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Abstract: In this study, we perform systematic estimations of the radiative decays of the charmed mesons in a

modified relativistic quark model. Our estimations indicate that the branching ratios of the processes of
DY(13P,) - D*0(138 1)y, DY(1D3) — DY(1°P2)y, DY(2D4) — DY(2Py )y, DY(2° D3) — DY(2° P2 )y, and D*(135 1) —
DO(1'S o)y are of the order of 1072, which are sizable to be detected experimentally. Moreover, the branching ratios
of some channels, for example, D(])(IPl) — D(1'50)%, D°31S¢) — D’]°(2P’1)y, and D335 )) — Dg(23P2)7, are
estimated to be of the order of 1073, which may be accessible with the accumulation of data in future experiments.
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I. INTRODUCTION

After the observations of J/y in 1974 [1, 2], the cru-
cial test of the notion of the charm quark is the existence
of charmed mesons near 2 GeV, as indicated in Ref. [3].
Many experimental attempts have been made in various
processes, and an increasing number of charmed mesons
have been observed. In the following, we present a short
review of the discovery history of charmed mesons.

e The lowest S wave charmed mesons. The first
charmed meson, D°, was observed after two years of the
observation of J/y in the K*n™ and K*n*n*xn* invariant
mass spectra produced by e*e~ annihilation at the center-
of-mass energies between 3.90 and 4.60 GeV [4], and
soon after, its charged partner D* was discovered in sim-
ilar processes [5]. In 1977, another charmed meson, D*,
was observed in the e*e™ annihilation process [6], which
has been identified as a 13S; charmed meson. Sub-
sequently, the lowest S wave charmed mesons were fully
established.

® The lowest P wave charmed mesons. For P wave
charmed mesons, the J¥ = 1* state in the spin triplet can
mix with the one in the spin singlet. In the heavy quark
limit, one physical 1* state dominantly couples with D*x
via § wave, while another one dominantly couples with

D*rn via D wave. In this case, the former D; should be
much broader than the latter one. On the experimental
side, the first P wave charmed meson, D;(2420), was ob-
served in 1986 by the ARGUS collaboration at the DOR-
IS II e*e™ storage ring at DESY [7]. The mass and width
were measured to be 2420+ 6 and 70+21 MeV, respect-
ively [7]. The angular momentum analysis indicated that
the J¥ quantum numbers of this state should be 1* [7],
which implies that D;(2420) should be a P wave charmed
meson. After the discovery of D;(2420), it has been fur-
ther confirmed in other measurements [8—14]. The second
observed P wave charmed meson is D,(2460), which was
observed in the D*n~ invariant mass spectrum by the
E691 experiment at Fermilab [8]. The resonance paramet-
ers were observed to be m=2459+3 MeV and
'=20+£10+5 MeV, and its spin-parity was determined
as JP =2%.

The broader D; state, D;(2430), with a mass 2427+
2620+ 15 MeV and a width 384*27 £24+70 MeV was
detected by the Belle Collaboration in 2004 [15]. In addi-
tion to D;(2430), another broad state D;;(2400) was ob-
served in the Dn invariant mass spectrum of B — Dan
process, which can be categorized as the last lowest P
wave charmed meson with J© =0*. The measure mass
and width are 2308 +17+15+28 and 276 +21+63 MeV,
respectively. Subsequently, all the lowest P wave
charmed mesons have been observed.
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® Dy(2550) and D7j(2600) as 2S charmed meson can-
didates. In 2010, the BABAR Collaboration performed an
analysis of the D*n~, D°z*, and D*x~ system in the in-
clusive e*e™ — cc interaction to search for new excited
charmed mesons, and four new states were observed,
which are Dy(2550), D:(2600), D3(2750), and D’(2760)
[12]. The mass and width of Dy(2550) were measured to
be 2539.4+4.5+6.8 and 130+ 12+ 13 MeV, respectively,
and the J¥ quantum numbers were determined to be 0,
which indicates that Dy(2550) could be a good candidate
of the D(2'S,) state. The estimations of the mass spec-
trum and decay properties in Refs. [16—18] supported the
D(2'S ) assignment for Dy(2550).

For Dj(2600), the resonance parameters were meas-
ured to be m=2608.7+£24+25 MeV and T'=93%
6+ 13 MeV, whereas the helicity angle distributions in-
dicated that its J¥ quantum numbers were 1~. An estima-
tion in Ref. [19] indicated that the mass of D7}(2600) was
very close to the predicted value for D(23S). The invest-
igations of strong decay behaviors in the heavy quark ef-
fective theory with the leading order approximations sup-
ported that D}(2600) could be the first radial excitation of
D*. It is worth noting that the estimations in Refs. [18,
20— 22] also identified Dj(2600) as a 23S, charmed
meson.

® D3(2750), D;(2760), and D,(2740) as D wave
charmed meson candidates. As indicated in Ref. [12],
D7(2760) and D3(2750) were observed in the invariant
mass spectra of D and D*r, respectively, and their mass
and widths differ by 2.6 0 and 1.5 o, respectively. The
Dalitz plot analysis of B® — Dz*x~ performed by the
LHCDb collaboration [23] indicated that the spin-parity of
D3(2750) should be 3-, which is a good candidate of the
13D5 charmed meson. For D7 (2760), the analysis by the
LHCDb collaboration indicated that its spin-parity should
be 17. The estimations in the frame of relativistic quark
model in Ref. [24] indicated that D}(2760) could be a
good candidate of the 1°D; charmed meson. By investig-
ating the mass spectrum and decay properties of charmed
mesons, the authors in Ref. [22] explained Dj(2760) as a
mixed state of D(235) and D(13D).

Similar to the P wave charmed mesons, the two phys-
ical charmed mesons with J¥ =2~ are mixtures of the
spin singlet and triplet. The first 2= charmed meson,
D,(2740), was observed in the D*r invariant mass spec-
trum of the inclusive reaction pp — DX by the LHCb
collaboration in 2013 [13]. The mass and width were ob-
served to be 2737.0+3.5+11.2 and 73.2+13.4+250
MeV, respectively. Further analysis of the helicity angle
distributions of B~ — D**n~n~ indicates the spin-parity
of D,(2740) as 2~ [14], which implies that D,(2740)
should be a 1°D, charmed meson.

® Higher charmed mesons at approximately 3 GeV.
In 2013, the LHCb Collaboration observed two new
charmed mesons, D;(3000) and D}(3000), in the D*xr and
Dr invariant mass spectrum of the inclusive reactions
pp — DWnX, respectively [13]. The resonance paramet-
ers of D;(3000) are m=2971.8+87 MeV and
I'=188.1+44.8 MeV. The helicity angular distributions
of D;(3000) are compatible with unnatural parity. The
mass and width of D7(3000) are 3008.1+4.0 and
110.5+11.5 MeV, respectively [13]. Through further ana-
lysis of the Dr invariant mass spectra of the exclusive
process B~ — D*nn~, the LHCb collaboration observed
one more broad resonance in the D invariant mass dis-
tribution above 3 GeV [25]. The resonance parameters
were fitted to be M =3214+29+49 MeV and
I'=186+38+34 MeV, and the Dalitz plot analysis indic-
ated that its spin-parity was 2* [25]. The measured reson-
ance parameters of D3;(3000) were not consistent with
those of D’(3000), which indicates that the origins of
D3(3000) and D7;(3000) should be different.

Besides the 1F charmed mesons, the masses of 2P
and 3S charmed mesons were also predicted to be around
3 GeV [16]; thus, these states can be good candidates of
1F and 2P charmed mesons. In Ref. [20], the authors in-
vestigated the decay properties of D,;(3000) and D7(3000)
using the 3Py model, and they concluded that D;(3000)
can be categorized as the first radial excitation of
D1(2430), and D7(3000) can be categorized as a D(13F»)
or 1°F, charmed meson. The estimation in Ref. [18] in-
dicated that D}(3000) can be assigned as 13F,, but
D;(3000) was a good candidate of the D(3'S) charmed
meson.

A sketch diagram of the charmed mesons discovery
history is presented in Fig. 1, where we observe that most
higher charmed mesons were observed in the past decade.
With the high energy and high luminosity beams at the
LHC and SuperKEKB, higher charmed mesons have
been observed, which undoubtedly enrich the charmed
meson spectrum. The investigations of their properties
are crucial for us to properly categorize these newly ob-
served charmed mesons. In addiiton to the strong decay
process, the electromagnetic decays of the hadron are
sensitive to its inner structure; thus, the radiative trans-
itions can also probe the internal charge structure of
mesons and be useful in determining the meson structure.

To investigate the radiative decay properties of
charmed mesons, we employ the quark model to estimate
the mass spectra and wave functions. In Ref. [16], God-
frey and Isgur proposed a relativistic quark model (GI
model) with chromodynamics to describe the entire
meson spectra. The GI model achieved significant suc-
cess in describing the ground state of the meson spectra.
However, the model failed to address the higher excited
states owing to a simple linear confinement potential
without including the unquenched effects, which are ex-
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Fig. 1.  (color online) History of charm meson discoveries

[5, 8,12, 13, 16, 25-27]. Here, the masses were obtained from
the Particle Data Group.

pected to be important for higher excited states [28]. In
Ref. [29], we replaced the simple linear potential with the
screened potential, which can, to a certain extent, reflect
the unquenched effects in the higher excited charmed
mesons. With the modified GI model [29], we observed
that the mass spectra and strong decay properties of the
higher charmed mesons can be better described than
those with the GI model. In this study, we employ the
modified GI model to investigate the radiative decay
properties of charmed mesons.

This paper is organized as follows. After the introduc-
tion, we present a review of the quark model employed in
the present estimation and the formulas for radiative de-
cays. The numerical results and discussions are provided
in Sec. II1, and the final section presents a summary.

II. RADIATIVE DECAY OF CHARMED MESONS

A. GI quark model

From the perspective of classical physics, the light
quark in the heavy-light meson system moves very rap-
idly relative to the heavy quark. Therefore, the relativist-
ic effect cannot be ignored for heavy-light meson sys-
tems. The GI model proposed nearly forty years ago can
fully describe the ground state meson spectrum of the
heavy-light meson system. The hamiltonian of the GI
model can be expressed as

H=p*+m)'2+(p* +m)' >+ Veg(p,r), (1)
where Veg(p,r) = Veorf 4+ VP 4 VSO s the effective con-
finement potential between the quark and anti-quark in a

meson. In the non-relativistic approximation, the effect-
ive potential can be expressed as

Verr(r) = V() + VP (r) + VIO (), 2)

The spin-independent term V< is primarily composed
of two parts: A short-distance y* ®y, interaction of one-
gluon-exchange and a long-distance 1®1 linear confin-
ing interaction. The specific forms of these two interac-
tions are a Coulomb potential and a long-range linear po-
tential; subsequently, Vi (r) is given by

V=] e e

) L MO

where i and j represent different quarks in the system.
The concrete form of the color-hyperfine term is

VYP(r) =~ prap 35 -826%(r)

x i(SS‘—’ZSN -8 -Sz)](F,- F)). (4

ay(r) [87r

r3 r

and the spin orbit term V3© consists of two parts, and it is
given by

SO,y _ 1,50(em) | ,SO(tp)
Vi =V, +Vi (%)
where the former is the color-magnetic term, and the later

is the Thomas-precession term. The concrete forms of
these two terms are

5 1 1S S
VEO(Cm)(r):‘a‘gr)[_"’_} _+—’]~L(Fi-F_,), (6)
r m; m]' m; I’I’lj
averfr ¢ g,
SO(tp) 1 2] Sl J
L. = —— _ —_ L 7
A A Y

J

where S| and S, represent the spins of the quark and anti-
quark, respectively, and L=rxp is the orbital angular
momentum. The value of F;-F; is —4/3 in meson sys-
tems.

The influence of the relativistic effect is considered
from two aspects, i.e., the non-locality of the effective po-
tential of the quark and antiquark interactions and the mo-
mentum dependences of the effective potential on mo-
mentum. For the first type of correction, we can intro-
duce a smearing function, which is

N 0?2 2 ’
prr-r)= mexp(—alz(r—r ) ®

with
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The potentials of relativistic form is
fat) = [ @pur-rfa). (10)

where f(r) and f(r) represent the potentials in the relativ-
istic and nonrelativistic forms, respectively.

The second type of relativistic corrections is introdu-
cing the momentum dependences in the effective poten-
tials. The corrected Coulomb potential is expressed as [16]:

2

E\E,

5 112
G — |1+ 1+-2 } .

12
G
} (r) EE

The corrected forms of the tensor, contact, vector spin-or-
bit, and scalar spin-orbit potentials are expressed as fol-
lows:

. 2 e o 2 q1/2te
V'(’)ﬁ[n p } Vi(r) [1+ P ] S (12)

mymy E\E; mimy E\E,

The parameters ¢; are different for different effective po-
tentials, which have been listed in Ref. [16].

B. Modified GI quark model

The GI model is successful in describing the low-ly-
ing meson spectrum, but it has encountered problems in
describing highly excited states. The predictions given by
the GI model is considerably different from experimental
measurements [30— 34]. For example, the observed
masses of X(3872), D;,(2317), and D;;(2460) are signific-
antly lower than the expectations of the relativistic quark
model [16, 35]. Further theoretical estimations indicated
that the near-threshold effect of the coupling channel de-
presses the mass of the high excited-state [36—38]. From
the perspective of the quark model, the coupling channel
effects can be phenomenologically described by screen-
ing the color charges at a large distance, for example, a
distance greater than 1 fm, by creating light quark-anti-
quark pairs. Estimations using the unquenched Lattice
QCD [39-41] and holographic models [42] have con-
firmed the existence of the screening effects in hadrons.

In literature, the screening effect in charmonia [28,
43], light unflavored mesons [44], and heavy light
mesons [29, 45] have been investigated by flattening the
linear confinement potential. In Ref. [28], the screening
effect in charmonia was proposed to be described by re-
placing the linear confinement potential with a screened
potential in the form

b(l—e™")

br — V*(r) = (13)

where the corrected potential behaves as a linear poten-
tial br at the short distance and approaches a constant b/u
at a long distance. Following the method in Ref. [16], we
can transfer the non-relativistic effective potential to the
relativistic form using

_ b(1—e "
V”rzfd3r’p12(r—r’)%. (14)

Note that the above screened potential scheme was
also introduced to describe the heavy light meson famil-
ies in Refs. [29, 45], where the mass spectrum and strong
decay behaviors of excited charmed and charmed strange
mesons can be well described. In this study, we adopt the
same modified GI model as the one in Ref. [45] to estim-
ate the mass spectrum and radiative decays of the
charmed mesons. The estimated mass spectrum of
charmed mesons are listed in Table 1. For comparison,

Table 1.
etical predictions of the GI model; the experimental measure-

Spectrum of the charm mesons in MeV. The theor-

ments are also presented for comparison.

States Gl model [16] Modified GI model [45] PDG [12, 35]
1'Sg 1874 1861 1864.84 +£0.07
218, 2583 2534 2539.4+4.5+6.8
3ls, 3068 2976
135, 2038 2020 2010.26 +0.7
238, 2645 2593 2608.7+2.4+2.5
335, 3111 3015
1P 2455 2424 2421.4+0.6
2P 2933 2866
13Py 2398 2365 2318+29
23P 2932 2865
1P 2467 2434 2427 +26+25
2P] 2952 2872
1°P, 2501 2468 2464.3+1.6
23p, 2957 2884
1D, 2827 2775
2Ds 3225 3127
1°D; 2816 2762
23D, 3231 3131
LD} 2834 2777
2D, 3235 3133
13Ds 2833 2779
23Ds 3226 3129

073106-4



Radiative decays of charmed mesons in a modified relativistic quark model

Chin. Phys. C 46, 073106 (2022)

we also list the spectrum predicted by the GI model and
the experimental measurements [12, 35]. The table shows
that the modified GI model can better describe the mass
spectrum of charmed mesons.

C. Formalism for radiative decays

With the wave function evaluated by the modified GI
model, we can investigate the radiative decays of
charmed mesons. The start point of the radiative decay is
the quark-photon electromagnetic coupling at the tree
level, which is

Hon == )" e, i (e, 0, (15)

J

where y; represents the j-th quark field in the charmed
meson, e; is the charge carried by the j-th constituent
quark, and k is the three momentum of the emitted
photon.

In the non-relativistic limit, the spinor ¢ can be re-
placed by ¢, while the ¥ matrices become @ matrices. In
this case, the electromagnetic transitions operator can be
expressed as [46—48]

he=y [e,.r,..e_ gy exble, a6
7 J

where m; and r; are the mass and coordinate of the j-th
constituent quark, respectively, o ; is the Pauli matrix,
and e is polarization vector of the photon. In the above
transition operator, the first and second terms correspond
to the electric and magnetic transitions, respectively.

Considering the electromagnetic transitions between
the initial state |i) and final state |f), the helicity amp-
litudes of the electric and magnetic transitions are

e E A e
J

A =i\ FUNT g exbetlo. )

where w, is energy of the emitted photon.

In the initial hadron stationary system, we can select
the photon momentum k along the z axial direction, i.e.,
k =1{0,0,k}, and polarization vector of the photon with the
right-hand to be € = —1/ V2(1,i,0). Considering the multi-

pole expansion of e7*7:, the helicity amplitudes in Eq.

(18) can be expanded using amplitudes with a certain an-
gular momentum /, which are [49, 50]

w
ALl = /%(J'/l/l Z(—i)leejjz+1(krj)erll [70)
J

w
+ 4 /77(]’/1"2(—1')1316 jiikrpriYi|[J2),
J
w e
AL =\ FI V] Y ) Co i lhr))
1 2 |Zj: 2m; !

X [0} @ Yi_1ol}|J2)

Wy r N} €j . )
5 I;(—z) Cigpr i1 k)

x[oF @Y 10l |74), (19)

with B, = \2xl(l+1)/Q2[+ 1) and C; = i \8x(2[-1).

As indicated in Ref. [50], the high angular mo-
mentum contributions are negligible compared with the
lowest order approximation with /= 1. Thus, in the low-
est order approximation, the electric transition widths is
[51]

2
4
e :—a( cima cam ) wi,(SSS'(SLL':lmaX(L’L/)
3 \mi+my m+mp
4 ’ 2
aranfl ] 3w

(20)

and the magnetic transition width is

2J +1
2L+1

07 , er . nmor
T =— w3611 65541 w5 L — jow
377 N T |m1 J yml +my

)|n25+1L_/>2,

e
- —jlw
mzj( 7m1+m2

2

where <n/zs “11/,| and <n25 *1L,| represent the space func-
tion of the final and initial states, respectively, which are
estimated using the modified GI model, e;(m;) and
ex(my) represent the charge (mass) of the charm and anti-
light quark, respectively, and « is the fine structure con-
stant.

III. NUMERICAL RESULTS AND DISCUSSIONS

For the heavy-light system, the 'L, and 3L, states
have the same J¥ quantum numbers; thus, the physical
states are the mixtures of these two states. In this study,
we have

073106-5



Jie-Lin Li, Dian-Yong Chen

Chin. Phys. C 46, 073106 (2022)

[nLy) \ [ cosép
( InL) )_( —sinf, cosf
where L = P and D correspond to P and D wave charmed
mesons, respectively. In the heavy quark limit, the mix-
ing angle 6p and 6p are estimated to be -54.7° and
—50.8°, respectively. In addition to the above mixing, the
tensor term in the Hamiltonian can result in the mixing
between the states with an angular momentum difference
of two, such as the mixing between S| and 3D,. As in-
dicated in Refs. [29, 45], this type of mixing is rather
small; thus, in the following estimations, such mixing is
neglected.

A

A. Electric transitions

As indicated in Eq. (20), the E; transitions occur
between the states with the same spins but an angular mo-
menta difference of one. In Tables 2—5, we present the
electric transitions of S - Py, P— Sy, P— Dy, and
D — Py, where S, P, and D refer to the S—, P—, and
D-wave charmed mesons, respectively. It is worth not-
ing that in the quark model, the masses of the up and
down quarks usually have the same value, and then, the
estimated mass spectra and wave functions for the
charged and neutral charmed mesons are identical. Thus,
for the E, transition as shown in Eq. (20), the only differ-

Table 2. E, transition width of S-Py process in keV. The
results from Ref. [51, 52] are also presented for comparison.
Initial state Final state Width (c/cd)
Present Ref. [52] Ref. [51]
2180 1P 11.5/1.2 44.6/4.61
1P 26.2/2.7 77.8/4.7 7.83/0.809
238, 1Py 21.6/2.2 66/3.8 23.6/2.43
1P, 21.512.2 40.7/2.3 8.25/0.852
1P} 11.8/1.2 29.8/3.08
13P, 35.8/3.7 163/9.4 45.5/4.70
38, 1P 11.4/1.2 39.3/4.06
1P 23.2/2.4 8.64/0.89
2P 22.0/2.3 138/14.3
2P 68.1/7.0 18.7/1.93
335, 1Py 2.4/0.3 2.60/0.269
1P, ~0/~0 ~0/~0
1P ~0/~0 032/~0
1P, 40.7/4.2 65.7/6.79
23p, 18.6/1.9 24.4/2.52
2P 30.8/3.2 24.9/2.57
2P, 21.3/2.2 41.7/4.30
23p, 84.9/8.8 131/13.5

ence for the charged and neutral charmed mesons is the
charge of the involved quarks. Setting m. = 1628 MeV
and m, = my =220 MeV [16], we determine the E1 trans-
ition for the neutral states to be approximately 9.7 times
the corresponding one for the charged states.

® S — Py processes. In Table 2, we present our es-
timations of the electric transition widths from S wave to
P wave charmed mesons, where cii and cd refer to the
neutral and charged charmed mesons, respectively. For
comparison, we also present the results from Refs. [51,
52]. In Ref. [52], the wave functions were evaluated in a
simple nonrelativistic quark model with a color Coulomb
plus linear scalar confinement interaction with the addi-
tion of a Gaussian smeared contact hyperfine interaction
term. For the 2§ — 1Py processes, the results of Ref. [52]
are several times larger than those of this study owing to
the different model parameters. In Ref. [51], the radiative
decays were investigated using the GI model. From the
table, we observe that the radiative transition widths of
the process involving Py/P’ states are significantly dif-
ferent because of the different mixing angles used in the
present estimations and Ref. [51], while the widths of
other channels are very similar. The influence of mixing
angle on the radiative decay process are discussed later.
Moreover, the widths of D(2'S()° and D*(23S5,)° were
measured to be 199+5+17 and 149+4+20 MeV, re-
spectively [14], thus the branching ratios of 25 — 1Py
processes are of the order 10™* and 107> for neutral and
charged charmed mesons, respectively.

For 3§ states, our estimation indicates that the partial
widths of 3§ — 1Py processes are suppressed compared
with those of 3§ — 2Py processes because of the node ef-
fects. In particular, our estimations indicate that the
widths of D°(3'Sg) > DP2P)y and D3’S))°—
D,(2°P,)y are approximately 100 keV. In Ref. [45], the
widths of D(3'S() and D*(3°S ) were approximately 100
MeV; thus, the branching ratios of D°(3'S¢) — D{’(2P))y
and D*(3%S,)— D)(2°P,)y should be of the order of
1073, which may be detected by further measurements in
the LHCb and Belle II experiments.

® P — Sy processes. In Table 3, we present our es-
timations of the Etransition widths of P—S+y processes.
The estimations in Refs. [51-54] are also presented for
comparison. For 1Py — 13§,y and 1°P, — 13§y pro-
cesses, we observe that our results are almost the same as
those in Ref. [51] since the modified relativistic quark
model used in this study is similar to the GI model em-
ployed in Ref. [51]. For 1P;/1P] — 1Sy, our estimation
is slightly different from those in Ref. [51] owing to the
different mixing angle 6;p used in the estimations.

To explore the influence of the mixing angle on the
electrical transition width, we present the mixing angle
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Table 3. Same as Table 2 but for P- Sy processes. The theoretical estimation in Refs. [S1-54] are also presented for comparison. The
mixing angles of Refs. [S1] and [52] are 6,p = —25.68°/6,p = —29.39° and 6,p = —26°, respectively, while the mixing angle is ignored in

Ref. [53].
Initial state Final state Width (cii/cd)
Present Ref. [51] Ref. [52] Ref. [53] Ref. [54]°
13Py 138, 275.4/28.5 288/30 304/17 115+54/ <2.8
1P 1S, 254.9/26.4 640/66 349.3/19.7 245+ 18
138, 290.2/30.0 82.8/8.6 60+5
1P, 1'so 533.1/55.1 156/16.1 14+6/ <33
138, 155.4/16.1 386/39.9 549.5/30.9 93444/ <23
1°P, 135, 577.4/59.7 592/61.2 895/51
23p, 135, 63.7/6.6 76.4/7.90
238 362.6/37.5 427/44.1
g 118, 7.8/0.8 14.1/1.46
138, 7.4/0.8 3.70/0.382
28, 180.9/18.7 384/39.6
235, 275.5/28.5 88.9/9.19
2P| 1S, 14.9/1.5 4.88/0.505
135, 3.5/0.4 12.9/1.34
28, 315.2/32.6 162/16.7
235, 117.0/12.1 396/40.9
23p, 138, 14.0/1.4 10.9/1.12
238, 366.9/37.9 425/43.9

“ Only the E,; transitions between the neutral charmed meson were estimated.

Table 4. Same as Table 2 but for P — Dy processes. The
mixing angle of Ref. [51] is 6,p = -38.17°.
Initial state Final state Width (ct/ed)
Present Ref. [51]
23p, 13D, 19.8/2.0 30.5/3.15
2P 13D, 2.5/0.3 1.26/0.13
1D, 0.9/0.1 25.1/2.59
1D}, 18.8/1.9 0.476/~ 0
2P 13D, 3.1/0.3 9.30/0.961
1D, 14.0/1.4 0.385/~0
1D 1.4/0.1 26.7/2.76
23p, 1°D, 0.2/~0 0.36/~0
1D, 2.2/0.2 2.02/0.208
LD} 1.2/0.1 2.47/0.255
13Ds 23.8/2.5 34.2/3.53

dependences of the radiative decay widths of the process
DY(1P) - D™ and D’(1P}) - D"y in Figs. 2 and 3,
respectively. For the electric transition processes, the ini-
tial and final states should have the same spin; thus, the

widths of DY(1P) — D**y and D’(1P}) — D" should be
proportional to sin?@,p, while the widths of D’lo(lP’l) -
D"y and DY(1P;) — D% are proportional to cos®6;p. In
the figures, we also show the different mixing angles
used in this study and Ref. [51], which are 6,p = -54.7°
and 6,p = —25.68°, respectively. As indicated in the fig-
ures, the widths of the processes of D?(’)(IP(I’)) — D)0y
calculated in this study are similar to those in Ref. [51]
when we use the same mixing angle 6;p

Our estimations are also comparable to those in Ref.
[52], where the wave functions are estimated in a non-re-
lativistic quark model. However, the estimations based on
the heavy quark effective theory in Refs. [53, 54] are sev-
eral times smaller than the potential model estimation in
this study and Refs. [51, 52]. For 1P — 1Sy processes,
the present estimations indicate the widths of all the pos-
sible processes are greater than 100 keV. The PDG aver-
age of the widths of Dy(1°Py), Di(1Py), Di(1P}), and
D>(13Py) are 229+ 16, 31.3+1.9, 314+29, and 47.3+0.8
MeV, respectively. Thus, for D;(1P;) and D,(13P), the
branching ratios of the E; transitions are of the order of
1073 ~ 1072, which are sufficiently large to be detected.

Similar to the § — Py process, our estimation also in-
dicates that 2P — 1Sy processes are suppressed com-
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Table 5. Same as Table 2 but for D — Py processes.
Initial state Final state Width (ci/cd)
Present Ref. [51]
1°D, 13Py 488.9/50.5 521/53.8
1Py 177.0/18.3 55.9/5.78
lP/1 174.2/18.0 222/22.9
3P, 14.4/1.5 15.9/1.64
1D, 1P, 21.012.2 642/66.4
1P} 579.4/59.9 12.2/1.26
13P, 88.3/9.1 55.4/5.72
LD} 1Py 571.4/59.0 64.7/6.69
1P 77.6/8.0 640/66.1
1P, 60.9/6.3 116/11.9
13Ds 13pP, 625.0/64.6 686/70.9
23D, 13 Py 8.2/0.9
1P 0.7/0.1
1Py 1.5/0.1
13P, 3.6/0.4
23py 314.9/32.5
2P 76.6/7.9
2P 172.2/17.8
23p, 15.5/1.6
2D, 1Py 0.7/0.1
1P 5.9/1.6
1P, 4.9/0.5
2P 15.2/1.6
2P 435.8/45.0
23p, 75.1/1.7
2D, 1Py 6.1/0.6
1P 0.3/~0
1P, 5.1/0.5
23Py 77.6/8.0
2P 391.8/40.5
2P 57.3/5.9
2P, 52.9/5.4
23Ds 1°pP, 1.1/0.1
23p, 442.4/45.7

pared with the 2P — 2Sy process owing to node effects.
In particular, we observe that the widths of
DJ(2*Py) = D238 1)y, D)(2P1) — D°(2'S )y, D(2P1) —
D238 )y, DY(2P}) = D°(2'So)y, DY (2P;)— D*(2°S 1)y,
and DY(2°P,) — D*0(23S )y are larger than 100 keV. Our
estimations in Ref. [45] indicated the widths of 2P
charmed mesons to be approximately 100 MeV; thus, the

800 F
600 '
1
< i
> 0 *0
2 00l i D9(1P1)-D*0y- |
S i
2 ) |
1
200t | I
! i
[ t
i ' 0
of L [ D3(1P1)-D
-50 0 50
01 p (degree)
Fig. 2. (color online) Width of the process D‘l’(lPl)—>

D*/D% depending on the mixing angle 6;p.
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[}
¢ :
= 400
= 1
2 1 T
S 1 1
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.
1 1
1 1
1 1
of L [ Dﬁo(1Pa )=>D*Qyp- -
-50 0 50
61 p (degree)
Fig. 3. (color online) Same as Fig. 2 but for D’IO(IP;)—>

D/ D0y,

branching ratios of the above processes should be of the
order of 1073.

® P — Dy processes. As shown in Table 4, our estim-
ations indicate that the E; transition widths of 2P — 1Dy
are rather small, which are similar to those in Ref. [S1].
In this study, only the widths of D}(2*Py)— D{(1°Dy)y,
DV(2P,)— DY (1D,)y, D)’(2P;)— D)(1D)y, and D)(2°P;)
— Dg(13D3)y are several tens keV. However, the widths
of 2P charmed mesons are approximately 100 MeV; thus,
the branching ratio of these channel should be at most of
the order of 10~*. The widths of the other seven channels
are even smaller. Thus, it is difficult to detect the
2P — 1Dy processes experimentally.

® D — Py processes. Our estimations of the widths of
D — Py are listed in Table 5. By comparing our estima-
tions with the results in Ref. [51], we observe that the
transition widths are very similar, except for the pro-
cesses with mixing states, such as 1Py and 1P]. As indic-
ated in Fig. 2 and Fig. 3, such discrepancies result from
the different mixing angles adopted in the calculations.
For 1D — Py processes, our estimations indicate that the
widths of DJ(1°Dy) — DJ(13Po)y, DY(1D,) — D(1P})y,
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DY(1D}) — DY(1Py)y, and DJ(1D3) — D(1°P)y are
greater than 400 keV. The experimental measurement and
theoretical estimations in Ref. [45] indicated that the
widths of D;(13Dy), D»(1D,) and D)(1D}) are approxim-
ately 100 MeV; thus, the branching ratios of D%(1°D;) —
DY(13Py)y, DY(1Dy) —» DP(1P)y, and DX(1D,)—
DY(1Py)y should be of the order of 107*. The width of
D3(1D3) is estimated to be 18.3 MeV, which indicates
that the branching ratio of DJ(1D3) — D)(13Py)y is ap-
proximately 3%, which should be observable experiment-
ally.

For the electric decays of 2D states, we observe that
the widths of 2D — 1Py are smaller than the correspond-
ing one of 2D — 2Py, which is similar to that of the elec-
tric decays of 3S and 2P states. For the 2D — 2Py pro-
cess, our estimations show that the widths of the
DY(2°Dy) — D)(2*Py)y,DS(2D2) — D/P(2P))y,DY(2D}) —
DY2Py)y, and D(2°Ds)— D3(2°P,)y processes are
314.8,435.8, 391.8, and 442.4 keV, respectively. As in-
dicated in Ref. [45], the widths of D(2°D;) and D(2D>)
are approximately 100 MeV, while the widths of D}(2D})
and D3(23Ds) are approximately 30 MeV; thus, we ob-
serve that the branching ratios of D%(2°D;) — D}(2°Py)y
and DY(2D,) — D°(2P})y are of the order of 10~*, while
the branching ratios of D’2°(2D’2) — D?(2P1)y and
DY(2°D3) — DY(2°P,)y are of the order of 1072, which
should be accessible in further experiments.

B. Magnetic transitions

As indicated in Eq. (21), theM; transitions occur
between the states with the same angular but different
spin. Our estimations of the M, transition for § — Svy,
P — Py and D — Dy are listed in Tables 68, respect-
ively.

® S — Sy processes. In Table 6, we present our es-
timations to the M; transitions between two S wave
charmed mesons. For comparison, we also present the es-
timations from the GI model [51], nonrelativistic quark
model [52], and heavy quark effective theory [53]. For
D* — Dy, we observe that the widths of D** — D% and
D** — D*y are approximately 97 and 9.9 keV, respect-
ively, which are consistent with the estimation in GI
model and several times larger than the one in non-re-
lativistic quark model [52] and heavy quark effective the-
ory [53].

On the experimental side, the width of D™ is
83.4+1.8 keV, and the branching ratio of D** — D*y is
measured to be (1.6 +0.4)%; thus, the measured width of
D" —» D*y is 1.33+£0.33 keV, which is several times
smaller than the estimation in this study. For D* — D%,
the branching ratio has been well determined, which is
(35.3+0.9)%, but only the upper limit of the width of D*°
has been measured, which is 2.1 MeV. Thus, the upper

Table 6.
For comparison, we also present the results from Refs.
[51-53].

M, transition widths of S —Syprocesses in keV.

Width (cit/cd)

Initial state Final state

Present Ref. [51] Ref.[52] Ref. [53]
135, 1'Sg 97.0/9.9  106/10.2  32/1.8  43.6/1.1
2180 138, 0.4/4.3 ~0/5.80
235, 1'Sy  526.4/87.0  600/100
218, 5.4/0.5  6.26/0.641
3180 138, 0.8/3.6 ~0/6.27
238, 24.6/13.2  44.5/22.4
335, sy 547.9/972  663/119
218 189.7/68.0  257/48.2
318, 1.5/0.1  2.03/0.208

Table 7. Same as Table 6 but for P — Py processes.

Initial state Final state Width (cii/cd)
1P 3Py 1.4/0.1
1P, 1Py ~0/~0
13P, 1P, 1.4/0.1

1P 0.5/0.1
23p, 1P 4.2/2.6
1P 1.8/1.2
2P 13pP 30.8/5.4
1P, 33.5/8.2
1P 6.0/1.2
13P, 3.7/2.9
2P ~0/~0
2P, 13 Py 17.6/3.1
1P, 7.3/1.4
1P 34.9/8.5
13P, 0.6/0.4
2P ~0/~0
2P ~0/~0
2’p, 1P 37.6/6.5
1P 78.5/13.6
2P 0.2/~0
2P, ~0/~0

limit of width of D*® — D% is approximately 740 keV,
which is significantly larger than the present estimation.
Furthermore, we can estimate the partial widths of
D*® — D% using the relative fraction of D*® — D% and
D*® — D29, The PDG average of the branching ratio of
D*Y — D70 is (64.7 +£0.9)%, which is approximately 1.83
times that of D*® — D%, while the partial widths of
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Table 8. Same as Table 6 but for D — Dy processes.
Initial state Final state Width (cit/cd)
1D 13D, ~0/~0
D] 1D, 0.1/~0

1Dy ~0/~0
1°Ds 1D, ~0/~0
2D, 1D, 23/12
1D, 3.0/1.5
2D, ~0/~0
2D, 13D, 12.1/2.1
1Dy 21.1/5.0
1D, 0.3/0.1
13Ds 4.8/1.9
2D§ 13D, 20.0/3.4
1Dy 1.9/0.3
1D, 21.5/5.0
23D, ~0/~0
2D, ~0/~0
23D, 1D, 17.5/3.1
2Dy ~0/~0

D*® — DO7% can be deduced from that of D** — D*z° by
considering the isospin symmetry [55, 56]. Subsequently,
the width of D*® — D% is estimated to be approximately
15 keV, which is also several times smaller than the
present estimation and the results of the GI model.

Note that the magnetic transition width in Eq. (21) is
sensitive to the quark mass. Using the process D* — Dy
as an example, we can expand the spherical Bessel func-
tion jo(x) = 1-x?/6+O(x*); thus, in the leading order ap-
proximation, the magnetic transition width is proportion-
al to (eymy—eymy)*/(m?m3). In the present modified GI
model and the GI model, the mass of the light quark is
220 MeV, while in the non-relativistic quark model, the
mass of the light quark is often set to be 330 MeV. A
smaller light quark mass usually results in larger magnet-
ic transition widths. In Fig. 4, we present the widths of
the process D** — D*y depending on the light quark
mass, in which we observe that the width will be approx-
imately 2 keV when we use m, = 0.33 GeV, which is sev-
eral times smaller than that of m; = 0.22 GeV and consist-
ent with the experimental measurements.

Our estimations indicate that the widths of
D235 |) —» D% and D*(33S|) — D% are greater than
500 keV, which are also consistent with the estimations
in the GI model [51]. The PDG average of the widths of
D7j(2600) is 141+23 MeV; thus, the branching ratio of
D235 ) — D% is approximately 3.7 +1073. The width
of D*0(33S,) was estimated to be 80 MeV in the modi-
fied GI model [45]; thus, the branching ratio of

Width (keV)

0.1 0.2 0.3 0.4 0.5
my/mg (GeV)
Fig. 4. (color online) Width of D** — D*y depending on the

light quark moass.
D*(33S 1) — D% is approximately 6.8 x 1073.

® P — Py processes. As shown in Table 7, the widths
of most of the P — Py processes are significantly small.
In particular, the widths of the 1P — 1Py process are sev-
eral keV or less than 1 keV. The widths of the 2P — 1Py
process vary from several keV to several tens keV. For
2P — 2Py processes, the widths are very small and most
of them are close to 0.

® D — Dy processes. In Table 8, we present our es-
timations of the widths of the D — Dy process. As for
1D — 1Dy and 2D — 2Dy processes, the widths are very
small and most of them are less than 0.1 keV. As for
2D — 1Dy process, the widths are estimated from sever-
al keV to several tens keV. The widths of 2D — 1Dy are
slightly higher than those of 1D — 1Dy and 2D — 2Dy
processes, but the branching ratios of these channels
should at most be of the order of 1074,

IV. SUMMARY

Over the past two decades, an increasing number of
charmed mesons have been observed experimentally,
which makes the charmed meson spectrum abundant.
However, categorizing these newly observed charmed
mesons is a significant challenge for theorists. As one of
the most successful QCD inspired quark models, the GI
model can describe the low lying mesons adequately but
fails for higher excited states owing to the coupled chan-
nel effects. In Refs. [29, 45], we introduced a screened
potential in the GI model to substitute for the coupled
channels effects, and in this modified GI model, the high-
er excited charmed mesons, including the mass spectra
and strong decays, can be better described than those with
the GI model. Similar to the strong decays, the radiative
transitions can also probe the internal charge structure of
mesons and be useful in determining meson structure;
thus, in this study, we extend our estimations from Ref.
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[29, 45] to investigate the radiative decays of the charmed
mesons.

By using the wave function obtained from modified
GI model, we estimate the radiative transitions between
the mS, nP, and nD charmed mesons (m=1{1,2,3}, n=
{1,2}) in this study. Our estimations indicate that the
branching ratios of some processes, including D(Z’(13P2) —
D(13S )y, DY(1D3)— D3(1°Py)y, DY(2D,)— D)(2P))y,

DY(2°D3) - DY(2*Py)y, and D*(13S) - D°(1'S)y, are
of the order of 1072, which should be sizable to be detec-
ted experimentally. Moreover, the branching ratios of
some channels, for example, DY(1P;)— D°(1'Sq)y,
D°(31S¢) — D(2P))y, and D°(3%S 1) — D}(2°P,)y are es-
timated to be approximately 1073, which may also be ac-
cessible with the accumulation of data in future experi-
ments.
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