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In this work, we discuss the electromagnetic properties of the S-wave and D-wave T. molecular
states, which include the magnetic moments, transition magnetic moments, and radiative decay widths.
According to our results, the magnetic moment of 77, state observed experimentally is —0.09uy.
Meanwhile, we also discuss the relations between the transition magnetic moments of the S-wave T,
molecular states and the radiative decay widths, and we analyze the proportionality between the magnetic
moments of the 7%, molecular states. These results provide further information on the inner structure of
T/, molecular states and deepen the understanding of electromagnetic properties of doubly charmed

tetraquarks.
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I. INTRODUCTION

In 2003, the Belle collaboration observed X (3872), which
proved the existence of exotic hadronic states [1]. The mass
of X(3872) is very close to the mass threshold of DD*,
which promoted the theoretical studies of D*)D™) states.
Quantum chromodynamics (QCD) allows for the existence
of multiquark states, such as tetraquark states and penta-
quark states. In 2007, the Bell collaboration reported the first
nonzero charge Z.(4430)" with quark configuration of
cuc d [2]. Subsequently, a series of tetraquark states were
observed, such as Z.(3900)" [3,4] and Z.(4020)" [5].
These works aroused the interest of theorists in doubly
heavy tetraquarks, and as experimental precision improved,
more and more exotic tetraquark states were observed and
studied [6-17].

In 2021, the LHCb collaboration observed the
doubly charmed tetraquark state 7'}, composed of four
quarks cciid and quantum number JP = 1% [18,19].
This exotic state shows a narrow peak in the mass
spectrum of the D°D°zt meson. The mass of the T,
state with respect to the D**D° mass threshold and the
width are
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Sy = —273 £ 61 £57]) keV,
L, = 4102165 £ 4318 keV.

For the doubly charmed tetraquarks, their properties
have been studied extensively in the past decades,
and there exists abundant experimental and theoretical
works [20-39].

Whether T, is compact tetraquark states or a molecular
states remains debated. For example, in Ref. [40], the
author argue that T, state is more likely to be a molecular
state. In Ref. [41], the authors argue that T, state is highly
likely to be in a compact configuration. There are many
theoretical studies of the interpretation of compact tetra-
quark states [42,43]. In addition, the interpretation of
molecular state is reasonable [44-48], since the mass of
the T, state is very close to the D**D° mass threshold. In
Ref. [49], the authors studied the DD* hadronic molecule
interpretation of T, and calculated the mass and decay
width of T, using the one-meson exchange potential
model. In Ref. [50], the authors assumed that T, is an
isoscalar DD* molecule and used the effective Lagrangian
method to study the partial decay width of Tf, —» DD,
which resulted in smaller than the central experimental
value of the Breit-Wigner fit. In Ref. [51], the authors
studied the decay of T, in the molecular interpretation
using effective field theory, and calculated differential
distributions in the invariant mass.

For exotic hadronic state, the magnetic moments and
the transition magnetic moments are crucial observable
physical quantities, which can be used to distinguish
between different configurations, and the electromagnetic
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properties of exotic hadronic states can also help us obtain
information about their geometry.

There are a number of theoretical works around the nature
of tetraquark states using different approaches, including
lattice QCD [52-55], constituent quark model [56-59], and
QCD sum rules [60—62]. The constituent quark model has
been widely used to describe the magnetic moments of
exotic hadronic state quantitatively [63—66]. In Ref. [67], the
authors studied the ground state of the doubly heavy
tetraquarks in the constituent quark model and estimated
the magnetic moments of the predicted tetraquark states. In
Ref. [68], the authors studied all possible configurations of
the ground fully heavy tetraquark states in the constituent
quark model and discussed the spectroscopy behaviors for
the fully heavy tetraquark system.

In this work, we adopt the constituent quark model to
study the electromagnetic properties of the 7. molecular
states, including the magnetic moments, the transition
magnetic moments, and the radiative decay widths, and
we discuss the effect of orbital excitation on the magnetic
moments.

The structure of this paper is as follows. In Sec. II, we
construct the flavor-spin wave functions of the T, molecu-
lar states. In Sec. III, we calculate the magnetic moments of
the S-wave channel and D-wave channel T, molecular
states. In Sec. IV, we calculate the transition magnetic
moments and the radiative decay widths of the S-wave T,
molecular states. Finally, we summarize our work and
compare our results with those of other studies in Sec. V.

II. WAVE FUNCTION

The wave function of the hadronic state w can be
expressed as

Y= ¢color ® Mflavor ® §spin ® Rspacw (1)

where @eolors NMiavors Espins and Rpace represent the color
wave function, the flavor wave function, the spin wave
function, and the spatial wave function, respectively.

There are four quarks, ccg; g, in the T, states. With the
SU(2) flavor symmetry, we construct the wave functions of
T/, states, we can obtain the flavor wave functions of the
T/, states by adding the heavy quark c into the flavor wave
functions of the two light quarks according to the structures
(0141)(Q,3>) in the molecular model. Here, Q and ¢
denote the heavy quark and the light quark, respectively.
Meanwhile, not all 7/, molecular states with combinations
of spin and isospin exist. Due to Bose-Einstein symmetry,
for the DD and D*D* states, their quantum numbers
(I +J) need to be odd [69].

The T/. molecular states are composed of D*) D), For
example, it is composed of D*)° D)+ with (I, 15) = (0,0),
their flavor wave functions are

Mflavor = ~—7= (Cu)(Cd) - (cd)(cz]),

_ L
V2

1
= |D(*)°D(*)+> |D(*>+D(*>°). (2)
V2

Considering the spin wave functions of the 7'/ molecu-
lar states, we can obtain the flavor-spin wave functions.
For example, for the T, molecular composed of D*D*
with JP =11, its flavor-spin wave functions can be
written as

lv) = {\% DD % |D*+D*0>}

®{%|1,1> —% 1,1>}. (3)

1.0)

1,0)

The wave functions of the T, states with different
isospins are similar. In Table I, we collect the flavor wave
functions 7,y and spin wave function &, of S-wave T/,
molecular states.

TABLE 1. The flavor wave functions 7, and spin wave
functions &g, of S-wave D)D™) molecular states, where / and
I, represent the isospin and its third components of the D) D(*)
system, respectively, and S and S; represent the spin and its third
components of the D™D system, respectively.

Systems |1.15) Nflavor
D D) |0, 0) \/LZ [DWOpEI+Y — % |D)+ D)0y
|1, 1) |D&)+ D)
|1,0) %|D<*)OD(*>+> +%|D(*>+D(*)0>
[1,-1) |D#0 D)0y
Systems S, S3) Spin
DD 10,0) 10.0Y/0. 0)
pD*  |L1) 10,01, 1)
[1,0) |0,0)|1,0)
11, -1) 0,01, —1)
D'D* [2.2) 11,11, 1)
2.1) L D[L,0) + 5 [1.0)[1,1)
12,00 L1, 1)1, =1) +¥2[1,0)]1,0) + L [1,-1)[1,1)
2,-1) L511,0)[1, 1) + 5 [1,-1)[1,0)
[2,-2) [1,-1)|1,-1)
L) L [1L0) = L [1.0)1.1)
11,0) L1 -1) =51 =1L )
I1,-1) S IL.0)[1,=1) = J5[1,=1)1.0)

10.0) {1, 1)[1,—1) = L[ 1,0)]1,0) + L |1, =1)[1, 1)
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III. MAGNETIC MOMENT PROPERTIES

In constituent quark model, the magnetic moment of the
hadronic state x4 can be written as the sum of the spin
magnetic moments g, and orbital magnetic moments
Homital OF its corresponding constituents. The total magnetic
moment can be expressed as

H = Hspin + Morbital» (4)

where the spin magnetic moment gy, is the sum of the
spins of the each constituent and orbital magnetic moment
Homital 18 Telated to the orbital angular momentum between
the constituents.

In the numerical analysis, the magnetic moment gy can
be calculated by inserting the z component of the magnetic
moment operator into the corresponding wave function of
the hadron, and the magnetic moment can be expressed as

i = Wulilyu), (5)

where |yy) is the wave function corresponding to the
hadronic state.

When only considering the S-wave channel, there only
exists the spin magnetic moment, and the spin operator can
be expressed as

Hspin —

>t (©)

where e;, m;, and o; represent the charge, mass and Pauli’s
spin operator of the ith constituent of the hadron H,
respectively.

In our calculations, we consider the following S-wave
and D-wave channel T, molecular states

D*D*[JP = 0%]:|'Sy), P D),
D*D*[J* = 1]:S).|°Dy).|°Dy),
D*D*[J? =2"]:PS,).|'D,). PDs).

Dy). (7)

Here, we take |*"'L;) to denote the quantum numbers
of the corresponding channel, where S, L, and J represent
the quantum numbers of spin angular momentum,
orbital angular momentum, and total angular momentum,
respectively.

According to Eq. (5), the magnetic moments of the
S-wave T'f, molecular states can be obtained. Because there
are different flavor wave functions with different isospins,
the magnetic moments of the S-wave T, molecular states
with different isospins are different. We take DD* with
S,8;) =|1,1), (1,13) = (0,0) as an example to obtain the
magnetic moments of the S-wave D*D* molecular state:

1
Hpp-(17) = 5 (Upo + pp-). (8)

In the above results, the magnetic moment of the S-wave
T/. molecular state is a linear combination of the magnetic
moments of the charmed mesons D). Then, we take the
charmed meson D** as an example to obtain the magnetic
moment of the charmed meson. In the numerical analysis,
we use the constituent quark masses m, = 0.336 GeV,
myg = 0.336 GeV, m, = 1.660 GeV [70] to calculate the
magnetic moments of D) mesons, the flavor-spin wave
function can be written as

2y = led) ® |11). 9)

where y} is the flavor-spin wave function of the calculated
hadron, the superscript s and the subscript f represent the
spin and flavor wave functions, respectively, 1 means the
third component of the quark spin is 1/2. According to
Eq. (5), inserting the spin magnetic moment operator [y,
into the corresponding flavor-spin wave function, we can
calculate the magnetic moment of the D** meson as follows:
[L.1)

Hp++ = <)(D*+ ﬂz ‘Dl*}r>>’
= (cdMpcledt?),
= e + Uz (10)

The magnetic moment of D** meson is y. + uz, we can
obtain the magnetic moment of D*° by the same method, and
we list their results in Table II.

We can obtain the magnetic moment result of the DD*
state by a linear combination of the D* meson magnetic
moments. In the same way, we calculate the magnetic
moments of the T, molecular states with different isospins,
then the magnetic moments of the S-wave T, molecular
states are listed in Table III.

On the basis of the magnetic moment results obtained in
above work, we summarized the following key points.

(1) The magnetic moments of the S-wave channel T},
molecular states range from —2.97uy to 2.62uy,
D*D*(2%) with (I,13) = (1,—1) and D*D*(2%)
with (Z,13) = (1,1) have minimum and maximum
magnetic moment, respectively.

(2) The S-wave T molecular states DD*(1%) and
D*D*(17) with (1, I3) = (0,0) have different quark
constituents, but their magnetic moments are the same
since they have the same total angular momentum.

TABLE II. The magnetic moment of S-wave meson D*,
Here, the magnetic moment is in units of the nuclear magnetic
moment py.

Mesons Expressions Results
D™ He + Ha -1.49
D+t Ue + Hg 1.31
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TABLE III. The S-wave channel magnetic moments of the T,
molecular states with different flavor representations. The unit is
the nuclear magnetic moment py .

Lz |[DEODEI+Y — % |D)+ D))

Systems Jr Expressions Magnetic moments
DD* 1" %(IL{D*() + Upe+) —-0.09
D*D* 1" upo + up) —-0.09
|DE)+ D)+

Systems JP Expressions Magnetic moments
DD 0* 0 0
DD* 1" Hp+ 1.31
D*D* 0t 0 0

2+ 2Upe+ 2.62

\/LE ‘D(*)OD(*H) + \sz |D(*)+D(*)0>

Systems Jr Expressions Magnetic moments
DD 0" 0 0
DD* 1" T (upo + up) —-0.09
D*D* 0" 0 0
2* HUpo + Up —0.18
|D<*>°D(*)°>
Systems JP Expressions Magnetic moments
DD 0" 0 0
DD* 1" Upo —1.49
D*D* ot 0 0
2+ 2 po -2.97

(3) The S-wave channel T, molecular states with same
I(J?) and different /3 quantum numbers have differ-
ent magnetic moments, since they have different
flavor wave functions as listed in Table I.

(4) The magnetic moments of the S-wave channel DD
states with (7, 13) = (1,1), (I,13) = (1,0), (I, I5) =
(I,—1) are all zero. At the same isospin, the
magnetic moments of S-wave channel D*D*(2")
state and DD*(1") state satisfy the relation
Hprp*(27) _
Hppr(17) — =7
composed of spin magnetic moments and their spin
angular momentums are proportional.

Analyzing the numerical results in Table III, since the
mass of the TJ. ground state with spin-parity quantum
numbers J© = 1% and isospin I = 0 is very close to the
D**D° mass threshold, the magnetic moment of the T,
state observed experimentally is —0.09u.

In previous work, there exists the study of the magnetic
moments of compact T, tetraquark states. In Ref. [36], the

since their magnetic moments are

authors have already discussed the magnetic moments of
the compact T, tetraquark with J” =17 in diquark-
antidiquark picture using the light cone QCD sum rules.
We compare the magnetic moments of the compact T},
tetraquark and the T, molecular states states with
I(JP) =0(1%). The value of the magnetic moment of
the compact T, tetraquark state with 7(J*) =0(17") is
greater than 0.6u,, and the value of the magnetic moment
of the T/. molecular state with /(J*) = 0(1%) is near 0.
Thus the different inner structures of doubly charmed
tetraquark states lead to different magnetic moments.

Then, when we consider the magnetic moments of
D-wave channel T}, molecular states, the total magnetic
moment consists of the spin magnetic moment and the
orbital magnetic moment, and the operator of orbital
magnetic moment can be expressed as

Mply £
L., 11
m, + mﬂ) ¢ (11)

ma/"/}
mg + m‘/}

ﬁorbital = ﬂéﬁLz = <

where the subscripts @ and f are constituent mesons,
and we adopt the constituent mesons masses mp =
1864.84 MeV, mp+ =1869.65 MeV, m .0 =2006.85 MeV,
and mp+~ = 2010.26 MeV [71].

The spin-orbital wave function |**!L ) can be expanded
using the orbital wave function Y; ,, and the spin wave
function yg,, as follows:

|2S+1LJ> = Z CiAn/iL,SmsYLqu)(Sv’”S’ (12)

mp,mg

where C7) ¢, is the Clebsch-Gordan coefficient, then

the D-wave channel spin-orbital wave function can be
expressed as follows:

V3 V3 1
|3D1> = 7§Y2,2)(1,—1 —\/—1—0Y2,1)(1,0 +ﬁyz.o)(1,1,
1 V3 V3
|5D1> = 7§Y2,2)(2,—1 - \/71—61/2,1)(2,0 + ﬁYz.o)fz,l
1
——=Y2 1122,
\/5 ) s

\/E 1
—Y —-—Y ,
\/§ 2,2X1,0 \/§ 2,1X1.1

V2 V3 V2

|5D2> = 77 Yooxoo— W Yoo, + 77 Yr0x2.2:

’D,) =

1 1 1
°Dy) = 75 Yoour »— % Youxr—1+ % Yaox20

1 1
——Y,_ +—Y,_ . 13
\/§ 2,-1X2,1 \/5 2,-2X22 ( )

Combining Eq. (13) and the obtained results of the
magnetic moments of S-wave channel as listed in Table II,
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the magnetic moments of of D-wave channel can be
calculated. We take the magnetic moment upsp )y with

(I,13) = (0,0) as an example, which can be expressed as

3/ 1 1 .
Hep) =5\ Tkoe T ke A

3, 1 /1 1
+E”D*°D*+ +E EHD*"+§MD*+ ;

1 1 3
=~ gk = gHD S (14)

then we list the magnetic moments of the D-wave channel
with different isospins in Table IV.

Comparing the magnetic moments of the S-wave chan-
nel and D-wave channel T, states, we can find that the
magnetic moments of the S-wave channel and D-wave
channel T, states are not the same. Due to the orbital
excitation of the D-wave channel, the magnetic moments of
I’D,), |°D;), |’D,), and |°D,) state have an variant of 2%
with respect to the S-wave magnetic moments. In the
S-wave channel, the value of the |'S,) state is 0, but the
value of the |'D,) state is 2uk. . in the D-wave channel.
The magnetic moment of DD*|*D,) state is approximately
five times the magnetic moment of DD*[*D;) state. Since
the values of the orbital magnetic moment and the magnetic
moment of D meson satisfy the proportionality relation.
For DD* state with (I, 13) = (1, 1), the value of the orbital
magnetic moment /tLD+ p++ 18 close to one-half the value of
the magnetic moment up+. In addition, some different
states have the same value. For example, for the T, states
with (1,13) = (1,1) and J* = 2+, there exist |'D,), |*D,),
|°D,) states. They have different expressions but the results
of these D-wave magnetic moments are same, since the
value of the orbital magnetic moment //15*+ p++ 1S approx-
imately equal to the magnetic moments y -+ . Therefore, the
magnetic moments of these states have the same value.

We discuss the S — D wave coupling of T.. molecular
states. Taking the DD state with I(JF) =0(1") as an
example, we study the S — D wave coupling. The wave
function can be written as

ly) ~ |DD*, 1 =0,0 =1) ® YoRs (r)
+|D*D*, 1 =0, =1) ® YooRs(r)

+ D-wave contribution, (15)

where Rg;(r) is the radial wave function of the S-wave DD
state. When the cutoff parameter is 1.05 GeV, the binding
energy relative to the DD* threshold is 1.24 MeV and the
corresponding root-mean-square radius is 3.11 fm which is
comparable to the size of the deuteron. The dominant
channel is DD*|3S,), with a probability 96.39%, the
contribution of the D*D*|3S,) state is 2.79%, the proba-
bility of the D wave is around 1% [45]. Since the
contribution of the D-wave channel is quite small, the

TABLEIV. The D-wave magnetic moments of the T}, states in
the molecular model with different flavor representations. The
unit is the nuclear magnetic moment p .

%|D*OD*+>_%|D*+D*O>

States JP  Quantities Expressions Results
DD~ 1" Hpp,) _%/‘D*” _%ﬂD*‘ +%ﬂI[)D* —0.02
2+ /,{|3D2> %/'{D*O +%ﬂD«+ —}—%ﬂéD* _010
D*D* 1+ IM|3D1> —}—d,{D*o _}TﬂD” +%ﬂlb*0D*+ —-0.09
HFD)  GHpo ko 3Hpops =009
[D*D™T)
States J”  Quantities Expressions Results
DD~ 1" Hpp,) _%ﬂD“ +%”5+D*+ 0.29
2+ ”|3D2) %”Dw- +%”%)*D*+ 1.49
D*D* 0+ ”lSD()) O 0
2+ /lllDz> 2ﬂlf)‘+D*+ 2.62
Hpp,) %/JD*A + %,ugﬂDﬂ 2.62
HpD,) Hpe + U s 2.62
\/L§|D*OD*+> +%|D*+D*O>
States JP  Quantities Expressions Results
DD* 1+ /‘PD]) _%/"D*O —%'qur +%”5D* —-0.02
2+ //l|31)2> %/’lD*O +éﬂD‘+ +§/v‘gz)* _010
D*D* 0+ ﬂ|5D0> 0 0
2 iy 2 —0.18
Hpp,) %llmo + %HD*+ + %ﬂl[)*oDw —0.18
s 1 Lo L —-0.18
H5p,) 3 Kpo +2,MD+ +MD‘°D*+
|D*OD*0>
States J”  Quantities Expressions Results
DD* 1+ ﬂ|3D1> —%ﬂD*O —+ %”ZD‘ODXO —034
2+ '[,[|3D2> %/’lD*O -+ %ﬂéo[)*o _170
D*D* 0+ ﬂ|5D0> 0 0
2+ H'Dy) Zﬂé*ol)*o -2.97
ﬂ|3D2} %,MD*O + %ﬂéqu*l) =297
H5p,) Upo + ﬂg*OD*O -2.97

dominant channels are S-wave channels [ [ drr*(|Rg|* +
|Rg2|*) = 99%]. The contribution of the D-wave channel
can be neglected. Thus the influence of S—D wave
coupling is quite minor.

IV. TRANSITION MAGNETIC MOMENT
AND RADIATIVE DECAY WIDTH

In this section, we discuss the transition magnetic
moments of the S-wave T}, molecular states, which can
provide an important reference for the study of the radiative
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decay behavior of T, states. For the transition magnetic
moments between these discussed D*D* states, the calcu-
lation is similar to those used to obtain the magnetic
moments of S-wave T, states, except that the flavor-spin
wave functions of the initial and final states are different.
The transition magnetic moment of S-wave 7. molecular
states are obtained by the following equation:

Hrmr = Wi lie™* lyy), (16)

where k is the momentum of the emitted photon. When the
momentum of the emitted photon is rather small, the factor
(Ry|e~™®T|R;) is approximately equal to 1, the spatial wave
functions of the initial and final states do not affect the
results of the transition magnetic moment. Thus the above
equation can be approximated as

HHSH = <WH’ |ﬁz|‘l’H>- (17)

We take pippeo+y—ppe1i+y With (I,13) = (1,0) as an
example to illustrate the procedure of getting the transition
magnetic moments between the S-wave D) D®*) molecular
states. According to Table I, the flavor-spin wave functions
of the D*D*|2") and DD*|17) states with (Z,13) = (1,0)
can be constructed as

1 1
Xpprpt) = {% |D°D**) + NG |D+D*O>]

1
® |5
2

1
XDD*|1t) = {$|DOD*+>

1.1)

) +

,0)

1
e ]
+L|D+D*O>]
V2
)1, 1). (18)

According to Eq. (17), inserting the magnetic moment
operator i, into the flavor-spin wave functions of the
corresponding initial and final states, we can calculate the
transition magnetic moment of the D*D*[2T) — DD*[1T)y
process

KD D*|2)=DD*|1")

- <ZDD*\1+> |ﬂz I)(D"D*\ZJr >9

_/ _looyL1)
e XJL?‘DUD*+>+%ID+D*O
1 n 1
= — w+_y Dt — w0
2\/5/11) D 2\/§ﬂl)+ D

In the above expression, transition magnetic moment of
the S-wave T, molecular states is linear combinations of
the transition magnetic moments between its constituent
D™ mesons. We take the D** — D¥y process as an
example to illustrate the transition magnetic moment

l)(f“ 1) \1o+f\10>\1 1>>

‘D*OD*+ Y+ \D**D*())

(19)

TABLE V. Transition magnetic moments of S-wave charmed
meson D*. Here, the transition magnetic moment is in units of the
nuclear magnetic moment p .

Processes Expressions Results
D*0 = D% Ue — M 2.24
D*t - DTy He — g —0.55

between D*) mesons, we construct their flavor-spin wave
functions as follows:

\10

Xpet \/_\cd
oY —f\cd>®m . (20)

) ® ML+ 11),

Then, the transition magnetic moment of the D** — D*y
process is

10,0) [1,0)
KDt =Dty = <){D+ |:uz|ZD*+ >7
_ <ch, —cdl?t ) cdt| + c3¢T>
NG K NG ’
= He — Hg- (21)

As a result, the magnetic moment of the D** — Dty
process is y. — pz. Using the same method, we can obtain
the transition magnetic moments of the D* — D%, and we
collect their results in Table V.

Combining the transition magnetic moments of the
D*t — D*y and D** — Dy processes linearly, we obtain
the transition magnetic moments of the S-wave T,
molecular states, which are collected in Table VI.

Analyzing the above results for the transition magnetic
moments of S-wave T, molecular states, we summarize
several key points:

(1) The transition magnetic moments of the 7', molecu-
lar states can be expressed as linear combinations of
the transition magnetic moments of the correspond-
ing constituents, for example the transition magnetic
moments of the process D*D*|11) - DD*|11)y
consists of transition magnetic moments of D** —
D%y process and D** — D% process.

(2) The maximum transition magnetic moment is
2.24uy, corresponding to the process of DD*|11) —
DDI|0")y with (I,13) = (1,-1), and the minimum
transition magnetic moment is —0.91uy, corre-
sponding to the processes of D*D*|0") —
DD*|1")y with (I,13) = (1,-1).

(3) For radiative decay processes with I =1, their
transition magnetic moments satisfy some propor-
tional relations, for example

076014-6
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TABLE VI. The transition magnetic moments between the S-
wave T, molecular states with different flavor representations.
Here, the magnetic moment is in unit of the nuclear magnetic
moment py.

Lz |D(*)OD(*)+> — % |D(*)+D(*)0>

Process Expression Result
D*D*|1+> g DD*|1+>}/ _ZIW”D*+—>D+ —ZL\/EIMD*U_)DO -0.60
|DU)+ D+
Processes Expressions Results
DD*|17) - DDI|0T)y UD+ D+ —-0.55
D*D*|0") - DD*|1T)y —ﬁMDH_)m 0.23
D*D*|2%) - DD*|1 ")y %yDH_,W —-0.39
\/Lz |IDHODHI+Y 4 % |D)+ D)0y
Processes Expressions Results
DD*|1") — DD|0")y Supopt + Sppo_po 0.84
D*D*|O+> g DD*|1+>}/ _ﬁ”D”—»D* —ﬁﬂD*o_)Do -0.34
D*D*|2%) - DD*|1 ")y ﬁﬂu*uu‘ +2]W”D*°*D° 0.60
| D)0 D()0)

Processes Expressions Results
DD*|17) - DD|0")y o po 2.24
D*D*|O+> g DD*|1+>}/ —\/iéﬂD*o_)Do -0.91
D*D*|2%) - DD*|1 1)y \/Li/,[on_)Do 1.56
Hp*D*2)»DD*|11)y _\/§
HKD*D*|0t)—>DD*|11)y ’

*1H)\ > +
HKpD*|17)-DD|0*)y _ \/5
Hp*D*|2%)>DD*|11)y

The radiative widths of the S-wave T}, molecular states
can provide important information for exploring its inner
structure, so the radiative width is also a crucial physical
quantity, and the radiative decay width is closely related to
the transition magnetic moment. Based on the transition
magnetic moments obtained above, we can calculate the
radiative decay width of the S-wave T, molecular state.
The relationship between the radiative decay width I'y_, 5,
and the transition magnetic moment can be expressed as

E) Tt g
2 E}

a
EM32 Ty

‘]H:JH’

E /|2
Py, = aEMWY%JH‘”HM;z:I, Ju=Jy+1. (22)

E}J 1 (20 1) |u 7‘2
vy YH H H—H — —_
WMz g e Jn =T 1

In the above equation, the electromagnetic fine structure
constant gy is 1/137, and m,, is the mass of proton with

TABLE VII. The radiative decay widths between the S-wave
T. molecular states. Here, the radiative decay width is in units of
keV.

% |D(*)0D(*)+> — % |D(*)+D(*)0>

Process Radiative decay width
D*D*|1T) - DD*|1 ")y 5.24
|D(*>+D(*)+>
Processes Radiative decay widths
DD*|1*) - DD|0")y 2.23
D*D*|0%) - DD*|1T)y 1.18
D*D*|2%) - DD*|1%)y 2.18
% |D(*)0D(*)+> 4 % |D(*)+D(*)0>
Processes Radiative decay widths
DD*|1*) - DD|0T)y 523
D*D*|0%) - DD*|1T)y 2.63
D*D*|2%) — DD*|17)y 5.24
|D(*)0D(*)0>
Processes Radiative decay widths
DD*|1") - DD|0")y 37.52
D*D*|0") — DD*|1")y 18.81
D*D*|2%) - DD*|1 ")y 36.68

m, = 0.938 GeV [61]. For the H — H'y process, E, is the
momentum of the emitted photon, which can be written as

2 _ .2
77’}7,1_1 mH,

E, = , (23)

2mH

where H and H' represent the tetraquark molecular states
we discuss, and my and my represent the masses of the
corresponding hadrons, respectively. In Table VII, the
expressions and results of the S-wave T'f, molecular states
are collected.

As presented in Table VII, the effect of the transition
magnetic moments on the radiative decay width of the
S-wave T, molecular states is significant. For example, the
D*D*|2%) — DD*|17")y process has a larger radiative decay
width than the D*D*|0") — DD*|1")y process, since the
D*D*|2%) - DD*|1")y process has a larger transition
magnetic moment than the D*D*|0") — DD*|1")y proc-
ess. The radiative decay width of the DD*|1") — DDI|0")y
with (1,13) = (1,—1) is much larger than that of
DD*|17) - DD|0")y with (1,15) = (1, 1), which is sim-
ilar to the radiative decay behavior of the D*® — D and
D** — D%y processes. In addition, most of the radiative
decay widths with (7,13) = (1,0) and (7, 13) = (0,0) are
around 5.0 keV, while the decay width of D*D*|0") —
DD*|17)y process is the less than 3.0 keV, and the radiative
decay widths of the processes DD*|11) — DD|0")y,
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D*D*|0") - DD*|1")y, D*D*|2") - DD*|1")y with
(I,13) = (1,—1) are greater than 10.0 keV. Analyzing the
numerical results, it can be noted that the values of
the radiative decay widths with different isospins vary
considerably.

V. SUMMARY

The observation of the T}, state provides a new platform
to study the doubly charmed tetraquark state, theorists have
done extensive research around the nature of the doubly
charmed tetraquark state. The electromagnetic properties
of hadronic molecular states can also help us to further
understand their inner structure, but there is no more
progress in related research.

In this work, we construct the flavor-spin wave functions
of T, molecular states using the constituent quark model.
We systematically study their electromagnetic properties,
including magnetic moments, transition magnetic
moments, and radiative decay widths. According to our
results, the magnetic moment of the T}, state observed
experimentally is —0.09uy. In addition, we discuss the
effect of orbital excitations on the magnetic moments, and
we find the D-wave magnetic moment have an variant of
2% with respect to the S-wave magnetic moments.

Meanwhile, we also discuss the radiative decay widths:
the results show that the radiative decay widths are closely
related to the transition magnetic moments, and there are
several radiative decay processes of T}, molecular states
with significant widths. We compare our results with other
studies on the natural properties of T, in Table VIII. We
hope that the present study will inspire more research on the

TABLE VIII. Comparison of the quantities of the tetraquark
T, state in the article with the results of other studies, including
nonrelativistic quark model (NQM) [23], MIT bag model [72],
diffusion Monte Carlo (DMC) model [73], constituent quark
model (CQM) [67], one-boson-exchange (OBE) [50], effective
field theory (EFT) [51], coupled-channel effective field theory
(CCEFT) [24]. Here, the magnetic moment is in units of u, and
the radiative decay width is in units of keV.

Quantities Hrs [T — D*D%]
NQM [23] 0.13

MIT bag model [72] 0.88

DMC [73] 0.28

CQM [67] 0.732 .

OBE [50] e 10.0

EFT [51] e 2.8
CCEFT [24] S 5.0

This work -0.09 5.23

electromagnetic properties of T, molecular states, which
can enrich our understanding of the inner structure of
hadronic molecular states.
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