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X(3872) e+e� ! X(3872) X(3872) ! � (0)

Different interpretations, most natural — hadronic molecules 

Introduction

● Plenty of experimentally observed XYZ states do not fit in quark model predictions 

☛ X(3872) is an isoscalar JPC = 1++  state residing near the DD̄⇤ threshold

☛ Zb(10610) and Zb(10650) are isovector JPC = 1+-  states very close to BB̄⇤ and B⇤B̄⇤

Enigmatic examples: 

decay predominantly to the open flavour channels Belle (2011-2016)

⟹ (talk by Christoph Hanhart)



Heavy quark spin symmetry

☛

⟹  

⇤QCD/mQ ! 0 strong interactions are independent of HQ spin

HQSS implies:

☛ Consequences  of HQSS — number of states,  location and decay 
properties — are different for different  scenarios  Cleven et al. (2015)

Search for spin partner states ⟹ useful insights into the nature of XYZ states

This Talk:   Discuss HQSS predictions for the molecular scenario

 In the limit 

The XYZ states contain heavy quark and antiquark ⟹  employ heavy quark spin symmetry

(talk by Christoph Hanhart)



HQSS for hadronic molecules 

●   Spin partners of the Zb+(10610) and  Zb+(10650):   Bondar et al. (2011),  Voloshin (2011), 
   Mehen and Powell (2011)

●  2++   partner of the X(3872)   as a shallow bound state in the D*D* system

Albaladejo et al. (2015)
☛

Nieves and Valderrama (2012),   Guo et al. (2013)

The width of the 2++  state using an EFT with perturbative pions:
from a few Mev to about a dozen MeV 

This Talk:   

Revisit  HQSS  predictions for the isoscalar partners of the X(3872) 
and isovector partners of the Zb’s

●

Explore the role of pions and HQSS breaking effects●

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

Explore the role of coupled-channel dynamics●
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The experimental discovery of the charmonium-like state X(3872) by the Belle Collab-

oration in 2003 [1] inaugurated a new era in the hadron spectroscopy. A lot of new exotic
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Molecular partners:  contact theory

S-wave derivativeless contact interactions respecting HQSS

●

●
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The experimental discovery of the charmonium-like state X(3872) by the Belle Collab-

oration in 2003 [1] inaugurated a new era in the hadron spectroscopy. A lot of new exotic

states have been discovered since then in the spectrum of both charmonium and bottomo-

nium — for a review see, for example, Refs. [2, 3]. Among those one should mention the

isovector Zb(10610) and Zb(10650) resonances (for brevity, hereinafter often referred to as

Zb and Z 0
b, respectively) [4, 5], as probably the most curious and peculiar states. The

corresponding signals are seen in 7 channels, namely

⌥(10860) ! ⇡Z
(0)
b ! ⇡B(⇤)B̄⇤,

⌥(10860) ! ⇡Z
(0)
b ! ⇡⇡⌥(nS), n = 1, 2, 3, (1.1)

⌥(10860) ! ⇡Z
(0)
b ! ⇡⇡hb(mP ), m = 1, 2,
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Basis states JPC  made of a Pseudoscalar (P) and a Vector (V) 

PV (±) =
1p
2

�
PV̄ ± V P̄

�
C = ±C-parity states:

Grinstein et al. (1992), 
AlFiky et al. (2006),  
Nieves and Valderrama (2012)

two LECs at LO  C  and C′ 

 are the same!V (1++)
LO and V (2++)

LO

☛
☛

P = D and B V = D⇤ and B⇤,

our finding is in line with  Hidalgo-Duque et al. (2013)

☛ In the strict HQSS  

⟹ two decoupled sets of partner states 

� = m⇤ �m ⌧ E
Bound

⌧ m

E(0)
1++ = E(0)

2++ = E(0)
1+� = E(0)

0++ and E(0)0

0++ = E(0)0

1+�

 our work  (2016)

☛ C  and C′  —different for isoscalar and isovectors 



Contact theory with HQSS breaking

●

● Leading effect — the states reside near their thresholds: 

M2++ = M1++ + �

 Leading-order relations between the binding momenta of the partner states: 

PP̄ , P V̄ and V V̄

For example:

E
Bound

⌧ � ⌧ m with
�/m ' 7%

�/m ' 1%

in the c-sector 

in the b-sector 

�1+� = �0
1+� , �1++ = �2++ , �0++ =

�1+� + �1++

2
, �0

0++ =
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2

 Bondar et al. (2011),  Voloshin (2011),    Mehen and Powell (2011)   propose  a different expansion 
to account for HQSS breaking 

� ' 140 MeV

� ' 45 MeV

What about further corrections?

☛   𝛿   is integrated out at this order



Contact theory with HQSS breaking

● Including terms O(𝛿)  and  

☛ Correction at O(𝛿) is cutoff dependent   ⇒  HQSS breaking contact term is needed  
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We will see that when pions are included the role of both HQSS breaking and    
coupled-channel dynamics is significantly enhanced!

B⇤B̄⇤ ! BB̄⇤ ! B⇤B̄⇤



Strict HQSS limit in the presence of pions

● New transitions due to OPE  ⟹ 
 more coupled channels

D∗D̄∗

DD̄∗

(a) (b1) (b2)

(c) (d1) (d2) (e)

● Extended 
basis states: 

a contribution from the intermediate 3S1 partial wave which is, however, in contradiction
with the required positive C-parity of the D⇤D̄⇤ pair. Interestingly, the same contribution
but with the opposite sign appears from diagram b2, although the net result from this
diagram is zero—see Eq. (26). This can be understood as follows: diagram b1 contains the
sum of a contribution with positive C-parity and a contribution with negative C-parity while
diagram b2 contains their di↵erence. Therefore the sum of diagrams b1 and b2 restores the
required positive C-parity of the corresponding loop contribution while, at the same time,
the UV-piece of diagram b2 vanishes since, in this limit, the contributions from di↵erent
partial waves cancel. This demonstrates that, although diagram b2 does not contribute to
the UV-divergent piece of the one-loop amplitude, its omission has still to be done with
caution to avoid problems with the C-parity of the amplitude.

Notice that the power of divergence of the one-loop integrals for the diagrams in Fig. 1
depends on the form of the D(⇤)D̄(⇤) propagator G. In this work we use nonrelativistic
propagators, so that the one-loop contributions diverge linearly2 and higher powers of diver-
gences show up starting from the third iteration of OPE. Then we choose the cuto↵ in the
Lippmann-Schwinger-type equations of the order of a natural hard scale in the problem—
see, for example, Refs. [32–34] in the context of nuclear EFT. Alternatively, if one uses a
relativised propagator G, all iterations of OPE produce only logarithmic divergences which
can be absorbed altogether by a single contact term for any value of the cuto↵ [35]; see also
Ref. [36] for the related work in the nucleon-nucleon problem. However, since the physical
results should not depend on the particular method used, we here stick to the nonrelativistic
propagator.

3.2. Strict heavy-quark limit: nonperturbative inclusion of the OPE interactions

We are now in the position to include the OPE interaction beyond one loop. Following
the logic developed in the previous section, we start from the strict heavy-quark limit. Unlike
the S-wave contact interactions, OPE allows for transitions to heavy-meson states in higher
partial waves which have therefore to be included in an extended set of basis states,

0++ : {DD̄(1S0), D
⇤D̄⇤(1S0), D

⇤D̄⇤(5D0)},
1+� : {DD̄⇤(3S1,�), DD̄⇤(3D1,�), D⇤D̄⇤(3S1), D

⇤D̄⇤(3D1)},
(36)

1++ : {DD̄⇤(3S1,+), DD̄⇤(3D1,+), D⇤D̄⇤(5D1)},
2++ : {DD̄(1D2), DD̄⇤(3D2), D

⇤D̄⇤(5S2), D
⇤D̄⇤(1D2), D

⇤D̄⇤(5D2), D
⇤D̄⇤(5G2)},

where, as before the C parity of the state is indicated explicitly in parenthesis whenever
necessary.

The integral equations for the scattering amplitude can be written as

a
(JPC)
ik (p, p0) = V

(JPC)
ik (p, p0)�

X

j

Z
dk k2V

(JPC)
ij (p, k)Gj(k)a

(JPC)
jk (k, p0), (37)

where i, j and k label the basis vectors in the order they appear in Eq. (36). As before all
propagators Gj are equal in the heavy-quark limit.

2One might be tempted to argue that in dimensional regularisation power divergences vanish. However,
this is a scheme-dependent result which should be interpreted with caution, as discussed in detail in Ref. [31].
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For example,
at one loop:

● EFT at LO — contact terms + static OPE — does not depend on the heavy-quark mass

Coupled-channel transitions in S,  D and even G-waves☛

⟹ two decoupled sets of partner states 
E(0)

1++ = E(0)
2++ = E(0)

1+� = E(0)
0++ and E(0)0

0++ = E(0)0

1+�

But HQSS predictions hold only if all particle coupled channels are included!●
Neglecting D⇤D̄⇤ ! DD̄ ! D⇤D̄⇤

 transitions as done by Nieves, Valderrama (2012) ⟹
D⇤D̄⇤ ! DD̄⇤ ! D⇤D̄⇤

⟹  severe violation of HQSS



Contact + OPE interactions:   including HQSS breaking
●

●

Switch on V−P mass splitting ⟹    2++  VV states acquire finite widths

D⇤D̄⇤

DD̄⇤

(a) (b1) (b2)

(c) (d1) (d2) (e)

Figure 1: One-loop diagrams which stem from two iterations of the OPE potential: The upper row shows
contributions to theDD̄⇤ ! DD̄⇤ transition potential and the lower row is for theD⇤D̄⇤ ! D⇤D̄⇤ transition.
Single (double) lines are for the D (D⇤) mesons and the dashed lines are for the pion.

shall therefore investigate now the possible role of OPE from an e↵ective field theory point
of view. Since OPE in leading order is in line with HQSS, its inclusion does not destroy the
multiplet structure discussed above. However, as we shall demonstrate below, this is only
true if both coupled channels and D waves are included properly. Before studying this issue
for the full, nonperturbative system, for illustrative purposes, we start with a discussion of
the OPE contributions to one-loop order. This is su�cient to make the mentioned features
apparent from the divergence structure of the amplitudes.

3.1. Strict heavy-quark limit: Renormalisation to one loop

In this subsection we study the leading divergences of the one-loop diagrams which stem
from two iterations of the OPE potential. We are going to demonstrate that, in the heavy-
quark limit, the coe�cients in front of the leading divergences in the DD̄⇤ ! DD̄⇤ (3S1

partial wave) and D⇤D̄⇤ ! D⇤D̄⇤ (5S2 partial wave) transition amplitudes coincide only if
both DD̄⇤ and D⇤D̄⇤ intermediate states are considered and all partial wave are kept in the
calculation. The corresponding set of diagrams is shown in Fig. 1, where the upper row is
for the DD̄⇤ ! DD̄⇤ transition while the lower row is for the D⇤D̄⇤ ! D⇤D̄⇤ transition. For
convenience, we adopt the following convention: the meson floating along the upper line in
each diagram is labelled by index 1 while the meson in the lower line is labelled by index 2.
Also, particles in the final state are marked with a prime while particles in the intermediate
state are marked with a double prime.

In order to extract the leading divergences it is su�cient to retain only the loop momen-
tum, denoted as l, in each vertex. Then, for example, the D⇤ ! D⇡ and D⇤ ! D⇤⇡ vertices
for the upper row read

va(D⇤ ! D⇡) =
gc
2f⇡

⌧a1 (✏1 · l),
(22)

va(D⇤ ! D⇤⇡) =
gc
2f⇡

⌧a1 (�i[✏1 ⇥ ✏01] · l),

where ✏ denotes the polarisation vector of the D⇤ meson and ⌧a is the isospin Pauli matrix.
Further, gc = 0.57 is the dimensionless coupling constant which can be extracted from the
D⇤ ! D⇡ width and f⇡ = 92.2 MeV stands for the pion decay constant.
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Non-perturbative pion dynamics is expected to be important

Relevant momentum scales  stem from coupled-channels induced by OPE tensor forces

q1 =
p
2�m̄ ⇡ 700 MeV

q2 =
p
�m̄ ⇡ 500 MeV

from

from

GPP̄ =
1

(k2/2µ� 2� � E � i0)

⟹ D-wave coupled-channel transitions are not suppressed relative to S-wave ones

Example of transitions which cause 
the Imaginary part of the amplitudes: 

GPV̄ =
1

k2/2µ⇤ � � � E � i0

⟹
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V

V V

VP

P

P = D and B V = D⇤ and B⇤

V V

V V
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V
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DD̄⇤ and BB̄⇤ :

DD̄ and BB̄ :



Applications

1) HQSS partners of the X(3872)

the X(3872) can be used as input  to  fix  the contact term C ☛

2) HQSS partners of the  Zb(10610) and  Zb(10650)

☛ the  2++  partner  X2++   can be predicted

☛ no other evident molecular candidates are experimentally observed yet
⟹  no input to fix C′  ⟹ solid predictions for other partner states are not possible yet

assuming that  the Zb states are bound,  fix both  C and C′ ☛

☛ solve the coupled-channel integral equations for the contact + OPE potential 

⟹ predict the other partner states

to appear very soon in arXiv (2017)



2++  Partner of the X(3872)

☛

Figure 3: The energy and the width of the 2++ bound D⇤D̄⇤ state extracted using a Breit-Wigner param-
eterisation from the shape of the production rate, Eq. (42), as functions of the cuto↵ ⇤ using two di↵erent
regularisation schemes in the Lippmann-Schwinger equations : i) sharp cuto↵ (solid lines), ii) the exponential
regularisation of the form f(p) = exp(�p6/⇤6) (dashed lines).

spin-2 partner binding energy EX2 in the strict heavy-quark limit: once the relevant low-
energy constant is fixed to reproduce the mass of the X(3872) for any given value of the
cuto↵ EX2 turns out to be independent of ⇤ in the full model. On the contrary, neglect-
ing the DD̄ and/or DD̄⇤ coupled-channel e↵ects (in the D waves) we find a strong cuto↵
dependence of EX2 even in the strict HQSS limit.

Proceeding beyond the HQSS limit brings the scale �—the D⇤-D mass di↵erence. This
results in new e↵ects caused by the coupled-channel dynamics. In particular, in case of the
spin partners with the quantum numbers 0++ and 1+� the spin-symmetry-violating terms
in the heavy meson-antimeson propagators lift the degeneracy argued for in the symmetry
limit and make each pole sensitive to the strength of both leading-order low-energy constants
individually and not only to their sum which may be fixed from the mass of the X(3872).

In addition, we observe that, even without coupled channels, already the leading spin-
symmetry violating contribution calls for an additional counter term for the D(⇤)D̄(⇤) scatter-
ing system in order to absorb the dependence of the results on the regulator. This might put
into question the possibility of an accurate prediction of the spin partners of the X(3872).
We demonstrate by an explicit calculation that it is still possible to at least estimate both
the binding energy and the width for the spin partner of the X(3872) with the quantum
numbers 2++. For this we performed a coupled-channel analysis of the D⇤D̄⇤ state with
these quantum numbers and found that the coupled-channel e↵ects in the e↵ective field the-
ory incorporating both the contact and the OPE interactions had a strong impact on the
parameters of this state and resulted in a sizable shift of the corresponding pole of the scat-
tering matrix. In particular, we found that the binding energy and the width of this spin-2
partner of the X(3872) both appeared to be of the order of several dozens MeV, that is
significantly larger compared to the values found in the literature. We argue that, while the
increase of the X2 binding energy can only be viewed as a qualitative result the conclusion
on the broadening of the X2 is related to unitarity and therefore is a reliable prediction of
our approach.

We emphasise that further progress and the possibility of more accurate predictions for
the partner states should rely on a study of the convergence pattern of the approach used
and in particular on an estimate of the role of higher-order contact interactions with two
derivatives. Although these terms are formally suppressed in chiral EFT they might appear
relevant here due to the relatively large momenta involved in the problem—see Eqs. (40) and
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sharp cutoff regularisation
exp(�p6/⇤6

)

Cutoff variation ⟹ rough estimate of a higher-order HQSS breaking contact term at O(𝛿)

☛ Significant shift of EX2++ from �X2++ ' 50± 10 MeV

Relatively 𝛬 independent due to unitarity

much larger than in the perturbative study
Albaladejo et al. (2015)

●

Binding energy Width

Attraction generated by tensor part of the OPE in combination with HQSS breaking yield

Cutoff dependence at smaller cutoffs is due to bad separation of soft and hard scales

D⇤D̄⇤ threshold and large width

our work (2016)



Open Questions and  Theory To-Do List

●

☛

Relatively small separation of scales may call the convergence of the EFT into question

include explicitly the members of SU(3) pseudoscalar octet as well as vector mesons

● Investigate the role of three-body effects in the OPE potential  

☛ Bring additional Imaginary parts from the right-hand cut

☛ Bring additional HQSS corrections due to D, D* energies 

● Estimate HQSS violating contact terms more reliably

Since the main contribution to the width of the 2++ D*D* state stems from coupled
channels, three-body effects are not expected to change the picture qualitatively

☛

   Jansen et al. (2015),  Guo et al. (2014)
see      Fleming et al. (2007), our works (2010-2015),For the role of three-body dynamics for the X(3872)

Cincioglu et al. (2016)
Explore the role of the cc component in the wave function of the X(3872)●



Remark on the X(3915)
● X(3915) is seen by Belle (2010) in �� ! !J/ ⟹ JPC = 0++  or   2++

favour 0++    if helicity-2 dominance● Babar (2012):  angular distributions in  �� ! !J/ 

● Zhou et al. (PRL 2015):

is assumed for the tensor state like in conventional charmonia

Data by BaBar are better described if the X(3915) is a helicity-0 realisation 
of the 2++ state identified with 𝝌c2(3930)

X(3915) could be an exotic state and then☛

☛

● V.B.,  Hanhart and Nefediev (2017): ☛ assume X(3915) is a  2++  spin partner of X(3872)

☛ evaluate the helicity-0
contribution to the width
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Figure1.Diagramscontributingtotheamplitude(2.1).

2Theamplitude��!X2

2.1Electricandmagneticcontributions

Theamplitudeofthefusionprocess��!X2canbewrittenintheform

M(��!X2)=M
µ⌫⇢�

"µ(k1)"⌫(k2)"⇢�(p),p=k1+k2,(2.1)

where"µ(k1),"⌫(k2)arethefirstandthesecondphotonpolarisationvector,respectively,

and"⇢�istheX2polarisationtensorwhichobeythestandardconstraints,

k1·"(k1)=k2·"(k2)=0,p
⇢
"⇢�(p)=p

�
"⇢�(p)=g

⇢�
"⇢�(p)=0.(2.2)

TherearetwomechanismsresponsiblefortheD(⇤)interactionwiththeelectromagnetic

fieldwhichproducetwotypesofvertices:theelectricverticesandthemagneticones.The

covariantformoftheelectricD⇤a
µ(p1)!D⇤b

⌫(p2)��(q)(p1=p2+q)vertexreads[26]

�
(e)ab
µ⌫�(p1,p2)=hD⇤b

⌫(p2)��(q)|Le|D⇤a
µ(p1)i=e

h
(p1+p2)�gµ⌫�p1⌫gµ��p2µg⌫�

i
Q

ab
D,(2.3)

whereLeistheelectricpartoftheinteractionLagrangianandQ̂D=diag(0,1)isthecharge

matrixcorrespondingtotheisospindoubletD(⇤)=(D(⇤)0,D(⇤)+);�(e)ab
µ⌫�(p1,p2)satisfies

theWardidentity,

q
�
�
(e)ab
µ⌫�(p1,p2)=e

h
(S�1

(p2))µ⌫�(S�1
(p1))µ⌫

i
Q

ab
D,

wheretheD⇤propagatoranditsinverseformare

Sµ⌫(p)=
1

p2�m2
⇤+i"

✓
�gµ⌫+

pµp⌫
m2

⇤

◆
,(S�1

(p))µ⌫=�(p
2
�m

2
⇤)gµ⌫+pµp⌫.(2.4)

Anadditionalelectricseagull-likecontactvertex�µ(k1)�⌫(k2)!D⇤a
↵(p1)D̄⇤b

�(p2)reads

�
(e)ab
µ⌫↵�=hD⇤a

↵(p1)D̄⇤b
�(p2)|Le|�µ(k1)�⌫(k2)i=e

2
(gµ↵g⌫�+gµ�g⌫↵�2gµ⌫g↵�)Q

ab
D.(2.5)

TheLagrangiandescribingtheleadingmagneticinteractionbetweentheDandD⇤

mesonstakestheform

Lm=iem⇤Fµ⌫D⇤µ†
aM

ab
D⇤D⇤D⇤⌫

b+e
p
mm⇤✏�µ↵�v

↵
@
�
A

�
h
D⇤µ†

aM
ab
D⇤DDb+h.c.

i
,(2.6)

–4–

D*

D* D*

D*D(*)

D*

D*D(*)

�

� �

� �

�

X2 X2 X2

Using data extract☛ R =
|A±2|2

|A0|2
' 11 � 1

X(3915)  is either not a spin partner of the X(3872) or a 0++ state☛

But uncertainty is hard to estimate☛

arXiv 1703.01230



HQSS partners of the Zb(10610) and  Zb(10650)



HQSS partners of the Zb(10610) and  Zb(10650)

A comment on the sign of the OPE potential in isoscalar and isovector  channels:

● Isospin coefficient:    3 − 2 I (I + 1) =  
 3      I=0
-1      I=1  — different signs{

● sign also depends on C-parity 

☛ central (S-wave) OPE  for isospin-0    0++, 1++  and 2++  states  is attractive for  1+-  — repulsive 

☛ central (S-wave) OPE  for isospin-1    0++, 1++  and 2++  states  is repulsive for  1+-  — attractive

⟹ But tensor forces (off diagonal transitions) bring additional attraction!

⟹ Naively,  OPE  should reduce the binding energies of the partner states 
Wb2 (0++), Wb2 (1++) and Wb2 (2++) 
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Figure 1. Evolution of the binding energies of the Zb’s spin partners calculated with and without
⇡- and ⌘-meson exchanges as functions of the mass splitting � between the B⇤ and B mesons. The
contact terms are re-fitted for each value of � to provide the given binding energies of the Zb and Z 0

b

states used as input — see Eq. (4.1). The binding energies of the WbJ states are defined relative to
their reference thresholds quoted in parentheses. The red dotted curves correspond to the pionless
(purely contact) theory; the blue dashed curves are obtained for the central (S-wave) part of the
OPE included; the blue dashed-dotted lines represent the results for the full OPE, including tensor
forces; the black solid curves show the results of the full calculation with both OPE and OEE
included on top of the contact interactions. The physical limit corresponds to the right edge of the
plots. The results are obtained with the sharp cuto↵ ⇤ = 1 GeV in the integral equations (3.12).
The uncertainty caused by the residual ⇤-dependence of the equations can be estimated using the
results presented in Table 1.

Finally, it can also be seen in Fig. 1 that the ⌘-exchange does not play a prominent

role for the systems under study, for it only slightly diminishes the OPE — in all four

plots the black solid curves (which correspond to the scenario with both OPE and OEE

incorporated) lie closer to the red dotted lines (showing the results for the purely contact

theory) than the dashed-dotted lines (contact-plus-OPE theory).

To further illustrate the role played by the dynamics governed by the pion and ⌘-

meson exchanges, in Fig. 2, we plot the variation of the binding energies for the spin

partners WbJ with the coupling constant gb varied from 0 (the results of the pure contact

theory are naturally recovered in this limit) to its physical value quoted in Eq. (3.3). In

this calculation, the masses of the B and B⇤ mesons are fixed to their physical values [7].

One can draw several conclusions from Fig. 2. On the one hand, for all values of gb the

e↵ect of the central S-wave OPE potential can always be absorbed completely into the

– 12 –

Evolution of the Zb’s partner states binding energies with 𝛿 

Input:

EZb  = 5 MeV

EZb'  = 1 MeV

Cleven et al. (2011)

Wb2 (2++) state: ☛ Binding energy exhibits large HQSS violation 
☛ OPE Tensor forces:  large shift of EB

☛ OPE Central (Swave) force is not important

Wb2 (0++), Wb2 (1++) and Wb2 (2++) remain bound for physical 𝛿, W'b2 (0++) turn to be virtual ●
●

consistent with data 
by Belle

strict HQSS limit Physical mass splitting

Refit contact terms 
for each value of 𝛿!
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Figure 2. The binding energies of the Zb’s spin partners as functions of the coupling constant gb
for the physical mass splitting � between B⇤ and B mesons. The binding energies of the Zb and
Z 0
b states are used as input — see Eq. (4.1). The notation of curves is the same as in Fig. 1. The

results are obtained with the sharp cuto↵ ⇤ = 1 GeV in the integral equations (3.12).

Figure 3. Dependence of the binding energies of the WbJ ’s on the input used for the binding
energies of the Zb’s for the purely contact interaction (the first plot) and for the full theory, including
the OPE and OEE (the second plot). To guide the eye, the (equal) binding energies of the Zb’s are
shown as the grey dashed lines. The results are obtained with the sharp cuto↵ ⇤ = 1 GeV in the
integral equations (3.12).

contact terms. On the other hand, starting from gb ' 0.3, the role of the tensor forces

increases fast thus providing a substantial shift in the binding energy in the physical limit

for the gb — this e↵ect is best seen for the tensor partner Wb2.

– 13 –

Zb’s partner states vs  pion coupling constant gB

Input:

EZb  = 5 MeV

EZb'  = 1 MeV

Cleven et al. (2011)

OPE Tensor forces:  sizeable contributions at the physical value of gB

OPE Central (Swave) force —almost no influence on the results

For gB < 0.3  pions can be absorbed into redefinitions of the contact terms●
●

consistent with data 
by Belle

Pionless limit Physical value

gB  = gC = 0.57 

Physical value of gB 
from HQSS:

●

For each gB   — refit the contact terms to require the input  values for the Zb’s☛
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Sensitivity to the input for the Zb's

� � � � � � � ��
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Assume that EZb= EZb'  and vary them from 7 MeV to 0  when they turn to virtual states●

Wb2 (1++) and  especially Wb2 (2++) remain bound when EZb= EZb'  turn to be virtual ●

Mild dependence on the cutoff can not affect these conclusions

● The width of the Wb2 (2++)  due to BB and BB* transitions generated by OPE is a few MeV

●

● Recent analysis: Zb’s are virtual states with excitation energy 1 MeV below threshold
 Guo et al. (2015)



Summary
● In the strict HQSS limit there are two degenerate multiplets of  molecular partner states

☛

In the presence of OPE this holds if and only if all particle coupled-channels are included

●HQSS breaking and non-perturbative pions have significant impact on the partner states

The effect from OPE is stronger in the c-quark sector, than in the b-quark one. 

☛ X2++  is much more bound than in the pionless case and has the width

☛ New coupled-channel transitions are generated and enhanced due to HQSS breaking

E(0)
1++ = E(0)

2++ = E(0)
1+� = E(0)

0++ and E(0)0

0++ = E(0)0

1+�

�X2++ ' 50± 10 MeV

☛ Wb2++  is still located around B*B* threshold and has a few MeV width 

Some uncertainty in the prediction for the spin partners WbJ++  comes from the 
input for the Zb(10610) and  Zb(10650) treated as bound states

Future plans:  predictions for the partner states from an analysis of the exp. line shapes

??

☛


