark  state  in  the  following
subsections.

ηZµ
(
[uc][d̄c̄]

)→ θi
µ

(
[c̄c]+ [d̄u]

)
4.1    

c̄
d̄

As depicted in Fig.  2,  when the c and  quarks meet
each other and the u and  quarks meet each other at the
same time, a compact tetraquark state can decay into one
charmonium meson and one light meson:

[u(x)c(x)] [d̄(y)c̄(y)] =⇒[u(x→ y′) c(x→ x′)]
× [d̄(y→ y′) c̄(y→ x′)]

=⇒[c̄(x′)c(x′)]+ [d̄(y′)u(y′)] . (41)

The first process is a dynamical process, during which we
assume that  all  the  flavor,  color,  spin  and  orbital  struc-
tures remain  unchanged,  so  the  relevant  current  also  re-

|0qc1q̄c̄;1+−⟩mains the same. The second process for  can
be described by transformation (16):

ηZµ (x,y) =⇒ +1
3
θ1
µ(x′,y′)− 1

3
θ2
µ(x′,y′)

+
i
3
θ3
µ(x′,y′)− i

3
θ4
µ(x′,y′)+ · · ·

= − i
3

IP(x′) JV
µ (y′)+

i
3

IV
µ (x′) JP(y′)

+
i
3

IA,ν(x′) JT
µν(y

′)− i
3

IT
µν(x′) JA,ν(y′)+ · · · ,

(42)

θ1,2,3,4
µ O(αs)
θ5,6,7,8
µ

where we have only kept the direct fall-apart process de-
scribed by , but neglected the  corrections de-
scribed by .

Together  with Table  2, we  extract  the  following  de-
cay channels from the above transformation:

|0qc1q̄c̄;1+−⟩ ηcρ

IP× JV
µ IA,ν× JT

µν

1. The decay of  into  is contributed by
both  and :

⟨Z+c (p, ϵ)|ηc(p1) ρ+(p2, ϵ2)⟩

≈− ic1

3
ληc

mρ fρ+ ϵ · ϵ2

− ic1

3
fηc

f T
ρ (ϵ · p2 ϵ2 · p1− p1 · p2 ϵ · ϵ2)

≡gS
ηcρ
ϵ · ϵ2+gD

ηcρ
(ϵ · p2 ϵ2 · p1− p1 · p2 ϵ · ϵ2) , (43)

c1

ηZµ (x,y) Zc(3900)+

(x,y) =⇒ (x′,y′)
gS
ηcρ

gD
ηcρ

Zc(3900)→ ηcρ

where  is  an  overall  factor,  related  to  the  coupling  of
 to  the  as well  as  the  dynamical  pro-

cess  shown  in Fig.  2.  The  two  coupling
constants  and  are defined for the S- and D-wave

 decays:

LS
ηcρ
= gS

ηcρ
Z+,µc ηc ρ

−
µ + · · · , (44)

LD
ηcρ
=gD

ηcρ
× (

gµσgνρ−gµνgρσ
)

×Z+c,µ ∂ρηc ∂σρ
−
ν + · · · . (45)

O(αs)

Fig. 2.    (color online) The decay of a compact tetraquark (diquark-antidiquark) state into one charmonium meson and one light meson.
This decay can happen through either (b) a direct fall-apart process, or (c) a process with gluon(s) exchanged, that is the  cor-
rections.
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|0qc1q̄c̄;1+−⟩ J/ψπ
IV
µ × JP IT

µν× JA,ν
2. The decay of  into  is  contributed

by both  and :

⟨Z+c (p, ϵ)|J/ψ(p1, ϵ1) π+(p2)⟩

≈ ic1

3
λπmJ/ψ fJ/ψ ϵ · ϵ1

+
ic1

3
fπ+ f T

J/ψ (ϵ · p1 ϵ1 · p2− p1 · p2 ϵ · ϵ1)

≡gS
ψπ ϵ · ϵ1+gD

ψπ (ϵ · p1 ϵ1 · p2− p1 · p2 ϵ · ϵ1) . (46)

gS
ψπ gD

ψπ

Zc(3900)→ J/ψπ
The  two  coupling  constants  and  are  defined  for
the S- and D-wave  decays respectively:

LS
ψπ = gS

ψπ Z+,µc ψµ π
−+ · · · , (47)

LD
ψπ = gD

ψπ×
(
gµρgνσ−gµνgρσ

)×Z+c,µ ∂ρψν ∂σπ
−+ · · · .

(48)

|0qc1q̄c̄;1+−⟩ ηcb1

IA,ν× JT
µν

3.  The  decay  of  into  is  contributed
by :

⟨Z+c (p, ϵ)|ηc(p1) b+1 (p2, ϵ2)⟩ ≈ − ic1

3
fηc

f T
b1
ϵµναβϵ

µpν1ϵ
α
2 pβ2

≡ gηcb1
ϵµναβϵ

µpν1ϵ
α
2 pβ2 .

(49)

|0qc1q̄c̄;1+−⟩ → ηcb1→ ηcωπ→ ηc+4π
This  process  is  kinematically  forbidden,  but  the

 decay is kinematic-
ally allowed.

|0qc1q̄c̄;1+−⟩ χc1ρ

IA,ν× JT
µν

4.  The  decay  of  into  is  contributed
by :

⟨Z+c (p, ϵ)|χc1(p1, ϵ1) ρ+(p2, ϵ2)⟩

≈ −c1

3
mχc1

fχc1
f T
ρ (ϵ1 · ϵ2 ϵ · p2− ϵ1 · p2 ϵ · ϵ2)

≡ gχc1ρ (ϵ1 · ϵ2 ϵ · p2− ϵ1 · p2 ϵ · ϵ2) . (50)

|0qc1q̄c̄;1+−⟩ → χc1ρ→ χc1ππ

This  process  is  kinematically  forbidden,  but  the
 decay is  kinematically  al-

lowed.
|0qc1q̄c̄;1+−⟩ χc1b1

IA,ν× JT
µν

5. The decay of  into  is contributed
by :

⟨Z+c (p, ϵ)|χc1(p1, ϵ1) b+1 (p2, ϵ2)⟩

≈ −c1

3
mχc1

fχc1
f T
b1
ϵµναβϵ

µϵν1ϵ
α
2 pβ2

≡ gχc1b1
ϵµναβϵ

µϵν1ϵ
α
2 pβ2 . (51)

This process is kinematically forbidden.
|0qc1q̄c̄;1+−⟩ hcπ

IT
µν× JA,ν

6. The decay of  into  is contributed by
:

⟨Z+c (p, ϵ)|hc(p1, ϵ1) π+(p2)⟩

≈ ic1

3
fπ+ f T

hc
ϵµναβϵ

µpν2ϵ
α
1 pβ1

≡ ghcπ ϵµναβϵ
µpν2ϵ

α
1 pβ1 . (52)

This process is kinematically allowed.
|0qc1q̄c̄;1+−⟩ J/ψa1

IT
µν× JA,ν
7. The decay of  into  is contributed

by :

⟨Z+c (p, ϵ)|J/ψ(p1, ϵ1) a+1 (p2, ϵ2)⟩

≈ c1

3
f T
J/ψma1

fa1
(ϵ1 · ϵ2 ϵ · p1− ϵ2 · p1 ϵ · ϵ1)

≡ gψa1
(ϵ1 · ϵ2 ϵ · p1− ϵ2 · p1 ϵ · ϵ1) . (53)

|0qc1q̄c̄;1+−⟩ → J/ψa1→ J/ψρπ→ J/ψ+3π
This  process  is  kinematically  forbidden,  but  the

 decay is  kin-
ematically allowed.

|0qc1q̄c̄;1+−⟩ hca1

IT
µν× JA,ν
8.  The  decay  of  into  is  contributed

by :

⟨Z+c (p, ϵ)|hc(p1, ϵ1) a+1 (p2, ϵ2)⟩

≈ c1

3
f T
hc

ma1
fa1
ϵµναβϵ

µϵν2ϵ
α
1 pβ1

≡ ghca1
ϵµναβϵ

µϵν2ϵ
α
1 pβ1 . (54)

This process is kinematically forbidden.
Summarizing the above results, we numerically obtain

gS
ηcρ
= −ic1 7.29×1010 MeV4 ,

gD
ηcρ
= −ic1 2.05×104 MeV2 ,

gS
ψπ = ic1 11.87×1010 MeV4 ,

gD
ψπ = ic1 1.78×104 MeV2 ,

gηcb1
= −ic1 2.32×104 MeV2 ,

gχc1ρ = −c1 6.23×107 MeV3 ,

gχc1b1
= −c1 7.06×107 MeV3 ,

ghcπ = ic1 1.02×104 MeV2 ,

gψa1
= c1 4.27×107 MeV3 ,

ghca1
= c1 2.45×107 MeV3 . (55)

From these coupling constants, we further obtain the fol-
lowing relative branching ratios, which are kinematically
allowed:

B(|0qc1q̄c̄;1+−⟩ → ηcρ)
B(|0qc1q̄c̄;1+−⟩ → J/ψπ)

= 0.059 ,

B(|0qc1q̄c̄;1+−⟩ → hcπ)
B(|0qc1q̄c̄;1+−⟩ → J/ψπ)

= 0.0088 ,

B(|0qc1q̄c̄;1+−⟩ → χc1ρ→ χc1ππ)
B(|0qc1q̄c̄;1+−⟩ → J/ψπ)

= 1.4×10−6 . (56)

In addition,  the following decay chains are  also possible
but have quite small partial decay widths:

|0qc1q̄c̄;1+−⟩ → ηcb1→ ηcωπ→ ηc+4π,
|0qc1q̄c̄;1+−⟩ → J/ψa1→ J/ψρπ→ J/ψ+3π. (57)

ηZµ
(
[uc][d̄c̄]

)→ ξi
µ

(
[c̄u]+ [d̄c]

)
4.2    
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d̄
c̄

|0qc1q̄c̄;1+−⟩

As depicted in Fig. 3, when the c and  quarks meet
each other and the u and  quarks meet each other at the
same time, a compact tetraquark state can decay into two
charmed mesons. This process for  can be de-
scribed by transformation (17):

ηZµ (x,y) =⇒− i
3
ξ2
µ(x′,y′)+

1
3
ξ3
µ(x′,y′)+ · · · . (58)

ξ2,3
µ O(αs)

ξ6,7
µ

Again, we have only kept the direct fall-apart process de-
scribed  by ,  but  neglected  the  corrections de-
scribed by .

ξ2
µ D∗D̄∗ D∗D̄1

ξ3
µ DD̄∗0 D1D̄∗0

|0qc1q̄c̄;1+−⟩ → DD̄∗0→ DD̄π
ξ3
µ = OA

µ ×OS

The  term  couples  to  the  and  final
states,  and the term  couples to the  and  fi-
nal  states.  Among  them,  only  the

 decay is  kinematically  al-
lowed, contributed by  to be:

⟨Z+c (p, ϵ)|D̄0(p1)D∗+0 (p2)⟩ ≈ ic2

3
fDmD∗0 fD∗0 ϵ · p1

≡gDD̄∗0 ϵ · p1 , (59)

⟨Z+c (p, ϵ)|D+(p1)D̄∗00 (p2)⟩ ≈ − ic2

3
fDmD∗0 fD∗0 ϵ · p1

≡ −gDD̄∗0 ϵ · p1 , (60)
c2where  is an overall factor.

Thus, we numerically obtain

gDD̄∗0 = ic2 6.80×107 MeV3 . (61)

|0qc1q̄c̄;1+−⟩ → DD̄∗0→ DD̄π
|0qc1q̄c̄;1+−⟩ → J/ψπ

|0qc1q̄c̄;1+−⟩ → ηcρ

Comparing  the  decay stud-
ied in the present subsection with the 
and  decays  studied  in  the  previous
subsection, we obtain

B(|0qc1q̄c̄;1+−⟩ → DD̄∗0+ D̄D∗0→ DD̄π)
B(|0qc1q̄c̄;1+−⟩ → J/ψπ+ηcρ)

= 9.3×10−8×
c2

2

c2
1

.

(62)

ηZµ (x,y)
ξ1
µ = −iOV

µ ×OP ξ4
µ = OA,ν×OT

µν

DD̄∗

The  current  does  not  correlate  with  the  two
terms  and ,  both  of  which
can  couple  to  the  final  state.  This  suggests  that

|0qc1q̄c̄;1+−⟩ DD̄∗ does not decay to the  final state with a
large branching ratio,

gDD̄∗ ≈ 0 , (63)
so that

B(|0qc1q̄c̄;1+−⟩ → DD̄∗+ D̄D∗)
B(|0qc1q̄c̄;1+−⟩ → J/ψπ+ηcρ)

≈ 0 . (64)

|0qc1q̄c̄;1+−⟩Eqs.  (62)  and  (64)  together  suggest  that 
mainly decays into one charmonium meson and one light
meson, other than two charmed mesons.

ηZµ
(
[uc][d̄c̄]

)→ θ1,2,3,4
µ

(
[c̄c]+ [d̄u]

)
+ ξ1,2,3,4

µ
(
[c̄u]+ [d̄c]

)
4.3    

|0qc1q̄c̄;1+−⟩

θ1,2,3,4
µ ξ1,2,3,4

µ

If  the  above  two  processes  investigated  in  Sec.  4.1
and  Sec.  4.2  happen  at  the  same  time,  we  can  use  the
transformation  (18); i.e.,  can  decay into  one
charmonium meson  and  one  light  meson  as  well  as  two
charmed mesons at the same time, the process of which is
described  by  the  color-singlet-color-singlet  currents

 and  together:

ηZµ (x,y) =⇒+ 1
2
θ1
µ(x′,y′)− 1

2
θ2
µ(x′,y′)+

i
2
θ3
µ(x′,y′)

− i
2
θ4
µ(x′,y′)− i

2
ξ2
µ(x′′,y′′)+

1
2
ξ3
µ(x′′,y′′) .

(65)
· · ·Here,  we  have  kept  all  the  terms,  and  there  is  no  in

this equation.

c1 c2

Comparing  the  above  equation  with  Eqs.  (42)  and
(58), we obtain the same relative branching ratios as Sec.
4.1 and Sec. 4.2, with just the overall factors  and  re-
placed by others.

|1qc1q̄c̄;1+−⟩4.4    Mixing with 

RZc

0.059
RZc
= 2.2±0.9

√
s = 4.226

Zc(3900)

The relative branching ratio  calculated in Sec. 4.1
is only , which is significantly smaller than the BE-
SIII measurement  at  GeV [29].
In this  subsection  we  slightly  modify  the  internal  struc-
ture of the  to reevaluate this ratio.

Actually,  in  the  Type-II  diquark-antidiquark  model

O(αs)
Fig. 3.    (color online) The decay of a compact tetraquark (diquark-antidiquark) state into two charmed mesons. This decay can hap-

pen through either (b) a direct fall-apart process, or (c) a process with gluon(s) exchanged, that is the  corrections.
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Zc(3900)[6], the  was interpreted as

|0qc1q̄c̄;1+−⟩ = 1
√

2

(
|0qc,1q̄c̄⟩J=1− |1qc,0q̄c̄⟩J=1

)
,

RZc
0.27+0.40

−0.17
Zc(3900)

and the ratio  was predicted to be  [40]; while
in the Type-I diquark-antidiquark model [5], the 
was interpreted as the mixing state

|xqc1q̄c̄;1+−⟩ = cosθ1 |0qc1q̄c̄;1+−⟩+ sinθ1 |1qc1q̄c̄;1+−⟩ , (66)
where

|1qc1q̄c̄;1+−⟩ = |1qc,1q̄c̄⟩J=1 , (67)
|1qc1q̄c̄;1+−⟩(
2.3+3.3
−1.4

)
×102

and  a  small  component  is  able  to  increase
this ratio to  [40], which is almost one thou-
sand times larger.

|1qc1q̄c̄;1+−⟩Thus,  we attempt  to  add this  component
in  this  subsection.  The  interpolating  current  having  the
identical internal structure is

ηZ
′

µ (x,y) = η3
µ([uc][d̄c̄])−η4

µ([uc][d̄c̄]) , (68)
|xqc1q̄c̄;1+−⟩so that  can be described by

ηmix
µ (x,y) = cosθ′1 η

Z
µ (x,y)+ i sinθ′1 η

Z′
µ (x,y) , (69)

which transforms according to Eq. (16) as:

ηmix
µ (x,y) =⇒+

(
− i

3
cosθ′1+ i sinθ′1

)
IP(x′) JV

µ (y′)

+

(
+

i
3

cosθ′1+ i sinθ′1

)
IV
µ (x′) JP(y′)

+

(
+

i
3

cosθ′1−
i
3

sinθ′1

)
IA,ν(x′) JT

µν(y
′)

+

(
− i

3
cosθ′1−

i
3

sinθ′1

)
IT
µν(x′) JA,ν(y′)+ · · · .

(70)
θ1 θ′1Note that the two mixing angles  and  are not neces-

sarily the same (and probably not the same), but they can
be related to each other, i.e.,

θ1 = f (θ′1) . (71)

ηZµ ηZ
′

µ |0qc1q̄c̄;1+−⟩ |1qc1q̄c̄;1+−⟩
To  solve  this  relation,  we  must  determine  the  couplings
of  and  to  and , which we

shall  not  investigate  in  this  study.  Nonetheless,  we  can
plot the three ratios

Rψπ ≡
Γ(|xqc1q̄c̄;1+−⟩ → J/ψπ)
Γ(|0qc1q̄c̄;1+−⟩ → J/ψπ)

,

Rηcρ ≡
Γ(|xqc1q̄c̄;1+−⟩ → ηcρ)
Γ(|0qc1q̄c̄;1+−⟩ → ηcρ)

,

R ≡
B(|xqc1q̄c̄;1+−⟩ → ηcρ)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

, (72)

θ′1
Rψπ Rηcρ

R θ′1
0 −10o

as  functions  of  the  mixing angle ,  as  shown in Fig.  4.
We find that  decreases and  increases, so that the
ratio  increases  rapidly  as  the  mixing  angle  de-
creases from  to .

θ′1 = −8.8oEspecially, after fine-tuning , we obtain

R ≡
B(|xqc1q̄c̄;1+−⟩ → ηcρ)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

= 2.2 ,

B(|xqc1q̄c̄;1+−⟩ → hcπ)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

= 0.052 ,

B(|xqc1q̄c̄;1+−⟩ → χc1ρ→ χc1ππ)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

= 1.5×10−5 . (73)

R
RZc
= 2.2±0.9

The first  ratio  is  2.2,  which is the same as the BESIII
measurement  [29].

|xqc1q̄c̄;1+−⟩
ηmix
µ (x,y)

The  decay  of  into  two  charmed  mesons
can  be  described  by  the  current  together  with
the transformation (17):

ηmix
µ (x,y) =⇒− i

3
cosθ′1 ξ

2
µ(x′,y′)+

1
3

cosθ′1 ξ
3
µ(x′,y′)

− sinθ′1 ξ
1
µ(x′,y′)− i

3
sinθ′1 ξ

4
µ(x′,y′)+ · · · ,

(74)
so that

B(|xqc1q̄c̄;1+−⟩ → DD̄∗+ D̄D∗)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ+ηcρ)

= 0.26×
c2

2

c2
1

,

B(|xqc1q̄c̄;1+−⟩ → DD̄∗0+ D̄D∗0→ DD̄π)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ+ηcρ)

= 2.5×10−7×
c2

2

c2
1

.

(75)

Rψπ ≡
Γ(|xqc1q̄c̄;1+−⟩ → J/ψπ)
Γ(|0qc1q̄c̄;1+−⟩ → J/ψπ)

Rηcρ ≡
Γ(|xqc1q̄c̄;1+−⟩ → ηcρ)
Γ(|0qc1q̄c̄;1+−⟩ → ηcρ)

R ≡
B(|xqc1q̄c̄;1+−⟩ → ηcρ)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

θ′1

Fig. 4.    The ratios (a) , (b) , and (c)  as functions of

the mixing angle .
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|xqc1q̄c̄;1+−⟩ DD̄∗

Zc(3900)

c2 c1
|xqc1q̄c̄;1+−⟩

Hence,  can  decay  into  the  final  state,
which is consistent with the BESIII observations [26, 27].
Moreover, it was proposed in Ref. [67] that to enable the
decay  of  the ,  a  constituent  of  a  diquark  must
tunnel through the barrier  of  the diquark-antidiquark po-
tential. However,  this  tunnelling  for  heavy  quarks  is  ex-
ponentially suppressed compared to that for light quarks,
so the  compact  tetraquark  couplings  are  expected  to  fa-
vour the open charm modes with respect to charmonium
ones. Thus,  may be significantly larger than , so that

 may mainly decay into two charmed mesons.

Zc(3900)5    Decay properties of the  as a hadron-
ic molecular state

Zc(3900)
DD̄∗ JPC = 1+−

|DD̄∗;1+−⟩
ξZµ (x,y)

θi
µ(x,y)

Zc(3900)

Another possible interpretation of the  is the
 hadronic  molecular  state  of  [7– 10], i.e.,

 defined  in  Eq.  (13).  Its  relevant  current
 has been given in Eq. (14). We can transform this

current  to  according  to  transformation  (19),
through which we shall extract some decay properties of
the  as a hadronic molecular state in the follow-
ing subsections.

ξZµ
(
[c̄u][d̄c]

) −→ θi
µ

(
[c̄c]+ [d̄u]

)
5.1    

c̄
d̄

|DD̄∗;1+−⟩

As depicted in Fig.  5,  when the c and  quarks meet
each other and the u and  quarks meet each other at the
same time, a hadronic molecular state can decay into one
charmonium meson and one light meson. This process for

 can be described by transformation (19):

ξZµ (x,y) =⇒− 1
6
θ1
µ(x′,y′)− 1

6
θ2
µ(x′,y′)− i

6
θ3
µ(x′,y′)

− i
6
θ4
µ(x′,y′)+ · · · = + i

6
IP(x′) JV

µ (y′)

+
i
6

IV
µ (x′) JP(y′)− i

6
IA,ν(x′) JT

µν(y
′)

− i
6

IT
µν(x′) JA,ν(y′)+ · · · , (76)

θ1,2,3,4
µ O(αs)
θ5,6,7,8
µ

where we have only kept the direct fall-apart process de-
scribed by , but neglected the  corrections de-
scribed by .

We repeat the same procedures as those performed in
Sec.  4.1,  and  extract  the  following  coupling  constants
from this transformation:

hS
ηcρ
=

ic4

6
ληc

mρ fρ+ = ic4 3.65×1010 MeV4 ,

hD
ηcρ
=

ic4

6
fηc

f T
ρ = ic4 1.03×104 MeV2 ,

hS
ψπ =

ic4

6
λπmJ/ψ fJ/ψ = ic4 5.93×1010 MeV4 ,

hD
ψπ =

ic4

6
fπ+ f T

J/ψ = ic4 0.89×104 MeV2 ,

hηcb1
=

ic4

6
fηc

f T
b1
= ic4 1.16×104 MeV2 ,

hχc1ρ =
c4

6
mχc1

fχc1
f T
ρ = c4 3.12×107 MeV3 ,

hχc1b1
=

c4

6
mχc1

fχc1
f T
b1
= c4 3.53×107 MeV3 ,

hhcπ =
ic4

6
fπ+ f T

hc
= ic4 0.51×104 MeV2 ,

hψa1
=

c4

6
f T
J/ψma1

fa1
= c4 2.13×107 MeV3 ,

hhca1
=

c4

6
f T
hc

ma1
fa1
= c4 1.22×107 MeV3 . (77)

|DD̄∗;1+−⟩ → ηcρ

|DD̄∗;1+−⟩ → J/ψπ |DD̄∗;1+−⟩ → ηcb1

χc1ρ χc1b1 hcπ J/ψa1 hca1

c4

The above coupling constants are related to the S- and D-
wave  decays,  the S-  and D-wave

 decays,  and  the ,
, , , ,  decays, respectively. All of

them contain an overall factor of .
Using the above coupling constants, we further obtain

B(|DD̄∗;1+−⟩ → ηcρ)
B(|DD̄∗;1+−⟩ → J/ψπ)

= 0.059 ,

B(|DD̄∗;1+−⟩ → hcπ)
B(|DD̄∗;1+−⟩ → J/ψπ)

= 0.0088 ,

B(|DD̄∗;1+−⟩ → χc1ρ→ χc1ππ)
B(|DD̄∗;1+−⟩ → J/ψπ)

= 1.4×10−6 . (78)

O(αs)

Fig. 5.    (color online) The decay of a hadronic molecular state into one charmonium meson and one light meson. This decay can hap-
pen through either (b) a direct fall-apart process, or (c) a process with gluon(s) exchanged, that is the  corrections.
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|0qc1q̄c̄;1+−⟩

These values  are  surprisingly  the  same as  Eqs.  (56),  ob-
tained  in  Sec.  4.1  for  the  compact  tetraquark  state

.

ξZµ
(
[c̄u][d̄c]

) −→ ξi
µ

(
[c̄u]+ [d̄c]

)
5.2    

Zc(3900) DD̄∗

JPC = 1+−

DD̄∗

Assuming  the  to  be  the  hadronic mo-
lecular  state  of ,  it  can  naturally  decay  to  the

 final state, of which the fall-apart process can be de-
scribed by

ξZµ (x,y) =⇒ ξ1
µ(x′,y′) = −i OV

µ (x′) OP(y′)+ {γµ↔ γ5} . (79)

|DD̄∗;1+−⟩ DD̄∗The  decay  of  into  the  final  state  is
contributed by this term to be

⟨Z+c (p, ϵ)|D+(p1)D̄∗0(p2, ϵ2)⟩ ≈− ic5 λDmD∗ fD∗ ϵ · ϵ2

≡ hDD̄∗ ϵ · ϵ2 , (80)

⟨Z+c (p, ϵ)|D̄0(p1)D∗+(p2, ϵ2)⟩ ≈− ic5 λDmD∗ fD∗ ϵ · ϵ2

≡ hDD̄∗ ϵ · ϵ2 , (81)

c5 c4where  is an overall factor, and is likely larger than .
Numerically, we obtain

hDD̄∗ = −ic5 2.95×1011 MeV4 . (82)
|DD̄∗;1+−⟩ → DD̄∗

|DD̄∗;1+−⟩ → J/ψπ
|DD̄∗;1+−⟩ → ηcρ

Comparing  the  decay  studied  in  the
present  subsection  with  the  and

 decays studied  in  the  previous  subsec-
tion, we obtain

B(|DD̄∗;1+−⟩ → DD̄∗+ D̄D∗)
B(|DD̄∗;1+−⟩ → J/ψπ+ηcρ)

= 25×
c2

5

c2
4

. (83)

ξZµ (x,y)
ξ3
µ = OA

µ ×OS |DD̄∗;1+−⟩
DD̄∗0

The  current  does  not  correlate  with  the  term
,  so  that  does  not  decay  into  the

 final state
B(|DD̄∗;1+−⟩ → DD̄∗0+ D̄D∗0→ DD̄π)

B(|DD̄∗;1+−⟩ → J/ψπ+ηcρ)
≈ 0 . (84)

|DD̄∗;1+−⟩

|0qc1q̄c̄;1+−⟩

Eqs. (83) and (84) suggest that  mainly decays
into  two  charmed  mesons,  other  than  one  charmonium
meson and  one  light  meson.  This  conclusion  is  opposite
to the one obtained in Sec. 4.2 for the compact tetraquark
state .

|D∗D̄∗;1+−⟩5.3    Mixing with the 

|D∗D̄∗;1+−⟩Similarly  to  Sec.  4.4,  we  add  a  small 
component

|D∗D̄∗;1+−⟩ = |D∗D̄∗⟩J=1 , (85)
|DD̄∗;1+−⟩ RZc

|D∗D̄∗;1+−⟩

to  in this subsection to reevaluate the ratio .
The interpolating current  having the same internal  struc-
ture as  is

ξZ
′

µ (x,y) = ξ2
µ([c̄u][d̄c]) , (86)

so that we can use

ξmix
µ (x,y) = cosθ′2 ξ

Z
µ (x,y)+ i sinθ′2 ξ

Z′
µ (x,y) , (87)

to described the mixed molecular state

|D(∗)D̄∗;1+−⟩ = cosθ2 |DD̄∗;1+−⟩+ sinθ2 |D∗D̄∗;1+−⟩ . (88)
ξmix
µ (x,y)The current  transforms according to Eq. (19)

to be

ξmix
µ (x,y) =⇒+

(
+

i
6

cosθ′2−
i
2

sinθ′2

)
IP(x′) JV

µ (y′)

+

(
+

i
6

cosθ′2+
i
2

sinθ′2

)
IV
µ (x′) JP(y′)

+

(
− i

6
cosθ′2+

i
6

sinθ′2

)
IA,ν(x′) JT

µν(y
′)

+

(
− i

6
cosθ′2−

i
6

sinθ′2

)
IT
µν(x′) JA,ν(y′)+ · · · .

(89)

θ′2 = −8.8oAfter fine-tuning , we obtain

R′ ≡ B(|D(∗)D̄∗;1+−⟩ → ηcρ)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

= 2.2 ,

B(|D(∗)D̄∗;1+−⟩ → hcπ)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

= 0.052 ,

B(|D(∗)D̄∗;1+−⟩ → χc1ρ→ χc1ππ)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

= 1.5×10−5 , (90)

|xqc1q̄c̄;1+−⟩

the values of which are the same as those in Eqs. (78) ob-
tained in Sec. 4.1 for the mixed compact tetraquark state

. In fact, we can also plot the following three
ratios

R′ψπ ≡
Γ(|D(∗)D̄∗;1+−⟩ → J/ψπ)
Γ(|DD̄∗;1+−⟩ → J/ψπ)

,

R′ηcρ
≡ Γ(|D

(∗)D̄∗;1+−⟩ → ηcρ)
Γ(|DD̄∗;1+−⟩ → ηcρ)

,

R′ ≡ B(|D(∗)D̄∗;1+−⟩ → ηcρ)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

, (91)

θ′2
Rψπ Rηcρ R

θ′1

as functions of the mixing angle , and the obtained fig-
ures  are  identical  to Fig.  4,  where , ,  and  are
shown as functions of .

We also obtain

B(|D(∗)D̄∗;1+−⟩ → DD̄∗+ D̄D∗)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ+ηcρ)

= 67×
c2

5

c2
4

,

B(|D(∗)D̄∗;1+−⟩ → DD̄∗0+ D̄D∗0→ DD̄π)

B(|D(∗)D̄∗;1+−⟩ → J/ψπ+ηcρ)
≈ 0 , (92)

|D(∗)D̄∗;1+−⟩suggesting  that  mainly  decays  into  two
charmed mesons.
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6    Summary and discussions

JPC = 1+−

cc̄qq̄ q = u/d
[cq][c̄q̄] [c̄q][q̄c] [c̄c][q̄q]

Zc(3900)

In this paper we systematically construct all the tetra-
quark currents/operators of  with the quark con-
tent  ( ).  There  are  three  configurations:

, ,  and , and  for  each  configura-
tion we construct eight independent currents. We use the
Fierz rearrangement of the Dirac and color indices to de-
rive their relations, through which we study the strong de-
cay properties of the :

[qc][q̄c̄]→ [c̄c][q̄q]
Zc(3900)

● Using the transformation of , we
study  the  decay  properties  of  the  as  a  compact
diquark-antidiquark tetraquark  state  into  one  charmoni-
um meson and one light meson.

[qc][q̄c̄]→ [c̄q][q̄c]
Zc(3900)

● Using the transformation of , we
study  the  decay  properties  of  the  as  a  compact
diquark-antidiquark  tetraquark  state  into  two  charmed
mesons.

[qc][q̄c̄]
[c̄c][q̄q] [c̄q][q̄c]

● We use  the  transformation  of  the  currents
to  the  color-singlet-color-singlet  and 
currents, and obtain the same relative branching ratios as
the above results.

[c̄q][q̄c]→ [c̄c][q̄q]● Using the transformation of , we

Zc(3900)study the  decay properties  of  the  as  a  hadronic
molecular state into one charmonium meson and one light
meson.

[c̄q][q̄c]
Zc(3900)

● Through the  currents themselves, we study
the  decay  properties  of  the  as a  hadronic  mo-
lecular state into two charmed mesons.

Zc(3900)
Zc(3900)→ J/ψπ Zc(3900)→ ηcρ Zc(3900)→ hcπ
Zc(3900)→ DD̄∗ Zc(3900)→
χc1ρ→ χc1ππ Zc(3900)→ DD̄∗0+ D̄D∗0→ DD̄π

Zc(3900)→ J/ψa1→ J/ψρπ
→ J/ψ+3π Zc(3900)→ ηcb1→ ηcωπ→ ηc+4π

Zc(3900)

Our  results  suggest  that  the  possible  decay  channels
of  the  are:  a)  the  two-body  decays

, , ,  and
,  b)  the  three-body  decays 

 and ,  and c)
the  many-body  decay  chains 

 and .  Their
relative  branching  ratios  are  summarized  in Table  3,
where we have investigated the following interpretations
of the :

|0qc1q̄c̄;1+−⟩ |xqc1q̄c̄;1+−⟩
JPC = 1+−

●  In  the  second  and  third  columns  of Table  3,
 and  denote the  compact  tetra-

quark states of , as defined in Eq. (10) and Eq.
(66),  respectively.  In  particular,  we  have  considered  the
mixing between the compact tetraquarks states

|0qc1q̄c̄;1+−⟩⊕ |1qc1q̄c̄;1+−⟩ → |xqc1q̄c̄;1+−⟩ . (93)

θ′1 = −8.8oUsing the mixing angle , we obtain

B
(
|xqc1q̄c̄;1+−⟩ → J/ψπ :ηcρ :hcπ :χc1ρ(→ ππ) : DD̄∗ : DD̄∗0(→ D̄π)

)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

≈ 1:2.2(input) :0.05:10−5 :0.82t1 : 10−6t1. (94)

|DD̄∗;1+−⟩ |D(∗)D̄∗;1+−⟩
JPC = 1+−

●  In  the  fourth  and  fifth  columns  of Table  3,
 and  denote the hadronic molecu-

lar states of ,  defined in Eq. (13) and Eq. (88),
respectively.  Especially,  we  have  considered  the  mixing
between the hadronic molecule states

|DD̄∗;1+−⟩⊕ |D∗D̄∗;1+−⟩ → |D(∗)D̄∗;1+−⟩ . (95)
θ′2 = −8.8oUsing the mixing angle , we obtain

B
(
|D(∗)D̄∗;1+−⟩ → J/ψπ : ηcρ : hcπ : χc1ρ(→ ππ) : DD̄∗

)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

≈1 : 2.2(input) : 0.05 : 10−5 : 210t2 .
(96)

RZc
≡ B(Zc(3900)→ ηcρ)
B(Zc(3900)→ J/ψπ)

= 2.2±0.9

θ′1 θ′2
t1 ≡ c2

2/c
2
1

t1 ≥ 1 c5

In  the  above  expressions,  we  have  used  the  recent

BESIII measurement 
[29] as an input to determine the mixing angles  and .
The  ratio  is  the  parameter  measuring  which
process happens more easily, the process depicted in Fig.
2(b) or  the  process  depicted  in Fig.  3(b).  Generally,  the
exchange  of  one  light  quark  with  another  light  quark
seems  to  be  easier  than  the  exchange  of  one  light  quark
with  another  heavy  quark  [67, 111].  Thus,  it  can  be  the
case that . As discussed in Sec. 5.2,  is likely lar-

c4 t2 ≡ c2
5/c

2
4 ≥ 1ger than , so that the other ratio .

O(αs)

The  above  relative  branching  ratios  calculated  in  the
present study turn out to be very different, which may be
one of the reasons why many multiquark states were ob-
served in only a few decay channels [75]. Note that in or-
der to extract the above results, we have only considered
the  leading-order  fall-apart  decays  described  by  color-
singlet-color-singlet meson-meson currents but neglected
the  corrections  described  by  color-octet-color-oct-
et  meson-meson  currents.  This  means  that  there  can  be
other decay channels.

Based  on Table  3 as  well  as  Eqs.  (94)  and  (96),  we
conclude this paper:

B(|0qc1q̄c̄;1+−⟩ → ηcρ)
B(|0qc1q̄c̄;1+−⟩ → J/ψπ)

B(|DD̄∗;1+−⟩ → ηcρ)
B(|DD̄∗;1+−⟩ → J/ψπ)

RZc
= 2.2±0.9

√
s = 4.226

|1qc1q̄c̄;1+−⟩ |0qc1q̄c̄;1+−⟩
B(|xqc1q̄c̄;1+−⟩ → ηcρ)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

= 2.2

|D∗D̄∗;1+−⟩ |DD̄∗;1+−⟩
B(|D(∗)D̄∗;1+−⟩ → ηcρ)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

= 2.2

● The relative branching ratios 

and  are both  around  0.059,  signi-
ficantly  smaller  than  the  BESIII  measurement

 at  GeV [29]. However, we can
add a small  component to  to ob-

tain ;  we  can  also  add  a

small  component  to  to  obtain

.  Note  that  if  the  relevant
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RZc
mixing  angles  change  dynamically,  the  ratio  would
also change dynamically.

|DD̄∗;1+−⟩

|0qc1q̄c̄;1+−⟩

|D(∗)D̄∗;1+−⟩
|xqc1q̄c̄;1+−⟩

Zc(3900)

● The relative  branching ratios  of  the  de-
cays into one charmonium meson and one light meson are
the same as those of the  decays. After taking
proper mixing angles, the relative branching ratios of the

 decays into one charmonium meson and one
light meson are also the same as those of the 
decays.  This  suggests  that  one  may  not  discriminate
between  the  compact  tetraquark  and  hadronic  molecule
scenarios  by  only  investigating  relative  branching  ratios
of  the  decays  into  one  charmonium meson and
one light meson.

|0qc1q̄c̄;1+−⟩
|xqc1q̄c̄;1+−⟩

c2≫ c1
|DD̄∗;1+−⟩ |D(∗)D̄∗;1+−⟩

●  mainly  decays  into  one  charmonium
meson  and  one  light  meson,  but  might
mainly decay into two charmed mesons after  taking into
account  the  barrier  of  the  diquark-antidiquark  potential
(see detailed discussions in Ref. [67] proposing ).
Both  and  mainly  decay  into  two
charmed mesons.

fZc

X+100%
− 50%

It is useful to generally discuss our uncertainty. In this
study,  we  have  worked  within  the  naive  factorization
scheme; thus, our uncertainty is greater than that of well-
developed  QCD  factorization  method  [62– 64],  which  is
at 5% when being applied to  study the  weak and radiat-
ive decay properties of conventional (heavy) hadrons. On
the  other  hand,  the  tetraquark  decay  constant  is re-
moved  when  calculating  relative  branching  ratios.  This
significantly reduces  our  uncertainty  because  this  para-
meter has not yet been accurately determined. Hence, we
estimate our uncertainty to be approximately .

Zc(3900)

Zc(3900) J/ψπ ηcρ

Next,let us compare our results with other theoretical
calculations.  First,  we compare them with the QCD sum
rule results obtained in Refs. [30, 31], where the 
is assumed  to  be  a  compact  diquark-antidiquark  tetra-
quark  state.  In  this  study,  we  find  that  decays  of  the

 into  and  can happen through both the
S-wave  and D-wave,  and  we  have  calculated  these  two
amplitudes  together,  as  shown  in  Eqs.  (43-48);  we  can
also calculate them individually and obtain

B(|0qc1q̄c̄;1+−⟩ → ηcρ)S−wave

B(|0qc1q̄c̄;1+−⟩ → J/ψπ)S−wave
= 0.24 ,

B(|0qc1q̄c̄;1+−⟩ → ηcρ)D−wave

B(|0qc1q̄c̄;1+−⟩ → J/ψπ)D−wave
= 0.82 . (97)

In  the  former  equation  we  have  only  considered  the S-
wave amplitudes, and in the latter, only the D-wave amp-
litudes.  The  QCD sum rule  study in  Ref.  [30] only  con-
siders the S-wave amplitudes, where they obtained

Γ(Zc(3900)→ ηcρ) = 27.5±8.5 MeV ,
Γ(Zc(3900)→ J/ψπ) = 29.1±8.2 MeV , (98)

so that
B(Zc(3900)→ ηcρ)S−wave

B(Zc(3900)→ J/ψπ)S−wave
= 0.95+0.47

−0.36 . (99)

The QCD sum rule study in Ref. [31] only considers the
D-wave amplitudes, where they obtained

Γ(Zc(3900)→ ηcρ) = 23.8±4.9 MeV ,
Γ(Zc(3900)→ J/ψπ) = 41.9±9.4 MeV , (100)

so that
B(Zc(3900)→ ηcρ)D−wave

B(Zc(3900)→ J/ψπ)D−wave
= 0.57+0.20

−0.16 . (101)

Hence,  our  results  are  more  or  less  consistent  with  the
QCD sum rule calculations [30, 31]. Here, we would like
to  note  that  the D-wave  decay  amplitudes  are  important
and cannot be neglected:

B(|0qc1q̄c̄;1+−⟩ → ηcρ)D−wave

B(|0qc1q̄c̄;1+−⟩ → ηcρ)S−wave
= 0.51 ,

B(|0qc1q̄c̄;1+−⟩ → J/ψπ)D−wave

B(|0qc1q̄c̄;1+−⟩ → J/ψπ)S−wave
= 0.15 . (102)

ϕ

In fact,  there is still  one parameter not considered in our
calculations:  the  phase  angle  between  the S-  and D-
wave decay  amplitudes.  For  completeness,  we  shall  in-
vestigate its relevant uncertainty in Appendix A.

Following this, we compare our results with Ref. [40],

Zc(3900) θ′1,2

θ′1 = θ
′
2 = −8.8o B(|xqc1q̄c̄;1+−⟩ → ηcρ)

B(|xqc1q̄c̄;1+−⟩ → J/ψπ)
=
B(|D(∗)D̄∗;1+−⟩ → ηcρ)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

= 2.2

ϕ

Table 3.    Relative branching ratios of the  evaluated through the Fierz rearrangement.  are the two mixing angles defined in Eqs. (69) and

(87), which are fine-tuned to be , so that  [29]. In this table, we do not take

into account the phase angle  between S- and D-wave coupling constants.

channels |0qc1q̄c̄;1+−⟩ |xqc1q̄c̄;1+−⟩ θ′1 = −8.8o( ) |DD̄∗;1+−⟩ |D(∗)D̄∗;1+−⟩ θ′2 = −8.8o( )
B(Zc→ ηcρ)
B(Zc→ J/ψπ) 0.059 2.2 (input) 0.059 2.2 (input)

B(Zc→ hcπ)B(Zc→ J/ψπ) 0.0088 0.052 0.0088 0.052
B(Zc→ χc1ρ→ χc1ππ)
B(Zc→ J/ψπ) 1.4×10−6 1.5×10−5 1.4×10−6 1.5×10−5

B(Zc→ DD̄∗ + D̄D∗)
B(Zc→ J/ψπ+ηcρ)

≈ 0 0.26t1 25t2 67t2

B(Zc→ DD̄∗0 + D̄D∗0→ DD̄π)

B(Zc→ J/ψπ+ηcρ)
9.3t1 ×10−8 2.5t1 ×10−7 ≈ 0 ≈ 0
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Zc(3900)where the authors assumed the  to be a hadronic
molecular  state  and  used  the  Non-Relativistic  Effective
Field Theory  (a  framework  based  on  HQET  and  NR-
QCD) to obtain

B(Zc(3900)→ ηcρ)
B(Zc(3900)→ J/ψπ)

= 0.046+0.025
−0.017 . (103)

This value is well consistent with our result

B(|DD̄∗;1+−⟩ → ηcρ)
B(|DD̄∗;1+−⟩ → J/ψπ)

= 0.059 . (104)

Zc(3900)

Finally,  we  propose  the  BESIII,  Belle,  Belle-II,  and
LHCb Collaborations to search for  those decay channels
not yet observed, in order to better understand the nature
of the .
 

We  thank  Fu-Sheng  Yu  and  Qin  Chang  for  helpful
discussions.

Appendix A: Uncertainties due to phase angles

Zc(3900)
ηcρ

There  are  two  different  effective  Lagrangians  for  the 
decay into the  final state, as given in Eqs. (44) and (45):

LS
ηcρ = gS

ηcρ Z+,µc ηc ρ
−
µ + · · · , (A1)

LD
ηcρ = gD

ηcρ ×
(
gµσgνρ −gµνgρσ

)
Z+c,µ ∂ρηc ∂σρ

−
ν + · · · . (A2)

Zc(3900)
J/ψπ

There are also two different effective Lagrangians for the 
decay into the  final state, as given in Eqs. (47) and (48):

LS
ψπ = gS

ψπ Z+,µc ψµ π
− + · · · , (A3)

LD
ψπ = gD

ψπ ×
(
gµρgνσ −gµνgρσ

)
Z+c,µ ∂ρψν ∂σπ

− + · · · . (A4)

ϕ gS
ηcρ gD

ηcρ

gS
ψπ gD

ψπ

| fηc |2

fηc

There  can  be  a  phase  angle  between  and ,  as  well  as
between  and . This parameter is unknown and therfore not
fixed,  because  QCD sum rules  dictate  that  one  can  only  calculate
the modular square of the decay constant, such as . This might
also be the case for Lattice QCD and the light front model. For ex-
ample, see the different definitions of  in Refs. [83, 91].

ϕ = π

θ′1 = θ
′
2 = −10.1o

We rotate this phase angle between all S- and D-wave coupling
constants to be , and revise the previous calculations. The res-
ults  are  summarized  in Table  A1.  In  particular,  using  the  mixing
angle , we obtain

B
(
|xqc1q̄c̄;1+−⟩ → J/ψπ : ηcρ : hcπ : χc1ρ(→ ππ) : DD̄∗ : DD̄∗0(→ D̄π)

)
B(|xqc1q̄c̄;1+−⟩ → J/ψπ)

≈ 1 : 2.2 (input) : 0.004 : 10−6 : 0.19 t1 : 10−7 t1 , (A5)

B
(
|D(∗)D̄∗;1+−⟩ → J/ψπ : ηcρ : hcπ : χc1ρ(→ ππ) : DD̄∗

)
B(|D(∗)D̄∗;1+−⟩ → J/ψπ)

≈ 1 : 2.2(input) : 0.004 : 10−6 : 16t2 . (A6)
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