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Zhao-Sai Jia®,"*" Zhen-Hua Zhang®,”*" Gang Li®,"** and Feng-Kun Guo®****
1College of Physics and Engineering, Qufu Normal University, Qufu 273165, China
*CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,
Chinese Academy of Sciences, Beijing 100190, China
3School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
*Peng Huanwu Collaborative Center for Research and Education, Beihang University,
Beijing 100191, China

® (Received 26 July 2023; accepted 13 November 2023; published 28 November 2023)

With the assumptions that the T, discovered at LHCb is a D*D hadronic molecule, using a
nonrelativistic effective field theory we calculate the radiative partial widths of T, — D*Dy with T},
being a D*D* shallow bound state and the heavy-quark-spin partner of 7. The I = 0 D*D rescattering
effect with the T'.. pole is taken into account. The results show that the isoscalar D*D rescattering can
increase the tree-level decay width of T} — D** D% by about 50% and decrease that of 7%} — D*°D*y
by a similar amount. The two-body partial decay widths of the 7% into 77,y and T7,z° are also calculated,
and the results are about 6 and 3 keV, respectively. Considering that the D* needs to be reconstructed from
the Dx or Dy final state in an experimental measurement, the four-body partial widths of the T} into DDyy
and DDy are explicitly calculated, and we find that the interference effect between different intermediate
D* Dy states is small. The total radiative decay width of the 77, is predicted to be about 24 keV. Adding the
hadronic decay widths of T%. — D* D, the total width of the T7.. is finally predicted to be (65 + 2) keV.

DOI: 10.1103/PhysRevD.108.094038

I. INTRODUCTION

The LHCb Collaboration has reported a narrow reso-
nance, the double-charm exotic candidate 7. with prob-
able quantum numbers /(J”) =0(1"), in the D°D°z*
invariant mass distribution [1,2]. Its mass and decay width
were reported as [1,2]

Smgw = mgw — (mp+ +mp) = =273 £61 £5]1 keV,
Ty =410 £ 165 £ 43138 keV, (1)

parametrizing the T}, using a relativistic P-wave two-body
Breit-Wigner function with a Blatt-Weisskopf form factor,
and

5mpole = Mpole — (mD*+ + mDO) = -360 + 40__% keV,
Fpote = 48 £ 279, keV, (2)
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using a unitarized Breit-Wigner profile [2]. An analysis of
the LHCb data with the full DDz three-body effects taken
into account gives [3]
Smpoie = —356135 keV, Tpole = (56 £2) keV.  (3)
By analyzing the line shape of the T'.. or the low-energy
S-wave DD* scattering parameters [3—7], it has been
concluded that the 7., is an excellent candidate of a
DD* hadronic molecule [8—13]. It was predicted to have
a heavy-quark-spin symmetry (HQSS) partner 7%, a D*D*
hadronic molecule with the quantum numbers I(J7) =
0(17%) [3,4]. In particular, the mass of the T}, relative to the
D*D* threshold is predicted to be B =2mp —mp: =
(503 +40) keV in Ref. [3], which is called the binding
energy of the 77 in the following. Precise knowledge of the
T;. decay width is valuable for its searching in experi-
ments, and it can be calculated in a nonrelativistic effective
field theory called XEFT.

The XEFT is a nonrelativistic effective field theory
which was first constructed to systematically study the
long-range properties of the exotic X(3872) [14,15], also
known as y,, (3872) with a mass coinciding with the D°D*?
threshold. The D, D*, D, D*, and pions are the effective
degrees of freedom in XEFT and are all treated non-
relativistically [16]. The partial decay widths of the T,
including T.. - DDz and T,.. — DDy, are calculated

Published by the American Physical Society
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using XEFT in Ref. [17]; the result of the total width
of T.. about 58 keV is in good agreement with Eq. (3)
extracted in Ref. [3]. In Ref. [18], the next-to-leading-order
(NLO) contributions to the strong decay width of the 7.
are calculated including the contributions from one-pion
exchange and final-state interaction (FSI). In Ref. [19],
we have calculated the hadronic partial widths of the
spin partner 7. decaying into D*Dz(— DDzx) including
contributions of the D*D and D*x FSIs. The total hadronic
decay width of the T7,. is predicted to be about 41 keV. The
T?. can also decay radiatively into the D* Dy (subsequently
to DDxy and DDyy) final states. In this work, we compute
the partial widths of such radiative decays and will give the
total width of the 77, by summing up the hadronic and
radiative partial widths.

This paper is organized as follows. In Sec. II, we
introduce the XEFT effective Lagrangian for the charmed
mesons, photons, and pions and the power counting of
the Feynman diagrams for the T}, — D* Dy processes. The
amplitudes and partial decay rates of the T%. — D*Dy
including contributions from the D*D FSIs are derived in
Sec. III. The amplitudes and partial decay rates of the
T:;.— T.yand T;. — T..m are derived in Sec. IV, and the
numerical results for the partial decay widths of the T are
shown in Sec. V. The four-body decays T, — DDyy and
DDyr including the corrections from the D*D and D*z
FSIs are discussed in Sec. VI. Finally, all the results are
summarized in Sec. VII. Some expressions are relegated to
the Appendixes.
|

L=H (iao +
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VZ ) . 2
H"+H H+—
2mH*) + ( 2mH +

II. EFFECTIVE LAGRANGIAN
AND POWER COUNTING

In this section, the effective Lagrangian and the power
counting rules of the diagrams for the decays of the T/
are introduced. For the T7F being an S-wave isoscalar
D*D* shallow bound state with quantum numbers J* = 1+
and a binding energy B = (503 4 40) keV [3], the typical
momentum and velocity of the D* mesons in T} are pp- ~
Yoo =V 2upp-B <33 MeV and vp- ~ \/B/(2upp-) <
0.02, respectively, where pijy-p- is the reduced mass of D**
and D*. Therefore, the D* and D mesons can be treated
nonrelativistically in the decays of T, — D*Dy, DDyy,
and DDyxn. The maximal energy of the emitted pion in the
T:. = DDyn decays is

E — (mge, —2mp)* + m3

Tz =

~ 177 MeV 4
Z(mT:C _ZmD> o ( )

where mr: , mp, mp-, and m,, are the masses of T¢,., D, D*,
and 7, respectively. Then the momentum of the emitted
pion in the rest frame of the 77, is p, < 110 MeV. Despite
that, the pion in triangle loops (involving the D*z rescatter-
ing) will still be treated nonrelativistically, while the phase
spaces of the decays are treated relativistically. Since such
diagrams provide only a small correction (to be calculated
later), this simplification presents a good approximation.

The XEFT Lagrangian we use for the decays of T7,
reads [16,20]

! T'a°+v2+5
) w1 2, T

_ CO(H*iTTZH*i)T (H*jTTZH*j) _ C] (H*iTTzTaH*i)T(H*'ijzfaH*'i)

L9
F,\/2m,

1z

+ (mo H*) (mo H*) +

L 1 - C . .
(H'0'zH" +H.c.) + > H'pupBH + % (H 2, H*)" (H Tz, H*)

Cz C%” -+ 1 < > H ' + 1 < > H*
6m” lzmﬂ T3 3 T3 71 T3 3 T3 (3

3] (=St o] [ e Y 5

with the pseudoscalar H = (D°, D*)7, vector heavy mes-
ons H* = (D*°, D**)T, the magnetic field B* = e/ko'A/,
and the pions

0 2 +
7= < ' Van ) (6)
\/571'_ -0
Here my, my+, and m, are the masses of the H, H*, and =

particles, respectively; 6 = A —m, ~7 MeV with A =
mpw —mpo comes from a field redefinition shifting the

residual D* mass from the D* kinetic term to the pion
kinetic term [16], and it introduces a small momentum
scale y = \/A?> —m2~/2m,5~ 45 MeV appearing in
the pion propagator [16,21]; the pion decay constant is
taken as F, =92.2 MeV, and 7, with a =1, 2, 3 are
the Pauli matrices in the isospin space in which the traces
() act

The first line in Eq. (5) includes the kinetic terms for the
charmed mesons and pions. The second line contains the
contact interactions of the D** and D*0, where the first
term mediates the D*D* scattering in the isoscalar channel
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Cop

FIG. 1.
D*°(D*+), and the wavy lines represent the photon.

and the second term mediates the scattering in the isovector
channel. In the third line, the first term describes the
coupling between the charmed mesons and a pion, with
the coupling constant j=0.27"; the second term gives
the magnetic couplings for the charmed mesons and a
photon [17,22,23] with the matrix of transition magnetic
moments yj, = diag(upo, pip+ ), where pp+ = —0.15 GeV~!
and g = 0.55 GeV~! are obtained by reproducing
the partial widths T'[D*t — D"y] = 1.33 keV [24] and
I[D* — D%] = 19.52 keV [25]; the last term is the
isoscalar contact interaction for D*D — D*D. Because
of the existence of the T, the resummation effect
shown in Fig. 1 needs to be considered [21] by replacing
Cyp with the near-threshold 7" matrix for the isoscalar
D*D — D*D [26]:

2 1
ppp- 1/a+ip’

(7)

Cop = Tpp: = —

where ppp- is the reduced mass of D* and D, p = |pp- —
DPpl/2 is the relative momentum between D* and D in the
D*D center-of-mass (c.m.) frame, and the D*D scattering
length a is set to be a = [—(6.727938) — i(0.10703)] fm
obtained in the analysis in Ref. [3]. Here the isospin-
breaking effect, which is a higher-order effect [27], is
neglected in the isoscalar D*D — D*D rescattering. We
also ignore the isovector DD* FSI, which is much weaker
than the isoscalar one, since there is no evidence for an
isovector double-charm tetraquark near the D* D threshold.
The last two terms with Ci, and Cy, in Eq. (5) are the

D*rn — D*r contact interactions for / = 1/2 and I = 3/2,
respectively, and the coefficients C%,[ =252 GeV~! and
G, = —6.8 GeV~! are derived by matching to the D*z

scattering lengths, which should be approximately equal to
the Dz ones in Ref. [28] (for detailed derivations, see
Appendix A in Ref. [19]) due to HQSS.
The effective Lagrangian for the T’ coupling to D*D* in
S wave can be written as
Es — %gijkT:;r,lD*Jr.jD*O,k’ (8)

'Here, the g parameter is related to the g parameter in Ref. [17]
by g =g/2.

Resumming the D*D rescattering diagrams. The single thin lines represent the DT (D), the double lines represent the

where e/* is the three-dimensional antisymmetric Levi-
Civita tensor. The effective coupling g, can be derived from
the residue of the D**D** — D**D*0 scattering amplitude
at the 7% pole as [20,29,30]

27V 1y
g =D 9)

2
Hpype

With the above Lagrangians in Egs. (5) and (8), the
leading-order (LO) amplitude for the 77, — D*Dy includ-
ing the effects of the D*D FSIs is shown in Fig. 2,
where Figs. 2(a)-2(c) are the diagrams for the decay
T — D**D% and Figs. 2(d)-2(f) are for the decay
T:f — DDty

In the following, we will briefly introduce the power
counting of all these diagrams in Fig. 2 following the
analysis for the decays of the X(3872) and T,.. in
Refs. [16,21,31]. The relevant small momenta involved
in the decays of the T, are {pp. pp-. q,.7. 1}, where g, is
momentum of the emitted photon. They are of the same
order and denoted generically by Q. Each nonrelativistic
propagator is of O(Q~2), and, as the nonrelativistic energy
is of O(Q?), each nonrelativistic loop integral measure
counts as O(Q°). The isoscalar contact interaction Cyp
between the D* and D is replaced with T'pp- in Eq. (7) and,
thus, contributes at O(Q~!) [16,20]. For the diagrams in
Fig. 2, the amplitudes from diagrams 2(a) and 2(d) scale
as O(Q/Q?*) = O(Q™"), since there are one nonrelativistic
propagator and one P-wave photon vertex. The amplitudes
for diagrams 2(b), 2(c), 2(e), and 2(f) also scale as O(Q~")
for the decays 77} — D**D% and T:f — D**D*y and
contribute at LO.

III. DIFFERENTIAL DECAY RATES
OF T:, > DDy

In this section, all the decay amplitudes of the 7% —
D**D% and T:/ — D*°*D*y processes in Fig. 2 are
given, as well as expressions of their partial differential
decay rates. The Breit-Wigner form of the D* propagator,
Gp-(p), is used to include the contribution of the D* self-
energy, i.e.,
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where D* denotes D** or D*°, p = (p%.,pp) is the
four-momentum of the D*, I'p«+ = 83.4 keV [15], and
[po = 55.3 keV [25].

A. Partial decay rate of T} — D**D"%

First, we consider the three-body decay T — D**D.
The LO amplitude from the tree diagram in Fig. 2(a) reads
~Y9sHD* D" HD°
ﬁ(Y%*D* + ﬁ%y+)
—€(Teh)e (D) gre™ (r)}. (11)

AP = {e/(Te)e™ (D) gy (v)

where pp-+ is the three-momentum of the external D**, g,
is the three-momentum of the final state y, and €'(T%S
e/*(D**), and €/()*(y) are the polarization vectors of the
incoming particle 7% and the outcoming particles D** and
v, respectively.

The LO amplitudes from the D*D rescattering diagrams
in Figs. 2(b) and 2(c) read

—g,C, . .
AP = RO () (e (T el (D)

o qy€” ()
(T (D™ )qle™ (1)}, (12)

. 95Cop1extp+ i i P
IAB = 2T e (TxH)e/* (D) qle/
22 (Cly){ ( )er( )qy (v)

—€l(T:H)e (D) ghe™ (v)}. (13)

where  Cop; =+2Cop and  Copjex = —2Cop  are
the contact terms for the D**D° — D**D® and the
DD — D**DO, respectively, and I,(¢,) and I.(q,)
are the three-point scalar loop integrals, whose explicit
expressions can be obtained from [I(g) given in
Appendix A [21,32] as follows: m;, m,, and ms in
Eq. (Al) are taken to be the masses of D*. D*t, and
D for I,(q,) and the masses of D**, D**, and D for
1.(q,), respectively.
The decay rate is given by

2M2E2E 2dd 14
ar = sy AR (14

spins

where the overall factor comes from the normalization of
nonrelativistic particles, with M being the mass of the T,
E| and E, being the energies of two nonrelativistic final-
state particles in the T7. rest frame, respectively, j = 1 is
the spin of the 77, and there is a sum over the polarizations
of spin-1 particles. Here, the three-body phase space
integration is given by

(0] 2 2 1
R e R A RD

where p, and p, are the three-momenta for two of the
final-state particles in the rest frame of the initial particle.

FIG. 2. Feynman diagrams for calculating the partial decay width of T} — D*Dy. The double lines represent the spin-1 mesons, T,
D**, or D*0; the single thin lines represent the pseudoscalar charmed mesons, DT or D; and the wavy lines represent the photon.

094038-4
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T
(a) (b)

FIG. 3.

Feynman diagrams for calculating the partial decay widths of 7% — Tty and T% — T.z°. The double lines represent the

spin-1 mesons, T, T7., D*°, and D**; the single thin lines represent the pseudoscalar charmed mesons, D* and D°; the wavy lines

represent the photon; and the dashed lines represent the pion.

The LO partial differential rate for the T — D*+ D%
including corrections from the D*D rescattering reads

 p——

4 3B 3B 3B|2
T e = g DA+ AT+ ATEL (1)

spins

B. Partial decay rate of T; — D*D*y

For the decay T/ — D**D%y, the LO amplitude from
the tree diagram in Fig. 2(d) reads

. 9sHpD* M+ i j i

AP = (T (D) gy (v)
\/2(7%)*0* + PZD*O) !
— e (Teh)e™ (D) gre™ (r)}, (17)

where ppo and €/(D*0) are the three-momentum and
polarization vector of the external D*?, respectively. The
LO amplitudes from the D*D rescattering diagrams in
Figs. 2(e) and 2(f) are

. gsC H (T j* * [ j*
iAZB = 20?}[’ 1.(q,){e'(Teh)e™ (D) gpe’ (v)

e (TE)e (D) ghe™ (v)}. (18)

. _g.YCODZe)cMD0 : . ..
l.A3B =2 e 2T el T:ﬂ:r el* D*O i g%
Wi b(qg, )€ (TeE)e (D) qye’™ (v)
= e(Teh)e (D) gre™ ()}, (19)
where Copy = %COD and Cyprex = —%COD are the contact

terms for the D*°D* — D**D* and the D**D° — D*'D*,
respectively.

The LO partial differential rate for the T%5 — D*°D*y
including the corrections from the D*D rescattering is

dr Tt DDt

d|131)+|2d|130*0y2 96 3 Z|A3B + A8 +A3B|2 (20)

spins

IV. PARTIAL DECAY WIDTHS
OF T} — T}y AND T:n®

To show the D* D rescattering effects more clearly, in this
section we con51der the two-body decays 7% — Ty and
T:; — T/.z° shown in Fig. 3. The effective Lagrangian for
the T, coupling to D*D can be written as

Ly = goTHID* DO + g, T/IDY D, (21)

where the coupling constants gy = 1.03//2mz: and g, =
-0.99/, /2mT+ are taken from the analysis of scheme III
in Ref. [3]

For the decay T:f — T/, using the effective

Lagrangians in Egs. (5) and (21), the amplitudes in
Figs. 3(a) and 3(b) are

. gsg+H i s % [ ES
iAP = 21/) b (g€ (TED)e™ (TE)qie (v)

= el(TeH)e™ (Ti)are™ (1)}, (22)

i AZB — —Ys goﬂD

RV 1(g ){e(Te)e* (T ) qpe ()
— e (T (T ) gle™ (r)}. (23)

where q_; is the three-momentum of the external photon and
the ¢/*(T,) is the polarization vector of the T,.

We use nonrelativistic normalization for all the fields, and the
mass dimension of g, , is —1/2. The 1/,/2mz: factor comes
from the different normalizations of the fields used here and in
Ref. [3]. The imaginary parts of the couplings are neglected,
which come from the DDz three-body dynamics and are about 2
orders of magnitude smaller than the real parts.
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The differential decay width is given by

dTsp = 2M2E2E, — Z|A|2d<b2, (24)

spms

2M2

where the two-body phase space is

/dq’z(P;Pth) _/dQI(ZZ%’ (25)

where |p;| is the magnitude of the three-momentum of
particle 1 in the rest frame of the initial state, dQ; =
dcosB,dp, is the solid angle of particle 1, and E is the
energy of the initial-state particle in the same refer-
ence frame.

The partial decay width for T%F — Thy is

N
4| 2B 2B|2

AP + AZB-. 26
T ;msl b (26)

Ui, =

For the isospin-breaking decay T — T/.z°, the ampli-
tudes from the diagrams in Figs. 3(c) and 3(d) read

A = ngsﬁgiI (p)eel (Ti)e (T plae (27)

AZB gsggo

2F \/— (pﬂ'o) l]k (T*+)€J*(TCC)p 0 (28)
where P is the three-momentum of the external z°. The
partial width of 7%} — Tt.a° is

r mnomT:Tc|pﬂ0|
T sTin® = —a_.

cct

2B 2B 2' 29
e Del sy . o
cc spins
This decay breaks isospin symmetry; thus, if we use the
isospin-averaged masses for all the involved mesons, the
contributions in Figs. 3(c) and 3(d) would vanish.

V. PARTIAL DECAY WIDTHS
FOR T:, » D*Dy, T,.y, AND T,.n

In this section, we present the partial decay widths for the
decays T, — D*Dy, T..y,and T ..z. In Table I, we list the
decay widths with the binding energy of the T7. being
B = (503 4+ 40) keV [3]. The second column denoted by
I'rpee lists the decay widths including only the contributions
from the tree-level diagrams, and the third column marked
by I lists the LO decay widths including the tree-level
and the D*D rescattering contributions. One sees that the
isoscalar D*D rescattering which contains the 7., pole
indeed contributes sizably, increases the tree-level results
by about 50% for T} — D**D%, and decreases the

TABLEL Partial decay widths of the 7% with a binding energy
B = (503 +40) keV. 'ty contains the contributions from the
tree-level diagrams, and [ is the LO decay width which
includes the contributions from the tree-level and D* D rescatter-
ing diagrams. The errors come from that of the binding energy B
predicted in Ref. [3].

I [keV] Tree I'o

[[T: — D D%] 156 +0.2 23.4+0.1
[[T:f - D*D%y] 1.0+ 0.1 0.4+0.0
[[Tid = Ty 6.1 +0.1
T[T - THA') 2.740.1

tree-level results by about 58% for T%F — D**D*y. To
see the contributions of the D*D rescattering to the decay
widths more clearly, the differential decay rates as a
function of the D*D invariant mass /s, for T PR
D**D% and T:} — D**D*y are shown in Fig. 4. One
can clearly see the constructive interference and destructive
interference effects for these two decays.

Since the binding energy of the 77, is uncertain, we
further give the partial width of T7. — D*Dy with the
binding energy varying from 0.01 to 0.80 MeV in Fig. 5,
where the blue dot-dashed lines show the decay widths
from the tree-level diagram and the black solid-dashed
lines show the LO decay width including both the tree-
level and the D*D rescattering contributions.

For the decays T;. — T..y and T ..z, the decay widths
with the binding energy of the T7. being B = (503 £+
40) keV are shown in the second column in Table I, and
the partial widths with the binding energy varying from
0.01 to 0.80 MeV are shown in Fig. 6. Here, we do not
consider the unknown correlations between the binding
energies of the 7,.. and T;..

Combining the hadronic and radiative decay widths of
the T/, calculated in Ref. [17] and the hadronic decay
widths of the T:F in Ref. [19], the ratios F[TE’Z) —

DUIDy)/T(Te » D)Da] and T[T, = To.y)/T[T: ~
T..x| are depicted in Fig. 7 to show the relations among
different channels.

Summing up these three-body partial decay widths of
Ti. — D*Dy leads the total radiative decay width of the
T to be

T,(T:d) = (23.8+£0.1) keV. (30)

In Ref. [19], the obtained hadronic decay width of the 77,
is about (41 = 2) keV, so the predicted total width of the
T;. is

[(T:)) = (65+2) keV, (31)

which is larger than that of the T'.. and can be regarded as
the main result of our work.

094038-6



RADIATIVE DECAYS OF THE HEAVY-QUARK-SPIN ... PHYS. REV. D 108, 094038 (2023)

..... - Tree i ————— Tree
0.00015} 1!
& 0,003 —LO 5 i —— LO
3 R
= ~ !
% 0.002 +, 0.00010};
; ;
18 0.001 18 0.00005
[ [
© ©
0.000 0.00000
3.88 3.90 3.92 3.94 3.96 3.98 4.00 3.88 3.90 3.92 3.94 3.96 3.98 4.00
Js12 [Gev] 512 [GeV]
(a) TH — D*T D% (b) T2F — D*°Dt

FIG. 4. Differential decay rates for 7. — D*Dy with /s, representing the D*D invariant mass. The dashed and solid curves show
the result including only the tree-level diagrams and that with the isoscalar DD* rescattering in addition, respectively.

24

22

20

18

->D"*D%y] [keV]

%+

16

MTee

1411

12 0.0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
T2¥ binding energy [MeV] T2¥ binding energy [MeV]
(a) T2H — D** D% (b) Tt — D*DTy

FIG. 5. Partial decay widths of the T%. — D*Dy versus the binding energy of the T’;F. Notations are the same as those in Fig. 4.

6 '_3.0'
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%04 Lu
+ T 20}
183 18
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2 15

0.0 0.2 0.4 0.6 0.8 0.0 0.2 04 0.6 0.8
T:2 binding energy [MeV] T:: binding energy [MeV]
() ToH — Ty (b) Tech — Toer®

FIG. 6. Partial decay widths of the T}, — T..y and T..z versus the binding energy of the T%..
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FIG.7. Ratios [T\ — D Dy)/T[T% - DY Dx| and T(T%, — T,.y)/(T%, — T,.r) versus the binding energy of T'.. The results
of T}, are obtained through revising Ref. [17]. Here, the final states without electric charge indices mean the corresponding width is a
sum over the modes related to each other with isospin symmetry; e.g., DDz means D*D°z% and D°Dz+.

VI. PARTIAL DECAY WIDTHS
FOR T}, - DDyy AND DDyn

In the three-body decay T, — D* Dy, the resonant D* in
the final states can further decay into the Dy or Dz, so the 77,
will decay into the stable final states D* D%y, D™ D% z°, and
DDz, Since the D** D" intermediate state can decay
into the same D+ D%y final states as D**D%y, the same
DT D%z final states as D**D%2° and D**D*z°, and the
same DDz final states as D**D%z*, it interferes with
these processes. In the following, we will calculate the decay
widths of the 7%} — DT Dy, D*D%z°, and D°D% ™" to
show that the interference between the intermediate three-
body states is small, and it is a good approximation that we
consider only the three-body D* Dy final states to calculate
the 77, radiative decay width.

The diagrams for the four-body decays T} — D™Dy,
T:t - DtD%z° and T:} — DDzt are shown in

Figs. 810, respectively. The amplitudes for all the diagrams
are collected in Appendix B. The four-body decay rate is
given by

11 )
D) dd,,
DSM2j+ 14 [Asp |

spins

Ty =2M [ [ 2E (32)
i=1

where the overall factor comes from the normalization of
nonrelativistic particles and E; (i=1,...,n, n <4 is
the number of final-state nonrelativistic particles) are the
energies of the final-state particles in the 77, rest frame. S is
the symmetry factor accounting for identical particles in the
final state—S =2 for the T/ — D" D y/DD yz* decays
and S=1 for the T}} — D™Dz decay. The four-body
phase space in Eq. (32) reads (for details of the derivations,
see Refs. [19,33])
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*
TC C

Dt

(d)

Y

D+

Feynman diagrams for calculating the partial decay width of T} — D*D%y. The double lines represent the spin-1 mesons,

T:7, D0 and D**; the single thin lines represent the pseudoscalar charmed mesons, Dt and D°; and the wavy lines represent

FIG. 8.
the photon.
1 M—mz—my M—\/si
do,(P;py, ..., =—F d.\/s
4( Pi P4) (8”2)4M/nl+mz 12 —

x d\/55: / 49;d%,dQ| 517414,

(33)

where 515 = (p1 + p2)? s34 = (p3 + pa)® G = (|3, Q) is
the three-momentum of the (1,2) particle system in the rest
frame of the initial particle T, p; = (|p}|. Q) is the three-
momentum of particle 1 in the c.m. frame of the (1,2) particle
system, and p§ = (|p4|, ;) is the three-momentum of
particle 3 in the c.m. frame of the (3,4) particle system.

The magnitudes of the three-momenta are given by

L MM 51, 534)

="

/11/2<312, m%’ m%)
2y/512 ’
(34)

pil =

A2 (534, m3, m3)

2\/534

with A(x, y, z) = x> + y* + z% — 2(xy + xz + yz) being the
Kéllén triangle function.

The differential decay rate for the T:F — DDyy at LO
including the D*D FSI reads

P35l =

dU|T%. — DDyy] 1 1 1

cc = 2mp. 2p92p0—— = aQ;

dyfsndysy et PP 3 82 my,
 d%d€ 5|75 @3 Aol (35)

spins

where “1,” “2,” “3” and “4” denote the y, DO, y, and DT
particles, respectively, p3 and p} are the energies of the D° and
D™ mesons in the T’ rest frame, respectively, pj and p} are
the three-momenta of the two final-state photons in the c.m.
frame of the (1,2) and (3,4) two-particle systems, respectively,
and A; o is the LO amplitude including the contribution from
the tree-level and D* D rescattering diagrams.

The differential decay rate for the 7% — DDyz up to NLO
including the D*D and D*r rescattering corrections reads

dT'[T%, — DDyx] i1 1
cc — 2 2~02~02~0 _
do/sdJsn mr;.~P24P3 p44mT253(8”2)4mT2}

x dQidQdQ|pi||p31q|

{ C P

spins

+ 2Re [ZALO X ANLO} } (36)

spins

where 1, 2, 3, and 4 denote the y, D°, 7° (z*) and D*
(D%) particles, respectively, for the T%f — D*DOn°
(D°D%zt) decay, pY and pg are the energies of z° (z)
and D* (D) in the T%, rest frame, respectively, and Ay ¢ is
the NLO amplitude including only the D*z rescattering
diagrams. The second term in the curly brackets includes
the correction of the D*z rescattering, which is the
interference term between the LO and NLO amplitudes.
Table II shows the radiative decay widths of the T7,.. The
second column denoted by I'r.. includes the contribution
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v

*

FIG.9. Feynman diagrams for calculating the partial decay width of 77 — D*D%z°. The double lines represent the spin-1 mesons,
T:, D0 and D**; the single thin lines represent the pseudoscalar charmed mesons, D™ and DY the wavy lines represent the photon;
and the dashed lines represent the pion.
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FIG. 10. Feynman diagrams for calculating the partial decay width of T:f — D*D%z*. The double lines represent the spin-1
mesons, 75", D*0_ and D**; the single thin lines represent the pseudoscalar charmed mesons, D and DO: the wavy lines represent the

cec

photon; and the dashed lines represent the pion.

from only the tree-level diagram. The third column marked
by I'io lists the LO decay widths, including both the
tree-level and the D* D rescattering contribution. The fourth
column named NLO lists the results up to NLO including
corrections from the D*z rescattering. We also list the results
obtained by multiplying the three-body decay widths into
D*Dy or D* Dz with the corresponding D* — Dy or D* —
D branching fractions, for which the interference between

different intermediate three-body decays is ignored. One can
see that the difference between the results with and without
the interference between different intermediate three-body
D*Dy or D* Dz channels is marginal. Thus, the 77, radiative
decay width can be well approximated by summing over the
three-body final-state D* Dy partial widths, given in Eq. (30).

In Fig. 11, we present the partial widths of T, — DDyy
and T;. — DDyn varying the binding energy of T7. from

TABLE II. Partial decay widths of the 7). — DDyy and DDyzx for T;. with a binding energy
B = (503 £40) keV. The second column lists results from the tree-level diagrams, the third column gives
the LO decay widths including contributions from both the tree-level and D*D rescattering diagrams, and the
last column lists the final results including corrections from the D*x rescattering to I't . There are no D*x

scatterings in the decays of T:. — DDyy.

I' [keV] Tree LO NLO
[T — D* D%y 0.540.0 0.5+0.0

T[T: — D**D%] x Br(D*t — D*y) 0.6 +0.0 0.54+0.0

+T[T:f = DD *y] x Br(D* — D%)

[(T:f — D D%’ 85+0.2 10.8592 10792
[[T:; = D**D%] x Br(D*t — D*z%) 85402 11.0+£0.2 10.6 0.2
+I[T% — D**D*y] x Br(D* — D2°)

+T[T:f = D**D°2% x Br(D** — D*y)

+I[T:d - D*°D* 2% x Br(D** — D%)

[T — DD yxt) 152597 19.5%93 19.3793
['[T:; — D**D%] x Br(D*t — Dzt) 17.0 £ 0.4 222403 22.0+0.3

+I[T:E — DDzt x Br(D*0 — D%)
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FIG. 12. Partial decay widths of the T, — DDyy, DDyx, and T¥7 — D*Dy or D* D multiplied by the branch ratio of D* — Dy or
Dr versus the binding energy of the T%.
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FIG. 13. Ratios between the partial decay widths of the T}, — DDyy(x) and those obtained using ['(T%:5 — D*Dy(x)) x Br(D* —

Dy(rx)) versus the binding energy of the T7..

0.01 to 0.80 MeV. To see the relations between the three-
body decay T}, — D*Dy and the four-body decay T7. —
DDyy or DDyx more clearly, we compare the partial decay
widths [T, = DDyy(n)|andI'[T;. — D*Dy] x Br[D* —
Dy(r)] in Fig. 12 and give their ratios in Fig. 13. One can see
that the difference between the decay widths with and
without the interference between the intermediate three-
body D*Dy states is marginal for the 77, binding energy
larger than 200 keV, and the binding energy (503 + 40) keV
predicted in Ref. [3] is within this region.

VII. SUMMARY

In this work, we calculate the radiative partial decay
widths of T, — D** D% /D**D*y taking into account the
D*D rescattering contributions where the T%} is an iso-
scalar 1t D** D*0 shallow bound state and the spin partner
of the T,.(3875). We found that the I = 0 D**D°/D*°D*
rescattering, which generates a T, pole just below the
threshold, contributes at LO and has a sizable constructive
contribution to the partial width of the T/ — D**D% and
destructive influence on the T} — D**D%y. The two-body
partial decay widths of the 7'} — Tty and T/ .z are
calculated to be about 6 and 3 keV, respectively. Since the
D* further decays into the Dy and Dz final states, we also
calculate the four-body decay widths of T — DDyy and
DDyr and find that the interference effect between differ-
ent intermediate D* Dy and D*Dr states is small. Thus, the
T} radiative decay width can be well approximated by
|

dl

summing over the D* Dy partial widths for the T?.. binding
energy larger than 200 keV. Taking the binding energy
(503 £+ 40) keV predicted in Ref. [3], the obtained T7.
radiative decay width is about 24 keV. Adding the hadronic
decay width 41 keV calculated in Ref. [19], the total width
of the T, is about 65 keV. The results calculated here
should be useful for searching the T state at LHCb and
testing the molecular nature of the 7', in the future.
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APPENDIX A: THREE-POINT LOOP INTEGRALS

Both the scalar and vector three-point loop integrals are
ultraviolet convergent. Their expressions with nonrelativ-
istic propagators are given by [32]

1

)= | e (10 = = i) (b1 = 1= m

&l 1

—1+i€> [lo—qo—mg,—%—l-ie}

2m,

= 3 2
/ (2”) <b12 + % - l€) [bzg, —+ ZZ_mz +
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2m

s B(cz—a)—B(Cl)—f—l(Cz_Cl)I(Q) ;
2| ]
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where u;; = m;m;/(m; +m;) are the reduced masses,
by =my +my =M, by =my +m3+q° =M

2

Ho3 Hoz -

a= (m ) G*, ¢y =2upbyn. ¢y =2unby +—6I ;
3

(A3)

and the two-point function B(c) in the power divergence
subtraction (PDS) scheme [34] reads

Ast>4_d/ dd_ll 1
B(c) =2
(c) = ﬂ12#23< 3 (27T)d_172+c—ie

:ﬂlé—/;%(APDS - Ve —ie),

(A4)

with Appg a scale in the PDS scheme.

The width of the unstable D* can be included by
considering the D* self-energy contribution shown in
Eq. (10) by the following replacement:

APPENDIX B: FOUR-BODY DECAY
AMPLITUDES

In this section, we show all the amplitudes for the
diagrams in Figs. 8—10 of the four-body T, — DDyy and
DDyr decays.

1. T:} — D* D"y amplitudes

We first consider the decay TS — DTDy. The LO
amplitude from the tree diagram in Fig. 8(a) reads

iAT:E = y(p1)D°(p2)y(p3)D* (p4)]

—igsHpotip+ 1
N 0_ _ & T
42 g0 —mpe s T
1
X
0_ Y S Vs
k' —mpes — 5 - +i1=3

Xeljk (T*+) kmnprlnen*(]/l)ejstpset*(7/3)7 (B])

(pit+p)ij=1,..4
Here, p{ and pé‘ are the three-momenta of the two photons
in the final state in the 77, rest frame, respectively, and
¢ = (¢°.4), k* = (k% k) are the four-momenta of the

(1,2) and (3.4) two-particle systems in the 77, rest frame,
respectively.

with 515 = g%, s34 = k*, and 5;; =

1Ipe Considering the crossed-channel effects of the two

Mp- = Mpe — i ——. (AS) . )

2 identical photons in the final state, we also have
J
) . IgsUpOPp+ 1
AT = r(ps)D(P2)r(PVD* (o)) = = 25— T
l - mD 0 — sz o + 2
X . - ljk (T*+)€k1nnp en*(yl)ejstpset* (},3)’ (B2)
tO—mD»«+ —#‘i‘l D2*+
Dt

where 5,3 = 2,51, = 2,and I* = (I°, 7) t = (19,7) are the four-momenta of the (2,3) and (1,4) two-particle systems in the

T?. rest frame, respectively.

The LO amplitudes from the D**D°/D**D™ rescattering diagrams in Figs. 8(b)-8(e) read

. - igupopp+C 1
AT = (PP (p2)y(p3)D" (py)] = 22 Bt AR,
4 (P3+P4)_mD*+_2'm—*++lDT
x ek (Ted)e ™ ple™ (v1)e piye™ (r3) (1), (B3)
. " —igpupopp+ C 1
lAb[ch_ - 7<P3)D0(P2)7<P1)D (p4)] : Z\/E 0p1 0 0 (ﬁ1+ﬁ4)2 Tt
(P + Py) = mp =0 e 4 i
x €U (TEE )™ pite™ (vy)e* p3e™ (r3)1(ps3), (B4)
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. y —igspp+ip+Copi 1
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(P3 + pg) —mp+ = am,. i
kel (T2 )eM™ pire™ (v1)e™ pie™ (r3)1(p1), (B5)
- . igspppp+C 1
l"élc[TVCZ‘L - Y(pfi)DO(pZ) (pl)D+(p4)] A 4\0/“ ODlex 0 0 (ﬁl+ﬁ4)2 T
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(P14 P3) = mpo =505 + i =5
x eUe! (T )™ plie™ (r1)e pse™ (r3)1(ps), (B7)
. y —igupopp+C 1
AT = 7(p)D(p2)r (PVD* (py)] = —=0 2= G T
(P3+ p3) —mpo - e 1 D
x ehe! (Teh )™ plre™ (y1)e™ pie™ (v3)1(p1), (B8)
) ; —igsppoppoC 1
AT = r(p0)D"(p2)r(pa)D* (pa)] = —==0 ~o2 TS
(P} + p3) = mpo ~am, T2
x el (T )el™ pite™ (r1)e pse™ (r3)1(ps). (B9)

i igstpotpo Copo 1
l-Ae[Tc;r - 7(P3)D0<p2) (PI)D+(p4)] : D4\D/— = 0 0 (P3+P2)? I o
(P3 + p3) —mpo —-5 +i-5

2’"0*0

Xeljk (T*+) kmnp €n*( 1)€j”P§€t*(73)1(p1), (BIO)

where p = (p%, p1), pb = (P%. P2), Ps = (PY, P3), and p} = (p, p4) are the four-momenta of the four final-state
particles in the rest frame of the 77, respectively. The masses m |, m,, and mj5 in the loop integrals /(p;) are taken to be the
masses of D*°, D**_ and D" in Figs. 8(b) and 8(e) and the masses of D**, D*°, and D* in Figs. 8(c) and 8(d), respectively.

2. T:} — D*D%n" amplitudes
For the decay T: — D*D%z, the LO amplitude from the tree diagram in Fig. 9(a) reads

. l-gsg,thO 1
iAJTEE - D (p,)a°(p3)D* = =
a[ cc 7(p1) (pZ) (p3) (p4)} 2\/§F,,\/2m—,,oq0 — M — 2”21- 0 T IFDT*O
D*
1 .
X = ke (TeH) pret™ pire™(r),  (Bl1)
kO — Mps — % + l-rm+ 3
ot 2
. igsg,MDJr 1
iAp[TeE = v(p1)D°(p2)a°(p3)D* (py)] =
o N
1 o
< TP ). (B12)
- mD*O — 72”10*0 l 2

The LO amplitudes from the D**D®/D*0D* rescattering diagrams are

. —igsgupoCopi 1
iAT:E — y(p1)D°(p2)n°(ps) Dt (ps)] = s
2V2F i/ 2my (p9 + p) — mDH_%jLiFDTH
x elkel (T 5) phet™ piie™ (y)I(p,). (B13)
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iATEE = y(p1)D(p2)a’ (p3) D™ (pa)] =

iATeE = v(p1)D°(pa)a®

iA[Ter — y(p1)D°(pa)a®

iAg[Tii - }’(Pl)DO(Pz)”O(P3)D+(P4)] =
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x elkel (TE) phet™ prre™ (y)1(py). (B16)
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where the masses m;, m,, and ms in the loop integrals I(p;) are taken to be the masses of D**, D**, and D° in Figs. 9(c),
9(f), 9(g), and 9(j) and the masses of D**, D*°, and D* in Figs. 9(d), 9(e), 9(h), and 9(i), respectively.
The NLO amplitudes from the D*z rescattering diagrams in Figs. 9(k)-9(n) are

_l.gsg,MDJr Cﬂl 1

AT = y(p1)D%(p2)7° (p3) DT (ps)] = 4\/§mﬂoFﬂ\/W(p? R % N iFDT“
x elke! (Tif) phekm piiem (y) 1M (p2) — 1(p2)), (B21)
) , —igsV 24D+ Criox 1
AT = y(p1)D%(p2)7°(p3) DT (pa)] = TN e i T—— _% i
x elikel (TE) phekmpiiem (y) 10 (py) + 1(py)], (B22)
LARITEE = 1(p1)DY(p2)a(py) D (pa)] = —r 20 Cr L
42mpF 2V 2mz (p + pY) — mpo _%"‘ iFDT*O
x kel (T phet™ pirem ()1 (pa) + 1(pa)), (B23)
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. lgs \/_g:“DO CﬂZex 1
l-An[Tf-+ - }’(P1)DO(P2) O(Ps)D+(P4)] = =
A2 F /20 (p) + p8) = mpyo — BBl 4
x €kl (T pheb™ pine™ () (1D (pa) = I(p4)]. (B24)

where the masses m,, m,, and m5 in the loop integrals (") (p;) or I(p;) are taken to be the masses of D**, D**, and z° in
Fig. 9(k), the masses of D**, D*, and z™ in Fig. 9(1), the masses of D**, D*°, and z° in Fig. 9(m), and the masses of D*?,
D**, and z~ in Fig. 9(n), respectively.

3. T:} — DD x* amplitudes
For the decay T} — D°D%x*, the LO amplitude from the tree diagram in Fig. 10(a) reads

. igs\/_f_]:uDO 1
iA[T:E = y(p1)DP(po)at (p3)D°(pa)] = i
[T 2P/ ¢ = mpyo = 5+ i
D
1
X0 3 T, ete (Tfj)l’ e (y), (B25)
k — Mp~+ — m 2

and the other amplitude from the crossed-channel effects of the final-state identical D° particles is

. " lgs\/_gﬂ 0 1
iATEE = r(p0)D(pa)at (p3)D°(pa)] = = T
M+ 2 =5
1 l/k - kmn
- E(TE )l e (7). (B26)
[ — Mp=+ —m‘f'l Dz

The LO amplitudes from the D**D°/D**D* rescattering diagrams including the crossed-channel contributions in
Figs. 10(b) and 10(c) are

. ig5V/ 25110 Copy 1
iA TS - D°(p,)xt DO == —
b[ cc 7(191) (P2)7* (p3) (P4)] 2\/§F”\/m (pg—i-pg)—ml)w —(’;ﬂpj)zﬂr“%
o
x €likel (T ) phem piiem (y)1(p,). (B27)
. 19,V 29up0 Copi 1
iA T — }’(P1>DO(P4)7T+(P3>DO(P2)] = = =
" 2V2F 2 (S + p8) = mper — BB T
x eikel (Ti) plek™ piie™ ()1 (py), (B28)
. lgs \/_.g,l’tDJr CODlex 1
AT — V(Pl)DO(Pz)”+(P3)DO(P4)] - =
o 2\/_F7r\/ Mg+ (pg—l—pg)—mDu—%—Fir"%
x ekl (TiE) ple™ pire™ ()1 (py), (B29)
lgs fgﬂD+ CODlex 1
AT — V(Pl)DO(P4)”+(P3)DO(P2)]
- 2V2F /2 (P + p8) = mpe =GPl T
x elkel (TiE) pled™ pie™ (y)1(p1), (B30)

where the masses m,, m,, and m; in the loop integrals /(p;) are taken to be the masses of D*°, D**, and D° in Fig. 10(b) and
the masses of D**, D0, and D* in Fig. 10(c), respectively.
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The NLO amplitudes from the D*z rescattering diagrams considering the crossed-channel effects in Figs. 10(d)

and 10(e) are

igs \/Zg/‘DO Cﬂ3 1

iATeS = 7(p)D°(p2)at (p3)D°(ps)] =

AV2F ;mp/2mes (O + Q) — mppo — BERL 4 it

iAGTeE = y(p1)D%(pa)at (p3)D°(pa)] =

iA[T:E = 7v(p1)D (p2)nt (p3)D(pa)] =

iA[T:S = y(p1)D°(pa)nt (p3)D°(pa)] =

2mD*0
x ekl (T2d) pret™ piie™ ()1 (ps) = 1(ps)), (B31)
igs V2510 Crs 1
AV2E g2 (p + p) = mppo — BEPL 4 750
(T ) phetm e (1Y () ~ 1(p)) (532
_ lgs g/’lDO Czr3 ex 1
AV2F i g/ 2ma (p9 + pY) — mpyo — % + ,'FDT*O
x el (T ) plet™ pire™ ()Y (pa) + 1(pa)l. (B33)
_ igsg/“Do CIT3EX 1
4\2F /it mo/2m (P + pY) = mpo — % + ,‘FDT*O
-
x elfkel (Tid) phekm prne™ () [1D (py) + 1(p,)), (B34)

where the masses m,, n1,, and m; in the loop integrals I(V)(p,) or I(p;) are taken to be the masses of D**, D*0, and z* in
Fig. 10(d) and the masses of D*°, D**, and z° in Fig. 10(e), respectively.
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