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Abstract. We show that the one-loop chiral corrections for heavy light mesons in the potential model can
explain the small mass of Ds(2317) as well as the small mass gap between Ds(2317) and D(2308).

PACS. 14.40.Lb; 14.40.Nd; 12.39.Pn; 12.39.Fe

The recently observed D,(2317) [1-3|, which is a very
narrow resonance (I' < 10 MeV) decaying into D7, is
thought to be the missing bound state with J* = 0T of the
heavy-light system. This picture of D4(2317) composed
of a heavy quark and a light valence quark fits well with
the heavy quark, chiral symmetries that predict parity
doubling states (0~,17) and (0%, 1), with the interparity
mass splittings in the chiral limit given by the Goldberger—
Treiman relation [4-6]. The subsequent observation of 1
state D4(2460) [1-3] strongly supports this picture.

On the other hand, the two-quark picture of the reso-
nances does not play well with the potential model calcu-
lations, which generally predict substantially larger mass
and width. According to the potential model calculation
in [7] the mass and width of D4(0") are, respectively,
2487 MeV and a few 100 MeV, with the width depending
on the light quark axial coupling. While the narrow de-
cay width can be understood by the observed mass being
below the threshold of the strong decay channel DK and
the isospin symmetry breaking, the substantially small ob-
served mass is puzzling.

Furthermore, this anomaly in the observed mass be-
came more peculiar when the Belle collaboration ob-
served [8] the non-strange 0" state D(2308), whose mass
is surprisingly close to D(2317). The potential model
predicts the mass splitting between these states to be
110 MeV. These peculiarities in the observed masses led
to many models for the new resonances, including, for ex-
ample, a four-quark model [9, 10], DK molecule models [11],
and a unitarized meson model [12]. It is thus very im-
portant to clarify the nature of the newly discovered
resonances.
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The quoted numbers of the potential model calculation
are based on a Coulombic vector potential and a linear
scalar potential. Modifications of the employed potentials
might remove the anomaly, but Cahn and Jackson [13]
showed that, as far as the vector potential is kept Coulom-
bic, it is unlikely that the observed decay width and mass
pattern of the resonances can be obtained from a potential
model.

This suggests that the potential model be missing es-
sential physics of the heavy-light system. Indeed, the con-
ventional potential model does not sufficiently take into
account the chiral symmetry breaking nature of the QCD
vacuum, with the chiral symmetry breaking encoded only
in the light quark constituent masses of the model. Since
the light valence quark is chirally active, the heavy—light
mesons can couple to the quantum fluctuations of the
Goldstone bosons of the QCD vacuum. This suggests that
potential models must be augmented by chiral radiative
corrections.

In this paper we calculate chiral radiative corrections
for the bound state energies of the potential model, pay-
ing particular attention to the mass splittings of the parity
doubling states. Our main result is that chiral corrections
are large, comparable at least to 1/M, corrections in the D
mesons, where M, denotes the charm mass, rendering their
inclusion in the potential model mandatory. Furthermore,
for the parity doubling states, they tend to narrow the in-
terparity mass gaps, and this effect is stronger in a strange
system than in a non-strange system, with the robust
prediction of the mass gap = [m(D(0")) —m(D(07))] —
[m(Ds(0%)) —m(Ds(07))] = 90 MeV (at the axial coupling
ga = 0.82) that is consistent with experiment.

The potential model of the heavy-light system [14] is
based on the chiral quark model [15], with the Lagrangian
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reading

L=v(idy — H)W (1)
with ¥ = (u,d, s) denoting the light quark fields and the

Hamiltonian given by

1
H=H0+MH1+"', (2)
where M denotes the heavy quark mass. The leading
Hamiltonian Hj in the heavy quark mass expansion reads
(3)

Ho=~°(=1 ¥ +m)+V(r),

with the potential given in the form

V(r) =M +7"Vi(r) + Vi(r), (4)
where V; and V, denote the scalar and vector potentials,
respectively, and m = m;d;; denotes the constituent quark
masses. The energy spectra of resonances are obtained
by solving the Dirac equation of Hy, followed by time-
independent perturbations of the subleading terms. The
free parameters of the model are fixed by a global fitting of
the predicted masses to those of the observed resonances.
In this framework the chiral symmetry breaking of
QCD is encoded only in the constituent masses of the light
quarks, and we shall see that this is not sufficient. This
inadequacy of the model can easily be remedied by not-
ing that the effective Hamiltonian is based on a truncated
chiral quark model. In chiral quark model the light quark—
Goldstone boson interactions are described by an infinite
tower of derivative expansions, but the term responsible for
the one-loop corrections is the following axial coupling:

Hpyr = —QA@ Avs¥

2f A Gy vs%;0,I1;; + O(IT?),

where ga is an axial coupling constant, and

(5)

(6)

A% A% the Gell-

=, (€'0.6—¢0,¢").

with & = el!1/2fx where IT = Zizl @
Mann matrices, and f, =93 MeV.

We note that the inclusion of the axial term (5) in the
potential model Hamiltonian should not be unexpected,
since this term was already employed in the calculation
of the decay widths in the potential model. In general the
widths, which are the imaginary parts of the self-energies,
can be a few hundred MeV, which indicates that the chi-
ral radiative corrections to the resonance masses cannot be
small, and so should be included in the computation of the
masses.

We shall now consider the corrections due to the chiral
term (5) to the energy of an eigenstate of Hy. Let us denote
the eigenenergy and normalized wavefunction by Fy, and
U, respectively. Here m = {n, [, j, m;, ¢} denotes the set
of quantum numbers classifying the eigenstate of the light
quark, with n, ¢, and [, j, m; denoting the radial excitation,
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Fig. 1. One loop correction to the energy of the eigenstate ¥m

quark flavor, and the angular momentum quantum num-
bers, respectively. The correction to the energy Ey, at one
loop comes through the diagram in Fig. 1 and is given by

B = 3 YIS
d4k | Jenn (K)|?
% / (27m)* (Em — ko — En +1i€) (K —m2 +1ie) ’
(7)

where

(1) = ([ @5 B 000 (6 ) b 8)
and m, denotes the mass of the light meson exchanged and
Cr represents the SU(3)aavor factors coming from the axial
vertices.

Using the Dirac equations for the wavefunctions the
current can be written as

jmn(k) =

where

(ko — Eun + En)o@h (k) + p20(0) . (9)
P (k) = / A T ()5 P ()
pl2) (k) = / d*x T ()75 (1

Ty (x)elkx

Substituting (9) into (7), and performing the integration
over kg we obtain

AEm:ZZgJ(m,n,mﬂ),

+mn+2V5) (10)

(11)

where
g d3k
J(m, n,mx) = 8f§ / (27)3Er (k)
. [(En — Bl (02
+2Re [ (k)PgL(k) ]
| pkacn ()|

T B (k) - Em+Ef4J’ 1

with E. (k) = \/k2 +ma.
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We shall now write the currents psfl)n in terms of the ra-
dial functions of the eigenfunctions, which can be written

)= (it ) Yom )

where Yy, (7) is the spinor harmonics.

Since the light quark wavefunctions are eigenstates of
the angular momentum operator, it is convenient to ex-
pand the plane wave exp(ik-r) in the definition of the

currents pay in (10) as

(13)

4WZZ]4 (kr) Z Y/ (7) Yom(k).  (14)
m=—/
Then, the currents ps,llf) can be expanded as
P (k) = p W2 (K], £,m) Yem (), (15)

L,m

with, up to a common phase,

P2 (K], Ly, ) = 4 / r2dr 52 ()i, (kr)
0
X (gmjlamz|j'm;) <£j||16::a~f||£’j’>

= (jmjlamali'm)) paD (K|, 1), (16)
where
ﬁgrlm Jm(r)gn(r) — fn(r) m(?‘),
pmn = (fm( ) ( +fn T 7" ) mm+mn+2Vs) .

(17)

Here {¢, j,m;} are the angular momentum quantum num-
bers of the state m, {¢', j', m;} those of the state n and £, is
the angular momentum of the intermediate meson appear-
ing in the expansion (14), and (j||Y;* o -7|[¢'j") denotes the
reduced matrix element. Equation (16) provides a selection
rule for the possible intermediate light meson angular mo-
mentum, [, for a given internal state and vice versa.

Now, doing the angular part of the k-integration, which
can be easily carried out with the decomposition (15), and
using the unitarity relation

2 X (jmjlemelimf)* =3 {1} =2j'+1,

mj Mg +m; mj m]/,
(18)
we can rewrite the loop corrections to the energy as
2 ]n +1
w= S Ym0 )

n mlr

2 2
_9a k=dk B @ ,
8f2 / (27T)3E (En Em)|pmn(|k|,lﬂ)|

+2 Re[plh (K|, L) pla (IK, )]
[P (K, )2 ]

where

J(m,n,lx) =

+ (20)

Er—Em+E,—ie|
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We now focus on the energy corrections for the low-
est energy parity doubling states, D(07), Ds(07) and
D(0"), Ds(07). They have the quantum numbers m =
{1,0, é,:l:l,q =(d,s)}, {1,1, ;,:I:l,q = (d,s)}, and, to
shorten the notation, these W111 be denoted 044,14, Te-
spectively. For these states pis (|k| £;) in (20) are given
by

A 02) = Var [ e (fn()gn(r)
0

~ Fa(P) g (1)) (k). (21)
P (K], £r) = Vdr / P20 (fan ()G () + f(7)en ()
X (Mm + M+ 2V5) je, (kr) . (22)

Before giving the numerical result, we comment on the
divergence of the loop corrections. The loop correction
J(m,n,l;) for given m,n is free from ultraviolet (UV)
divergences, with the wavefunctions providing the UV cut-
off. However, the total loop correction obtained by sum-
ming over the internal states is quadratically divergent.
The quadratic divergence comes from the first two terms
of (12) which can be easily summed over the internal states
using the Dirac equation for the wavefunctions and the
definition of p,(mn in (10). This gives the sum of the first two

terms as
2 3
quad. div. _ —9a d’k
Afm 26 gpo [/ (2w>3Ew(k>]

/d% Tl A (M + M + 2V ¥
(23)

The third term in (12) is at most linearly divergent. This
quadratic divergence of the energy correction is not unex-
pected since the chiral quark model is an effective theory
valid only at low energies. To regularize the UV divergence
we introduce a three-momentum cutoff of the form
e K /A%y (24)
to the integrand in (20). We regard A yy as the physical
cutoff of the chiral quark model, but we shall see that our
main result on the mass gap depends little on the cutoff.
To obtain the eigenfunctions of Hy we should first fix
the parameters of the model. In the following we shall fol-
low the setup as well as use the parameter values given
in [7], in which the vector potential is Coulombic and the
scalar potential is a linearly confining potential. The model
has nine free parameters that are to be fixed by a global
fitting of the predicted resonance masses to those observed
values. For details we refer the readers to the above refer-
ence. Of course, the parameters were fixed without taking
the chiral corrections into account, but we can use those
values to estimate the loop correction effects at leading
order, which are comparable in magnitude to the 1/M, cor-
rections and so play only a subleading role in fitting the
parameters.
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We also need to fix the axial coupling ga, which is a free
parameter in the chiral quark model. In principle it can
be determined by fitting the hadronic decay width of an
excited heavy-light meson to the experimental data, or
by lattice simulation. These approaches estimate ga to be
around unity with a considerable uncertainty [7].

It is convenient to organize the energy corrections in
terms of the angular momentum [, of the intermediate
light mesons. For a given I, we sum over all allowed inter-
nal states, which can be selected by the angular momen-
tum and parity conservations at the axial vertex, up to the
first 10 radial excitations. As can be seen in Table 1 the
corrections drop rapidly at higher radial excitations. Our
result is summarized in Table 2 at varying cutoffs A yv.
At a smaller cutoff A yyv = 700 MeV the corrections drop
quickly as [, increases, whereas at a larger cutoff A yy =
1200 MeV they drop slowly, reflecting the UV divergence
of the chiral corrections. At all the cutoffs considered, the
largest contributions come from the [, = 1 modes, and at
larger cutoffs contributions from [, as large as four are
significant.

Not surprisingly, the total energy corrections depend
strongly on the UV cutoff. At A yyv = 700 MeV they are
a few hundred MeV but at A yy = 1200 they are in GeV
order. This shows that in our model the physical cutoff
should be about 700 MeV. Although the total corrections

Table 1. Energy corrections from the first five radial excita-
tions at lr = 0. The gap = (AE1; — AE0Qy) — (AE1ls — AEOs).
Values are at A yy =700 MeV and gp = 1. Units are in MeV

n 1 2 3 4 5
AEQ4 —23 -3 0 0 0
AFE1, 29 —49 -8 -1 0
AEOQ; —33 -3 0 0 0
AFE1g —108 —49 -9 -1 0
gap 127 0 1 0 0

Table 2. Energy
Units are in MeV

Ir 0 1 2

Ayy= 700 —26 —142 —50

AE0; Ayy=1000 —116 —361 —196
Ayy =1200 —201 —561 —362

Ayy= 700 -29 -192 —101

AE1l; Ayy=1000 —64 —400 -—310
Ayy=1200 -93 —558 —502

Ayy= 700 —37 —136 —47

AEO;  Ayy=1000 —141 —376 —197
Ayy=1200 —239 —599 —372

Ayy= 700 —168 —186 —98

AEly  Ayy=1000 —217 —413 —317
Ayy=1200 —253 —589 —524

Ayy= 700 128 0 0

gap Ayy=1000 128 -2 6

Ayy=1200 122  —7 12

corrections (ga = 1) versus lr. The
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are sensitive on the cutoff, we expect the difference of the
interparity mass gaps between the parity doubling states is
less sensitive to the cutoff. Indeed, summing the contribu-
tions up to I, = 9 we find that

AE1l;— AEO, = —146, —312, —447MeV ,

AE1, — AEO, = —271, 442, —-579MeV,  (25)
and
gap= (AE1,— AE0,) — (AE1;,— AEQ;)
= 125,130, 132 MeV (26)

at A yy = 700,1000,1200 MeV, respectively, and gy = 1.
This shows that the chiral corrections shrink the interpar-
ity gaps, both in strange and non-strange systems, but do
so more in the strange system. This may be an explana-
tion for the mass of D;(2317) being unusually smaller than
given in the potential model. More interestingly, the mass
gap is remarkably stable under variation of the cutoff. This
suggests that the gap in (26) comes almost entirely from
the low energy region far down the cutoff. To see this we
plot in Fig. 2 the differential gap G(k), defined as the gap
before the integration over the momentum variable k, that

is,

gapE/ G(k)dk,
0

which can be obtained from the proper combination of
the integrands for the energy corrections given in (20).
The discontinuity in the plot comes from our implemen-
tation of the principal value prescription for the last
term in the integrand in (20) which has a pole at k, =
\/(Em — Fn)? —m2 when the external state is 14 and the
internal state is 04 (B = 2282 MeV, E,, = 1895 MeV, m,,
140 MeV). Our numerical code handles the principal value

gap = (AE1;— AEQ0;) — (AE1s — AEOQs).

3 4 5 6 7 8 9
—16 -5 -1 0 0 0 0
-93 41 —-17 -7 -3 -1 0
-202 -105 =52 =25 12 -6 -3
—-42 -15 -5 -2 0 0 0
—18 -98 —49 -23 11 -5 =2
-349 -215 -124 -69 =37 -—-19 -10
—14 —4 0 0 0 0 0
-88 =37 15 —6 -2 0 0
-197 =97 —46 -21 10 -4 =2
-39 14 —4 -1 0 0 0
—-183 94 —-45 =20 -9 -4 -2
-354 -210 -117 —-63 32 —-16 -8
-1 0 0 -1 0 0 0
3 0 -2 -2 -1 0 0
10 3 -1 -2 -3 -1 -1



T. Lee et al.: Chiral radiative corrections and Ds(2317)/D(2308) mass puzzle

(MeV-fm)

0 1 2 3 4 5 6
k (fm )
Fig. 2. The differential gap G(k). No cutoff applied (Ayy =

00), and ga = 1. Notice that the bulk of the contribution to the
gap comes from the low energy region

integration using the identity

> f(k) [P (k) — f(kp)
P dk_/0 k—kppdk+

= fk)

dk,
2k, kK —kp

0
(27)

which is valid for any smooth function f(k). With this the
pole at &, is now removed from the integrand and there
appears a discontinuity at 2k,. Notice that the differen-
tial gap has a peak around k ~ 250 MeV and the bulk of
the contribution to the gap comes from the low energy
region. This shows that our prediction of the gap is not
affected by the UV physics and thus is safe from the trun-
cation of the higher derivative terms in the chiral quark
model.

Without the chiral corrections the potential model pre-
dicts an almost vanishing gap, while experimentally it is
about 95 MeV. If we take ga = 0.82, as given in [7], we
get the experimentally consistent value of 90 MeV for the
gap. We note that a similar result was observed by Eichten
using the heavy-light chiral Lagrangian [16], but this was
obtained without taking into account the tree-level mass
terms for the heavy—light mesons arising from the explicit
chiral symmetry breaking.

It is notable that the gap is dominated by the con-
tributions from the n =1,1; = 0 modes, as can be seen
from Tables 1 and 2. Interestingly, these modes widen the
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interparity mass gap in a non-strange system whereas in
a strange system they narrow the gap, but still the gap
from these modes is already consistent with experiment.
In conclusion, we calculated the one-loop chiral correc-
tions for the heavy-light mesons in the potential model
based on the truncated chiral quark model, and we have
shown that the chiral corrections can account for the un-
usually small mass of Ds(2317) and the narrow mass dif-
ference between D (2317) and D(2308). Our calculation
strongly supports the two-quark picture of the new res-

onances of being composed of a heavy quark and a light
valence quark.
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