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Very recently, the LHCb Collaboration reported the doubly charmed tetraquark state 7'}, below the
D**DP threshold about 273 keV. As a very near-threshold state, its long-distance structure is very
important. In the molecular scheme, we relate the coupling constants of T/, with D**D* and D** D° to its
binding energy and mixing angle of two components with a coupled-channel effective field theory. With the

coupling constants, we investigate the kinetically allowed strong decays T, — D°D%z*, T, - D*D%z°
and radiative decays D D%. Our results show that the decay width of T, — D°D°%z* is the largest one,
which is just the experimental observation channel. Our theoretical total strong and radiative widths are in
favor of the T, as a |D**D") dominated bound state. The total strong and radiative width in the single
channel limit and isospin singlet limit are given as 59.77¢ keV and 46.7137 keV, respectively. Our
calculation is cutoff-independent and without prior isospin assignment. The absolute partial widths and
ratios of the different decay channels can be used to test the structure of T, state when the updated

experimental results are available.

DOI: 10.1103/PhysRevD.104.L051502

I. INTRODUCTION

Very recently, the LHCb Collaboration reported the first
doubly charmed tetraquark state 7. in the prompt pro-
duction of the pp collision with a signal significance over
100 [1]. Its mass with respect to the D** D threshold and
width are

om = —273+ 61+ 5%, keV,
['=410=+ 165+ 43738 keV. (1)

In the fitting, the quantum number J¥ = 1% is assumed. The
significance for 6m < 0 is 4.30. The LHCb Collaboration
also released a decay analysis, in which the unitarized

*Corresponding author.
wangbo@hbu.edu.cn

Corresponding author.
zhusl@pku.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2021/104(5)/L051502(8)

L051502-1

Breit-Wigner profile was used [2]." The mass with respect
to the D** D° threshold and width read,

omY = =361 + 40 keV, Y =478+19kevV. (2)
The observation of T, is a great breakthrough for the hadron
physics. It is the second doubly charmed hadron that has
been observed in experiments for now. What is more
interesting, it is manifestly an exotic hadron composed of
four (anti)quarks.

In fact, the doubly heavy tetraquark states are anticipated
and debated for 40 years [5-20]. In 2017, the first doubly
charmed baryon E/ was observed by the LHCb
Collaboration [21], which incited a new round of heated
discussions on the doubly heavy tetraquark states [22-39].
An extensive review of the T,. system can be found in
Ref. [40]. From the theoretical perspective, a well-known
fascinating feature of the compact doubly heavy tetraquark
states is that they might locate below the two-meson

'To some extent, our results agree with analysis in Ref. [2]. We
should stress that the analysis was released after our work. Our
calculation only based on the information in Refs. [3,4] and was
independent of the Ref. [2].
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thresholds and then become very narrow. The underlying
reason is the possible heavy-antiquark-heavy-diquark sym-
metry. The doubly heavy diquark in color anti-triplet could
be relatively compact, and it is an analog of the antiquark.
The mass of doubly heavy compact tetraquark is constrained
by its singly heavy partner in the heavy-antiquark-heavy-
diquark symmetry (e.g., see [23,24,41] for details). The
above analyses were well accepted for doubly bottom
systems due to large bottom quark mass. However, there
was no agreement for doubly charmed systems before the
observation of T, state.

Apart from the compact tetraquark scheme, there is
another motivation to investigate the doubly heavy tetra-
quark states in the hadronic molecule scheme, which might
not be as popular as the former one but has the equal
significance. In the molecular scheme, the one-pion-
exchange interaction of D*D/DD* system with the quantum
numbers of 1(JP€) = 0(17") [corresponding to X(3872)]
and that of the D*D system with I(J¥) = 0(17") are exactly
the same in the isospin symmetry limit [42-44]. The doubly
charmed analog of X(3872) is therefore expected [42—44].
In Ref. [44], the authors obtained a D*D bound state with
quantum numbers /(J¥) = 0(17), in which the long-range
one-pion-exchange as well as the short- and mid-range
interactions by exchanging 7, p, @ and ¢ mesons were
included. The theoretical binding energy and root-mean-
square radius are 470 keV and 4.46 fm, respectively. The
predictions using the one-boson-exchange model agree very
well with the newly experimental results [1]. Similar results
were also obtained in chiral effective field theory [45]. After
the observation of T, the isospin violating effect was
considered in the one-boson-exchange model [46]. The TF,
was interpreted as a bound state composed of two channels,
cos 8| D*+ D) + sin@|D*°D*) with 6~ 430.08°. In this
work, we will see the newly observed T, tetraquark state
does have many similarities with the X(3872).

The T, state is only about 300 keV below the D**D°
threshold. If the T, is interpreted as the bound state of
D** DV in a single channel formalism, a natural consequence
of such a small binding energy is the low-energy universality
similar to the X(3872) state [47,48]. The low-energy
observables for T, or X(3872) are insensitive to the details
of the interactions. Thus, the long-range feature of such
systems only depends on the scattering length or binding
energy. If the higher D**D* channel was taken into
consideration in a coupled-channel formalism, the consid-
erable isospin violation effect is expected due to the
sensitivity of the structure to the threshold differences for
such a very near-threshold bound state. In this work, we aim
to uncover the structure of the 7. through its long-distance
dynamics, the strong and radiative decays. We will resort to
an effective field theory satisfying the renormalization group
invariance. The coupling constants of 7%, with D**D® and

D**D™ will be related to the binding energy and mixing
angle of the two components. The strong and radiative decay
widths can provide important information about its structure.

This work is organized as follows. In Sec. II, we use a
coupled-channel effective field theory to relate the coupling
constants to the binding energy and mixing angle of the two
components. In Sec. IIl, we calculate the strong and
radiation decays for the T states and provide some
insights into its structure. In Sec. IV, we give a brief
summary.

II. COUPLING CONSTANTS AND WAVE
FUNCTIONS

In the molecular scheme, the two closest thresholds are
D**D° and D*°D™, which are located above the T about
0.3 MeV and 1.7 MeV, respectively. The components of
the bound state will be sensitive to the threshold mass gaps
and the large isospin violation effect is expected [43].
Therefore, we will introduce the coupled-channel effect
dynamically rather than presuming a prior isospin assign-
ment. The two related channels are noted as |1) = |D** D)
and [2) = |D**D*). We adopt a coupled-channel effective
field theory proposed by Cohen et al. [49], which is well
used in hadron physics [50-52] and nuclear physics [53].
We will see that in this effective field theory, the cutoft-
dependence can be eliminated exactly, which makes it
renormalization group invariant.

For the effective field theory, we introduce the leading
order interaction

Vip.p') = [ “”}@(A—m@m—p/), 3)
Vip U2

where v;; are energy-independent parameters. The step
function © serves as a hard regulator and A is the cutoff
parameter. For such a separable interaction, the 7'(p,p’) has
the similar separable form with T(p,p’) = tO(A — p)
O(A - p'), where ¢ is the matrix of elements 7;;. The
coupled-channel Lippmann-Schwinger equations (LSEs)
can be reduced to a set of algebraic equations,

t=v+0vGt=t=(1-0vG) v, (4)

where G = diag{G,, G,}. The G; reads

G,-(E):/A dq 1

(277,')3 E— Ei,q + ie ’

2

q
E, =6 +— 5
i.q i D) s ( )

where u is the reduced mass of di-mesons. In this work,
we can neglect the tiny differences of the reduced masses
in the two channels. The §; is the mass difference with
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respect to D*TDO threshold. Then we have §, = 0 and
6 =8, = mpo + mp+ — (mp+ + mpo). For a bound state
with E < 0, the explicit expression of G;(E) reads

A 2

G,(E):% —A + k; arctan — ~ 2 -ZA+k|, (6
3 ki 2| 7w

where k; =+/-2uE and k,=./-2u(E—5). The

approximation in Eq. (6) is a consequence of |k;| < A.
It is straightforward to obtain the solution of the LSEs,

1
D

b11b12b22

bllb%z(l - b22k2) (7)
b}ybyy(1 = byiky) |

b11b12b22

Where D = ;-ﬂ[b%z(b“kl - 1)(b22k2 - 1) — blleZ] and
the b;; are introduced as

1l _ 2z Y k

by 1z (UIIUZZ_U%Z Gl) ki

1 _2z G k

by H (011%2—@%2 2) k. (8)
1 2z v

by 1wy v,

One can see that the cutoff dependence of G; in Eq. (8) can
be absorbed by renormalizing v;;. In this way, the cutoff
dependence can be eliminated exactly. The similar results
were derived in Refs. [49,50].

The bound state T}, corresponds to a pole in the real
axial of the complex energy plane. The residuals of the ¢
matrix can be related to the coupling constants of the bound
state with the corresponding dimeson channels [54,55]. In
our normalization convention, we have

2B~ Folty = g

d(tii)_l - 1
‘ = g (9
|: IE SM%- 9i9; ( )

where E is the pole corresponding to the T, state. M is
the mass of T, and g; is its coupling constant to the two
DD* channels. A straightforward derivation gives a very
simple expression for limg_ g (E — Ey)t, which reads

20 Ky cos’ 6 /K1K5 sin @ cos 0 (10)
u* | /KK, sin 6 cos O K, sin® @ ’
where k; and 6 are defined as
b b -1
o= limk, o= 20lua=D g
E-E, byiky(byoky — 1)

We will see that 0 is actually the mixing angle of the two
channels in the T, state. The coupling constants read

4M .\ /7K 4M .\ /7K
g = T—ﬂlcose, gy = IV Gne. (12)
VH 7

We want to emphasize that our results are more general than
those in Refs. [54,55], in which v = v, = vy = v is
assumed.

In principle, the coupling constants obtained from the
residuals of the T-matrix can be related to the wave
functions for the bound states [50,54,56,57]. In our
interaction the Schrodinger equation reads,

o+ ) = Baly). ¥ = syl (13

The solution of the coupled-channel equation can be
obtained by the combination of the single-channel wave
functions,

ply) = c191(p)I1) + c22(p)[2), (14)
_ G)(A_P) 2 K
¢l( )_giEo—g—ﬁi’ 51’ ""471_2#21 (15)

where &; is the normalization constant. c¢; is the coefficient
of two components and satisfies ¢? + ¢3 = 1. For the
T-matrix, one can take the approximation near the bound
state pole [57],

3 0 iV wlVIp', j)
E-E, ’

Ty(p.p') ~ (27) (16)

where (p,i|V|y) can be substituted by
2
. 171) = {p. il = o) = (B0 =5 =) it
= ci&®(A - p). (17)
Therefore, we obtain the element of 7-matrix,
1~ (271)3‘201‘5;% (18)

Comparing the above expression with Eq. (10), one can
obtain the meaning of c;,

c; = cos b, ¢, = sin 6. (19)
Thus, we proved that the 6 defined in Eq. (11) is in fact the
mixing angle of the |1) and |2) components.

One can see the coupling constants in Eq. (12) depend on
the binding energy (in «;) and the mixing angle 6. In the
single channel limit (6 = 0), the coupling constant and the
wave function only depend on the binding energy, which is
the manifestation of the universality of the low energy
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dynamics. In the realistic case, the long-range dynamics of
T/, will rely on the mixing angle. One can extract the
structure information of T, by investigating its strong and
radiative decays.

ITII. STRONG DECAY AND RADIATIVE DECAY

The strong and radiative decays of T, state are illustrated
in Fig. 1. The details for the determinations of the coupling
constants of D* — Dz(y), the strong and radiative decay
amplitudes of T, as well as the each diagram contribution
in ideal single-channel cases are given in Appendix. Here,
we list some main conclusions that one can read from
Appendix. The results show that the Fig. 1(s;,) and (r,) are
the dominant diagrams contributing to the strong and
radiative decays, respectively, which are almost 4 times
larger than the contributions from other diagrams. For the
strong decays, we use (s,) to represent two diagrams
considering the exchange of two identical D° final state.
The amplitude of diagram (s,) is amplified by an extra
isospin factor v/2 in the D** D%z vertex and considerable
interference effect of two diagrams. For the radiative decays,
the amplitude of (r,) is much larger than that of (r,),

because the leading amplitudes for M1 radiative transition
D*%* — D%y are roughly proportional to the electric
charges of the light quarks in the heavy quark limit. In
addition, the strong decay width arising from (s,) is also
much larger than the radiative one from (r).

However, the realistic situation is the strong and radiative
decay widths depend on the binding energy of T, as well
as the mixing angle of two components [see Eq. (12)]. We
list three special angles and their corresponding states as
follows,

|TE.) = cosO|D*TD°, ¢p,) + sind|D°D*, ¢,),  (20)
0  pureD*+D°
=% I1=11,=0. (21)

-4 I=0,1=0

Either the absolute value or the relative ratios of the
partial decay widths, embed the important information
about the structure of the T, state. We present the strong
and radiative decay widths in Figs. 2 and 3. We can obtain
several nontrivial conclusions from them.

Dt D+ D D° D}/DO Dt D* DO D°
9 . 9 . 92 . 9 92
< _0 N+ N0
~ T ST \ ™ Y Y
D° D° Dt D° D+
(52) (s5) (s) (r2) (1)

FIG. 1.

The Feynman diagrams for strong and radiative decays of the 77, state, where the vertices marked by ¢, and g, denote the
coupling strengths of T, to the channels |1) and |2), respectively.
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FIG. 2. The dependence of the strong and radiative decay widths on binding energy for the T/, state. Three subfigures from the left to
right show the decay widths of single channel (D**DP), I = 1 (isospin triplet) and / = 0 (isospin singlet) configurations, respectively.
The green band represents the uncertainty of the 7. mass. The vertical dashed line is the central value of the binding energy. For the
radiative decay, the red shadow represents the uncertainties arising from the unfixed D* width (40-80 keV is used).
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The dependence on the mixing angle for the T, strong and radiative decay. The left and the right subfigure show the

absolute values and relative ratios of the decay widths. The colored shadow represents the uncertainties stemming from the 7. mass

in Eq. (1).

The first and the foremost conclusion is that the
dominant decay mode of the T, is D°D%z*, which is
just its observation channel in experiments. In Fig. 2, we
present the partial decay widths with the mixing angle
6 =0, z/4 and —x/4, which correspond to the single
channel D**D°, I =1 and I = 0 cases, respectively. In
these three configurations, the dominant decay mode is
Tt — D°D%z*. In the left subfigure of Fig. 3, we show
the dependence of the decay widths on the mixing angle.
One can see that the T, — D°D%z7 is dominant in most
mixing structures. The exception only appears when the
bound state is almost pure D**D bound state (|6| ~ z/2).
But it is less likely that a bound state (below two
thresholds) in two-channel interaction model contains
more higher channel component. Thus, in the molecular
scheme, it is easy to understand why the T, is firstly
observed in the D°D°z* final state rather than other
channels.

Meanwhile, the experimental decay width of T, is in
favor of the |[D**D°) dominant molecule structure. In the
left subfigure of Fig. 3, the maximum of the total decay
width appears at 8 =~ 0, because the dominant decay mode
Tt — D°D°z* is induced by the D** D° channel through
the coupling constant g; proportional to cosf. From
Eq. (6), we can see the partial decay width achieves its
maximum when 6 = 0, which corresponds to the single
channel limit. In this limit, we obtain the total width of T,
from the strong and the radiative decays as

Single-channel limit : Ty, + Ty = 59.7750 keV.  (22)

This decay width is still smaller that the central value
410 keV in experiment. The difference might be resolved
when the experimental resolution is improved in the
future. The parameters of near-threshold resonance would

be sensitive to the line shape parametrization formalism.”
The total widths from the strong and radiative decays for
the isospin singlet and triplet state read,

Isospin singlet : [y, + gy = 46.7°39 keV, (23)
Isospin triplet : T, + [gy = 31.2737 keV.  (24)

The decay widths for the isospin singlet and triplet
assignments are smaller than the experimental data.
Therefore, one can expect that, with the improving of
the measurement resolution, the decay width of 7'}, would
be in accordance with a D**D°-dominated bound state
rather than the isospin triplet or the singlet. In other words,
large isospin violation for T, is supported by the present
experimental results.

In the right subfigure of Fig. 3, we present the ratios of
different partial decay widths. One can see that the ratio of
[[T/. - D*D°z°)/T[T{. - D°D°z"] is sensitive to the
mixing angle when the angle is in the range of (—z/4,7/4).
When the bound state is approaching to the isospin singlet
(triplet), the ratio will increase (decrease). Meanwhile, if
the T, is dominated by the D**D° component, the
radiative decay will be extremely suppressed, because
the contribution from the most important diagram (r;,) is
suppressed by the sin? @ in the coupling constants.

IV. SUMMARY

In this work, we study the strong and radiative decays of
the newly reported doubly charmed T}, state. The T, state
is very close to the threshold D*D. It seems to be a sibling

*The analysis from LHCb Collaboration after this work with
unitarized Breit-Wigner formalism did decrease the width [2].
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of X(3872) in the double-charm systems. Its long-range
structure is very important due to the quite small binding
energy. In the molecular scheme, we investigate the
kinetics-allowed strong decays T/. — D°D°z*, T/ —
D*D°z° and radiative decays D* D, which are sensitive
to the long-range structure of T}.

In our calculations, we include the D*t D% and D*°D* as
two channels rather than presuming prior isospin assign-
ment. We adopt a well-used coupled-channel effective field
theory, which is cutoff-independent and satisfies the
renormalization group invariance. We extract the coupling
constants of T/, to D**D® and D**D™* channels from the
residuals of the 7T-matrix. We relate the coupling constants
to the wave functions in the Schrodinger equation. Our
results show the coupling constants depend on both the
binding energy and the mixing angle of the two channels.
With the coupling constants and the strong and radiation
vertices of D* mesons from experiments, we obtain the
strong and radiative decay widths of T.. Our numerical
results show that the decay width of T/, — D°D°z* is the
largest one, which is consistent with the experimental
observation. We also find the theoretical total strong and
radiative width will approach the experimental value in the
single channel limit (pure D** D° component), which reads
Ty + Tpy = 59.77} keV. Thus, we can infer that the
mixing angle would be very small. If the T}, is the pure
D**D° molecule, the radiative decay width is very tiny,
which is less likely to be detected in the near future. The
ratio of I'[T¢, — D*D°2% /T[T, - D°D°z"] is sensitive
to the mixing angle when the angle is in the range of
(—z/4,7/4). Therefore, it can be used to judge the
proportion of D°D** and D*D*’ inside the T7,.

Our results do not depend on the cutoff parameter. The
isospin violation effect is rigorously considered in coupled-
channel formalism, and all the relevant uncertainties are
seriously estimated. Once the new experimental results for
the decays of T, are available, one can easily read out its
inner structure information from Figs. 2 and 3. Unlike the
X(3872), there is no hidden-charm channel [e.g., J/yp,
J/ww and y.(2P) channels for X(3872)] interference to
T/, so this state can also give us a very clean platform to
uncover the interaction details between a pair of charmed
mesons.

After this work, the LHCb Collaboration released the
analysis within the unitarized Breit-Wigner formalism [2].
One can see their results in Eq. (2) are in accordance with
ours in Egs. (22)—(24).
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APPENDIX: AMPLITUDE CALCULATION

We first use Fig. 1(s,) as an example to illustrate the
calculation of the strong decay. The D** — D*z° ampli-
tude is A = g,q, - €p-, wWhere € and ¢, are the polari-
zation vector of D* mesons and momentum of pion,
respectively. The differences of g, extracted from D*T —
D*z° and D** — D%z decays are very tiny (constrained
by the isospin symmetry) [58]. We take the averaged value
of coupling constant g, ~ 11.9 as our input. Since the D*°
width is still unknown, we assume the isospin symmetry
and use the same coupling constant as that of the D**.
Finally, the amplitude of T, — D*D%° reads

_ PiyPin

9167 (G = "z )92 P

A[TE. —» D*D2% = (A1)

. )
p%Q - m%y + imp I p

where €/ represents the polarization vector of T¢.. p;, and
p, stand for the momenta of the D** and #°, respectively.
I'p- is the width of D* meson.

We then use the Fig. 1(r,) to illustrate the calculation of
radiative decay amplitude. The radiative decay vertex of
D* — Dy can be parametrized as follows,

* B
A[D - D]/] = gyeﬂvaﬂe/;plb*p? D*» (AZ)
where g, denotes the effective coupling constant. Its value
is extracted from the partial decay widths of D**0 — D*+0y

60—
50}

40f

30}

20}

Partial Decay Width [keV]

10}

0 E T T I 1 T
-500 -400 -300 -200 -100
dmqs [keV]

FIG. 4. The contribution to the partial widths of T, from each
Feynman diagram, where the interferences between diagrams
with the same final states are switched off. The cos @ and sin 6 in
coupling constants of Eq. (12) are both set to be 1.
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[58], respectively. For the D* meson, we take its total
width as a range 40-80 keV, which covers the most of the
theoretical results, e.g., [59-62]. Then the T, — DT D%
amplitude reads

A[T¢. — DT D%
_ PuoulPiw

9 €l;"(guy mé*

2 2 -
Pia = mp + imp-T'p-

)91€ poa€y P Py

(A3)

In order to identify the dominant diagrams, we estimate
the contribution of each diagram by switching off the
interference effect and replace the cos@ and sin @ with 1.
The results in Fig. 4 show that the (s,) and (r,) are the
dominant diagrams contributing to the strong and radiative
decays, respectively, which are almost 4 times larger than
the contributions from other diagrams. The strong decay
width arising from (s,) is also much larger than the
radiative one from (r,).
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