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Interpretation of D„2637… from heavy quark symmetry
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We demonstate from heavy quark symmetry that the width ofD(2637) claimed by the DELPHI Collabo-
ration is inconsistent with any bound state with one charm quark predicted in theD(2637) mass region, except
possiblyD3* , D2 j q55/2 or D8. The former two possibilities are favored by heavy quark mass relations.
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The DELPHI Collaboration recently presented eviden
for a new stateD(2637) at 26376266 MeV with a width of
,15 MeV at 95% confidence@1#. A signal of 66614 events
was detected, a 4.7s effect. The state was observed decayi
to D* 1p1p2. However, its existence has not been co
firmed by the CLEO and OPAL Collaborations in the sam
decay channel@2#. Moreover, there is no evidence fo
D(2637) inD* p @1,2#.

In this Brief Report we shall assume the validity of th
DELPHI claim, and provide theoretical interpretations f
D(2637), based on two assumptions:

~1! The validity of lowest order heavy quark symmet
decay relations between theK-meson and correspondin
D-meson systems.

~2! The validity of experimental data on the establish
K-mesons K* (1410), K* (1680), K0* (1430), K1(1400)
andK3* (1780) @3#.

These are theonly assumptions that will be made, unle
otherwise indicated. The latter assumption is inevitable gi
that no new data is likely to be forthcoming soon. T
former assumption is needed to make extrapolations, in
pendent of detailed dynamical models, from knownK-meson
decays to unknownD-meson decays. Although not alway
good within the simplest form factor assumptions~see be-
low!, it has been argued to be qualitatively valid@4# in an
analysis ofK1(1270) andK2* (1430) @5,6#. A specific ex-
ample of how heavy quark symmetry for strange qua
gives predictions in the right ballpark is as follows. The
to S-wave width ratio forK1(1400)̃ K* p is 0.0460.01@3#
~heavy quark symmetry predicts zero@4#!; and for
K1(1270)̃ K* p is 1.060.7 @3# ~heavy quark symmetry
predicts infinity@4#!.

The radial excitation of theD* , referred to asD* 8, is
predicted to have a mass of 2640 MeV in a model wh
predicted theD2* (2460) mass within 40 MeV of experimen
@7#; and 2629 MeV in a recent model which is in agreem
within 20 MeV for the observed charm orbital states@8#. The
noticeable proximity of these potential model predictions
the mass ofD(2637) leads DELPHI to identify it asD* 8,
and hence asJP512. However, there are several experime
tally unobserved conventional mesons which can also de
to D* pp and are expected in potential models in the vicin
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of D(2637). Of these, the radially excitedD with JP502,
referred to asD8, would be nearest in mass at 2580 MeV@7#
or 2579 MeV @8#. Next nearest would be theD1 j q51/2* , a

possibly observed@9# 11 at 2460 MeV@7#, 2501 MeV@8# or
2585 MeV@10#; and the 01 D0* at 2400 MeV@7#, 2438 MeV
@8# or 2554 MeV@10#. The 12 D1 j q53/2 is at 2820 MeV@7#.

The 32 D3* should be at 2830 MeV@7# or 2760670 MeV
@11#. The 22 statesD2 j q55/2 andD2 j q53/2 are within 20 MeV

of D3* @7#. Given the small error bars of the DELPHI ma
measurement, all interpretations exceptD* 8 fail on mass
grounds.

The purpose of this Brief Report is to check which of t
preceding possibilities can reproduce the tiny total width
,15 MeV claimed by DELPHI, assuming them to have t
mass ofD(2637). The masses of all experimentally know
states will be taken from the Particle Data Group@3#.

For a given heavy-light meson with total angular mome

tum JW , let sWQ (sQ5 1
2 ) be the spin of the heavy quark andjWq

the total angular momentum of the light degrees of freedo
Consider the decay of a heavy-light meson characterized
J, j q to an outgoing heavy-light meson characterized
J8, j q8 and a light meson with spinsh . The light meson has
orbital angular momentuml relative to the outgoing heavy
light meson. The decay amplitude satisfies certain symm
relations because the decay dynamics become independe
the heavy quark spin in the heavy quark limit of QCD@12#.
The two-body decay width can be factored into a reduc
form factor multiplied by a normalized 6-j symbol @12#

G5S A~2J811!~2 j q11! H sQ j q8 J8

j h J jq
J D 2

3p2l 11F
j h l

j q j q8~p2! ~1!

where jWh[sWh1 lW. Here p is the magnitude of the three
momentum of the decay products in the rest frame of
initial state. Equation~1! neglects corrections to the heav
quark limit, except in as far as they modifyp. One essential
idea of the heavy quark limit is that the spin of the hea
quark and the total angular momentum of the light degree
freedom are separately conserved@12#, i.e. jWq5 j q8W1 jWh . This
conservation law is in addition to the usual conditions

conservation of total angular momentumJW5J8W1 jWh and par-
©1999 The American Physical Society01-1
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TABLE I. Widths of D(2637) toDp andD* p in MeV. The interpretation andj q of D(2637) is given in the first and third column
respectively. Blank entries are identical to those above them. Since there are reasons to doubt thatK* (1410) is the radially excitedK* , the
K* (1680) is often taken to be the radial excitation@3#. Another quark model interpretation ofK* (1680) is as a D-wave meson@3#, so that
j q5

3
2 . The only interpretation ofK0* (1430) is as a P-wave meson@3#, so thatj q5

1
2 .

D(2637) K-meson data used@16# j q Form factor Dp D* p

D* 8 G„K* (1410)̃ Kp…515 MeV 1
2 F1

1/2
1
1/2(0) 17 22

G„K* (1680)̃ Kp…5125 MeV 86 115
G„K* (1680)̃ K* p…596.3 MeV 53 71

D8 G„K* (1410)̃ Kp… - 33
G„K* (1680)̃ Kp… - 172

G„K* (1680)̃ K* p… - 106
D0* G„K0* (1430)̃ Kp…5270 MeV F0

1/2
1
1/2(0) 270 -

D1 j q51/2* - 260
D1 j q53/2 G„K* (1680)̃ Kp…

3
2 F1

3/2
1
1/2(0) 87 29

G„K* (1680)̃ K* p… 213 71
D2 j q53/2 G„K* (1680)̃ Kp… - 86

G„K* (1680)̃ K* p… - 212
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ity. For the remainder of this Brief Report we shall restrict
l allowed by all these conservation conditions. Heavy qu
symmetry does not predict the magnitude and functional

pendence of the reduced form factorF
j h l

j q j q8(p2) for a particu-

lar decay. Once determined from experimentally well est
lished decays ofK-mesons with givenj q , j q8 , this quantity
may be used to predict related decays of bothK- and
D-mesons with the samej q , j q8 .

We shall assume a Gaussian form for the reduced f
factor @5#

F
j h l

j q j q8~p2!5F
j h l

j q j q8~0! exp~2 p2/6b2! . ~2!
05750
k
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The Gaussian form arises in decay models where simple
monic oscillator wave functions are used@13,14#, and the
value b50.4 GeV is phenomenologically successf
@5,6,13,14#. We shall adopt this value, although our pred
tions are stable under the variationb50.3520.45 GeV.
Tables I and II indicate the interpretations ofD(2637) that
will be explored.

The first entry in Table I will be discussed in detail
clarify the methods used. For our heavy quark symme
analysis it is not neccesary to know the nature ofK* (1410),
only the value ofj q , which can be1

2 or 3
2 sinceJ51. We

shall motivate our choice ofj q from the known quark mode
interpretation. The only interpretation ofK* (1410) is as a
have
f

estimate
,

e

TABLE II. Partial widths ofD3* andD2 j q55/2 in MeV. Blank entries are identical to those above them. In some form factors we
explicitly indicated the light mesonh or r, in order to distinguish them from form factors forp. The only quark model interpretation o
K3* (1780) is as a D-wave meson@3#, so thatj q5

5
2 . Decays ofD(2637) toDv, D* r are below threshold by more than half a width ofv

andr respectively, and are not calculated in this Brief Report. However,D2 j q55/2˜Dv andD3* , D2 j q55/2˜D* r can be in P-wave and
hence competitive with the rates in the text, although current experimental data on K-mesons do not give sufficient information to
these rates from heavy quark symmetry.D2 j q55/2˜D0* p is a D-wave decay andD3* , D2 j q55/2˜D1 j q51/2* p a D-wave decay at threshold

using theD1 j q51/2* andD0* masses of Ref.@8#. These decays cannot be estimated from experimental data. (†) Assuming SU~3! symmetry.
(‡) This is an F-wave decay at threshold, and hence very sensitive to phase space. We smear the partial width@Eqs. ~1! and ~2!# over a
relativistic Breit-Wigner form to take account of the 150 MeV width of ther. (') This decay involves form factors which cannot b
estimated from experimental data. ()) The width ofD2* (2460) has been smeared over.

K-meson data used@16# Form factor Decay mode D3* D2 j q55/2

G„K3* (1780)̃ Kp…529.9 MeV F3
5/2

3
1/2(0) Dp 7.8 -

D* p 3.4 5.9
G„K3* (1780)̃ K* p…532 MeV Dp 22 -

D* p 7.8 17
G„K3* (1780)̃ Kp,K* p… DsK † ,.6 -

Ds* K † ;0 ;0
G„K3* (1780)̃ Kh…548 MeV F3

5/2
3
1/2h(0) Dh 2.9 -

D* h 0.1 0.2
G„K3* (1780)̃ Kr…549 MeV F3

5/2
3
1/2 r(0) Dr ‡ 0.7 '

G„K3* (1780)̃ K2* (1430)p…,25 MeV F2
5/2

2
3/2(0) D2* (2460)p ) ,0.5 ,0.2

D1(2420)p ,0.2 ,1.1
1-2
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radially excitedK* @3#, so thatj q5 1
2 . However,K* (1410)

may have a non-conventional-meson component, e.g. a l
lying 12 hybrid meson withj q5 1

2 . Noting that thep has
sh50, we deduce from Eqs.~1! and ~2!, using the experi-
mental data onG„K* (1410)̃ Kp…, the value ofF1

1/2
1
1/2(0).

From thisG(D* 8˜Dp,D* p) is calculated. The total width
of D* 8 is found to be appreciably higher than the DELP
value. The same holds true for all other possibilities explo
in Table I.

K3* (1780) has been used in an analogous study to the
in this Report@5,6#. There the heavy quark symmetry pa
nersD3* andD2 j q55/2 have been found to be 193 MeV an
99 MeV wide@6#, respectively, due to the high mass of 28
MeV used@15#. In this work we use the mass of theD(2637)
by fiat, so that the total widths should be substantia
smaller.

The partial widths ofD3* are estimated in Table II. All
decay modes other thanDp and D* p contributes 425
MeV. The Dp and D* p partial widths depend on which
K-meson decay they are fixed to. Fixing fromK3* (1780)
˜Kp, a partial width with a small experimental uncertain
@16#, yields a totalD3* width of 15216 MeV. Fixing from
K3* (1780)̃ K* p has the advantage that the dominant de
D3*˜Dp has almost exactly the same momentump, so that
G(D3*˜Dp)/G„K3* (1780)̃ K* p…53/4 from heavy quark
symmetry independent of the assumed form factor. Here
total D3* width is 36237 MeV. Since we have not estimate
D3*˜D* (pp)S due to lack of experimental data from
K–mesons it appears likely thatD3* cannot be interpreted a
D(2637) based on its total width, although the possibil
cannot be eliminated.

The decays ofD2 j q55/2 are also estimated in Table II. Th

total estimated width ofD2 j q55/2 is 627 or 17218 MeV

depending on whether we fix respectively fromK3* (1780)
˜Kp or K3* (1780)̃ K* p. Since we cannot estimat
D2 j q55/2˜D(pp)S , D* (pp)S , which have substantia
phase space, the balance of probability is that the t
D2 j q55/2 width is not consistent with the DELPHI value.

The conclusion here is that all interpretations ofD(2637)
have too large total widths, except possiblyD3* and
D2 j q55/2, of whichD2 j q55/2 appears to be the narrowest ca
didate.

Based on the3P0 model decay amplitude, we postula
the nodal Gaussian form factor@14#

F
j h l

j q j q8~p2!5F
j h l

j q j q8~0!S 12
2

15

p2

b̃2D 2

expS 2
p2

6b2D ~3!

at the cost of introducing an extra parameterb̃. The experi-
mental motivation for this form factor is that the experime
tal ratio G„K* (1410)̃ Kp…/G„K* (1410)̃ K* p…,0.16
@3# is at least a factor of eight smaller than the heavy qu
symmetry prediction with a Gaussian form factor. This in
cates the need for a form factor which can additionally s
pressK* (1410)̃ Kp. The theoretical motivation is that th
radially excitedK* (1410) should have a node in its wav
05750
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function, which would naturally translate into a node in t
decay amplitude. A nodal Gaussian form factor@Eq. ~3!# is
accordingly found in the phenomenologically successful3P0
model; for the decay toDp, D* p of all interpretations of
D(2637) discussed in the previous section, exceptD3* and
D2 j q55/2. For these interpretations we perform a search

decays toDp andD* p consistent with the DELPHI bound
using the previous methods. Only successful searches
highlighted.

D8, using K8(1410). Using Eqs. ~1! and ~3!, the ratio
G„K* (1410)̃ Kp…/G„K* (1410)̃ K* p… and width
G„K* (1410)̃ Kp… from experiment@3,16#, we determine
F1

1/2
1
1/2(0) and 0.21<b̃<0.25 GeV. From Eqs.~1! and ~3!

we estimateG(D8˜D* p), which is substantial (;100
MeV! for most of the allowedb̃ range. However, for the
lower extremumG(D8˜D* p) is as low as 10 MeV. As-
suming flavor SU~3! symmetry, we can also estimateG(D8
˜D* h)520, 26 MeV at the lower extremum@17#. Fixing
from G„K* (1410)̃ Kp… we find that the sum of the decay
to D* p, D* h and Ds* K can be as low as 7.9 MeV an

consistent with the DELPHI total width for 0.13<b̃<0.20, a
region that is disjoint, but tantalizingly close, to the preferr
region 0.21<b̃<0.25 GeV.D8 should hence be considere
too wide to be in agreement with the DELPHI width, a
though this depends sensitively on the experimental data
K* (1410)̃ Kp, K* p.

D8, using K8(1680). The ratio G„K* (1680)
˜Kp…/G„K* (1680)̃ K* p… is 1.3020.14

10.23 ~or 2.861.1 di-
rectly from the LASS data! @3#. This ratio, together with
G„K* (1680)̃ Kp… @16# is used to estimateG(D8˜D* p),
and within SU~3! symmetryG(D8˜D* h, Ds* K). We are
able to find a totalD* p, D* h andDs* K width of less than
15 MeV only when we assume G„K* (1410)
˜Kp…/G„K* (1410)̃ K* p…>3.4, consistent, but at the
very edge of the LASS error bars. Consistency with t
DELPHI bound is hence unnatural, but can be achieved.

In conclusion, except forD3* andD2 j q55/2 which are not
assumed to have a nodal form factor, all interpretations
D(2637) have too large a width, except possiblyD8. This
conclusion is contingent on our inability to calculateD8 de-
cays to D0* p, D2 j q55/2p, D(pp)S and Dr from heavy
quark symmetry.

DELPHI made the preliminary claim of an enhanceme
at 5905611 MeV decaying probably toB* p1p2 @18#.
Given the similarity of this decay mode to the observation
D(2637)̃ D* p1p2 @1#, we postulate thatB(5905) and
D(2637) are analogues of each other with different hea
quarks, and explore the consequences.

Up to 1/mQ corrections to heavy quark symmetry, we c
write for the mass of the heavy-light mesonB(5905) and
D(2637) @5,6#

M „B~5905!…5M ~1S!B1E1 C/mb ,
~4!

M „D~2637!…5M ~1S!D1E1 C/mc

where e.g.M (1S)B5„3M (B* )1M (B)…/4 is the mass of the
ground state. The efficacy of using the approach in Eq.~4! to
1-3
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estimate heavy-light meson masses is seen by noting tha
predictions of this approach forDsJ(2573), Ds1(2536),
BJ* (5732) andBsJ* (5850) @5,6# are in as good agreemen
with experiment as potential models@7,8,10#. The first set of
charm and botton quark masses is taken to bemc51.48
GeV, mb54.8 GeV; and the second setmc51.84 GeV,mb
55.18 GeV, following Refs.@5,6#. These two sets of masse
include most of the range found in potential models, parti
larly those of Refs.@7,8,14,15#.

Using the analogous equations to Eq.~4! and following
Refs. @5,6# by fitting K2* (1430), K1(1270), D2* (2460) and
D1(2420) according to the newest PDG masses@3#, one ob-
tainsms50.348 GeV for set one andms50.433 GeV for set
two.

There are two equations in Eq.~4!, which we solve for the
two unknownsE and C. Substituting these values into th
expression for the mass of the K-meson analogue ofB(5905)
andD(2637), M (1S)K1E1C/ms , we obtain the K-meson
mass 1820660 MeV and 1850670 MeV for the first and
second sets ofms ,mc andmb respectively.

In conclusion, assuming the validity of the masses
B(5905) andD(2637) from experiment, and that they a
simply analogues of each other with different heavy quar
the lowest order correction to heavy quark symmetry p
dicts that the K-meson analogue should have a mas
1800660 MeV or 1820670 MeV. K3* (1780), K2(1770)
andK2(1820) are comfortably within, andK* (1680) at the
edge of, these mass regions. Given thatD(2637) is an ana-
logue of one of these states, theJP of D(2637) is 22, 32 or
possibly 12.

It is critical to corroborate the claim by DELPHI of suc
a small D(2637) total width. The total width is more dis
cs

P.

in

-
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criminatory than individual partial widths, e.g. with the nod
form factor the decayD1 j q51/2* ˜D* p is small, but the col-

lective decay toD* p and D* h is substantial. Dominan
modes are likely to beDp, D* p, D* (pp)S and for some
interpretationsD(pp)S . A small width for D(2637) would
put a restrictive bound onD* (pp)S , and for some interpre-
tations onD(pp)S . This would be a useful input into mod
els. TheJP of D(2637) can experimentally be ascertain
without partial wave analysis. For example, of the possib
ties considered only 02 and 22 should have enough phas
space for the experimentally challenging decay toD0* p.
Only 11, 02 and 22 decay toD(pp)S and do not decay to
Dp, Dh andDsK.

If the DELPHI mass and width ofD(2637) are confirmed,
it would present a fascinating challenge for theory. With
heavy quark symmetry, the width cannot be explained by
exhaustive list of possibilities, except possibly if the state
D3* , D2 j q55/2 or D8. However, these possibilities are inco

sistent with potential model mass estimates. Moreover
D(2637) is eitherD3* or D2 j q55/2 then it appears that the

other ~unobserved! resonance should appear within 20 Me
of it @7#. The interpretation ofD(2637) asD8 is complicated
by the fact that decay via the kinematically preferred ro
D* (pp)S is not allowed. SinceD(2637) is observed in
D* pp, this would have to arise via kinematically sup
pressed routes likeD* r andD2* (2460)p. Of the potentially
narrow interpretations ofD(2637),D3* andD2 j q55/2 are pre-
ferred when the implications of the lowest order correctio
to heavy quark symmetry on heavy-light meson masses
analyzed.
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