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In this work, an unquenched quark model is proposed for describing the heavy-light mesons by taking
into account the coupled-channel effects induced by chiral dynamics. After including a relativistic
correction term for the strong transition amplitudes, both the mass spectra and decay widths of the observed
heavy-light mesons can be successfully described simultaneously in a unified framework, several long-
standing puzzles related to the small masses and broad widths are overcome naturally. We also provide
valuable guidance in searching new heavy-light mesons by the detailed predictions of their masses, widths,
and branching ratios. The success of the unquenched quark model presented in this work indicates it may

be an important step for understanding the hadron spectrum.

DOI: 10.1103/PhysRevD.109.116006

I. INTRODUCTION

The fundamental theory of strong interaction is quantum
chromodynamics (QCD). One of its most prominent
challenges is the phenomenon of confinement, the elemen-
tary systems we observe, known as hadrons and composed
of quarks and gluons, appear to be colorless. In the low-
energy regime, the nonperturbative effects make it impos-
sible to achieve analytical computations. Lattice QCD
simulation can provide the hadronic spectra from first
principles, but it falls short of offering a detailed picture
of hadrons. In such circumstances, a theoretical model
becomes essential for gaining a deeper insight into the
nature of confinement.

The quenched quark model, initially based solely on gg
for mesons and gqq for baryons and developed in the 1960s
by Gell-Mann and Zweig [1-3], effectively described the
hadron spectrum until the discovery of the X(3872) [4]
and D((2317) in 2003 [5]. Over the past two decades, an
increasing number of hadron states, often referred to as
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“exotic,” have been observed [6]. These discoveries,
including the XYZ and P, states, have challenged the
predictions of the simple ¢g and ggqg models [7,8].
An undeniable factor contributing to this discrepancy is
the omission of coupled-channel effects resulting from
hadron loops in these quark models. This deficiency has
long been recognized and discussed, for instance in 1980,
when a similar effect known as the meson cloud was
proposed [9]. This underscores the importance of consid-
ering interactions at both the quark (gluon) level and the
hadron level to obtain a comprehensive understanding of
physical hadrons.

The significance of coupled-channel effects is widely
acknowledged within the scientific community. However,
conducting a systematic study in practical calculations
presents several challenging issues. The primary concerns
can be summarized as follows:

P1. How to select the coupled-channels.

P2. How to obtain correct both mass and width.

P3. How to evaluate the coupled channel effects in the

high momentum region.

All of these challenges add complexity when employing
a comprehensive model. Consequently, existing research
has primarily focused on exploring coupled-channel effects
for states that deviate significantly from conventional quark
models, rather than those with well-established explana-
tions within the hadron spectrum. For instance, while
considering loop contributions for scalar mesons, such as
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KK and zz loops, only quark level interactions are
accounted for p meson where the zz loop indeed signifi-
cantly shifts the mass of p. This lack of consistency and
self-consistency within the theory arises as an issue.
Furthermore, in the context of strong decay, many studies
have been conducted on several phenomenological models,
however, the widths of higher resonances are hard to
accurately described [7,8].

In the past 20 years, numerous excited heavy-light
meson candidates have been observed by collaborations
such as DO, CDF, BABAR, and LHCb [6], which bring good
opportunities for theoretical studies. There are many dis-
cussions of the heavy-light meson spectrum based on
various quenched quark models [10-32]. In this work,
beyond the quenched framework, we introduce a unified
unquenched quark model framework that accounts for
coupled-channel effects induced by chiral dynamics, uti-
lizing a semi-relativistic potential to interpolate both the
masses and widths of all heavy-light mesons. Although
there are many attempts based on the unquenched quark
model framework, most theoretical studies have primarily
focused on near-threshold heavy-light states, such as
D?,(2317) and D,;(2460) [33-38], or have been limited
to the Dy spectrum or D spectrum separately [39—41].
In comparison to the mass spectrum, Dy(2550)/D,(2590)
and D7(2600)/D},(2700) can be categorized as radial
excitations. However, the predicted decay widths within
the chiral quark model [26-31] are systematically smaller
than the observed values. Thus, a comprehensive inves-
tigation of both the mass spectra and decay widths for all
heavy-light mesons, including D, Dy, B, and B, mesons,
within a unified framework that incorporates unquenched
coupled-channel effects is currently lacking. This is a
crucial step in the development of a comprehensive model
for hadron physics.

The paper is organized as follows. In Sec. II, we give an
introduction to the unquenched framework. In Secs. III
and IV, the mass spectrum and widths for the heavy-light
mesons obtained within the unquenched framework are
reported. Then, in Sec. V, some predictions for the missing
heavy-light meson resonances are given. Finally, a sum-
mary is given in Sec. VL.

II. FRAMEWORK

In the unquenched quark model including coupled-
channel effects, as described in previous works [41-44],
the Hamiltonian of the hadronic system is described by

H =Hy+ H, +H,. (1)

Here, H,, represents the Hamiltonian governing the bare
Qg state denoted as |A), and it is derived from the
semirelativistic quark potential model. H,. is the noninter-
acting Hamiltonian for the continuum state |BC), while H,;
is an effective Hamiltonian for describing the coupling

between |A) and |BC). The quark (gluon) level interactions
are all encompassed within H, which are clearly defined,
as introduced in the Appendix.

In the coupled-channel model [41-44] the mass of a
dressed hadron is estimated by

M =M, + AM(M), (2)

where M, is the bare mass determined by the H,,
while AM (M) stands for the hadronic mass shift, which
is given by

|MA—>BC 2 2
AM(M) d 3
( / M- EBc) g°dq.  (3)

Here, [M_pc(q)|" = [[(BC.q|H,[A)|"dQy. ¢ = (0.0, q),
and Epc is the kinematic energy of the |BC, g) continuum
state with the loop momentum gq.

In principle, all hadronic loops should contribute a mass
shift to the bare hadron. However, it is unfeasible to
calculate the self-energy function including an unlimited
number of loops. To address the question posed in P/ on
the first page, in our calculations, we included all Okubo-
Zweig-lizuka (OZI)-allowed two-body hadronic channels
with mass thresholds below the bare states. The contribu-
tions from the other virtual channels are subtracted from
the dispersion relation by redefining the bare mass with the
once-subtracted method suggested in Ref. [45]. In the
following, we give a brief introduction to this approach. By
introducing a subtracted term AM (M) at some suitable
point M = M, the Eq. (2) can be rewritten as

M = (M, + AM(My)] + [AM(M) — AM(M,)]. (4)
Since AM (M) will be effectively constant for those virtual
channels of a hadron resonance, their contributions will
cancel out in

AM(M,My) = AM(M) — AM(M,). (5)
Consequently, the mass-shift AM(M, M) is entirely con-
tributed by the fully opened hadronic channels. Combining
Eq. (3), one can explicitly express AM (M, M) by

2
AM(M, M) ReZ/ "?/;;*BEBC q*dq
oM. (2

—ReZ/ |-A;l/[A—>_BCE(¢1)| ¢2dq,

M _ A (2
:ReZ/ 0= M)[My_pc(q)] Fdg.

5C (M — Epc)(Mo — Epc)
(6)
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Generally, a ground state, which is lower than the threshold
of the first OZI-allowed channel is chosen as a subtraction
point M. In this case, the subtracted term AM(M,) [i.e.,
the second term in Eq. (6)] is entirely contributed by the
virtual channels and approximately a constant. Thus,
AM (M) can be absorbed into the bare mass through a
redefinition. Then, the physical mass of a hadron resonance
is estimated by

M =M, +AM(M,M,), (7)

when we adopt the once-subtracted method. In our calcu-
lations of the D) and By, spectra, the subtraction points
M, are set at the corresponding ground states. This method
has been applied to study the coupled-channel effects
on D/D, meson states and charmonium states in the
literature [39,46]. It should be emphasized that the appli-
cation of the once-subtracted method is a crucial step for
obtaining a successful description of the heavy-light meson
spectrum within a unified unquenched quark model.

For a strong decay process A — BC, the partial decay
width is obtained by

|q|EBEC

L M@l (8)

where ¢ and Ep/ ¢ are the on-shell momentum and energy
of particle B/C in the decay, respectively.

The central challenge lies in the evaluation of the strong
transition amplitude ( |A). This amplitude can
be determined by using the chiral quark model incorpo-
rating chiral dynamics [47], as outlined in previous
works [26-32,48-50]. In the chiral quark model, the
low-energy quark-antiquark-pseudoscalar-meson interac-
tion is described by the chiral Lagrangian,

P,
Lp= E f—ll/jV;]t}’gl//jT'a”¢m- 9)
j m

Here, y; represents the jth quark field in the hadron, ¢,, is
the pseudoscalar meson field, 7 is an isospin operator, and
fm 1s the pseudoscalar meson decay constant.

In the calculation of the strong transition amplitude
( |A), we adopt the nonrelativistic wave functions
obtained from the potential model Hamiltonian H,, for the
initial and final heavy-light meson states. To match the
nonrelativistic form of the wave functions, one should
provide a nonrelativistic form of the quark-pseudoscalar
meson coupling described by Eq. (9). By carrying out a
nonrelativistic reduction, one can obtain the nonrelativistic
form at the tree level in the center-of-mass system of the
initial hadron, which is given by

H; = HYR + HEC, (10)

where HY'F as the nonrelativistic term up to the 1/m order
is given by [49,50]

wm
HYR = QZ |:go-j 'q+ﬁ(°'j 'Pj)]ljfﬂm, (11)
J q

while HKC as a relativistic correction term at the mass order
of 1/m? is given by [51,52]

i = 32#2

+ 20, -

(a-2p;) x (g xp)llpn. (12)
It should be mentioned that to properly derive the relativ-
istic correction term HKC, the FWT transformation [53-56]
for the chiral Lagrangian given in Eq. (9) is performed.
In the electromagnetic interaction, a similar term of HEC
appears as the spin-orbit coupling in the relativistic
correction [57]. In Egs. (11) and (12), p; and o; are the
internal momentum operator and the spin operator of the
jth light quark in a hadron, respectively. ¢,, = e™4"i is
the plane wave part of the emitted light meson with three-
vector momentum and energy denoted by (g, ®,,).
mp stands for the mass of the light pseudoscalar meson.

I; is an isospin operator defined in the SU(3) flavor

space [49]. The factors g and G are defined by ¢g=
5\/(E;+M)(E;+M;)/f, and G=—(1 —l—ﬁ-ﬁ-é’;’f&),
respectively. Here, ¢ is a global parameter that accounts
for the strength of quark-meson couplings. E; and M; (E
and M) are the energy and mass of the initial (final) heavy
hadron, respectively. y is defined by 1/p = 1/m; + 1/m’,
where m; and m; are the masses of the jth light quark in the
initial and final heavy hadrons, respectively. Finally, it
should be pointed out that the 1/m?* or higher power terms
of the quark-pseudoscalar-meson coupling operator only
appear in the loop diagrams. For example, at the one-loop
level, the quark-pseudoscalar-meson coupling operator will

be strongly suppressed by the factor (55.7-)° = (65%-)°,

where ¢ represents derivatives acting on the pseudoscalar-
meson fields, and A5z = 4xf, is the chiral symmetry
breaking scale [47].

It is noteworthy that HXC has often been overlooked in
the existing literature [26-32,48-50,58—71]. However, the
recent investigations of the strong decays of baryons
[51,52] have underscored the significance of ch. In this
work, we will include this term within the meson sector,
and we will illustrate its pivotal role in accurately deter-
mining the widths of mesons. This effectively addresses
the P2 concern, especially the correct width, raised on the
first page.

As we know the vertices described by H; are only
effective in the nonperturbative region, which reflects the
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ability of gg creation in the vacuum. This ability will be
suppressed in the high momentum region due to the weak
interactions between the valence quarks. To suppress the
nonphysical contributions in the high-momentum region
due to the hard vertices given by the chiral quark model,
as indicated in P3, we incorporate a suppressed factor

e~7/2N) into the transition amplitude,

(BC,q[M,|A) — (BC.q|H,;e7¥|A), (13)

as that done in the literature [72-76]. In fact, a similar

suppressed factor \/A?/(A? + ¢*) is widely adopted in
the study of the hadron spectrum and hadron-hadron
interactions within the chiral constituent quark model
[10,77-81]. The cutoff parameter A determines the scale
at which chiral symmetry is broken. The typical range of A
is about 0.8 +0.2 GeV. We should emphasize that the
application of suppressed factor is another crucial step for
obtaining a successful description of the correct masses
for the heavy-light mesons within a unified unquenched
quark model as the P2 concern. With this method, the mass
corrections contributed by the higher partial wave cou-
plings can be controlled.

Within this framework, we systematically address the
significant issues P/—P3 outlined on the first page as
follows.

III. SPECTRUM

In Fig. 1, we present a comprehensive heavy-light meson
spectrum across three distinct models alongside existing
experimental data. The crossing points showing the
spectrum including the coupled-channel effects are much
closer to the experimental data than the results of other
models. This improvement is further illustrated by the
significant reduction in the magnitude of )(2, defined as
>"i(Thy(i) — Exp(i))?/Error(i)?>. The details of the
numerical values of the mass spectrum are given in
Tables 1. Based on these results, there is no doubt that
the coupled channels play a key role in interpolating the
spectra of the heavy-light mesons.

First, the coupled-channel effects show their most
significant influence on the 3P, and P, states. This is
due to their strong couplings to S-wave interactions,
involving a pseudo-scalar-heavy-meson and a vector-
heavy-meson with a pseudo-scalar-light-meson for 3P,
and P, states, respectively, which can be seen in Tables III
and IV of the Appendix. For instance, there are strong
interactions between D?,(2317) and DK, as well as
between D,;(2460) and D*K. These substantial coupled-
channel effects naturally account for the significant mass
shifts observed in these positive parity states. In contrast,
the other two positive parity states, P} and 3P,, which
involve D-wave interactions with the coupled channels,

3.0 -
[ D,(2760)  D}2760) 8
2.8 F . & = ¥ ? . D D,(2700) g 8 T K.
[ D,(2600) g M- D:2860)  D:s(2860)
S 26k e x  D,(2740) - D,,(2536) st
3 2.4 :I;Igw) ;-1(24202' y D.(2590) « 2% plasm
4 Py . [ <0 - ¢ D_(2460
: i D;(2300) === D (2430) D;(2460) > D460
2 22F . x L D] D,2317)
st ° T b b, * -
20F p R = Gl =187 [ s G P=9374
[ - ®  Quenched 1’=335 ®  Quenched 1=2750
1.8 o X  Ungquenched =114 I X Unquenched  y°=364
Y B, (6158)
6.2 2 IR S
r n
~ 6.0 F % b, ' B, (6109)
[ g ]
L X
E ssf | o B5121) 20 =t p B sn)
= * - s.
= T B,(5840) *® L. % B(5747) ; *B,;(5830)
7] L )
s Se6r xB(5732) 5 B —
2 [ * s EXP B s s EXp
s4F B B s G r=197 L5 R s Gl ’=1051
[ - ®  Quenched =354 R ®  Quenched 7=115
| "‘5"' X Unquenched — 3°=7. x Unquenched ZZ =4
5.2 1 1 3I 1 - L 1 1 - 3I 1 1 1 1 -~ 1 1 1 - 1
Iso 3S1 P, P, P, 3P2 3Dl DZDz D; Isa 3S, 3P0 PIPI 3P2 3D1 DZDZ j‘Ds
=0 1 o 1 26 r 22 3 o 1 o 1 28 1 2 3

FIG. 1. Mass spectra of heavy-light mesons compared with the observations. The y*> = ", (Thy(i) — Exp(i))?/Error(i)? for the well-
known GI model, our quenched model and unquenched spectrum, respectively. Here Thy, Exp, and Error represent the theoretical
results, experimental data, and error, respectively. It should be noted that for data with experimental errors less than 1 MeV, we unified
set Error = 2 MeV because our systemic error should be larger than several MeV.
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TABLE 1.

Theoretical masses and widths compared with the data. The mass spectra from both the quenched and unquenched pictures

are given, which are denoted with Q and UQ, respectively. The strong decay widths, which combine the unquenched spectra and are
described by nonrelativistic chiral interactions H)'X, are further augmented by a relativistic correction term HXC. These widths are
denoted as VR and TVRRC respectively. The experimental data are taken from the particle data group (PDG) [6]. The mixing angles for
1P, /1P] states in the D, D, B, and B families are determined to be —30.0°, —26.5°, —34.3°, and —34.2°, respectively. While the mixing
angles for 1D,/1D), states in the D, D, B, and B families are determined to be —40.5°, —40.5°, —39.9°, and —40.2°, respectively. It
should be pointed out that in our estimations of the decay widths for the 1P, and 1P/ states, the mixed angle —54.7° extracted in the
heavy quark limit has been adopted, the reason was discussed in our previous work [31]. The bold numbers in the table represent the
masses and widths of the selected states for determining the parameters.

D mesons D, mesons
Mass (MeV) Width (MeV) Mass (MeV) Width (MeV)
Observed Observed
n®tL,  state 0 UQ Exp VR PNRERC Fxp state 0 UQ Exp ~ NR [NRERC Exp
1'S, D° 1865 1865 1865 D, 1969 1969 1969
135, D* 2010 2009 2008 0.0529 0.0121 < 2.1 D; 2112 2112 2112
2010 0.1294 0.0252  0.0834
218, Dy(2550) 2554 2503 2549 + 19 38 233 165+24 D(2590) 2655 2633 2591 +9 11 66 89 +20
238, D7 (2600) 2640 2601 2627 £ 10 50 134 141+23 D*(2700) 2738 2743 2714+5 17 93 122 + 10
13P, D{(2300) 2307 2189 2343+ 10 154 284 229416 Di,(2317) 2400 2294 2318 < 3.8
1P, D (2430) 2422 2392 241249 120 309 314 +£29 D, (2460) 2522 2475 2460 e e <35
1P| D (2420) 2453 2436 2422.1 £0.6 19.2 10.7 31.3+1.9 D, (2536) 2544 2519 2535 0.6 03 0.92+0.05
13P, D}(2460) 2475 2468 2461,1j3~g 452 345 473+0.8 D%, (2573) 2574 2560 2569 184 134 169+0.7
1°D, D;(2760)? 2750 2648 2781 +£22 116 103 177 £40 D7 (2860) 2838 2823 2859 £27 42 21 159 + 80
1D, D,(2740) 2757 2723 274746 104 159 88+ 19 = 2855 2870 e 29 25
1D} 2822 2789 59 49 2907 2893 24 19
13D, D3(2750) 2782 2776 2763 +3 39 33 66+5 D*(2860) 2879 2893 2860+7 27 22 53+10
B mesons B, mesons
Mass (MeV) Width (MeV) Mass (MeV) Width (MeV)
Observed Observed
n>tL, state 0 UQ Exp ¥R PNRERC fyp state 0o UQ Exp [NR NRERC Exp
1'S, BY 5280 5280 5280 B 5367 5367 5367
138, B* 5325 5325 5325 B} 5416 5416 5416
218, 5877 5781 35 289 5964 5919 16 125
238, B;(5840)"? 5902 5816 5851 +19 19 296 224+ 104 5991 5957 6 162
13P, 5695 5573 153 283 5775 5693
1P, B;(5732)? 5746 5656 5698 +£8 149 315 128 +18 5834 5767 e e e
1P| B,(5721)° 5762 5731 5726.1+1.3 24.6 133 27.5+34 B,(5830) 5842 5813 5829 0.05 0.03 05+04
1’p, B3(5747)° 5769 5736 5739.5+0.7 35.0 23.0 242+1.7 B}(5840) 5857 5831 5840 218 1.57 1.49+£0.27
1°D, 6080 5949 143 141 6154 6146 82 40
1D, B;(5970)°? 6036 5953 5971+5 97 99 81+ 12 B (6109)? 6123 6122 6108.8 +1.8 63 31 2249
1D} 6114 6051 84 81 B,;(6158)? 6186 6163 6158+9 33 32 72+ 43
1°Ds 6051 6009 47 35 6137 6122 25 26

have minor mass shifts. This statement is consistent with
the findings in Refs. [73,82]. The mass of D{j(2300) with
JP = 0%, which is approximately 2189 MeV in our results,
is notably lower than the experimental value of 2343 +
10 MeV [6]. However, the mass of Dj(2300) remains a
subject of debate in various theoretical studies [83-87],
primarily because its line shape cannot be explained by the

Breit-Wigner form used in the experimental analysis for
extracting its mass. Notably, lattice QCD calculations
are consistent with our findings, where the complex pole
position of D state is at M —iI"/2=2200—i200 MeV [88].
The B;(5732) listed in the Review of Particle Physics [6]
maybe favor the broad mixed state B{(1P;). With this
assignment, the measured mass M., = 5698 MeV and
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width Ty, = 128 £ 18 MeV for the B,(5732) are com-
parable with the quark model predictions.

Second, the ground states of pseudoscalars and vectors
with J¥ = 07, 1~ exhibit minimal changes across all model
for a small coupled-channel effect, because their low mass
forbids the decay channels except D* which also has a
very small width. Conversely, the radial excited states have
substantial mass shifts. The vector-heavy-meson and pseu-
doscalar channels will couple with these excited states in P
wave, while for the D and B case, additional positive parity
heavy-meson and pseudoscalar channels can also coupled
with them in S wave. Consequently, the mass shifts are
even larger in the D and B cases.

Third, let us consider 1D-wave heavy-light meson states.
It is interesting to note that in the D and B, sectors, the
mass shifts are negligible, while they are significant in the
D and B sectors. Actually, for the excited D, and B; states,
the pionic decay is prohibited due to isospin conservation,
while K meson is too heavy to effectively couple with
positive parity excited D or B states in S wave. As a result,
for D, and B, sectors, the coupled-channel effects pre-
dominantly involve interactions with higher partial waves.
In contrast, S-wave channels remain available for D and B
excited states when coupled with positive parity excited D
and B states and pion. It is natural to interpolate the large
mass shift in D and B sectors for 1 D-wave states. It should
be mentioned that there is a significant mass shift for the
D(1°D,) state due to a strong S-wave coupling to the
D,(2420)z channel. The physical mass of this J* = 1~
state is predicted to be about 2650 MeV, which lies about
50 MeV above the other vector state Dj(2600). If consid-
ering the Dj(2760) resonance observed in the D¥z~
channel at LHCb [89] as the D(1°D,) assignment, then
the measured mass M, = 2781 + 22 MeV is too large to
be comparable with our prediction within the unquenched
quark model, although it is consistent with that of the
quenched picture. The existence of D}(2760) requires to be
further confirmed in future experiments, which may be
useful to test the unquenched quark model.

IV. WIDTH

With the parameter set of the unquenched quark model
for the mass spectrum, we can further compute the strong
decay widths for all heavy-light meson resonances. In
Fig. 2, we present the widths with and without HEXC by the
red crossing and green circle points, respectively. The
numerical values compared with the data are also collected
in Table I. More details of the strong decay properties can
be found in Tables IIT and IV of the Appendix. The widths
of all well-established heavy-light meson states can be
globally described well by including the relativistic cor-
rection term HRC.

From Fig. 2, it is seen that for the radially excited states
215, and 23S, across all heavy-light mesons, the widths are

D,(2430) ) =
350 ,’ ®  Without H¥
W X With H*C @
280 L x A V7777 E
s x %
% 210 D ,(2550) ///////'
= 7 D,(2300) \\
< W/ PY D;(2760)
C W77 gy, o N
f e ? A e
e ¢ X D (2740)
or | i L pdin i
250} D;(2860)
200 /Z
% 150} D;,(2700) /
% ID,,(2590) 777777 /
1007 x % D.,(2860)
50 D,2573) @ ® @
D(2536) cra@rn X
op & % e T
400}
320 NN
—_ X \\ X *
2 240} \
E« 160} \ Bj(5732)
y OONEEEEIN .
8ol B (5840) N Y
® ® . B (5970) *
or : . B (: 1) By(5747) : H
225¢
180
— X
% 135 % B, (6158)
- N
45} \
® B, (5830)3 (5840) '§\§ \‘
o | e @ B (6109)
2's, s, P P,, 1P, 1P, PP, P’D, ID,1D, I'D;

J =0 1 o 1 21 2 3

FIG. 2. Predictions of strong decay widths for the heavy-light
mesons compared with the observations [6]. The cross (circular)
symbol represents the predictions of the width with (without) the
incorporation of the relativistic term HEC by combining un-
quenched spectra.

enhanced significantly by including HKC. This naturally
addresses a long-standing puzzle, a broad width of
D((2550)/Dy;(2590) and D7(2600)/D7,(2700) in chiral
quark model studies [27-31]. For D7(2600), the predicted
partial width ratio R2"/”"" = T'(Dx) /T (D*x) ~0.28 is in
good agreement with the data ROZ”™" = 0.32 4 0.11 [6].
Additionally, for the 3P0 and P’1 in D and B sectors, the
widths also exhibit increasing, which leads to the predicted
widths of D{(2300) and D,(2430) are both closer to the
observations.

Finally, we give a brief explanation of the enhancement
mechanism for the radially excited heavy-light mesons
by including the relativistic corrections. For H¥® of order
1/m, the matrix elements of the 5; - g and 5, - p; terms have
a comparable magnitude and cancel out each other, which
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D-.ﬁ.é_ —_— B 5 —_—

FIG. 3.

Predictions of decay rates of the main decay channels for the missing or unwell-established states in the D, D, B, and By

families. The values located below the meson state represent the predicted mass and strong decay width in MeV units. Experimental
evidence for some of the states shown in the figure may have been observed. For example, the D}(2760), B,;(5840), and B,(5970) may
be candidates of the D(13D,), B(23S,), B(1D,), respectively, while the B,;(6109) and By, (6158) [or B,;(6064) and B,,;(6114)] may

be candidates of the 1D-wave states in the B, family.

gives a narrow width. While for the HRXC of order 1/m?
given in Eq. (12), the second term containing pjz, as the
dominant term, contributes a sizeable value to the matrix
element. This value is proportional to the square of the size
parameter 3> of the spatial wave function and comparable
with that of ¢; - p; in magnitude. By constructive interfer-
ence with the small contribution of HYR, the relativistic
correction term HEC of order 1/m? leads to a large
enhancement of the total widths. This mechanism also
exists in the radially excited baryons [51,52].

V. PREDICTION

We have demonstrated that our model successfully
describes the masses and widths of existing heavy-light
mesons. To further examine our model, we also provide
predictions for various masses and widths for heavy-light
mesons. The numerical values have been given in Tables 111
and IV of the Appendix. Upon the confirmation of these
states, our understanding of the structure of hadrons will be
significantly enriched. Additionally, we provide the main
decay channels and their branching ratios of these states
in Fig. 3.

For the charmed meson sector, as shown in Fig. 1, the D’2
state in the D-meson family, and two states D, and D) in
D, family are not established in the experiments. These
states exhibit narrow widths as illustrated in Fig. 2. In our
model, we also provide the decay rates for these predicted
states, as shown in Fig. 3. It should be emphasized that
although the D7(2760) observed by the LHCb seems to
favor the D(1°D,) assignment, its existence should be
further confirmed by other experiments. From the Fig. 3,
one can see that the D(*D;) dominantly decays into
the D (2420)z channel. It is most likely to be established
in the three-body final state D*zz via the cascade
decay D(*D,) = D,(2420)x — D*zn.

On the other hand, several excited states of B and B,
mesons remain unobserved, with notable examples being
the 13P, and 1P, states of B and B,. Although the

B;(5732) may favor the B(1P;) assignment, its spin-parity
numbers and resonance parameters require to be further
confirmed by future experiments. In our model, we predict
the masses of B(1°P;) and B(1P;) to be 5573 and
5656 MeV, respectively, which is consistent with those
predicted in Refs. [87,90,91]. The B(1°P,) and B(1P))
should be broad states with a width of I"~ 300 MeV,
dominantly decaying into Bz and B*z, respectively. Our
predicted widths are comparable with results found in
Ref. [92]. While in the B -meson family, the masses of
B,(1°Py) and B,(1P;) are predicted to be 5693 and
5767 MeV here, which are in good agreement with
those from lattice QCD [93,94] and other coupled-channel
models [75,76,95-99]. The predicted masses of the
B,(1°P,) and B,(1P,) states are lower than the BK and
B*K threshold, respectively. Thus, both B,(1°P,) and
B,(1P;) should be very narrow states which is similar
as D},(2317) and D, (2460).

Additionally, numerous negative parity beauty mesons
remain to be discovered in experimental searches. We
would like to highlight a few notable cases. By comparing
with the masses, we find that the B, (5840) favors the 23,
state, which is consistent with the assignment in Ref. [100].
The partial width ratio I'(Bx)/T'(B*z)=~0.55 can be
subject to verification in future experiments. The newly
observed structures, B,;(6064) and B;(6114), in the
BTK~ mass spectrum at LHCb [101], may potentially
be explained by the presence of B,(13D;) and B,(1°D,)
states. Their primary predicted decay channel is BTK~. In
addition, these two structures could also be caused by
higher mass resonances B,;(6109) and B,;(6158), respec-
tively, which mainly decay into B*TK~.

VI. SUMMARY

In this study, we propose a unified unquenched quark
model framework, which successfully provides compre-
hensive mass spectra, decay widths, and strong decay
branch widths for the D, D, B, and B, sectors. This
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unquenched quark model not only combines the traditional
quark model and the coupled-channel effects based on
chiral dynamics but also incorporates a relativistic correc-
tion term for describing the strong transition amplitude.
These theoretical approaches and strategies adopted in the
present work ensure that our model is excellent for
simultaneously describing the masses and decay widths
of all existing heavy-light mesons.

Notably, the low-mass nature of D¥;(2317) and
D;;(2460) can be reasonably understood in the
unquenched quark model with chiral dynamics, moreover,
the broad widths of the radial excitations Dy(2550)/
D((2590) and D7} (2600)/D7,(2700) can be well described
by including the relativistic correction term in the chiral
interactions. Furthermore, our model predicts the masses,
widths, and branching ratios of various new states, offering
valuable guidance for their discovery in future experiments.
Some of our predictions are consistent with the lattice
data, strengthening our confidence in extending this model
to the other hadron spectra, such as the light baryon
spectrum and singly-heavy baryon spectrum. The success
of the unquenched quark model presented in this work
indicates it may be an important step for understanding the
hadron spectrum.
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APPENDIX

1. Potential model

The bare mass and numerical wave functions of the
heavy-light meson are calculate by a semirelativistic
potential quark model. The effective Hamiltonian in the
model is given by

Ho= /0 +ml+ /B3 +md + V(). (AD)
where the first two terms stand for the kinetic energies for
the light antiquark g and heavy quark Q, respectively, V()
stands for the effective potentials between two quarks,
which is given by

V(r) = Vo(r) + V(r). (A2)

Here V() is the well-known Cornell potential [102]

4

3 r (A3)

Vo(r) =
which includes the color Coulomb interaction, linear
confinement, and zero point energy C,. The V., (r) is
the spin-dependent part, we adopted the widely used
form [103,104]

_ R2ray(r) gleor

Vsd(r)_ 9\/7?’%1”12 SI'SZ
4ay(r) 1 (38,-1S,-
+3(f ) 3( : l; : r—sl‘52> +Hps. (A4)
mymyr r

In Eq. (A4), the first term is the spin-spin contact
hyperfine potential, the second term is the tensor potential,
the H; ¢ stands for the spin-orbit interaction, which can be
decomposed into symmetric part Hy,, and antisymmetric
part H anti*

" ~S+L L_‘_L 4as(r)_é n
) 2m? 2m3 )\ 3 r
(AS)

S_-L /1 1 day(r) b
Hypi = —— - -=]. (A6
nt 2 (m% 2m§>( 37 r) (A9)

In these equations, L 1is the relative orbital angular
momentum of the Qg system; S; and S, are the
spins of the light and heavy quarks, respectively, and
S. =8, £S,. The antisymmetric part of the spin-orbit
interaction, H,,;, can cause a configuration mixing
between spin-triplet n*L; and spin-singlet n'L; for the
Qg system. Thus, the physical states nL; and nL/ are

expressed as
<nLJ> _ < co.sé,,L sinf,; > <n1LJ)’ (A7)
nL/, —sind,; cosf,, ) \n’L,
where / =L =1,2,3 -, and the 6, is the mixing angle.
In this work, nL; and nL/ correspond to the lower-mass
and higher-mass mixed states, respectively, as often
adopted in the literature. This mixing angle can be
perturbatively determined with the nondiagonal matrix
element (n'L;|H ;|n°L;).
The running coupling constant a,(r) adopted a para-
metrized form, a,(r) =3, 13 ai\/izfg"re‘xzdx, in the

o) ]

37711m2r

coordinate space. In the different heavy-light meson sys-
tems, we set the consistent parameters a, =0.15, a3 =0.20,
y1 = 1/2, 7, = v/10/2, and y; = v/1000/2, which are the
same as those adopted in Refs. [12,14,103]. The parameter
ay is slightly different for D ) and By spectra for a better
description of the mass spectrum, as shown in the value in
Table II. It should be mentioned that in the spin-dependent
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TABLE II. Potential model parameters for quenched and unquenched mass spectra.

mey, (GeV)  my,4 (GeV) 7, (GeV)  my, (GeV) s (GeV) b (GeV?) ¢ (GeV) Cy (MeV) r, (fm)
Quenched
D 1.45 0.45 0.64 e e 0.28 0.180 0.953 -302.0 0.332
Dy 1.45 e o 0.55 0.70 0.28 0.180 0.990 —267.0 0.320
B 4.80 0.45 0.64 o e 0.22 0.180 0.870 —246.0 0.266
B, 4.80 e ‘e 0.55 0.70 0.22 0.180 0.965 -218.0 0.253
Unquenched
D 1.45 0.35 0.64 e e 0.38 0.180 0.930 —179.0 0.341
D, 1.45 e e 0.55 0.70 0.38 0.180 0.882 -212.0 0.325
B 4.80 0.35 0.64 e e 0.25 0.180 0.870 —-172.0 0.270
B, 4.80 e e 0.55 0.70 0.25 0.180 0.939 —200.0 0.256

potentials, we have replaced the light quark mass m; with
iy to include some relativistic corrections. By using the
Gaussian expansion method [105] to solve the Schrodinger
equation, the bare mass and numerical wave functions for
heavy-light mesons are derived. Detailed discussions on
the numerical calculation techniques involving Gaussian
expansion can be found in our previous work [31].

2. Model parameters

In our unquenched calculations, there are 11 parameters
{b.ay.0.Co.mq,my, myq, my, i, 4, /g, r.} in the poten-
tial model Hamiltonian H, while there are five parameters
{8, frr > fs yq} in the effective interaction H; described
within the chiral quark model. Furthermore, there are four
subtraction points M|, for the D,y and By, spectra, and one
cutoff parameter A in the suppressed factor.

The parameter set {b, a;, 0, Cy. m., m,, m,q, My, it 4,
ing, r.} of the potential model Hamiltonian 7, have been
listed in Table II. The slope parameter b for the linear
potential is fixed with b = 0.18 GeV?, which is a typical
value adopted in various relativistic potential models
[11,15,103,106]. For the D-meson spectrum, the parameter
set {ay,0,Cy, m, 4. m., i, .} is determined by the six
well-established states: D(1865)°, D*(2007)°, D, (2420)°,
D (2430)°, D3(2460)°, and D3%(2750). The m,, m,4, a;,
and C, are mainly constrained by the overall behavior of
the mass spectrum of the D(1S), D(1P), and D(1D) states.
While the parameters im,,; and o appearing in the
spin-dependent potentials are determined by fitting the
mass  splittings  M[D5(2460) — D(2420)],,, ~ 34 MeV
and  M[D*(2007) — D(1865)].y, ~ 145 MeV. For the
D -meson sector, the parameters m, and a; are taken
the same values as those determined by the D-meson
spectrum. The other four parameters {o, Cy, mg, i} are
determined by the four well-established states: D(1969),
D;(2112), Dy;(2536), and D%,(2573). The Cy and m, can
be easily constrained by the overall behavior of the mass
spectrum of these well-established 1S and 1P states. While
the other two parameters 72, and ¢ can be well constrained

by the mass splittings M[D},(2573) — D;1(2536)]y, =
31 MeV and M[D;(2112) — D(1969)],, =~ 143 MeV.

For the B- and B;-meson sectors, the light quark masses
My g, My, My 4, and 7, are taken the same values as those
determined by the D- and Dj-meson spectra for consis-
tency. The other four parameters {a,, s, Cy, m,} for the
B-meson are determined by the four well-established
states: B(5280), B*(5325), B;(5721), and B3;(5747).
The three parameters «;, Cy, and m;, are mainly constrained
by the overall behavior of the mass spectrum of these
well-established 1S and 1P states. Meanwhile, the param-
eter o is determined by fitting the mass splitting
M([B*(5325) — B(5280)]y, = 45 MeV. For the B,-meson
sector, the two parameters m; and a; are taken the same
values determined by the B-meson spectrum for consis-
tency. Finally, the two parameters {c, Cy} for the B, meson
can be easily determined by fitting the masses of the well-
established states B(5367) and B} (5416).

It should be mentioned that we cannot obtain stable
solutions for some states due to the singular behavior of
1/ in the spin-orbit and tensor potentials. To overcome
the singular behavior, following the method of our previous
works [107,108], we introduce a cutoff distance r, in the
calculation. Within a small range re(0,r.), we let
1/r* = 1/r}. Tt is found that the mass of the 1°P, state
is more sensitive to the cutoff distance r. due to its
relatively larger factor (S, -L) than the other excited
meson states. Thus, the cutoff parameters r. for the
D(5)- and B, -meson spectra are determined by fitting
the masses of D ;) (1°P,) and B,)(1°P,) obtained with the
method of perturbation [32,109,110]. In this method, the
singular 1/7° terms in the spin-orbit and tensor potentials
are treated as perturbative terms. First, by neglecting the
contributions of these singular terms we obtain the zero-
order mass m and spatial wave function, then by using
the wave function we further calculate the mass correction
term 6m from the perturbative terms, finally, we obtained
the full mass M = m + ém for fitting. With the perturba-
tion method one can obtain a fairly accurate mass, although
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one cannot include the effects of the spin-dependent
interactions on the wave functions. By introducing the
cutoff distance r., we can nonperturbatively include the
corrections from spin-orbit and tensor potentials to both
the mass and wave function.

There are five parameters {6, f,, fx, f,. u} in the
effective chiral interaction ;. The dimensionless param-
eter o accounting for the strength of quark-meson couplings
is fixed with 6 = 0.557. It has been determined in a
previous work of our group by fitting the decay width
of the .(2520) baryon [58]. Research shows that this fitted
value has general applicability and can be successfully
applied to study the similar strong decay processes of
the heavy hadron resonances [27-31,58—60]. The decay
constants f,, fx and f, for z, K and 5 are taken as
f==132MeV, and f¢ = f, = 160 MeV. For the calcu-
lation of the strong transition amplitude (BC,q|H;|A)
within the chiral quark model, one can find that the
relativistic correction term HXC is sensitive to the effective
mass of the light u/d quarks due to the factor 1/u*> =
(1/m;+1/m’)?. It is found that the Hf term plays a
dominant role in the strong decay of the radially excited
states. To obtain a good description of the strong decay
properties for the radially excited heavy-light meson states,
we take p, = 225 MeV, which corresponds to the effective
mass of the u/d quark m,;;, = 450 MeV, which is slightly
larger than that used in the potential model for calculating
the bare masses of heavy-light mesons. The operator H; is
derived from the effective Lagrangians with a weak binding
approximation, the interaction between the quarks is not
seriously considered as that in the potential model. Thus,
the effective u/d quark mass in the chiral quark model
should be slightly different from that in the potential model.

In the unquenched picture, we have adopted the
once-subtracted method as suggested in Ref. [45]. There
is a subtraction point parameter M, for each mass spec-
trum. According to the method adopted in the literature
[39,45,46], the subtraction point M, is adopted the ground

TABLE III.

masses, 1865, 1969, 5280, and 5367 MeV for the D-,
D,-, B-, and B;-meson families, respectively. In this case,
the coupled-channel effects of the virtual channels on these
ground states are entirely subtracted. Thus, the mass shifts
AM(M, M) for the ground states D ,)/B,)(1'S,) are zero.
The strong transition amplitude (BC, g|H;|A) is crucial for
our evaluation of the coupled-channel effects on the bare
states and the strong decay widths.

The cutoff parameter A determines the scale at which
chiral symmetry is broken. The typical range of A is
about 0.8 +£0.2 GeV. In the present work, we take
A =0.78 GeV for a better description of the masses of
D?,(2317) and D,;(2460) by including coupled-channel
effects.

3. More details of numerical results

The masses for the heavy-light meson states obtained
from the quenched and unquenched quark models are listed
in Table I. The decay widths of the heavy-light meson from
the two methods are also listed in Table I. In method I, the
decay widths are described without relativistic correction
term HRC by combining the spectrum from the unquenched
quark model. In method II, the decay widths are described
with relativistic correction term HXC by combining the
spectrum also from the unquenched quark model. It is
found that with relativistic correction of the descriptions of
the decay widths for the heavy-light states have an overall
improvement.

In Tables III and IV, the mass shifts, and partial widths
of the heavy-light meson states contributed by each
channel are given. From the tables, one can find which
channels play a crucial role in the mass shift of a heavy-
light meson, and which channels dominate their strong
decays. One also can see the details of the relativistic
corrections to the partial widths of each channel. The
partial width ratios between different decay channels and
their branching fractions for each state can be obtained
from these tables.

The mass shifts AM and partial widths (in MeV) of the D and D, states. The bare masses obtained from the potential

model are listed in square brackets. The strong decay widths, which combine the unquenched spectra and are described by
nonrelativistic chiral interactions H}¥, are further augmented by a relativistic correction term HX. These widths are denoted as TV and

[VRFRC respectively. The forbidden decay channel is denoted by - --”. The experimental data are taken from the PDG [6].
D(2'Sy) D(2°S)) D(1°Py) D(1°P,)

AM as Dy(2550) AM as D7(2600) AM as D§(2300) AM as D3(2460)
Channel [2575] VR NRHRC [2667] VR TYRHRC Channel [2304] VF TYRHRC [2510] VR TYRERC
Dn e e 32 31.4 22.8 Dr —-114.6 1537 2842 -169 269 21.8
D*rn —-35.8 248 218.2 -2.1 1.8 82.1 Dz e e e -23.7 182 12.6
Dy -05 09 27  Dp -18 0.1 0.1
D*n -1.9 0.2 3.1 Total -114.6 1537 2842 —-424 452 345
DK -14 1.8 3.8 Exp. e 229 +£ 16 47.3+08
D;K -2.8 0.03 1.0

(Table continued)
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TABLE IIL. (Continued)

D(2'Sy) D(235)) D(1°P,) D(1°P,)
Ay _BPo550) oy, asDi(2600) av o _BD0E300) oy, _asD(2460)
Channel [2575] ¥R TNRFRC 12667] TNK  TNRTRC  Channel [2304] TWVR  [NRFRC 12510] TNR  [NRTRC
D;(2300)z  —36.5  13.0 14.3 D(1P)) D(1P})
D,(2430)x —435 140 189 AM asD,(2430) AM asD,(2420)
D, (2420)x -6.8 02 0.02  Channel [2449] [NR [NRHRC [2471] [NR  pNRRC
D3(2460)x e e e -104 0.02 001 D'z -574 120.1 309.0 -351 192 107
Total -723 378 2325 —662 504 1344 Total -574 1201 3090 351 192 107
Exp. . 165 + 24 . 141 +23 Exp. e 314429 . 313+19
D(1°Dy) D(1°Dy) D(1D,) D(1D%)
AM as D} (2760) AM as D%(2750) AM as D,(2740) AM M = 2789
Channel [2765] WK [NR+RC [2830] [¥R [NR+RC  Channel [2799] NR [NRHRC [2856] [NR  [NRRC
Drn -35 266 6.6 -56 122 138 D'z -5.1 227 232 —183 30.1 27.2
D*n 22 9.6 2.8 —10.0 143 144 D'y -0.9 5.0 1.8 22 11 0.9
Dy -0.5 4.7 0.4 -0.8 0.8 0.8 DK -1.9 8.6 2.3 49 13 0.9
D*p -0.3 0.9 0.1 -12 03 0.4 D§(2300)z  -22  0.02 1.2 -164 105 12.7
D,K —-12 9.0 04 -16 09 1.0 D;(2430)r  —4.2 0.4 0.5 -03 29 2E-3
DK —0.6 0.6 0.04 23 02 0.3 D;(2420)r  -5.2 0.7 0.5 -106 89 0.9
D,(2430)z -83  0.03 0.2 —43 56 0.9 D;(2460)r =565 663 1292 -145 3.8 6.5
D (2420)r  —883  64.0 928 -11.1 1.1 0.5 Total -760 1037 1587 —672 586 491
D3(2460)z  —11.9  0.02 0.01 —174 37 1.3 Exp. 88+ 19 e .
Total -1168 1155 1033 543 391 334
Exp. 177 + 40 66 +5
D,(2'S) Dy(2°S) Dy(1°Py) D(1°P,)
AM as D(2590) AM as D*(2700) AM as D%,(2317) AM as D*,(2573)
Channel [2677] TNMR  NRFRC 27531 MR TNRFRC Channel — [2372] TMR  TNRFRC [2597] MR [VRERC
DK e e e 0.8 15.5 20.0 DK —78.4 -152 159 11.7
D*K —437 110 65.7 —69 04 63.7 D*K e -194 23 1.6
D,n o e e -07 06 5.4 D,y . -21 02 0.1
Dy e e e -36 0.1 3.4 Total -78.4 e -367 184 13.4
Total —437 110 65.7 -104 166 925 Exp. e <38 - 16.9 +0.7
Exp. 89 4+ 20 122+ 10 D,(1P)) D,(1P;)
AM as D, (2460) AM as Dy;(2536)
Channel ~ [2533] [NF [NRERC [2546] [NR  [NRERC
D*K -57.8 274 06 0.3
Total -578 - 274 06 0.3
Exp. e <35 . 0.92 +0.05
D,(1°Dy) D,(1°D3) D(1D,) Dy(1D5)
AM as D*,(2860) AM as D*(2860) AM M = 2870 AM M = 2893
Channel  [2829] TN [NRERC [2909] [N [NRERC Channel ~ [2877] TMF  pNRHRC [2923] [NR  [NRERC
DK -26 224 12.6 -52 133 10.8 D*K -34 231 22.4 -163 216 17.5
D*K -16 96 5.8 92 123 10.0 Dy -15 63 2.6 -25 1.3 1.0
D, -10 73 1.5 -0.8 1.1 0.9 D;(2300)K —1.8 2E-6  4E-3 -115 1.0 0.9
Dp -05 24 0.6 -12 05 0.1 Total -67 294 25.0 -303 239 194
Total -57 417 20.5 -164 272 218 Exp. e . . .
Exp. e 159 + 80 53+10
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TABLEIV. The mass shifts AM and partial widths (in MeV) of the B and B states. The bare masses obtained from the potential model
are listed in square brackets. The strong decay widths, which combine the unquenched spectra and are described by nonrelativistic chiral

interactions H)'R, are further augmented by a relativistic correction term HXC. These widths are denoted as I'VF and ['VRTRC,
respectively. The forbidden decay channel is denoted by ““---”. The experimental data are taken from the PDG [6].

B(2'S,) B(235)) B(13P,) B(1°P,)

= + — * +/0
AM M = 5781 N B;(5840) AM M = 5573 AM as B5(5747)

Channel ~ [5882] TN TNRTRC [5908] TN TNRTRC Channel — [5704] TMR TVRHRC [5780]  TMR [NVR+RC
Bn -33 28 963 Bx —-131.2 1534 2825 —184 17.1/17.6 11.7/12.0
B*m -37.8 38 2521 -145 0.1 1754 B'zm -oo =253 169/17.4 10.7/11.0
Bn e e -12 0.02 0.8  Total —131.2 1534 2825 —437 34.0/35.0 22.4/23.0
By -1.9 Exp. 20+5/2424+1.7
B.K 20
B:K 34
B(1°Py)r  —634 312 372 e B(1P)) B(1P})
B(1P))x oo ... 2500 164 232 AM  asBj(5732) AM as By (5721)*/°
B\ (5721)x -~ e . -60 .- -+~ Channel [5757] TR [NRERC [5771] MR [YVRTRC
B3(574T)n -9.8 .- -+ B'm —101.1 149.2 3147 —404 24.6/24.6 13.3/13.3
Total -101.2 350 2893 -921 193 2957 Total -101.1 1492 3147 -404 24.6/24.6 13.3/133
Exp. e e 2244104  Exp. e 128 +£18 e 31+6/27.5+34

B(1I°D,) B(1°D) B(1D;) B(1D3)

AM M = 5949 AM M = 6009 AM M = 5953 AM M = 6051

Channel ~ [6095] TV¥X [VR+RC [6070] TMR [NR+RC Channel — [6055] TNR [VRRC [6129]  ['NE  [NR+RC

Br -6.2 351 134 =95 152 159 Bz -84 388 21.1 =251 42.1 40.7
B'm -32 157 62 -13.0 17.6 172 B'p -1.0 3.7 0.4 -2.9 1.1 0.8
Bn -0.7 45 0.3 -1.1 03 0.3 BiK -2.0 33 0.2 -6.2 1.3 0.8
B*n -0.3 1.3 0.1 -14 02 02  B(I*Py)mr 32 6E-S5 05 -16.2 224 29.0
B,K -1.6 64 0.1 -2.0 03 0.2 B(1P))x —4.1 0.3 0.6 -0.7 6.0 0.5
BiK -0.8 1.0 002 -27 0.1 0.1 B, (5721)z —-4.7 0.08 0.1 -9.2 6.7 0.1
B(1P))x -122 02 33 -24 105 0.6 B;(5747)= -79.0 50.6 756 —18.0 4.7 8.9
B(5721)z —104.8 78.6 1177 —13.0 05 0.1 Total -1024 968 985 -783 843 80.8
B3(574T)r  —16.5 0.1 0.03 -157 2.1 0.3
Total -146.3 1429 1412 -608 468 349
B,(2'Sp) B,(2°S)) B,(1°Py) B,(1°P,)
— — _ * 0
AM M = 5919 AM M = 5957 AM M = 5693 AM asB%,(5840)
Channel [5969] T'N®  [NRFRC [5996] ['NR  [NRFRC  Channel [5772] TR TNRERC[5864] TNR  TNRERC
BK ‘e e e —8.1 0.4 61.2 BK -789 .- e —-143 199 1.44
B*K -49.7 16.1 1250 -23.0 59 98.1 B*K —-19.1  0.19 0.13
By e e e -34 0.05 3.1 Total -789 .- -334 218 1.57
By —4.7 Exp. 149 + 027
Total -497 161 1250 -392 64 1624 B,(1P)) B,(1P})
Exp. e e e e AM M = 5767 AM asB,;(5830)°
Channel  [5840] TR pNRFRC  [5842] TNVR [NRTRC
B*K -728 .- e -294 0.05 0.03
Total -728 .- -294  0.05 0.03
Exp. e e 05+04

(Table continued)
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TABLE IV (Continued)

B(1°Dy) B,(1°D5) B,(1D,) B(1Dj3)

AM  M=6146 AM  M=6122 AM  asB,(6109)  AM  asB,,(6158)
Channel  [6156] TNF [VRRC [6146] TMX [NRTRC  Channel [6131] TMR [VRRC [6191] [WR  [NReRC
BK —-4.8 43.5 24.4 -9.1 12.0 12.5 B*K -6.3 52.5 28.5 -24.0 317 30.4
B*K -2.5 20.9 11.8 -123 124 12.3 Bin -2.2 10.5 2.2 -3.6 1.7 1.2
Bn -1.5 12.8 2.4 -1.2 0.4 0.4 Total -85 63.0 30.7 -27.6 334 31.6
B'n 07 52 10 -16 03 03 Exp. . 249 72+ 43
Total -95 824 39.6 -242 251 25.5
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