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Introduction

• In potential model of heavy-light mesons Ds(2317) and D(2308) are
thought to be the missing P-wave states (n = 1, j = 1/2, l = 1). But
the observed masses are substantially smaller than predictions.

Di Pierro and Eichten (2001)
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• Moreover, abnormally small mass di�erence between strange and non-
strange states. Where has the strange mass gone?

• Experimentally,

Gap = [m(D(0+))−m(D(0−))]−[m(Ds(0+))−m(Ds(0−))] = 95MeV

whereas potential model predicts vanishing Gap.

• Spin Orbit Problem. In potential model strong scalar con�ning potential
leads to spin-orbit inversion in P-wave mesons (Schnitzer (1978), Isgur
(1998) and Ebert, et.al (1998))

• Data show no spin-orbit inversion.

Ds(1, 1
2, 0) Ds(1, 1

2, 1) Ds(1, 3
2, 1) Ds(1, 3

2, 2)
mexpt. 2317 2460 2535 2573
E 2487 2605 2535 2581

• Can the mass puzzle and spin-orbit problem be resolved within potential
model?
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Potential model

• The potential model of heavy-light system is based on the chiral quark
model (Goity and Roberts (`99), Di Pierro and Eichten(`01)).

• Lagrangian:

L = Ψ†(i∂0 −H)Ψ

with Hamiltonian given by

H = H0 +
1
mh

H1 + · · ·

wheremh denotes the heavy quark mass and the leading Hamiltonian H0
reads

H0 = γ0(−i 6∇+m) + V (r)

with the potential given in the form

V (r) = Mh + γ0Vs(r) + Vv(r) ,
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and the scalar and vector potentials Vs and Vv read

Vs = br + c , Vv = −4
3
αs
r

and m = miδij denotes the constituent quark masses.

• Nine free parameters to be �xed by �tting:
{αs, λ, b,mu,md,ms,Mc,mb,Mb}
• Problem: Chiral symmetry breaking is encoded only in the constituent
light-quark masses.

• The light quarks carry chiral charges, so chiral radiative corrections must
be taken into account.

• Decay widths (−2Im(Σ)) in potential model are of a few hundred MeVs
=⇒ Chiral loop corrections expected to be ∼ 100MeV s
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Chiral radiative corrections

EPJC 49, 737(2007), (with I. Lee, D. Min, B. Park); PRD 76, 014017(2007), (with I. Lee)

• Chiral quark model (Georgi-Manohar) contains an in�nite tower of deriva-
tive expansions for constituent light-quark�Goldstone boson coupling.

• One loop corrections arise from

Hψ̄ψπ = −gAΨ̄ 6Aγ5Ψ =
gA
2fπ

Ψ̄iγ
µγ5Ψj∂µΠij +O(Π2)

where gA is an axial coupling constant, and

Aµ =
i

2
(ξ†∂µξ − ξ∂µξ†)
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with ξ = eiΠ/2fπ, where fπ = 93 MeV, and

Π =

 π0 + η√
3

√
2π+

√
2K+

√
2π− −π0 + η√

3

√
2K0

√
2K−

√
2K̄0 − 2η√

3



ΨnmΨ Ψm

π

• One loop induced Hamiltonian:

δH = Ψ†ΣΨ
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where

Σ ≡ −i( gA
2fπ

)2γ0γµγ5〈ΨΨ†〉γ0γνγ5〈∂µπ∂νπ〉

with the quark propagator

〈ΨΨ†〉 =
i

i∂0 −H0 + iε

• Energy correction for the state Ψm, where m = {n, l, j,mj, q}:

∆Em =
ig2
A

4f 2
π

∑
n

∑
π

ζπ

∫
d4k

(2π)4

|jmn(k)|2

(Em − k0 − En + iε)(k2 −m2
π + iε)

where

jmn(k) =
(∫

d3~x Ψ†m(~x)γ0γµγ5Ψn(~x)ei~k·~x
)
kµ
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• Using the Dirac equation for Ψm and performing the k0 and angular

integration, with ei
~k·~x expanded in spherical harmonics, we obtain

∆Eloopm =
∑
n

∑
π,lπ

ζπJ(m,n, lπ)C(lπ, ln, jn),

where

J(m,n, lπ) = − g
2
A

8f 2
π

∫ ∞
0

k2dk

(2π)3Eπ
e−
~k2/Λ2

UV

[
(E0

n − E0
m)|ρ(1)

mn(|~k|, lπ)|2

+2Re[ρ(1)
mn(|~k|, lπ)ρ(2)∗

mn(|~k|, lπ)] +
|ρ(2)
mn(|~k|, lπ)|2

Eπ − E0
m + E0

n − iε

]
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with

ρ(1)
m,n(|~k|, lπ) =

√
4π
∫ ∞

0
r2dr(fm(r)gn(r)− fn(r)gm(r))jlπ(kr),

ρ(2)
m,m(|~k|, lπ) =

√
4π
∫ ∞

0
r2dr(fm(r)gn(r) + fn(r)gm(r))

×(mm +mn + 2Vs)jlπ(kr) .

and

C(lπ, ln, jn) = jn +
1
2
, for jm = 1/2

and

C(lπ, ln, jn) =
(

3lπ(lπ − 1)
2(2lπ − 1)

δln,lπ−2 +
lπ(lπ + 1)
2(2lπ + 3)

δln,lπ

)
δjn,ln+1

2
+(

lπ(lπ + 1)
2(2lπ − 1)

δln,lπ +
3(lπ + 1)(lπ + 2)

2(2lπ + 3)
δln,lπ+2

)
δjn,ln−1

2
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for lm = 1, jm = 3/2, and

C(lπ, ln, jn) =
(
lπ(lπ + 1)
2(2lπ − 1)

δln,lπ−1 +
3(lπ + 1)(lπ + 2)

2(2lπ + 3)
δln,lπ+1

)
δjn,ln+1

2
+(

lπ(lπ + 1)
2(2lπ + 3)

δln,lπ+1 +
3lπ(lπ − 1)
2(2lπ − 1)

δln,lπ−1

)
δjn,ln−1

2

for lm = 2, jm = 3/2, and

C(lπ, ln, jn) =
(
lπ(lπ − 1)(lπ + 1)
(2lπ − 1)(2lπ + 3)

δln,lπ−1 +
lπ(lπ + 1)(lπ + 2)

2(2lπ + 3)(2lπ + 5)
δln,lπ+1

+
5lπ(lπ − 1)(lπ − 2)
2(2lπ − 1)(2lπ − 3)

δln,lπ−3

)
δjn,ln+1

2
+(

lπ(lπ − 1)(lπ + 1)
2(2lπ − 1)(2lπ − 3)

δln,lπ−1 +
lπ(lπ + 1)(lπ + 2)
(2lπ − 1)(2lπ + 3)

δln,lπ+1
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+
5(lπ + 1)(lπ + 2)(lπ + 3)

2(2lπ + 3)(2lπ + 5)
δln,lπ+3

)
δjn,ln−1

2

for lm = 2, jm = 5/2.
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Mass Gap

•

Gap ≡ [m(D(0+))−m(D(0−))]− [m(Ds(0+))−m(Ds(0−))]

• Modi�ed energy levels:

Ēm = Em + δE0
m + δEloopm ,

where Em denotes the conventional energy levels. This is valid to the
leading order of loop corrections.

Gap = Gap+ δGap0 + δGaploop

•

Gap ≈ Gap0 ≈ 0 =⇒ Gap ≈ δGaploop
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• Contributions from the radially excited states drop rapidly.
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• δGaploop = (∆E1d −∆E0d) − (∆E1s −∆E0s) is dominated by the
n=1, `π = 0 modes. Contributions from the higher angular and ra-
dial modes are not so sensitive to the quark �avors because the larger
energy di�erences between internal and external states o�set the light-
meson masses. =⇒ Light meson mass e�ects are signi�cant only for 0−
and 0+ exchanges for 0+ and 0−, respectively.

0- 0+ 0- 0+ 0- 0+

• The total corrections are sensitive to the cuto�, but the di�erences in
energy corrections are less sensitive.

Gap = (∆E1d −∆E0d)− (∆E1s −∆E0s) = 84, 87, 89 MeV

at ΛUV = 700, 1000, 1200 MeV, respectively, and gA = 0.82.
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• The Gap is not sensitive to the cuto�. Consider

Gap =
∫ ∞

0
G(k)dk
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k (fm
-1

)
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)
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• Main contribution to the Gap comes from the low energy region, k ∼
250MeV, far down the cuto�.

• Good agreement with the experimental value Gap = 95 MeV.
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Spin-orbit inversion

•

Ēj − Ēj′ = Ej − Ej′ + δEloopj − δEloopj′ + δ(E0
j − E0

j′) ,

• δ(E0
j − E0

j′) are small, so

Ēj − Ēj′ = Ej − Ej′ + δEloopj − δEloopj′ .

• ΛUV = 700

δEloop

1,12,d
δEloop

1,32,d
δEloop

1,12,s
δEloop

1,32,s
δEloop

2,32,d
δEloop

2,52,d
δEloop

2,32,s
δEloop

2,52,s

-261 -183 -344 -181 -257 -184 -275 -184

• Loop corrections are negative and larger for smaller j, crucial for spin-orbit
inversion.

• Charmed Mesons
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D(1, 1
2, 0) D(1, 1

2, 1) D(1, 3
2, 1) D(1, 3

2, 2)
mexpt. 2308 2427 2422 2459
Ē 2308 2421 2425 2468
E 2377 2490 2417 2460

Ds(1, 1
2, 0) Ds(1, 1

2, 1) Ds(1, 3
2, 1) Ds(1, 3

2, 2)
mexpt. 2317 2460 2535 2573
Ē 2317 2435 2527 2573
E 2487 2605 2535 2581

• Bottom Mesons: Loop corrections are heavy-quark mass independent, so

ĒBs(l,j,J) − EBs(l,j,J) = ĒDs(l,j,J) − EDs(l,j,J) .
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B(1, 1
2, 0) B(1, 1

2, 1) B(1, 3
2, 1) B(1, 3

2, 2)

Ē 5637 5673 5709 5723

E 5706 5742 5700 5714

Bs(1,
1
2, 0) Bs(1,

1
2, 1) Bs(1,

3
2, 1) Bs(1,

3
2, 2)

Ē 5634 5672 5798 5813

E 5804 5842 5805 5820

• For D-wave states, de�ne ∆ ≡ ĒH(2,j,J) − ĒH(2,32,1)

D(2, 3
2, 2) D(2, 5

2, 2) D(2, 5
2, 3) Ds(2,

3
2, 2) Ds(2,

5
2, 2) Ds(2,

5
2, 3)

∆ 38 53 77 40 78 103

Table 1: Level di�erences in D-wave charmed mesons. (Units are in MeV.)

B(2, 3
2, 2) B(2, 5

2, 2) B(2, 5
2, 3) Bs(2,

3
2, 2) Bs(2,

5
2, 2) Bs(2,

5
2, 3)

∆ 12 33 41 13 59 67

Table 2: Level di�erences in D-wave bottom mesons. (Units are in MeV.)
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Summary

• One loop chiral corrections are sizable and must be incorporated in po-
tential model.

• [m(D(0+))−m(D(0−))]− [m(Ds(0+))−m(Ds(0−))] is in good agree-
ment with data. Expect to hold on B system as well.

• No spin-orbit inversion once loop corrections are taken into account.

• Some of P-wave bottom meson masses are predicted: smaller mass for
Bs(0+)
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