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Recently LHCb predicted spin 1 and spin 3 states D, (2860) and D;(2860) which are studied through their strong decays and are
assigned to fit the 1°D; and 1°D; states in the charm spectroscopy. In this paper, using the heavy quark effective theory, we state
that assigning D7, (2860) as the mixing of 1’ D, — 2°S, states is rather a better justification to its observed experimental values than
a pure state. We study its decay modes variation with hadronic coupling constant g,, and the mixing angle 6. We appoint spin 3
state D?;(2860) as the missing 1D 37 J state and also study its decay channel behavior with coupling constant gy To appreciate
the above results, we check the variation of decay modes for their spin partners states, that is, 1D, and 1D;, with their masses and
strong coupling constant, that is, g,,, and g,;,. Our calculation using HQET approach gives mixing angle of the 1°D, - 275, state for
D;,(2860) to lie in the range (~1.6 radians < 6 < —1.2 radians). Our calculation for coupling constant values gives g,,, to lie within
value range of 0.17-0.20 and g,, to be 0.40. We expect from experiments to observe this mixing angle to verify our results.

1. Introduction

Over the last decade many new heavy-light mesons (Qg) have
been observed by various experimental collaborations. The
state DS*](2860) was first observed by the BaBar Collaboration
in D,;(2860) — D°K*,D'K" with mass M = 2856.6 +
1.5MeV and width I' = 48 + 7MeV [1]. It was supposed
to have natural parity states, that is, 07, 17, 2, 37, and so
forth. But the assignment of D;(2860) as the 0" state was
ruled out after the observation of D;(2860) — D*K [2].
Along with the D*K channel [2] BaBar also gives the ratio
R measured as R = Br(D;;(2860) — D"K)/Br(Dg;(2860) —
DK) = 1.10 £ 0.15 £ 0.19. Along with this D:](2860), BaBar
Collaboration also observed D;;(2710) state in the DK
invariant mass spectrum with mass = 2688 + 4 + 3 MeV and
decay width = 112 + 736 [1]. In [2], BaBar Collaboration
reported the branching ratio for this D;(2710) state as R =
Br(D},(2710) — D*K)/Br(D,(2710) — DK) = 0.91+0.13+
0.12. The D;(2860) and D;;(2710) state had went through
extensive discussions by various theoretical models, to find a
place in strange charm spectrum. Various discussions suggest
D;;(2710) to be suitable as 1® D, state or as a radial exci-
tation of S-wave, that is, 2°S, state. Zhang et al. have

assigned D(;(2860) as 2°P, or 1°D; states using the *P,
model [3], Colangelo et al. assign D:](2860) to be 13D3
state using the heavy meson effective theory [4, 5], and Li
et al. favor D;;(2860) as the 2°P, or 1°D, state using Regge
phenomenology [6]. All these different approaches calculated
different value of the R ratio R = (Br(D:](2860) —
D*K)/Br(D;;(2860) — DK)). Heavy quark effective theory
predicts R to be = 0.39 [4], while >P, model calculated it to
be R = 0.59; both of the predicted values of R are far from
the experimental value R = 1.10. All these references favored
D;(2860) as 1° D, state due to observed narrow decay width,
at the cost of mismatch of R with experiments.

Recently LHCb Collaboration predicted a new resonance
around 2.86 GeV in the D' K~ invariant mass spectrum from

decay channel B? — DK1Y, containing the mixture of spin
1 and spin 3 states components corresponding to D}, (2860)
and D};(2860) [7, 8] where the mass and width parameters
are

M (D;; (2860)) = 2859 + 12 + 6 + 23 MeV,

I (D, (2860)) = 159 + 23 + 27 + 72 MeV,



M (D, (2860)) = 2860.5 + 2.6 + 2.5 + 6.0 MeV,

I (D (2860)) =53+ 7 +4+6MeV.
€]

Here the first error is statistical error, the second is the
experimental systematic effects, and the last one is due to
model variations. Thus LHCb observed two D (2860) states
with spin 1 and spin 3. From the previous study it can be
speculated that it is the spin 3 resonance of D] (2860) that
belongs to 1°Dy; state, with a narrow width T = 53 MeV.
Theoretically, R value can be matched with the experimental
value, considering its contribution coming from the spin 1
state of D} (2860) resonance. Comparing with earlier theo-
retical mass predictions, LHCb spin 1 resonance D (2860)
can be assumed to fit in 1°D,; state of 1D family or can
be a mixture of 1°D, and 2’8, states since both these states
have the same orbital angular momentum. Assigning D}, as
a mixing state of 1°D, — 2°S, may give a better justification
than assigning it as a pure state, because the R value calculated
by taking D7 (2860) to be a mixed state of 1°D; — 2°S;
now depends on the mixing angle of these mixed states. By
choosing suitable mixing angle (0), the calculated R value
can be better justified with the experimental value. Li and
Ma assign D;(2860) to be mixing state of 1°D; — 2°S, and
D;;(2700) to be its orthogonal partner [9] and obtained
R = 0.8, nearly close to the experimental value. Zhong
and Zhao by chiral quark model [10, 11] studied the D:]

state as the 1°D, state with some 1°D, — 1'D, mixing.
Wang [12] tried to reproduce the experimental value R =
1.10 with some suitable hadronic coupling constants, by
including chiral symmetry breaking corrections in heavy
quark effective theory. Besides these studies, Vijande et al.
also assign D;(2860) to be the multiquark exotic state as ¢s —
cns 7 [13]. Godfrey and Jardine by adopting the pseudoscalar
emission decay model [14] and Song et al. by adopting QPC
model [15] studied D;; as 1°D, —27S,. Various predictions are
made to study the mixing effects in D:/ state [16-19].

In Particle Data Group [20] 1S and 1P strange charmed
states are nicely described, but information for other states
is still missing. The strange meson states with their J P states
predicted by various theoretical model are gathered in Table 1.
From the mass predicted by various theoretical models,
that is, from second, third, and fourth columns of Table 1,
D;,(2860) and D;(2860) can be fitted as spin 1 and spin 3
state of 1D family.

In this paper, the four states of 1D stranged charm
meson family are analyzed by studying their decay widths and
branching ratios. For this heavy quark effective theory is used
and the importance of mixing of the two states is surveyed.
In the past years, HQET has been successful in assigning
suitable J” states to the observed D and B mesons using their
decays widths in terms of coupling constants. We use HQET
approach to study spin 1 resonance of LHCb D}, (2860), by
assigning it to be the first member of 1D stranged charm
meson family. Properties of this state are examined in two
ways, firstly by considering it as a pure spin 1 state of 1° D, and
secondly by assuming this state as a mixture of 1°D, and 2°,
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TaBLE 1: Theoretically predicted masses.

S GI[21] PE[22] EFG|[23] Experimental [20]
T (MeV)  (MeV) (MeV) (MeV)
0 ('S,) 1979 1965 1969 1968
1 (s)) 2129 2113 2111 2112
0" (P,) 2484 2487 2509 2318
1" ('p) 2459 2535 2536 2460
1" (p) 2556 2605 2574 2536
2 (p) 2592 2581 2571 2573
1"(D,) 2899 2913 2913 2859
27('D,) 2900 2900 2931 —
2 (D)) 2926 2953 2961 —
37 (°D;) 2917 2925 2871 2860

states. LHCDb predicted spin 3 state D;(2860) is studied by
assigning it the 13D3 position in 1D strange charm mesons.
To complete the 1D family, we also try to study the behavior
of their spin partners, that is, 1D, and 1D,/, which are still
missing experimentally.

The paper is divided into the following sections. Section 2
describes the heavy quark effective theory formalism used
for the strong decays. Section 3 discusses the members of
1D family. In this section, all the four states with their decay
modes in terms of their couplings are described in different
subsections. To appreciate the experimental value of R, vari-
ous mixing effects in terms of mixing angle theta are studied.
We finally conclude our results in Section 4.

2. Framework

In the heavy quark limit mg > Aqgep > my, Qg system
can be effectively studied using heavy quark effective theory.
According to this theory, heavy quark acts like static color
source with spin sg, which, due to heavy flavor symmetry,
interacts only with the light degree of freedom having spin
s; through the exchange of soft gluons. This picture can be
compared with that of hydrogen atom [24]. The basic idea is
that, in a Qg system, heavy quark plays the role of a nucleus
and the light quark plays the role of an electron. This Qg
system can be categorized in doublets in relation to the total
conserved angular momentum, that is, s; = s; + L, where
sz and L are the spin and orbital angular momentum of the
light antiquark, respectively. For L = 0 (S-wave), the doublet
is represented by (D, D*) with ]5 = (07,17),,, in which
for L = 1 (P-wave), there are two doublets represented by
(Dg, D) and (D}, D) with J; = (0%,17),, and (1%,2%),),,
respectively. Two doublets of L = 2 (D-wave) are represented
by (D}, D,) and (D), D;) belonging to ]s}]) = (17,27);), and
(27,37)s),, respectively. These doublets are described by the
effective superfields H,, S,, T,, X,, Y, [25, 26], where field
H, describes the (D, D) doublet, that is, S-wave, and S,
and T, fields represent the P-wave doublets (0*,1%),, and
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(17,2%);),, respectively. D-wave doublets are represented by
the X, and Y, fields. These fields are as follows:
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The light pseudoscalar mesons are described by the fields
& = exp™"x_ The pion octet is introduced by the vector and
axial combinations V¥ = (1/2)E0"E" + ET0HE and A¥ =
(1/2)E0"ET—ET9#E. We choose f, = 130 MeV. Here, all traces
are taken over Dirac spinor indices, light quark SU(3),, flavor
indices a = u,d, s, and heavy quark flavor indices Q = ¢,b
[25, 26]. The Dirac structure of chiral Lagrangian has been
replaced by velocity vector v. At the leading approximation,
the heavy meson chiral Lagrangian terms Ly, Ly, Lyps
L x> L xs» L x> Lypp Lygs Ly for the two-body strong decays
to light pseudoscalar mesons can be written as follows:

Ly = g Tt {H Hyy,p545, ),
L = 99, Tr {H,Spy, 1545} + hec,

Loy = %Tr (A1 (iD,A+iPA,), 75} +he.
Ly = %Tr [H,X! (iD A+iPA,), ys} +he,
Lys= g’“ Feory {5,X (iD, A+ iPA,), s} +he.

Lyr = %Tr {T'x; [« {D,.D,} A,

+k; (DDA, + D,DA, )], y'ys}+he,
Lyy = %Tr {H,Y" [k {D,.D,} A,

+k!(D,D,A, + D,DA, )], Y'ysh+hee,

Lyg= %Tr {2 [k} {D,,D,} A,

+k; (DDA, + D,DA,)], v'ys} +he,

9

t =1 . .
Ly = TyTr [T Xt (iD, A +iDA,),, ys} + hc.

3)

From the chiral Lagrangian terms L 57, Loz Lraps L xpps Lyps
the two-body strong decay of Qg system to final state light
pseudoscalar mesons M (7,7, K) can be described as
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TaBLE 2: Calculated partial and total decay widths of D, (2860) as pure (1°D,).
Theory DK D'K D Dy Total D"K/DK D /DK
Our 2865.45g%, 69313592, 508.189g7, 857042, 4152.48g7, 0.24 0.177
Experimental [8] 159 1.10
TABLE 3

In the above expressions of decay width, M;, M stand for
initial and final meson mass. Hadronic coupling constants
9xh> x> Ixt = k’f + k;, Iyh = k{{ + kH’ gys = kf + kg’
and g,, are dependent on tl);e radial quantum number, A is
the chiral symmetry breaking scale = 1GeV, and p,, and
m,, are the final momentum and mass of the emitted light
pseudoscalar meson. The coefficients C+, Cgz, Cxo, Cro = 1,
Cp =1/2,and C, = 2/3 or 1/6 25, 26]. Different values oan

correspond to the initial state being cu, cd, or ¢5, respectively.

3. Numerical Results

OZI allowed two-body strong decays of 1D strange charm
family are calculated using the heavy quark effective approach
as given in Section 2. In the present work, partial and total
decay widths of these four 1D states are studied and compared
with their experimental values. OZI allowed decay channels
for D7, (2860) and D states are DK, D*K, D,#,and D; 7, and
for their spin partners 1D, and 1D, states, they are D*K,
D1, D(2400)K, and D} (2317)x. For this calculation, initial
masses of D} and Dj states, as given by the LHCb [7, 8],
have been used as input parameters along with 2890 MeV
and 2900 MeV for their spin partner states 1D, and 1D/,
respectively. Heavy quark effective theory shows that decay
widths also depend on the strong hadronic couplings g,
9yi> Gxs> and g, The theoretical value of the strong coupling
constants has been constrained within the range of 0 and 1
[27] though their experimental information is still missing. In
the next subsections, we have calculated two of these coupling
constants, that is, g,;, and g,;,, using the decay widths and
available experimental data.

3.1. D};(2860). D;;(2860) was first observed by BaBar Col-
laboration and in 2014 its spin, mass, and decay width were
confirmed by LHCD. In this subsection, heavy quark effective
theory is adopted to reproduce the experimental data given
by these collaborations. Also the coupling constant g, is
determined by assigning D}, (2860) state as the 1~ member of
the 1D charm family. Assuming it to be the pure 1D 1° state,
we calculated the total and partial decay widths of D} (2860)
using the decay width formulae given in Section 2 in terms of
their hadronic coupling constants. These partial decay widths
and ratios are tabulated in Table 2. Along with the partial
decay widths, we also studied the ratios such as

_ Br(Dj; (2860) — DK)
~ Br(D? (2860) — DK)’

_ Br (D, (2860) — Dg1)

Rl = )
Br (D}, (2860) — DK)

Reference [15] Reference [18] Reference [5]

[(D*K/DK) 0.46-0.70 12.5-7.6 0.06
I'(D,n/DK) 0.10-0.14 0.30-0.14 0.23
500 1
Total DK
400 [ DYK
]
= 300 [
g Dy
>
S 200f
(@)
100 [
Din
. T . 1 1 !
0.2 0.4 0.6 0.8 1.0
gih

FIGURE 1: Decay widths of D, (2860) for 6 = 0°.

It can be seen from Table 2 that our calculated R value
does not match with the experimental value 1.10. Ratios
calculated in Table 2 have also been calculated by various
other theoretical models as shown in Table 3.

It can be seen that R value, that is, I'(D* K/DK) calculated
by our HQET approach and by other theoretical approaches
[5, 15, 18], does not match with the experimental R value,
that is, 1.10. As R is independent of couplings, to justify the
experimental value of R, we include the mixing of the states.
According to this scheme, state D] (2860) is assumed to be
the mixture of 2°S; and 1°D, states with D,(2700) to be its
orthogonal partner satisfying the relation

D, (2S) cosf sin@) [ 2°S, 9
(DSl (2860)) (—sin@ cos@) 1°D, ’ ©)
where 0 is the mixing angle between these two mixed states.
Effect of variation of total decay width of D, (2860) state with
coupling constant g, for different mixing angles is shown in
Figures 1-4, which shows the variation for some typical values
of mixing angle at 6 = 0°, 0 = -30° and for 6 = -60° and
0 = —80° where 6 = 0° correspond to nonmixing, that is, pure
13D1 state.
Figures 1, 2, 3, and 4 show that DK is the main decay
channel of 1° D, state. Apart from DK, D*K and D, are also
important decay channels of 1°D,, whereas the calculated
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FIGURE 2: Decay widths of D, (2860) for 8 = —30°.
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FIGURE 3: Decay widths of D, (2860) for 0 = —60°.
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FIGURE 4: Decay widths of D, (2860) for 6 = -80°.

decay width for D} 7 is found to be small. Dominance of D} 7
decay channel increases with large value of mixing angle. R
ratio defined in Section 1 now depends on both the mixing
angle and strong coupling constants g, and g,;,. Variation
of R value with the mixing angle, by fixing g;;, = 0.17
[25], is shown in Figure 5. This figure shows that R = 8.5
corresponding to the mixing angle of range —1.6 < 0 < -1.2

12

02F
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-1.0

-0.5 0.0 0.5 1.0
Angle (rad)

FIGURE 5: Variation of R value with mixing angle.

0.5
04
03

=
=
)
_///QL

0.1F

-0.6

-0.4

-0.2 0.0 0.2 0.4 0.6
Angle (rad)

FIGURE 6: Variation of coupling constant g,;, with mixing angle.

radians. This obtained R value is near to the experimental
R value, R = 1.10 + 0.15 + 0.19. For this range of mixing
angle our hadronic coupling constant comes out to be within
0.17 £ g,; < 0.20. This variation of g, hadronic coupling
with the mixing angle has been shown in Figure 6.

For these calculated values of mixing angle and coupling
constant, partial and total decay widths are again studied.
Total width I' comes out to be 159 MeV, which matches very
well with the experimental data. Other partial decay widths
are listed in Table 4. The calculated R value from our approach
is matching well with the experimental observed value 1.10 +
0.15+0.19.

3.2. D(2860). Considering spin 3 resonance D;(2860) of
LHCb, as the 1°Dg; state, decay channels and partial decay
widths are presented in Table 5. Figure 7 shows the variation
of the partial and total decay width with coupling constant
Iyh:
g Figure 7 clearly shows that DK is the dominant decay
mode of D;;(2860). Other important decay channels are
D*K, Dy with D n contributing least. Computing it with
the experimental value of total decay width I' = 53 MeV,
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FIGURE 7: The variation of partial decay widths of D;(2860) as the
1’ Dy state with hadronic coupling.

coupling constant g, comes out to be 0.40. These partial
decay widths can be used to calculate the ratio R:
_ I'(D%, (2860) — D*K)

= =0.38
I' (D, (2860) — DK)

(10)
_ I'(D% (2860) — Dyp)

Rl = =0.03.
I' (D, (2860) — DK)

These ratios are compared with predictions made by various
other theoretical models as shown in Table 6.

3.3. 1D, and 1D.,. 1Dy, is the spin partner of D} (2860)
belonging to J* as 25, state, and 1D, state belongs to ]SI: to

25/, Both these states are still unknown in the charm meson
spectrum. As shown in Table 1, their masses have been already
predicted by various theoretical models [21-23]. Taking their
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TaBLE 4: Calculated partial and total decay widths of D, (2860) as a mixture of (1°D;) and 2°S,.
Theory DK DK Din Dn Total D*K/DK D,n/DK
(MeV) (MeV) (MeV) (MeV) (MeV)
Our 60.61 55.26 11.85 18.66 146.39 0.91 0.19
Experimental 159 110
TaBLE 5: Calculated partial and total decay widths of D};(2860) as 1° Dy state in terms of hadronic coupling yh-
ey DK D'K Dy D' Total
(MeV) (MeV) (MeV) (MeV) (MeV)
Our 249.18, 96.39g5, 24.72g), 45443, 374.8469,,
Experimental 53
TABLE 6 TaBLE 7: Calculated partial and total decay widths of 1D, and ID;Z.
Reference [5] Reference [10] Reference [7] First section 1s.calculated. b}r taking th.em as pure states and the
second section includes mixing scheme into account.
I(D*K/DK) 0.39 0.43 0.8
A tat As mixed stat
I(D.y/DK) . - . s pure soa es s mixed s oa es
0=0) (0 =-39)
Decay channel , ,
1D, 1D, 1D, 1D,
250 1 (MeV) (MeV) (MeV) (MeV)
Total D'K 61.37 20.51 36.02 56.95
otal "
200 b DK Dy 16.69 251 11.62 13.42
D(2400)K — 7.5%x107° — 1.5x 1074
g 150 | D;(2317)y 0.0037 0.005 0.0014 0.01
i Total 78.06 21.04 47.65 70.38
g 100
a
50 |
~—— Dp—Dm

{0

Decay widths

FIGURE 8: Variation of 1D, with its mass and coupling constant g,,.

masses to be within the allowed range 2800 MeV to 3000 MeV,
variation of their total OZI allowed two-body strong decay
width has been plotted with respect to their mass and their
corresponding coupling constant, in Figures 8 and 9, respec-
tively.

Using the hadronic couplings obtained in Sections 3.1 and
3.2, g,u = 0.20 and g, = 0.40, partial and total decay widths
of these states are listed in first column of Table 7. Also,
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FIGURE 9: Variation of 1D/, with its mass and coupling constant.

these two states can mix through spin-orbit interaction or by
some other mechanism and physically D, and D,, can be

represented as the linear combination of *D, and ' D, states

as
1D (27) < cos0,p sin 91D> ’D, )
1D’ (27) ~ \—sinf,, cos6,, 1'D, )’
where 0, , is the mixing angle between the two *D, and ' D,
states. In general the mixing angle between °L; and 'L; in
heavy quark limit is given by 0,, = arctan \/L/(L + 1). For
this case the mixing angle corresponds to L = 2 and comes

out to be 39.2° ~ 39°. In Table 7, the last column gives partial
decay widths by taking this mixing into account.

4. Conclusion

Due to advancement in high energy accelerators, large
amount of information is available on heavy-light charm
and bottom mesons. This information motivates theorists to
explore more about these heavy-light mesons. These D and B
meson states are studied by observing their decaying behav-
ior, masses, their J¥ states, coupling constants, branching
ratios, and so forth. Many models like heavy quark effective
theory, quark pair creation model, potential models, and so
forth, are framed to study these heavy-light mesons. Recently,
LHCDb predicted spin 1 and spin 3 strange charm mesons. In
this paper, we use the heavy quark effective approach to study
the recently observed spin 1 and spin 3 strange charm states.
This theory treats the heavy quark as static and provides
Lagrangian and decay widths formulas to the available states.
This theory has adequately studied the previously determined
experimental states and successfully allotted their positions in
the charm and bottom spectroscopy.

Observation of spin 1 and spin 3 resonances of D; (2860)
by LHCD has clearly indicated that there are two different
states of DS*](2860). In the last 5 years, various theoretical

models [5-7, 10-19], which studied D:,(2860), favored it as

1°D, state with narrow decay width. From the LHCb data,
D7;(2860) state with I' = 53MeV can be correlated with
this D;(2860) state. We too studied the decay behavior of

D, (2860) assuming it to be in the 1°D; state and calculated
the hadronic coupling constant g,;, = 0.40. This value can be
compared with the one obtained by Wang g, = 0.52 [25].

We also studied the remaining spin 1 observed state by
LHCDb D}, (2860), assuming it to be pure 1° D, state and to be
a mixture of 1°D, and 2°S, state. We study its decay channels
(D*K, DK, D;#, D) and R value (D*K/DK) calculated for
the pure state (R = 0.48) which does not lie within the given
experimental data (R = 1.10). So we adopted it to be as a
mixture of radially excited 2°S, and orbitally excited 1°D;.
Using this interpretation, decay widths and R value depend
on mixing angle (6) and coupling constant g,,. We studied
the variation of partial widths with coupling constant g, for
some fixed values of mixing angle (6) which shows DK is the
dominant decay channel. In the variation of R value with mix-
ing angle (0), experimental R value favors the large mixing
angle. This large mixing angle implies the predominance of
2°S, state for D}, (2860). We obtained R = 0.85 corresponding
to the mixing angle —1.6 < 6 < —1.2. Along with this mixing
angle, we constrain the coupling constant g, to be lying in
the range 0.17 < g,;, < 0.20. This obtained coupling value
is close to the value given by Wang g,;, = 0.19 in [25].

Using these coupling constants, we also calculated the
decay behavior of the spin partners of these states 1D,
and 1D),_. These states are studied using two ways, first by
considering them as pure states and secondly by taking their
mixing into account. In both cases D*K is the dominating
decay channel. Decay width for 1D),_ as a pure state comes
to be small indicating the presence of other decay modes. As
we have only considered the decays to pseudoscalar mesons,
there may be a possibility that decays to light vectors mesons
may also be present for this state.
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