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Interpretations

Proposals
Tetraquark

→ Compact object formed from (Qq) and (Q̄q̄)

Hybrid

→ Compact with active gluons and Q̄Q

Hadro-Quarkonium

→ Compact (Q̄Q) surrounded by light quarks

Glueball

→ Compact object just made off gluons

Hadronic-Molecule

→ Extended object made of (Q̄q) and (Qq̄)

Are there hadronic molecules amongst the XYZ states? – p. 8/24

Hybrid

⇒ Compact QQ̄ with excited gluonsProposals
Tetraquark

→ Compact object formed from (Qq) and (Q̄q̄)

Hybrid

→ Compact with active gluons and Q̄Q

Hadro-Quarkonium

→ Compact (Q̄Q) surrounded by light quarks

Glueball

→ Compact object just made off gluons

Hadronic-Molecule

→ Extended object made of (Q̄q) and (Qq̄)

Are there hadronic molecules amongst the XYZ states? – p. 8/24

Tetraquark

⇒ Compact object formed from Qq and Q̄q̄

Hadro-Quarkonium

⇒ Compact QQ̄ embedded in light quark cloud

Molecule

⇒ Extended object made of Qq̄ and Q̄q

Size R ∼ 1/
√
EB, with EB the binding energy
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Properties of hadronic molecule

? Probability to find a resonance in continuum 1− Z,

with Z wave-function renormalization constant

Molecule: Z → 0; Compact: Z → 1

? Large effective coupling geff to continuum

geff
2

4π =
Zg2

0
4π = 4M2 γ

µ(1− Z), γ =
√

2µEB Weinberg (1963)

Exp: BR(Zb(10610)→ BB̄∗ + c.c.) ∼ 85.6% → BB̄∗candidate

? Scattering length a = −2 1−Z
2−Z

(
1
γ

)
+O

(
1
β

)
Effective range r = − Z

1−Z

(
1
γ

)
+O

(
1
β

)
? The pole counting approach

poles on k-plane: k1 = iγ , k2 = −iγ
(

2−Z
Z

)
Guo et al. (2018)
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Properties of hadronic molecule

? Line shapes in inelastic channels

Tin.(E) ∝
√

Γ0

E − Er + (geff
2/2)(ik + γ) + iΓ0/2

with E = k2/(2µ)

Symmetric→
geff ↓

d

dM

σ

M

d

dM

σ

M

compact molecular

← Asymmetric

geff ↑

⇒ Directly relate to the experimental measurement

⇒ Extract relevant physical quantities, e.g. poles, geff

⇒ Shed light on the internal nature

Guo et al. (2018)
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Heavy Quark Spin Symmetry (HQSS)

? Exotic XYZ states contain a heavy quark (HQ) pair

? In the ΛQCD/mQ → 0 limit, spin of HQ decouples

⇒ Heavy and Light d.o.f conserved individually

⇒ Test different scenarios Cleven et al. (2015)

? Molecule spin w.f. expanded in terms of |H ⊗ L〉
⇒ Spin partners related via CL ≡ 〈H ⊗ L|Ĥin|H ⊗ L〉
⇒ Predictions for the partners using CL

Bondar et al. (2011), Voloshin (2011), Mehen and Powell (2011), Guo et al. (2015)

? Role of OPE for molecular partners can be non-trivial

⇒ ptyp ∼
√

2µδ ∼ 500 MeV ≥ mπ→ Non-perturbative

with δ the energy gap between the relevant thresholds

⇒ Tensor force → mixture of different partial waves

Baru et al. (2016), (2017) 5 / 16



Production of Zb and WbJ in Υ(5S) decays
Baru et al. (2019)

Υ(10860)

Zb(10650)

Zb(10610)

W ′
b0

Wb0

Wb1

Wb2 B∗B̄∗

BB̄∗

BB̄

π

π

γ

γ

γ

γ

Υ(nS), hb(mP )

π

π

π

π π

π

Υ(nS), hb(mP )

χb1, ηb

χb1, ηb

χb0, χb1, χb2

χb1, χb2

M

? Relevant thresholds

? Decay modes

⇒ isotriplet

? Exp.: Z
(′)
b @ B(∗)B̄(∗), hbπ, Υπ

? WbJ with JPC = J++, J=0,1,2

α suppression vs. huge statistics
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Formalism for line shapes of Υ(5S)→ Z
(′)
b π → απ

? Input: experimental distributions for

Υ(5S)→ Z
(′)
b π → απ Belle: Bondar et al. (2012), Garmash et al.(2016)

with α = BB̄∗, B∗B̄∗, hb(1P )π, hb(2P )π

branching fractions for

BB̄∗, B∗B̄∗, hb(1P )π, hb(2P )π,Υ(1S)π,Υ(2S)π,Υ(3S)π

? Not include Υ(nS)ππ distributions

→ multi-dimensional analysis

? Production amplitudes by the Zb’s poles Baru @ Charm 2018
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Formalism for line shapes: effective potential for Zb
? Production amplitudes U = P − V GU

4 elastic α = BB̄∗[3S1], BB̄∗[3D1], B∗B̄∗[3S1], B∗B̄∗[3D1]

5 inelastic i = hb(1P )π, hb(2P )π,Υ(1S)π,Υ(2S)π,Υ(3S)π

? Neglect the direct interactions between qq̄ and bb̄

? Effective elastic potentials: V eff
αβ = V CT

αβ + V π
αβ + V η

αβ

Contact terms: V CT
αβ = vαβ − i

2π
√
s

∑
jmbb̄mπgjαgjβk

2lj+1
j

HQSS: divergence absorbed by the CTs

⇒ gi1/gi3 = 1 for i = 1, 2; −1 for i = 3, 4, 5

⇒ Production amplitudes: gΥ(5S)1/gΥ(5S)3 = −1

⇒ CTs: O(1)-Cd, Cl, O(p2)-Dd,Dl,DSD
HQSS violation: require more parameters

(The data do not require such parameters!) Wang et al.(2018), Baru et al.(2019)
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Fit scheme

? Parameters in the fit

2 elastic S-S wave contact terms at LO

3 elastic contact terms at NLO: 1 S-D waves, 2 S-S waves

5 inelastic-elastic constants

In total: 10 vs. 5*4=20 parameters in BW parametrization

? Fit schemes

Scheme I: pure S-wave momentum-independent CTs

Scheme II: plus full OPE and O(p2) S-D CT

Scheme III: plus OEE and O(p2) S-S at NLO

Wang et al.(2018), Baru et al.(2019)
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The line shapes of Zbs
Blue, red and black curves for I (1.29), II (0.95), III (0.83)
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Belle (2012)(2016)

? Scheme I agrees with the

parameterization Guo et al.(2016)

? Scheme I+OPE+HQSS

violation does not work

⇒ O(p2) DSD to LO

⇒ cancel the S-D OPE

⇒ Scheme II

? small effect from Dd/l and

OEE ⇒ Scheme III

⇒ but ren. group invariant

Wang et al.(2018), Baru et al.(2019)
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Renormalization group invariance
Scheme II: blue dashed, red solid, red dotted and red dashed curves

for Λ = 0.8 GeV, 1.0 GeV, 1.2 GeV, 1.3 GeV
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Scheme III: thick black dotted, black solid, black dotted and black

dahsed curves for Λ = 0.8 GeV, 1.0 GeV, 1.2 GeV, 1.3 GeV
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⇒ Scheme III is ren. group invariant Baru et al.(2019)
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Lineshapes of WbJ

Baru et al.(2019)
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? Taking χb1(1P )π

and ηb(1S)π as an example

? Red: Scheme II

Black: Scheme III

? Bump above threshold

sizeable distortion at thr.

? Asymmetric line shapes

? Taking Wb0 as an example

II: virtual st. below BB̄thr

III: resonance above BB̄thr
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Lineshapes of WbJ

Baru et al.(2019)
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? Taking χb1(1P )π

and ηb(1S)π as an example

? Red: Scheme II

Black: Scheme III

? Bump above threshold

sizeable distortion at thr.

? Asymmetric line shapes

? Taking Wb0 as an example

II: virtual st. below BB̄thr

III: resonance above BB̄thr
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Lineshapes of WbJ

Baru et al.(2019)

2++

����� ����� ����� ����� ����� ����� �����
�

�

�

�

�

�

�(��) [���/��]

�Γ
(�
�
)
/
�
�

[�
��
�]

2++

����� ����� ����� ����� ����� �����

�

���

���

���

���

�(��
*
) [���/��]

�
Γ
(�
�
*
)
/
�
�

[�
��
�]

2++

������ ������ ������ ������ ������ ������
�

���

���

���

���

�(�*�
*
) [���/��]

�Γ
(�

*
�
*
)
/
��

[�
��
�]

2++

������ ������ ������ ������

���

���

���

���

�(χ�� (� �) π) [���/��]

�Γ
(χ

� �
(�
�
)
π
)
/�
�

[�
��
�]

? Taking χb1(1P )π

and ηb(1S)π as an example

? Red: Scheme II

Black: Scheme III

? Bump above threshold

sizeable distortion at thr.

? Asymmetric line shapes

? Taking Wb0 as an example

II: virtual st. below BB̄thr

III: resonance above BB̄thr
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Results: branching ratios
Wang et al.(2018), Baru et al.(2019)

? Branching fractions (Exp vs. Theor) relative to B(BB̄∗π)

B∗B̄∗π Υ(1S)ππ Υ(2S)ππ Υ(3S)ππ hb(1P )ππ hb(2P )ππ
50 ± 10 0.6 ± 0.3 4 ± 1 2 ± 1 9 ± 2 15 ± 3

54.1+18.8
−18.1 0.6+0.4

−0.3 3.5+2.3
−1.5 1.8+1.6

−1.0 9.2+3.6
−2.4 14.9+6.0

−4.1

? Predicted branching ratios for WbJs χb1(1P )π for instance

JPC BB̄ BB̄∗ + c.c. B∗B̄∗ χb1(1P )π

2++ 0.06 0.07 0.54 0.03

1++ – 0.76 – 0.02

0++ 0.73 – 0.14 0.05

⇒ Furthermore

Γ1++

BB̄∗(3S1)
: Γ2++

B∗B̄∗(5S2)
: Γ0++

BB̄(1S0)
: Γ0++

B∗B̄∗(1S0)
≈ 15 : 12 : 5 : 1

Γ2++

BB̄(1D2)
: Γ2++

BB̄∗(3D2)
: Γ0++

B∗B̄∗(1S0)
≈ 3 : 3 : 2.

→ strong coupling to the nearby elastic channels

→ the largest rates Υ(5S)→ γWb1(Wb2)→ γB(∗)B̄∗ Belle-II

→ the first ratio is consistent with the results in Voloshin (2018)
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Results: pole positions

Pole positions of Scheme III: Baru et al.(2019)

JPC State Threshold Epole w.r.t. threshold [MeV] Residue at Epole

1+− Zb BB̄∗ (−2.3 ± 0.5) − i(1.1 ± 0.1) (−1.2 ± 0.2) + i(0.3 ± 0.2)

1+− Z′b B∗B̄∗ (1.8 ± 2.0) − i(13.6 ± 3.1) (1.5 ± 0.2) − i(0.6 ± 0.3)

0++ Wb0 BB̄ (2.3 ± 4.2) − i(16.0 ± 2.6) (1.7 ± 0.6) − i(1.7 ± 0.5)

0++ W ′b0 B∗B̄∗ (−1.3 ± 0.4) − i(1.7 ± 0.5) (−0.9 ± 0.3) − i(0.3 ± 0.2)

1++ Wb1 BB̄∗ (10.2 ± 2.5) − i(15.3 ± 3.2) (1.3 ± 0.2) − i(0.4 ± 0.2)

2++ Wb2 B∗B̄∗ (7.4 ± 2.8) − i(9.9 ± 2.2) (0.7 ± 0.1) − i(0.3 ± 0.1)

? Zb and W ′b0 locate just @ the BB̄∗ and B∗B̄∗ thresholds

? Z ′b and Wb0 as bumps

? Wb1 and Wb2 pronounced peaks above-threshold

? Poles with only CTs: virtual states.

Difference from dynamic pion

? Large effective couplings → molecular nature
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Summary

? A systematic EFT approach w.r.t chiral and HQ
symmetries

? Satisfy unitarity and analiticity with inclusion of inelastic
and OPE dynamically

? Molecular picture describes the existing data of the two Zbs
well

⇒ only one near-threshold pole

⇒ large effective couplings

⇒ asymmetric line shapes

? Predict the spin partners WbJ in a parameter-free way

? Outlook

⇒ Proper inclusion of compact components

⇒ Extension to SU(3) flavor group for light quarks
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Thank you very much for your attention!
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