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Some comments on narrow resonancesDs1
* „2.46 GeVÕc2

… and Ds0
„2.317 GeVÕc2

…
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The newly observed resonancesDs1
* andDs0

are discussed in a potential model. The relationship between
the mass difference between thep statesDs1

* (11),Ds0
(01) and thes statesDs* (12),Ds(0

2) is also examined.
Some remarks about the statesD

1
* (11) andD

0
(01) in the nonstrange sectors are also made.
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Some time back the BaBar Collaboration@1# reported a
narrow resonance with a mass near 2.32 GeV/c2 which de-
cays to Dsp

0. Recently, the CLEO Collaboration@2# has
confirmed the state at 2.317 GeV/c2 and also reported a new
resonance at 2.46 GeV/c2 which decays toDs* p0. Since
these states decay toDsp

0 andDs* p0, it is natural to assign
them the quantum numbersJP501 and 11, respectively, as
required by angular momentum and parity conservation
this article we comment on the existence of relatively lig
j 51/2 states in a potential model considered by us in 1
@3#.

In the heavy quark effective theory~HQET! limit, the
heavy quark spin is decoupled; it is natural to combinejW

5LW 1SW q with SW Q , i.e., JW5 jW1SW Q , whereq5u,d,s and Q
5c or b @4#. Thus for thep states we get two multiplets, on
with j 53/2 and the other withj 51/2. Hence we have the
multiplets for the bound statesQq̄ l 50 @D* (12),D(02)#,
l 51 @D2* (21),D1(11)# j 53/2, and@D

1
* (11),D0(01)# j 51/2.

The degeneracy betweenj 53/2 andj 51/2 multiplets is re-
moved by the spin-orbit couplingLW •SW q . The hyperfine mass
splitting between two members of each multiplet arises fr
the Fermi termSW q•SW Q , the spin-orbit coupling term (SW Q

1SW q)•LW , and the tensor term@5#

S12[F12

r 2
~SW q•rW !~SW Q•rW !24SW q•SW QG .

These terms vanish in the heavy quark limit (mQ→`).
Based on these considerations the effective Hamiltonian
the qQ̄ or Qq̄ states can be written@3#

H5H01
1

2mq
2
SW q•LW F1

r

dV1

dr G1
1

8mq
2
¹2V1

1
2

3mqmQ
SW q•SW Q¹2V21

1

mqmQ
~SW q1SW Q!•LW F1

r

dV2

dr G
1

1

12mqmQ
S12F1

r

dV2

dr
2

d2V2

dr2 G ~1!

where
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or

H05
p2

2m
1V~r !, m5

mqmQ

mq1mQ
, pW 52 i¹W .

The third term in Eq.~1! is the Darwin term. We takeV(r ) to
be the Cornell potential@6#

V~r !5
r

b2
2

K

r
2A ~b52.34 GeV21,K50.52!. ~2!

This potential is taken to be flavor independent. The const
ent quark masses are taken asmu5md50.34 GeV, ms
50.48 GeV, mc51.52 GeV. We here confine ourselves
the charmed quark only. The potentialsV1 and V2 which
occur in the spin-orbit, the Darwin, the Fermi, and the ten
terms responsible for the fine structure are taken to be o
gluon-induced Coulomb-like potentials:

V1~r !5V2~r !52
K8

r
, K850.60. ~3!

Based on the potential model outlined above, we discus
the mass spectrum of thel 51, charmed resonances in Re
@3#. In particular, we predicted twoj 51/2 p statesD1* (11)
andD0(01) at 2.29 GeV and 2.19 GeV, respectively. The
resonances are only 280 MeV and 321 MeV higher than
correspondings statesD* (12) and D(02). But they are
above the threshold for their main decay channelsD* p and
Dp, respectively. Since these decays ares-wave decays in
HQET, the decay width will be large;D1* andD0 will appear
as broad resonances. These states have now been obs
by the Belle Collaboration at somewhat higher mass~see
below!. Thus, in view of the fact that (ms2md50.14), one
would expect theDs1

* and Ds0
states at 2.43 GeV and 2.3

GeV, respectively. The work of Ref.@3# was extended to
strange and bottom quarks in Ref.@7#. In Ref. @7#, we pre-
dicted the masses ofDs1

* 1 andDs0

1 at 2.453 GeV and 2.357

GeV, respectively, about 340 MeV and 389 MeV higher th
the corresponding statesDs*

1(12) andDs
1(02). The former

agrees with the resonanceDs1
* (2.46 GeV) in @2# while the

latter is at somewhat higher mass than that observed in@1,2#.
Since Ds1

* 1 and Ds0

1 are below the threshold of the deca

channelsD* K and DK, they will appear as narrow reso
nances.
©2004 The American Physical Society08-1
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We now comment on the mass difference between m
bers of thej 53/2 and 1/2 multiplets. In the potential mod
@7#, we find the mass differencemD

s1
* 2mDs0

;100 MeV,

whereas the experimental value for this mass difference@2#
is 144 MeV, close to the mass differencemD

s*
2mDs

5143.860.4 MeV. In order to see whether this deficiency
an artifact of the potential model obtained in the previo
paragraph but not of the bound state picture as such, we w
to discuss some general features of the model. From Eqs~1!
and ~3!

mD
s*
2mDs

5^VF& triplet2^VF&singlet

5
2

3mcms
4pK8uC1s~0!u2[

2

3
ls , ~4!

mD
s1
* 2mDs0

5
1

mcms
@~SW •LW !D

s1
* 2~SW •LW !Ds0

#K8K 1

r 3L
1p

1
1

12mcms
@~S12!Ds1

*
2~S12!Ds0

#3K8K 1

r 3L
1p

5
8

3mcms
K8K 1

r 3L
1p

[
8

3
l1s8 , ~5!

mD
s2
* 2mDs1

5
1

mcms
@~SW •LW !D

s2
* 2~SW •LW !Ds1

#K8K 1

r 3L
1p

1
1

12mcms
@~S12!D

s2
* 2~S12!Ds1

#3K8K 1

r 3L
1p

5
16

15

1

mcms
K8K 1

r 3L
1p

[
16

15
l1s8 , ~6!

mD
s1
* 2mDs0

5
5

2
~mD

s2*
2mDs1

!. ~7!

As is well known Eq.~4! is on solid ground. The mass spli
ting between the3S1 and 1S0 state is due to the Fermi inter
actionm̄q•m̄Q and is governed by the short range Coulom
like potential. For p-wave states, the same interactio
induces the tensor termS12. The spin-orbit couplingSW •LW is
needed to preserve the observed hierarchy in the mass
trum of heavyp-state mesons. In its absence, we would
mD

s
1

* 2mDs
0

525(mD
s

2

* 2mDs
1

), in contradiction to the ex-

perimentally observed mass heirarchy. The spin orbit c
pling (1/mq

2)SW q•LW gives the mass splitting

mj 53/22mj 51/25
3

2

1

2mq
2 K 1

r

dV1

dr L 5
3

4

mc

mq
l1q . ~8!
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With the confining potentialV(r ) given in Eq.~2!, one has
the relations@8#

4puC1s~0!u252m K dV

dr L
1s

52mF 1

b2
1KK 1

r 2L
1s
G , ~9!

K 1

r 3L
1p

5
2m

4 K dV

dr L
1p

5
2m

4 F 1

b2
1KK 1

r 2L
1p
G .

~10!

Using these relations we get from Eqs.~4! and ~5!

mD
s*
2mDs

5
2

3
K8

2m

mcms
F 1

b2
1KK 1

r 2L
1s
G , ~11!

mD
s1
* 2mDs0

5
2

3
K8

2m

mcms
F 1

b2
1KK 1

r 2L
1p
G .

~12!

Hence we obtain

mD
s1
* 2mDs0

5mD
s*
2mDs

~13!

only if

K 1

r 2L
1p

5K 1

r 2L
1s

. ~14!

It is unlikely that this equality would hold in a potentia
model. In fact one would expect̂1/r 2&1p to be less than
^1/r 2&1s . This is the reason why we get (mD

s1
* 2mDs0

) less

than (mD
s*
2mDs

). In Refs.@3,7#, we obtained

K 1

r 2L
1s

'0.357 GeV2,

K 1

r 2L
1p

'0.088 GeV2. ~15!

These values give

mD
s*
2mDs

'147 MeV,

mD
s1
* 2mDs0

'91 MeV. ~16!

We now wish to comment on recently observed statesD1*
and D0 in the nonstrange sector by the Belle Collaborati
@11#

mD
1*
5~2427626620615! MeV/c2,

mD0
5~2308617615628! MeV/c2. ~17!

The axial vector states mix. The mixing angle is given
@11#
8-2
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v520.1060.0360.0260.02. ~18!

Taking these masses at their face values,

mD
1*
2mD0

'119 MeV, mD1
2mD

1*
'0. ~19!

First we wish to show that the observed mass spectra oD
mesons imply that the parameterslq ,l1q8 are independent o
the light flavor. Thus

mD
s*
2mDs

'144 MeV,

mD* 2mD'140 MeV⇒ls'ld , ~20!

mD
s2
* 2mDs

1

'40 MeV,

mD
2*
2mD1

'40 MeV⇒ 16

15
l1s8 '

16

15
l1d8 ,

~21!

l1s8 5l1d8 536 MeV. ~22!

In view of the definition ofl1q given in Eq.~8!, one would
expectl1q to be independent of the light flavor~see below!.
We note that

mDs
1

2mD
s

1

* 5
3

4

mc

ms
l1s1

1

6
l1s8 . ~23!

The spin-orbit potentialV1(r ) for the light quark in the
HQET as given in Eq.~1! is expected to be of same form a
V2(r ). We may further assumeV1(r ) to have the same
strength asV2(r ) @3,7#. With this assumption

l1q5l1q8 '36 MeV. ~24!

Thus we get

mDs
1

2mD
s

1

* '91 MeV ~75 MeV @2# !,

mD1
2mD

1*
'126 MeV,

mD
1*
5mD1

2126 MeV52.295 GeV,

mD0
'2.195 GeV, ~25!

compatible with the values of Ref.@7#. However, if we take
l1q slightly less thanl1q , say 30 MeV, i.e.,V1(r ) is slightly
weaker thanV2(r ), then we get

mDs
1

2mD
s

1

* '77 MeV,

mD1
2mD

1*
'106 MeV,

mD
1*
52.315 GeV,

mD0
52.215 GeV. ~26!

Finally, the mixing angle between axial vector statesD1 and
D1* is given by
11400
tan 2v5
2mD12D

1*

mD1
2mD

1*
52

~A2/3!l1d8

~3mc/4ms!l1d1
1

6
l1d8

'0.135,

~27!

v50.07, ~28!

to be compared with the value ofv @11# given in Eq.~18!. A
higher value ofv would implyl1d less thanl1d8 , viz., V1(r )
is weaker thanV2(r ). For l1d'30 MeV, we getv50.08.

To reinforce the above conclusion, we note from Eqs.~5!,
~6!, and~11! that

5mD
s2
* 13mD

s1

8
2

3mD
s

1

* 1mDs
0

4
5

3

2 S mc

ms
l1s1l1s8 D .

~29!

Using the experimental values for masses@1,2#, we get

3

2 S mc

ms
l1s1l1s8 D5133 MeV. ~30!

Now, usingl1s8 '36 MeV, we getl1s'33 MeV compatible
with the assumption stated above. The flavor independe
of these parameters gives

3mD
1*
1mD0

4
5

5mD
2*
13mD1

5
2133 MeV'2312 MeV.

~31!

This value is about 85 MeV, below that of the Belle Collab
ration, but only about 30 MeV above the values implied
Eq. ~25!. However this value is in agreement with that o
tained from Eq.~26!.

The following comments are in order. In Refs.@9,10#, it
was suggested that in the heavy quark limitj 51/2 states
with JP511 and 01 are chiral partners of 12 and 02. In
Ref. @9# a mass difference between parity doublets (02,12)
and (01,11) arises due to chiral symmetry breaking and
thus expected to be small, a feature which we also get
particular, they find the mass difference of order 338 MeV.
Ref. @10#, they obtainedmD

1*
2mD0

'mD* 2mD . In the

bound state model, we getmD0
2mD'326 MeV. Further,

we note that thej 51/2 p-wave multiplet lies below thej
53/2 multiplet, due to spin-orbit coupling of the light quar
in the limit of heavy quark spin symmetry reminiscent of t
fine structure of the hydrogen atom spectrum.

We now briefly discuss the decays of the resonancesDs1
*

andDs0
. The isospin conserving decays

Ds1
* →D* 0K1~D* 1K0!,

Ds0

1→D0K1~D1K0!

are not energetically allowed. The experimentally observ
decaysDs*

1p0 andDs
1p0 violate isospin. One obvious pos

sibility is that these decays proceed via theh meson:
8-3
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Ds1
* →Ds*

1h→Ds*
1p0,

Ds0

1→Ds
1h→Ds

1p0.

In this picture the couplinggDs0
Dsp

can be expressed i

terms ofgDs0
Dsh

as

gDs0
Dsp

5gDs0
Dsh

mh2p0
2

mh
22mp0

2 , ~32!

where@12#

mh2p0
2

52
1

A3
@~mK0

2
2mK1

2
!1~mp1

2
2mp0

2
!#. ~33!

Then usingSU(3)

gD
s0

1D
s
1h52A2

3
gD

0
1D1p0, ~34!

we get

S gD
s0

1D
s
1p0

gD
0
1D1p

D 2

5
2

3 S mh2p0
2

mh
22mp

2 D 2

'7.731025, ~35!

G~Ds0

1→Ds
1p0!

G~D0
1→D1p0!

5
upW uDs

upW uD

mD0

2

mDs0

2 F ~mDs0
2mDs

!

~mD0
2mD! G 2

3@7.731025# ~36!

'~1.07!~7.731025!58.231025,
~37!

where we have defined the dimensionless coupling cons
gD

0
1D1p0 as @13#

M5A4p0p08^D
1~p8!uJpuD0~p!&5 i S mD0

2 2mD
2

2mD
D gD

0
1D1p0

' i ~mD0
2mD!gD

0
1D1p0 ~38!

and have usedmD0
52.20 GeV and the experimental value

for the other masses. Assuming the decay width

G~D0
1→D1p0!;200 MeV, ~39!

we get

G~Ds0

1→Ds
1p0!;16 keV. ~40!

That the decay widthG(D0
1→D1p0) is of order 200 MeV

can be seen as follows. In HQET, the couplinggD* Dp is
usually parametrized asgD* Dp5lDmD / f p ; in the same
spirit gD0Dp is parameterized as@13#
11400
nt

gD0Dp52lD0

mD

f p
~ f p5132 MeV!. ~41!

Thus we get

G~D0
1→D1p0!5

1

8p
uM u2upW u

1

mD0

2

5
1

8p

1

mD0

2

~4lD0
2 mD

2 !

f p
2 ~mD0

2mD!2upW u

'202lD0
2 MeV<202 MeV. ~42!

In HQET the decay

Ds
1

* 1→Ds*
1p0

is alsos wave and is related to

Ds
0

1→Ds
1p0

as follows:

G~Ds1
* →Ds*

1p0!

G~Ds0

1→Ds
1p0!

5
upW uD

s*

upW uDs

~mD
s

1

* 2mD
s*
!2

~mDs0
2mDs

!2
. ~43!

Thus, except for phase space, the decay width ofDs
1

* 1

→Ds*
1p0 is equal to that ofDs

0

1→Ds
1p0. However, the

mixing between axial vector statesDs
1

andDs
1

* can contrib-

ute to the decay width ofDs
1

* . The contribution to the decay

width of Ds1
* due to mixing is v2GDs1

. Since GDs1

,2.3 MeV we getv2GDs1
,23 keV for the mixing angle

v.0.1 as implied by Eq.~28!. Thus the width ofDs1
* is

expected to be about twice that ofDs
0
.

Finally, the resonancesDs1
* 1 and Ds0

1 can also decay to

Ds*
1g andDs

1g, respectively, by theE1 transition@3#. For
the decay

Ds
0

1→Ds
1g,

the decay width is given by

G5
4a

3
uM 1u2k3. ~44!

In the quark model@3#

M 15mF 2

3mc
I c2

1

3ms
I sG ~45!

where I c and I s are overlap integrals. Our estimate for th
radiative decay width comes out to be 0.2 keV@7#.
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To conclude, in a picture in whichD mesons are regarde
as bound statescq̄, the potential model considered by u
gives

mj 51/2,mj 53/2, ~46!

mD
s

1

* 2mDs0
5

5

2
~mD

s
2

* 2mDs
1

!, ~47!

mD
s

1

* 2mDs
0

'
1

A2
~mD

s*
2mDs

!. ~48!

Further, using the experimental data of Refs.@1,2#, our analy-
sis gives
11400
3mD
1*
1mD0

4
'2.312 GeV, mD

1*
52.35 GeV,

mD0
52.20 GeV, ~49!

S 3mD
1*
1mD0

4
D 2S 3mD* 1mD

4 D'337 MeV. ~50!

The p-wave j 51/2 multiplet is 337 MeV, above thes-wave
multiplet. Except for the mass relation~48! ~which is hard to
understand in a bound state picture!, the general features o
the bound state picture are compatible with the experime
data.
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