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Understanding the D},(2317 and D;(2460 with sum rules in heavy quark effective theory
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In the framework of heavy quark effective theory we use QCD sum rules to calculate the masses of the
cs(07,17) and (1*,2") excited states. The results are consistent with the sBg317) andD.;(2460)
observed by BABAR and CLEO being the" Gand 1* states in thg,= 3" doublet.
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[. INTRODUCTION van Beveren and Rupfl5] argued from the experience
with a4 /f¢(980) that the low mass dd4;(2317) could arise
Recently the BaBar Collaboration announced a positivefrom the mixing between thBK continuum and lowest sca-
parity narrow state with a rather low mass 231F MeV in  lar nonet. In this way the 0 cs state is artificially pushed
the D (1969) channel[1], which was confirmed by CLEO much lower than that expected from quark models.
[2] and BELLE[3] later. Because of its low mass and decay A recent lattice calculation suggests a value around 2.57
angular distribution, its” is believed to be 0. In the same GeV for the 0" state mas§16], much larger than the experi-
experiment CLE( 2] observed a state at 2460 MeV with a mentally observed,(2317) and compatible with quark
possible spin-paritg®=1" in the D} 7 channel. BaBaf1] ~model predictions. The conclusion in Refl6] is that
also found a signal near there. Since these two states Ii@si(2317) might receive a large component@K and the

below theDK andD*K thresholds, respectively, the poten- PhYSics might resemblay, /f,(980). Such a larg®K com-
tially dominants-wave decay moded.,(2317)—D K, etc., ponent makes lattice simulations very difficult.

are kinematically forbidden. Thus the radiative decays anq In this paper we shall use QCD sum rule0] in the

isospin-violating strong decays become favorable deca amework of the heavy q_uark effective the.dHQET) [21] .
modes. The later decay goes in two steps with the help o extract the masses since HQET provides a systematic

virtual Dy7 intermediate state®, (2317)— D 7— D method to compute the properties of heavy hadrons contain-

where the second step arises from the tipyr® isospin- ?ng a single heavy quark via therl expansion, whereng
violating mixing due tom, #m is the heavy quark mass. The masses of ground state heavy
u d-

mesons have been studied with QCD sum rules in HQET in

The experimental discovery of these two states has r%22—24]. In[17-19 masses of the lowest excited nonstrange

cently triggered a heated debate on their nature in the literg: it 3ot :
“The k P heir | Th&eavy meson doublgts {01") and (1*,2%) were studied
ture e key point is to understand their low masses with the sum rules in HQET up to the order Gf(1/mg).

D5(2317) mass is significantly lower than the values of X .
0% mass in the range of 2.4—2.6 GeV calculated in quaﬁzl'hese masses were also analyzed in the earlier was

models off4]. The model using the heavy quark mass expanyVith sum rules in full QCD. In this paper we extend the same

sion of the relativistic Bethe-Salpeter equation[s] pre- formalism in[17,1§ to include the light quark mass in cal-

dicted a lower value 2.369 GeV of'Omass which is still 50 culating thecs mesons. We shall also use more stringent
MeV higher than the experimental data. Bardeen, Eichtercfiteria for the stability windows of the sum rules in the

and Hill interpreted them as thes(0",1") spin doublet and numerical analysis.
as the parity conjugate states of the (Q~) doublet in the
framework of chiral symmetfy[6] (see also Ref[7]). A Il. my—mgq AT THE LEADING ORDER OF HQET
quark-antiquark picture was also advocated by Colangelo : : . :
and De Fazid9], Cahn and Jacksdri0], and Godfrey{11]. The proper interpolating curredﬁ:‘” ! for a state with
Based on such a “conventional” picture, the various decayquantum numberg P, j, in HQET was given irff17]. These
modes were discussed in Reff§,9,11]. currents proved to satisfy the conditions

Apart from the quark-antiquark interpretatidd;(2317)
was suggested to be a four-ql_Jark state by Cheng and Hou <0|Jj‘f1F,"'j;7“i(0)|j ’,P’,j@)zfpjléjjrﬁpp,éjejwal“-aj,
[12] and Barnes, Close, and Lipk[d3]. Szczepaniak even (1)
argued that it could be a stromy= atom[14]. But we think
it would be very exceptional for a molecule or atom to have
a binding energy as large as 40 MeV.
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The existence of parity doublets has also been shown by combin-

ing chiral symmetry and heavy quark symmetry in the Bethe- _ _
Salpeter approach if8]. X | dto(x Ut)HP,Je(X)! (2
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in themg— o limit, where 1" “i is the polarization tensor

for the spinj state,v is the velocity of the heavy quark,
gf=g*¥—v P is the transverse metric tensdt,denotes 12
symmetrizing the indices and subtracting the trace terms
separately in the setsx(---a;) and (B;- - - B;), andfpyj(

and Hp,jf are a constant and a function »f respectively,
which depend only o® andj, . oo

We consider the correlator ' /

H(m)=iJ d*xe(0[TAj'H ;%) *;3;, , 1'(0))|0),

I
|

(3) 0.4 0.5 0.6 0.7 0.8
wherew=2v -k. It can be written as -
5 FIG. 1. The variation ofA(%*) (in units of GeV} of the
fP,je ) (0",1%) doublet with T and w, for the derivative currents. The
H(w)= — -+higher states, (4)  vertical and horizontal axes correspondoand T. From top to
Py @ bottom, the curves correspond &g being 3.1, 2.9, 2.7 GeV, re-
spectively.

whereAj,p,u: Iimmoﬁoc(mMj‘PJ(—mQ). On the other hand,
it will be calculated in terms of quarks and gluons. Invoking variation of a sum rule with botfi and w. will contribute to
Borel transformation to Eq(3) we get the errors of the extracted value, together with the truncation
of the operator product expansion and the uncertainty of
vacuum condensate values.

In Secs. IIA and II B we give sum rules for {01%) and
(1*,2") doublets using interpolating currents with deriva-
wheremy is the light quark massy(w) is the perturbative tives, respectively. For comparison we discuss sum rules for
spectral density, and is the threshold parameter used to (07,1%) using interpolating currents without derivatives in
subtract the higher-state contribution with the help of theSec. Il C.
guark-hadron duality assumption.

We shall study the low-lying (0,17),(1%,2")(cs) A. (0%,1%) doublet with derivative currents
states. The values of various QCD condensates are

_ 1 (o
fﬁ,jfe‘ 27jp,j/T= ;J ¢ p(w)e”“T+ condensates,(5)

We employ the interpolating currenits7]
(ss)=—(0.8+0.1)*(0.24 GeV}°,

3 =~ )P,
(.GG)=0.038 GeV, N t
=0.8 Ge\. (6) et L— &
15 .= Thzﬁ’ y&(—i)Ds, (7)
We usemy(1 GeV)=0.15 GeV for the strange quark mass 2

in the modified minimal subtractioftMS) scheme. We use ) _ _
Agcp=375MeV for three active flavors and\ocp — WhereDy=D*—(v-D)v*, with D*=g*—igA* being the
=220 MeV for four active flavors. The sum rules with mass-gdauge-covariant derivative. We obtain the sum rule relevant
less light quarks have been obtained 118,17|. to A:

In the numerical analysis of the QCD sum rules we re-
quire that the high-order power corrections be less than 30%
of the perturbation term. This condition yields the minimum fr2 T 128
value T, of the allowed Borel parameter. We also require
that the pole term, which is equal to the sum of the cutoff 1 3
perturbative term and the condensation terms, be larger than —12miwle” “”wa— mo(ss>+ m2(ss)
60% of the perturbative term, which leads to the maximum
value T,,,x Of the allowedT. Thus we have the working
interval Tpin<T<Tpax for a fixed we. If Tin=Tmax, We
are unable to extract useful information from such a sum
rule. In the ideal case, the difference between the meson Taking the derivative of the logarithm of the above equa-
massmy, and the heavy quark mass, (or other observ- , : —
ables is almost independent oF for certain values ofs,. 10N With respect to (I) one obtains the sum rule fok.
Namely, the dependence on both the Borel parameter an@ubstituting the obtained value df in Eq. (8) one obtains
continuum threshold is minimum. In realistic cases, thethe sum rule forf’, ;5. In Fig. 1, the variation of\ (1/2)

_ w0
AT [w*+ 2msw3—6m§w2
6472 J 2m,

sG?). ®)
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FIG. 2. The variation ofA(3*) (in units of GeV of the
(1*,2") doublet withT andw. . From top to bottome.= 3.2, 3.0,
2.8 GeV, respectively.

with T and w. is shown. According to the criteria stated
above the working range is 0.887<0.58 GeV. We have

A(1/27)=(0.86+0.10 GeV,
f' 1,=(0.31+0.05 Ge\P?, (9

where the central value corresponds Te-0.52 GeV and
w:.=2.9 GeV.

B. (1%,2%) doublet

For the (1",2%) doublet, by using the interpolating cur-
rents[17]

3_ _ 1
Ik a= \[Zhvﬂ—l)(w— gy?bt)q,

1 (—i)
\fzth

2 a1
_ §gt 1 th)q,

JTal,azz

a1y @2 a2y 1
24,1 (yt Dt N Dt

(10
we obtain the sum rule
2 YV S BT 3 2,2
f+'3/26 :W - [w"+2mgw;—6miw
S
3 —olT 1 2/ e
—12miwle” " 'dow— l—zmo(ss>

mS
48

as

)

(11)

o2\ 1y Lmzise -
<7TG >T+8m5(ss> -

From the sum rule, the variation an(S/Z*) with T and
w¢ is plotted in Fig. 2. The working range is 085
<0.65 GeV. We have
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FIG. 3. The variation of the ratio of the pole contribution and
the perturbative piece of the {(Q1") doublet withT and w, for the
nonderivative currents. From top to bottoa,=3.1, 2.9, 2.7 GeV,
respectively.

A(3/2Y)=(0.83+0.10 GeV,
f, 3,=(0.19:0.09 GeV? (12

where the central value corresponds Tie-0.62 GeV and
w:=3.0 GeV.

C. (0%,1%) doublet with currents without derivative

Possible different currents for {Q1*) doublet are the
nonderivative currents

t 1-
Jo+ 2= Ehus,
ta 1 5.a
\]1’+’2: Ehu'y 'yt S. (13)

With the nonderivative currents the sum rule reads

3 ®
rcﬂ-zfzr: [wz— 2msw— 2m§]e_ w/wa
s

f2 128 2AMT=

1 mg— 1 ,—
+ §<SS>+ E<SS>_ 8—sz0<ss). (14

Requiring that the condensate contribution be less than
30% of the perturbative term, we g&t,,,=0.75 GeV. In
Fig. 3, we show the ratio of the pole term—i.e, the sum of
the cutoff perturbative term and condensation terms—for the
sum rule (14). In the whole range off >T,,,, this pole
contribution is less than 40%. Hence, there is no stability
window for this sum rule satisfying our criteria stated before.

If we arbitrarily loosen the analysis criteria and require
the pole contribution to be greater than 30% only, we get the
working range 0.75T<1.2 GeV. In Fig. 4, the variation of

A(1/27) with T and w, is shown. Numerically,
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K=h,(iDy?h, (18)
16 andsS is the chromomagnetic operator
y /A g .
g1 \ S: maJmQ/,LL)hUO'M,,G h (19)
. \
S
. — whereCpag=[ as(Mg)/ (1) 1%, Bo=11-2n/3.
ConsideringO(1/mg) corrections the pole term of the
correlator on the hadron side becomes
0.6 0::7 0.8 0.9 1 g 1.2
: (f+ 5f)2
T o () poje=—=————
FIG. 4. The variation ofA (in units of GeV} of the (0",1%) 2(A+ ém)—
doublet withT and w, for the nonderivative currents. From top to
bottom, w,=3.1, 2.9, 2.7 GeV, respectively. f2 25mf? 2f of

= +—— (20
N 2A—w (2A—w)®> 2A-w
A(1/27)=(1.30+0.15 GeV,
2 where ém and 6f are of orderO(1/mg).
fy1,=(0.39£0.05 GeV*?, (19 To extractém in Eq. (20) we follow the approach df23]

to consider the three-point correlation functions
where the central value correspondsTte 1.0 GeV andw,

=2.9 GeV. Because of the weaker criteria used, these results

are less reliable and will not be used in the final numerical 501—[1 Pi i B’(‘”'w/)
results.

Here we would like to make some remarks. Usually, the _ -
currents with the least number of derivatives are used in =i2f d*xdtyek-x-ik"y

QCD sum rule approaches. The sum rules then are less sen-

sitive to the threshold energy.. However, it is pointed out

in [17] that in the nonrelativistic limit the coupling constant ><<O|T(JJ bi '(X)O(O)Jwl Bi(y))|0>, (21
of these currents to thB-wave states vanishes. If this cou-
pling constant is suppressed due to this reason, the relati
importance of the contribution of tHeK and other states in
continuum in the sum rules which are usually neglecte
would be enhanced. Besides, it is showri26,27] by using
the soft pion theorem that the contribution of tBer con-
tinuum is large in the sum rule with the nonderivative current
for the 0" state of the nonstrand® system and significantly
decreases the value &f. A similar method of calculation is
not good in the present case, but it indicates that the contri-
bution of theDK continuum with the nonderivative current
may be large too. 2K

cll(w,0")pole=—= —
e ) poe= o o)

\fhereo=K or S. The scalar function corresponding to Eq.
0(21) can be represented as the double dispersion integral

1 po(s,s')dsds
sollo) = LERTE

The pole parts obpll(w,w’),0=K,S, are

lll. SUM RULES AT THE 1 /mg ORDER

2
To the order of Iihg, the Lagrangian of HQET is PRGN G’C(w), (22)

2A—w 2A o’

_ 1
Log=h,iv-Dh,+ 5K+ 5 S+O(1/mQ) (16)
2mgq

, dy 23
osll(w, o )pole: — ;
whereh,(x) is the velocity-dependent effective field related (2A~0)(2A~w')

to the original heavy quark fiel®(x) by
Gs(w Gs(w)

+dyf2 ) =
2A—w 2A—ow’

. (23

) 1+9
h, (x)=€"Me" *——=Q(x). (17)

Here K is the kinetic operator defined as where

114011-4



UNDERSTANDING THED/,(2317) AND D_5(2460) .. . PHYSICAL REVIEW D68, 114011 (2003

K pi,=(i:P.Jilh,(iD)?h,[j,P.j)),

2dy2jpj,=(I :P=j||EgU#VG“th|j P,

dM:dj,j|’
. \
dj + 12, =~ 21 - 3 \\

Letting w= ' in Egs.(22) and(23) and comparing with Eq. s
(20), one obtaing?23]

dj —12j,= 2} * 2,

0.4 0.5 0.6 0.7 0.8
T

1
5m=——(K+dMCma92). (24
4mq - Lo +
FIG. 5. The variation oK, (in units of Ge\f) of the (0",1")
doublet with T and w. for the derivative currents. From top to

The singl le t in Eq$22 2 f th
e single pole terms in Eq#22) and(23) come from the bottom, w.=3.1, 2.9, 2.7 GeV, respectively.

region in whichs(s’)=2/T and s’(s) is at the pole for a
radial excited state or in the continuum. They are suppressed

by making a double Borel transformation for bathande’. Kyp=(—1.60+0.30 GeV?,
The Borel parameters correspondingdcand o’ are taken
to be equal. One obtains thus the sum rulesk@nd, as 31,=(0.28£0.05 Ge\?, (28
f2K e~ 2MT— f‘"c “’dedw,ef(wm')/zTPK(w ') The variations ofk and 3 with T and w, for the j{=3"
2mgJ 2mg Y doublet are shown in Figs. 5 and 6, respectively.
(25) Forj[=3" doublet, we have
f25 @~ 2NT_ J"”° “’Cd dey' @ (@+)2T o). . 1 foe o
ome ) om, odo ps(w,0") 2, Ke 2MT= — 7 whe—Tdw
(26) 2mg
7
In this section we shall neglect thes corrections toK + W(aSGGWS,
and. We obtain for thej’=3" doublet with derivative &
currents
_ 3 (o f2 5p2e” 20T f p(s,s') e (73)2Tqsdg
/2 1/zKesz/T:_ . zf w®e ' Tdw 2mgJ 2mg
20 2mg 1
3
3 + ﬁ(aSGGH , (29
+ E(aSGGﬁ?’, &
with
f/21/22e—2A/T f f p(S s )e (s+s’ )/2Tde§
2mgJ 2mg 03
! GG)T® 2 04
+ @(as )T, (27)
e [ e
with R e S
& T
S(ZT) ’ 0.2 I —
p(SS )_96 773 magss
x{s'%(3s—s')f(s—s') +(s—s')}. o

We can eliminate the dependence of khandX onf, ;) — L L - —

and/Tthrough dividing the above sum rul€&7) by the sum T
rule (8). We use the same working windows as those of tWo- i 6. The variation o, (in units of Ge\?) of the (0",1%)

point sum rules forA in evaluatingO(1/mg) corrections.  doublet with T and w, for the derivative currents. From top to
Numerically we have bottom, w,=3.1, 2.9, 2.7 GeV, respectively.

114011-5



DAI et al. PHYSICAL REVIEW D 68, 114011 (2003

(0*,1") with the derivative current, the weighted average
mass is
= \ l
\\ Z(mD:O—i- 3mD:1)
X | \ —
-2 E— =m.+(0.86-0.10 + F[(O'A'Oi 0.08 Ge\?].
C
\\
25 The mass splitting is
1
0.5 0.55 0.6 0.65 0.7 0.75 0.8 mD:l_mD:o: H[(Ozgioos) Gevz]
T C
FIG. 7. The variation oK, (in units of GeVf) of the (1",2") For the (1",2%) doublet we have
doublet withT andw, . From top to bottome.=3.2, 3.0, 2.8 GeV,
respectively. 1 1
=(38mp __ +5mp* )=m,+(0.83+0.10 + —
8 sl s2 me
) 1 «27)
p(s:8")= 5553 Cmag X[(0.41+0.10 GeV?]. (31

The 1",2" mass splitting is
X

4 3
s’ (s— gs’) 0(s—s')+(s=s') .

1
- . P 3 Mp* —mMp_ = —[(0.116-0.06 GeV?].
The variations ofK and 3 with T and w. for the jy =3" s2 st Mg

doublet are plotted in Figs. 7 and 8, respectively. Numeri-

cally we have The results fobs system are obtained by replacing by
m, and multiplying 2 by 0.8 (since C,,4~0.8 for the B
Kgp=(—1.64-0.40 GeV?, system by using the values &fycp given in Sec. Il in the
above equations.
33,=(0.058+0.0) GeV?. (30 Choosingm, to fit the experimental value

The spin-symmetry-violating tern$ not only causes a 1
splitting of the masses within the same doublet, but also g (3mp , +5mpx ) =2.56 GeV,
causes a mixing of states with the same but differentj, .

In Ref. [18] corrections from the mixing are found to be \yhere we again neglect the mixing between two dtates,
negligible. We omit this effect here. we obtainm,=1.44 GeV. Using thisn, value we obtain the
following numerical results. The™,2* mass splitting is
IV. NUMERICAL RESULTS AND DISCUSSIONS
-~ Mo+ —Mp_ =(0.080£0.042 GeV,
We present our results for thes system assuming the s ot
HQET is good enough for excitdd mesons. For the doublet \yhich s consistent with the experimental value 37 MeV

within a large theoretical uncertainty. Experimentally, the

0.08

mass splitting in the (1,2%) doublet in theDg system is
almost equal to that in th® system. This justifies neglecting
o on the m, correction to theX term in our calculation. For the
(0*,1") doublet, the weighted average mass is
T
% 0.06 p— 1
@ // L - — * * )=
o [ B — 7 (Mpx +3mpx ) =(2.57-0.12 GeV.
[
0 The mass splitting is
0.5 0.55 0.6 0.65 0.7 0.75 0.8 mD’S*l_mD:OZ(O'lg——'_O-O‘]') GeV. (32)

T

FIG. 8. The variation oB 4, (in units of Ge\?) of the (1*,2°)  Therefore, the 0 mass is predicted to beng:=(2.42
doublet withT andw, . From top to bottome.=3.2, 3.0, 2.8 GeV, *+0.13) GeV. This is consistent with the experimental value
respectively. 2.317 GeV, though the central value is 100 MeV larger than
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data. If the I D, state of mass 2.460 GeV found by CLEO blet, the sum rule window is 0.46T<0.6 GeV for w,
[2,1] is assigned as the other member of thé (0°) dou- =2.7-3.1 GeV. The results are
blet, then the observed mass splitting 0.143 GeV is consis- _
tent with Eq. (32). Notice that theX,, value in Fig. 6 A12=(0.79£0.08 GeV,
changes very slowly betweén=0.35 and 0.8 GeV. There-
fore the result(32) is insensitive to the stability window
used.

We would like to note that the stability of the sum rules

Kip=—(1.57+0.4 Ge\?,
3,,=(0.286+-0.05 Ge\?, (34)

(in particular, those for th& and.) obtained by us is not as with the_ central value ar=0.53 GeV. The _effect_ of strange
ﬂgarks is to make the massBf mesons a little bit larger, as

good as those for the ground states, as can be seen from t . -

figures. And for the charm flavor hadrons, thend/correc- expected. Experimentally, the Belle Collaboration found
: ' = —+ =

tions are significant. So the predictions on masses have 0o (2290 22:20) MeV ) and Moy (2400+ 3’.0

relatively large uncertainties, which are estimated by giveri-20) MeV recentl%/ [28] while the CLEO Collaboration

errors. found Mp* =2400",5 MeV [29]. Thej s, nonstrange doublet

If we replace the strange quark condensate by up anthass is known precisel{30], mp, =2460 MeV andmp,
down quark condensates ang by the zero up and down =2420 MeV. Our result$33), (34) are consistent with the
quark masses, we can extract the nonstrange exéed experimental data within the theoretical uncertainty.
meson masses. For the(2*) doublet, the sum rule win- In summary, we have calculated the masses of the excited
dow is 0.5KT<0.67 GeV forw.=2.8-3.2 GeV. The re- (0*,17) and (1",2") doublets for thes system to the g

sults are

A3,=(0.73+0.08 GeV,
Kap=—(1.6-0.4) Ge\?
3.3,=(0.057+0.01) Ge\?,

(33

with the central value & =0.62 GeV. For the (0,1") dou-

order in the HQET sum rules. The numerical results imply
that theD¢;(2317) andD¢4(2460) observed by BABAR and
CLEO can be consistently identified as the"(0") doublet
with j,=3* within the theoretical uncertainty. Especially, the
mass splitting in the (0,1") doublet is reproduced quite
well. The repulsion between these states and Die and
DK* continuum may help to lower their masses. In the
framework of the sum rule this effect should come from the
contribution from theDK andDK* continuum to the disper-
sion integral.
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