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Introduction



Hadrons

• ’Regular’ hadrons: qq̄, qqq

• Exotics: qq̄qq̄, qqqqq̄, qqg ,...

Not qq̄: JPC = 0+−, 1−+, 2+−,

3−+,... Rho ρ, ω

  ρ ω
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Dynamically Generated Resonances

+ + + ...

Examples

• σ, a0(980), f0(980)... Oller, Oset, Pelaez, PRL80(1998)

• N(1440) Krehl, Hanhart, Krewald and Speth, PRC62(2000)

• Λ(1405) Ramos, Oset, NPA635(1998); Jido, Meissner, Oller

NPA725(2003); Hyodo, Weise PRC77(2008)

• Pc(4450) Wu, Molina, Zou, Oset, PRL105(2010)

• New state X0(2900) Molina, Branz, Oset PRD82(2010)
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The D+
s → π+π0η decay and the

nature of the a0(980)



Is the a0(980) a threshold effect or a true resonance?

Figure 1: Integrated cross

section for γγ → π0η. Data:

Oest(1990), Antreasyan(1986).

UChPT

predictions

Channels: KK̄ , πη

Oller, Oset,

NPA629(1998)

Guo, Liu, Oller,

Rusetski, Meissner

PRD95(2017)
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Figure 2: Fit to

HadSpec data.
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Figure 3: Left: πη distribution. Data: WA76(1991). Right. Cross section

γγ → πη. Data: Belle(2009).
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Is the a0(980) a threshold effect or a true resonance?

Large Nc behaviour

“In particular, we have shown that the QCD large Nc scaling of the

unitarized meson-meson amplitudes of chiral perturbation theory is in

conflict with a q̄q nature for the lightest scalars [not so conclusively for

the a0(980). The a0(980) behavior is more complicated. We cannot rule

out a possible q̄q nature, or a sizable mixing], and strongly suggests a

q̄q̄qq or two-meson main component, maybe with some mixing with

glue- balls, when possible.”

Pelaez, PRL92(2004)
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Amplitude analysis of χc1 → ηπ+π− 11
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FIG. 6. Projections in the (a) ηπ and (b) π+π− invariant mass from data, compared with our base-line fit (solid curve) and
corresponding amplitudes (various dashed and dotted lines). All features of the data, including structures discussed in Sec. II B
are reproduced rather well.

shape of the ππ-S wave amplitude are taken into account
by changing terms in the expansion, Eq. (9).

We also test the significance of the a2(1700) includ-
ing alternative states with the same mass and width, but
different spins: J = 0, 1, 4. In all cases, the significance
of the a2(1700) in the presence of an alternative state
exceeds 17σ. The statistical significance of the a2(1700)
signal alone is 20σ. This result confirms our hypothesis
based on a visual inspection of the Dalitz plot, Fig. 3(a),
that the excess of events in the upper left corner of the
Dalitz space results from the a2(1700) production, and
it is associated with the crossing of the a2(1700)

+π−

and a2(1700)
−π+ components. Further, Fig. 7 shows the

ηπ mass distribution in the region around the expected
a2(1700) peak, where data points are compared with a
fit when the a2(1700)π amplitude is excluded.

B. a0(980) parameters

When determining the a0(980) parameters we use the
ratios R21 = g2

KK̄
/g2ηπ, and R31 = g2η′π/g

2
ηπ. The result-

ing values are listed in Table IV, where systematic uncer-
tainties are obtained by fitting the a0(980) parameters
under different conditions. The level of background is
varied by changing selection criteria described in Sec. II,
and by changing the amount of background subtracted
from the η sidebands. Effects of the line shapes of the
a2(1320), a2(1700), f2(1270) and f4(2050) resonances are
taken into account by varying their masses and widths
within the respective uncertainties [2], and using values
from Table III. The effect of the ππ S-wave shape is ex-
amined in similar way as for the a2(1700). The presence
of alternative conventional and exotic resonances is also
taken into account. Our result is not sensitive to the
value of the parameter β in Eqs. (5) and (6), within the
range of values: β = (2.0± 1.0) [GeV/c2]2.

For comparison we list two previous results, one from
a similar experiment, CLEO-c, and the other obtained

using Crystal Barrel data. There is a general agreement
between different analyses for the a0(980) mass and R21.
The ratio R31 was fixed in Ref. [20] to the theoretical
value provided by Eq.(11), while it was consistent with
zero in the CLEO-c analysis, possibly because of smaller
statistics. It is not easy to comment on the difference in
values for the ηπ coupling, which could be affected by
different normalizations used by different analyses.

This analysis provides the first nonzero measurement
of the coupling constant gη′π. To test the sensitivity of
the a0(980) → ηπ line shape to the decay a0(980) → η′π,
we repeat the analysis with gη′π = 0, and let the values
of the other parameters free. The results of this fit are
also given in Table IV. The likelihood change when the
η′π channel is ignored shows that the significance of a
nonzero gη′π measurement is 8.9σ. The same result is
obtained when the analysis is performed in the presence
of the a0(1450). The values of the two ratios based on
the SU(3) expectation are

g2KK̄/g
2
ηπ = 1/(2 cos2 φ) = 0.886± 0.034, (10)

g2η′π/g
2
ηπ = tan2 φ = 0.772± 0.068, (11)

which depend on the choice of the η−η′ mixing angle; φ =
(41.3±1.2)◦ in this case [20]. Our result is consistent with
Eq. (11) within 1.5σ, based on the quoted uncertainties.

C. Search for ηπ P -wave states

We examine possible exotic meson production in the
ηπ invariant mass region from 1.4 to 2.0 GeV/c2. Ta-
ble II lists fractional contributions and significances of
three JPC = 1−+ candidates, added one at the time to
our nominal fit. Two possible orbital-momentum config-
urations for an exotic amplitude are the S-wave and D-
wave, and the significance of each is tested individually.

Figure 4: Projections in the (a)ηπ-invariant mass from data, compared with a

base-line fit (solid curve) and corresponding amplitudes (various dashed and

dotted lines) from PRD95(2017), BESIII.

6



BESIII: D+
s → π+π0η

2019. BESIII has reported the so-called first observation of a pure

W -annihilation decays D+
s → a+

0 (980)π0 and D+
s → a0

0(980)π+

D+
s

c

s̄

W+
u

d̄

d̄

d

a+0 (980)(π+)

π0(a00(980))

c

s̄

W+
u

d̄

ū

u

π0(a00(980))

a0(980)+(π+)

Figure 5: Annihilation mechanisms assumed in Ref.for the D+
s → π0a+

0 (980),

π+a0
0(980). B[D+

s → a0(980)+π0, a0(980)+ → π+η] = (1.46± 0.15± 0.23)%

Topological classification of Weak decays

1. W-external emission

2. W-internal emission

3. W-exchange

4. W-annhilation

5. Horizontal W-loop

6. Vertical W-loop

L.L.Chau. PR(1983),PRD36(1987), PRD39(1989)

(Cabibbo favored) W-external emission? D+
s → π+s̄s, but s̄s has I = 0.

Requires f0(980) upon hadronization. Not good 7



D+
s → π+π0η: W-internal emission PLB803(2020)

D+
s

s

s̄

d̄

c W+

s̄

u c

s

u

s̄ s̄

d̄
q̄q

c

s̄ s̄

d̄s

u

q̄q

(a) (b) (c)

Figure 6: D+
s → π0a+

0 (980), π+a0
0(980): W internal emission mechanisms, (a)

Primary step; (b) hadronization of the sd̄ pair; (c) hadronization of the us̄ pair.

Hadronization

M =

 uū ud̄ us̄

dū dd̄ ds̄

sū sd̄ ss̄

 ,

(M2)32 = π+K− − 1√
2
π0K̄ 0,

(M2)13 =
1√
2
π0K+ + π+K 0,

∑
i

sq̄iqi d̄ =
∑
i

M3i Mi2 = (M2)32,∑
i

uq̄iqi s̄ =
∑
i

M1i Mi3 = (M2)13,

H1 = (π+K− − 1√
2
π0K̄ 0)K+,

H2 = (
1√
2
π0K+ + π+K 0)K̄ 0.
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D+
s → π0a+

0 (980), π+a0
0(980)

D+
s

π+

K+ π0

η

D+
s

π+

K−

K0

K̄0

π0

η

D+
s

π0

K+

K̄0

π+

η

π+

η

K+
π0

K̄0

D+
s

{

{

V1

V2

+

}

}

− 1√
2
×

+ 1√
2
×

Figure 7: Diagrammatic representation of the KK̄ final state interaction of the

states H1 and H2 leading to π+π0η in the final states.

t = V1[GKK̄ (Mπ0η)tK+K−→π0η(Mπ0η)− 1√
2
GKK̄ (Mπ+η)tK+K̄0→π+η(Mπ+η)]

+V2[GKK̄ (Mπ0η)tK0K̄0→π0η(Mπ0η) +
1√
2
GKK̄ (Mπ+η)tK+K̄0→π+η(Mπ+η)] ,
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D+
s → π0a+

0 (980), π+a0
0(980)

Chiral Unitary approach Isospin

T = [1− VG ]−1V

Oller, Oset, Pelaez, PRL80(1998)

Xie, Dai, Oset, PLB742(2015)

qmax = 600 MeV

tK+K−→π0η = − 1√
2
t I=1
KK̄→πη,

tK 0K̄ 0→π0η =
1√
2
t I=1
KK̄→πη,

tK+K̄ 0→π+η = −t I=1
KK̄→πη,

We obtain,

t = V̄
[
GKK̄ (Mπ0η)t I=1

KK̄→πη(Mπ0η)− GKK̄ (Mπ+η)t I=1
KK̄→πη(Mπ+η)

]
with V̄ = (V2 − V1)/

√
2 .

Note that, with the isospin multiplets (u, d), (−d̄ , ū),

|sd̄ >= −|1/2, 1/2 >

|us̄ >= |1/2, 1/2 >

|sd̄ , us̄ >= −|1, 1 >

|πa0; I = 1, I3 = 1 >=
1√
2
|π0a+

0 − π+a0
0 > 10



D+
s → π0a+

0 (980), π+a0
0(980)

Invariant mass distribution

d2Γ

dMπ0ηdMπ+η
=

1

(2π)3

Mπ0ηMπ+η

8M2
D+

s

|t|2

dΓ/dMπ0η

dΓ/dMπ0η(Mπ0π+>1GeV)
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Figure 8: dΓ/dMπ0η as a function of Mπ0η. Dashed line with no Mπ+π0

restriction. Solid line with the restriction of Mπ+π0 > 1 GeV. 11



D+
s → π0a+

0 (980), π+a0
0(980)

Exp.

This work

Exp. fit
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Figure 9: Event distribution in 40 MeV bins of dΓ/dMπη compared with

experiment with Mπ+π0 > 1 GeV. (a) for π0η distribution; (b) for π+η

distribution. The dashed lines are taken from [1] after the non πa0 events are

removed. Molina, Xie, Liang, Geng and Oset, PLB803(2020)

[1] BESIII Collaboration, PRL123(2019)

But...this is not the end of the story!
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D+
s → π0a+

0 (980), π+a0
0(980)

Arxiv: 2102.0534, Ling, Liu, Lu, Geng and Xie

Inspired in the work of Hsiao et al., EPJC80(895), the authors find that

both mechanisms, internal and external-W emission through triangle

diagrams are relevant.

Figure 10: a) External W -emission

mechanism for D+
s → ρ+η and b)

internal W -conversion mechanisms.

Figure 11: D+
s → (ρ+η →)π+π0η.

Figure 12: Triangle rescattering

diagrams for

D+
s → (K∗0K̄ 0 →)π+π0η and

D+
s → (K+K̄∗0 →)π+π0η.
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The new state X0(2900)



New flavor exotic tetraquark (C = −1; S = 1)

LHCb (2020)

Two states JP = 0+, 1− decaying to D̄K . First clear example of an

heavy-flavor exotic tetraquark, ∼ c̄ s̄ud .

X0(2866) : M = 2866± 7 and Γ = 57.2± 12.9MeV,

X1(2900) : M = 2904± 5 and Γ = 110.3± 11.5MeV.
Model including D−K+ resonances
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c0

χ
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c2
χ

− D+ D→(4040) ψ
− D+ D→(4160) ψ
− D+ D→(4415) ψ
+K− D→(2900) 0X
+K− D→(2900) 1X

Nonresonant

43/56

D. Johnson (CERN), LHC seminar, B → DDh−; a new (virtual)

laboratory for exotic searches at LHCb p. August 11 (2020) 14



Vector-vector scattering Bando,Kugo,Yamawaki

LIII = − 1
4 〈VµνV µν〉 L(3V )

III = ig〈(∂µVν − ∂νVµ)V µV ν〉

L(c)
III = g2

2 〈VµVνV µV ν − VνVµV
µV ν〉

Vµν =

∂µVν − ∂νVµ − ig [Vµ,Vν ]

g = MV
2f

Vµ =
ρ0
√

2
+ ω√

2
ρ+ K∗+ D̄∗0

ρ− − ρ0
√

2
+ ω√

2
K∗0 D∗−

K∗− K̄∗0 φ D∗−s
D∗0 D∗+ D∗+

s J/ψ


µ

VV

V V

−→

a) b) c) d)

V V

V

+
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New flavor exotic tetraquark (C = 1, S = −1)

Molina,Branz,Oset, PRD82(2010)

D∗ D∗

K̄∗ K̄∗

D∗ D∗

ρ, ω

K̄∗ K̄∗ K̄∗ D∗

D∗ K̄∗

D∗
s

(a) (b) (c)

+ +

Figure 13: The D∗K̄∗ → D∗K̄∗ interaction at the tree level; (a) contact term;

(b) exchange of light vectors; (c) exchange of a heavy vector.

J Amplitude Contact V-exchange ∼ Total

0 D∗K̄∗ → D∗K̄∗ 4g2 − g2(p1+p4).(p2+p3)

m2
D∗s

+ 1
2
g2( 1

m2
ω
− 3

m2
ρ

)(p1 + p3).(p2 + p4) −9.9g2

1 D∗K̄∗ → D∗K̄∗ 0
g2(p1+p4).(p2+p3)

m2
D∗s

+ 1
2
g2( 1

m2
ω
− 3

m2
ρ

)(p1 + p3).(p2 + p4) −10.2g2

2 D∗K̄∗ → D∗K̄∗ −2g2 − g2(p1+p4).(p2+p3)

m2
D∗s

+ 1
2
g2( 1

m2
ω
− 3

m2
ρ

)(p1 + p3).(p2 + p4) −15.9g2

Table 1: Tree level amplitudes for D∗K̄∗ in I = 0. Last column: (Vth.). 16



New flavor exotic tetraquark (C = 1, S = −1)

Spin projectors

P(0) =
1

3
εµε

µενε
ν

P(1) =
1

2
(εµενε

µεν − εµενενεµ)

P(2) = {1

2
(εµενε

µεν + εµενε
νεµ)− 1

3
εµε

µενε
ν} .

T = [1̂− VG ]−1V

K̄∗

D∗

D

K̄

K̄∗

D∗

π π

I (JP) M[MeV] Γ[MeV] Channels state

0(2+) 2572 23 D∗K∗,D∗s φ,D
∗
s ω Ds2(2572)

0(1+) 2707 - D∗K∗,D∗s φ,D
∗
s ω ?

0(0+) 2683 71 D∗K∗,D∗s φ,D
∗
s ω ?

Table 2: States with C = 1, S = 1, I = 0.

I (JP) M[MeV] Γ[MeV] Channels state

0(2+) 2733 36 D∗K̄∗ ?

0(1+) 2839 - D∗K̄∗ ?

0(0+) 2848 59 D∗K̄∗ X0(2866)

Table 3: States with C = 1, S = −1, I = 0. 17



New flavor exotic tetraquark (C = 1, S = −1)

Two-meson loop function:

Gi (s) =
1

16π2

(
α + Log

M2
1

µ2
+

M2
2 −M2

1 + s

2s
Log

M2
2

M2
1

+
p√
s

(
Log

s −M2
2 + M2

1 + 2p
√
s

−s + M2
2 −M2

1 + 2p
√
s

+ Log
s + M2

2 −M2
1 + 2p

√
s

−s −M2
2 + M2

1 + 2p
√
s

))
,

Form factor (box-diagram):

F (q) = e((p0
1−q0)2−~q 2)/Λ2

Navarra,PRD65(2002)

(1)

with q0 = (s + m2
D −m2

K )/2
√
s, Λ ∼ 1− 1.3 GeV. Previous work (2010):

α = −1.6 (with µ = 1500 MeV) and Λ = 1200. Recent work: Molina, Oset

PLB811 2020, α = −1.474, Λ = 1300.

L =
iG ′√

2
εµναβ〈δµVνδαVβP〉

LVPP = −ig〈[P, ∂µP]V µ〉

D∗(p1) D∗(p3)

K̄∗(p2) K̄∗(p4)

D∗(q)

K̄

π π

18



Decay of the D∗K̄ ∗ states to D∗K̄

−it =
9

2
(G ′gmD∗)

2

∫
d4q

(2π)4
εijkεi

′j′k′
(

1

(p1 − q)2 −m2
π + iε

)2

× 1

q2 −m2
D∗ + iε

1

(p1 + p2 − q)2 −m2
K + iε

×εj(1)εm(2)εk(3′)qiqmεj
′(1)εm

′(4)εk
′(3′)qi

′
qm
′
F 4(q) (2)

Taking now into account that,∫
d3q

(2π)3
f (~q 2)qiqmqi′qm′ =

1

15

∫
d3q

(2π)3
f (~q 2)~q 4(δimδi′m′ + δii′δmm′ + δim′δm′ i ) ,

one obtains,

4εj(1)εm(2)εj(3)εm(4) − εj(1)εj(2)εm(3)εm(4) − εj(1)εm(2)εm(3)εj(4) ,

which is a combination of the spin projectors, 5P(1) + 3P(2), zero

component for J = 0 (violates parity). Taking q on-shell,

Imt = −3

2

1

8π
(G ′gmD∗)

2q5

(
1

(m∗D − ω∗(q))2 − ω2(q)

)2
1√
s
F 4(q)
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Decay of the D∗K̄ ∗ states to D∗K̄

I (JP) M[MeV] Γ[MeV] Coupled channels state
0(2+) 2775 38 D∗K̄∗ ?
0(1+) 2861 20 D∗K̄∗ ?
0(0+) 2866 57 D∗K̄∗ X0(2866)

Table 4: New results including the width of the D∗K channel.

Λ=1200 MeV

Λ=1300 MeV
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Figure 14: |T |2 for C = 1, S = −1, I = 0, J = 0 and J = 2.
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Decay of the 0(1+) state to D∗K̄

Λ=1200 MeV

Λ=1300 MeV

2800 2850 2900 2950

0

1×10
6

2×10
6

3×10
6

4×10
6

5×10
6

6×10
6

E[MeV]

|T
2

I = 0; J =1

Figure 15: |T |2 for C = 1, S = −1, I = 0, J = 0 and J = 1.
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Conclusions



Conclusions

• The D+
s → π+π−η through the a0(980) proceeds via

W-internal/external emission and not W-annhilation.

• The new BESIII data and the analysis shown here supports the

a0(980) as a dynamically generated resonance from the πη and KK̄

channels.

• The new discovered X0(2900) is compatible with a D̄∗K∗(D∗K̄∗)

molecular state and there should be other similar states with

JP = 1+, 2+.
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