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Outline

Steele, CAP 2015

• Overview of XYZ states and possible interpretations	



• Overview of QCD sum-rule methods	



• Selected QCD sum-rule results:	



•                               molecular states	



• Closed-charm tetraquark states	



• Charmonium hybrids	



• Mixed Molecular-Hybrid scenario for X(3872)	



• Diquarks and Tetraquark Scenario	



• Summary

Limit discussion to charm (closed flavour) sector

Z+
c , JPC = 1+�



What are the XYZ Mesons?

• Charmonium-like and bottomonium-like states that defy standard 
interpretations 	



• Decay into final states containing     or     pair	



• Many such states (more than 25) discovered/confirmed since 2003 by BaBar, 
Belle, BES, CDF, CMS, CLEO,  LHCb	



• Denoted as X, Y, Z states in literature; PDG 2014 only uses X 	



• No sign that discovery is slowing	



• Production of heavy pair from vacuum suppressed; assumed in initial state	



• Charged states                                                                                  
evidence for four-quark states
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c̄c b̄b

c̄cud̄

recent Belle results: arXiv: 1410.7641, PRD90 (2014) 

Z+
c (3900), Z+

1 (4050), Z2(4250), Z+
c (4050), Z+

c (4200), Z+(4430)



XYZ Overview
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Olsen, Front. Phys. 10 (2015) 101401

neutral partner: isotriplet

neutral partner: isotriplet

likely isosinglet

Most widths 100 MeV or less, 
Z(4200), Z(4430) widest 



Interpretations of XYZs
• Charmonium (needs to be ruled out first)	



• Hybrids: mesons with gluonic excitation (colourless quark-antiquark-glue 
state), can have conventional or exotic JPC	



• Four-Quark scenarios	



• Molecules: meson-meson bound state	



• Tetraquarks: diquark-antidiquark state (diquark colour triplet just like 
quarks)	



• Hadrocharmonium:  tightly bound       pair in light meson cloud	



• Mixed scenarios:  when pure interpretations fail

c̄c
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Also used to interpret 
light-quark scalar sector

Four-Quark scenarios have different internal 
quark configurations
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QCD Sum-Rules

• Basic concept similar to lattice QCD:  study correlation functions of (local) 
currents J(x) with quantum numbers of state  	



!

• Classify states |M> by coupling to current                       	



• Currents are probes of spectrum and might not overlap with desired state  	



• Apply Borel transform to correlation function’s dispersion relation	



• Laplace sum-rules relate QCD prediction to hadronic spectral function	



!

• Both lattice and QCD sum-rules predict mass from exponential decays (in 
distance for lattice, in Borel-transformed momentum space for sum-rules)   	



• Sum-rules contain power-law contributions from QCD condensates (non-
perturbative inputs)

⇥0|J |M⇤ �= 0
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⇧
�
Q

2
�
= i

Z
d

4
x e

iq·x h0|T [J(x)J(0)] |0i

Rk (⌧, s0) =
1

⇡

Z s0

t0

tk exp(�t⌧)⇢had(t) dt

Local operator obscures 
internal structure



                  Molecular States

• Experimental evidence of a landscape of charged states (spin of Z1 and Z2  ?)	



!

• Can form eight independent                      “molecular” currents (4 singlet-
singlet and 4 octet-octet) for QCD sum-rule analysis e.g.,	



!

!

•  Can Fierz transform the eight molecular currents into tetraquark currents    
(4 triplet-triplet and 4 sextet-sextet)	



!

• Calculate QCD sum-rule for correlation function at leading loop-order, 
dominant non-perturbative effects from quark and mixed condensate

Steele, CAP 2015

W Chen, TGS, H-X Chen, S-L Zhu 
arXiv:1505.05619

JPC = 1+�

Z+
c , JPC = 1+�

J (1)
1µ = (q̄a�5Qa)(Q̄b�µqb) + (q̄a�µQa)(Q̄b�5qb)

J (8)
1µ = (q̄a�5�

n
abQb)(Q̄c�µ�

n
cdqd) + (q̄a�µ�

n
abQb)(Q̄c�5�

n
cdqd)

DD̄⇤

Local operators obscure information on internal 
structure Zhang, Huang,TGS PRD76 (2007)

Z+
c (3900), Z+

1 (4050), Z2(4250), Z+
c (4050), Z+

c (4200), Z+(4430)



                   QCD Sum-Rule Analysis
• QCD input parameters	



!

!

• Single narrow resonance plus QCD continuum model, predict mass MX via 	



!

• Narrow width approximation very good since τ Γ MX is small	



• Sum-rule window: pole term >20%,  highest dimension condensates <5%

critical point of ratio

Z+
c , JPC = 1+�

mc(mc) = (1.23± 0.09)GeV , mb(mb) = (4.20± 0.07)GeV ,

hq̄gs� ·Gqi = �M2
0 hq̄qi , M2

0 = (0.8± 0.2)GeV2

hq̄qi = �(0.23± 0.03)3GeV3 , hg2sGGi = (0.88± 0.14)GeV4

M2
X =

R1 (⌧, s0)

R0 (⌧, s0)
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                   Molecular Mass SpectrumZ+
c , JPC = 1+�
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Current s0 (GeV2) MX (GeV)

J (1)
1µ , DD̄⇤ 21 4.22± 0.14

J (1)
2µ , D⇤

0D̄1 — —

J (1)
3µ , D⇤D̄⇤ 20 4.04± 0.12

J (1)
4µ , D1D̄1 20 4.02± 0.15

J (8)
1µ 18 3.90± 0.12

J (8)
2µ — —

J (8)
3µ 18 3.85± 0.11

J (8)
4µ 20 4.03± 0.18

Landscape of charged and neutral Zc 

molecular states

Zc(4200)

Zc(3900), Zc(4020), 
Zc(4050)
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W Chen, TGS, H-X Chen, S-L Zhu 
arXiv:1505.05619



Charmonium Hybrids

• Mesons with gluonic excitation (quark-antiquark-glue) form colourless states	



• Can have conventional JPC  and mix with quark-antiquark mesons 	



• Can have non-standard  JPC  like 1-+   with clear exotic signature	



• Unique decay signatures (e.g. S-wave meson pairs suppressed)	



• Y(4260) has been interpreted as hybrid candidate	



• Bag model and lattice QCD: supermultiplet structure, odd parity states lighter                      

Isgur et al, 
PRL54 (1985)

W Chen, Kleiv,TGS, Bulthuis, Harnett, Richards, 
Ho, S-L Zhu, JHEP09 (2013)

Steele, CAP 2015

S-L Zhu, PLB625 (2005)

Comprehensive QCD sum-rule 
analysis for exotic and conventional 

quantum numbers 



Charmonium Hybrid QCD Sum-Rule Analysis
• Construct hybrid interpolating currents for exotic and conventional JPC	



!

!

!

!

• Leading order correlator (QCD sum-rule) up to dim-six gluonic condensates	



• Same methodology as molecular states: stability analysis of sum-rule ratio in 
sum-rule window of validity

Steele, CAP 2015

Jµ = gsQ̄
�a

2
�⌫Ga

µ⌫Q, JPC = 1�+, 0++,

Jµ = gsQ̄
�a

2
�⌫�5G

a
µ⌫Q, JPC = 1+�, 0��,

Jµ⌫ = gsQ̄
�a

2
�↵
µ�5G

a
↵⌫Q, JPC = 2�+, 1++, 1�+, 0�+

M2
X =

R1 (⌧, s0)

R0 (⌧, s0)

h↵sGGi
hg3sfGGGi

G ! G̃

opposite parity  



Charmonium Hybrid Mass Spectrum

If hybrids present in XYZs might be 
within mixed states

Steele, CAP 2015

W Chen, Kleiv,TGS, Bulthuis, Harnett, Richards, 
Ho, S-L Zhu, JHEP09 (2013)

JPC s0(GeV2) mX(GeV)

1�� 15 3.36± 0.15
0�+ 16 3.61± 0.21
1�+ 17 3.70± 0.21
2�+ 18 4.04± 0.23
0+� 20 4.09± 0.23
2++ 23 4.45± 0.27
1+� 24 4.53± 0.23
1++ 30 5.06± 0.44
0++ 34 5.34± 0.45
0�� 35 5.51± 0.50

• Supermultiplet structure based on parity	



• 0 - - anomalous: heaviest state	



• For conventional JPC  mixing with charmonium 
would raise mass prediction (lower bound)	



• No obvious alignment with observed XYZs
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The Enigmatic X(3872)  

• Discovery by Belle, confirmed by CDF, D0, BaBar	



• PDG mass 3871.69 ± 0.17 MeV and width Γ< 1.2 MeV	



• LHCb settles quantum numbers:  JPC= 1++	



• Large isospin violation:  X→ρ J/ψ and X→ω J/ψ comparable (Belle/BaBar)	



• Isospin not well understood: likely an isosinglet 	



• Molecular interpretation explains isospin violation but hard to describe 
radiative decays X→γ J/ψ

Belle PRL91 (2003)
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FIG. 1: The M(J/ψπ+π−) distribution for the ψ(2S) (left) and X(3872) (right) region for charged
(top) and neutral (bottom) B decays. The curve is the result of the fit described in the text.

3872 MeV for the charged and neutral B modes. We perform a fit to the M(J/ψπ+π−)
distribution to determine the ψ(2S) and X(3872) yields, and the signal shape. This fit is
performed in the region [mJ/ψ + 0.54, mJ/ψ + 0.82] GeV/c2. We use the same probability
density function (PDF) for each signal: a sum of two Gaussians with a common mean. We
first perform the fit for the charged mode, with the ψ(2S) and X(3872) masses and the
two Gaussian widths as free parameters. The width parameters (mostly determined by the
large ψ(2S) peak) are then fixed, and we perform the fit for the neutral mode, with only
the masses as free parameters. This procedure allows a clean comparison of the masses in
charged and neutral B decay, for both the X(3872) and the ψ(2S) control sample. The
signal yields are 131.7± 15.0 and 27.6± 6.6 for the X(3872)K+ and the X(3872)K0

S modes
respectively. The significance is determined from −2 ln(L0/Lmax) where L0 and Lmax denote
the likelihoods returned by the fits with the signal yield fixed at zero and at the fitted value,
respectively. This quantity should be distributed as χ2(ndof = 2), as two parameters are
free for the signal. The calculated significance is then 12.8σ and 5.9σ, respectively.

Using a Monte Carlo (MC) determined acceptance (ϵ), the results are summarized in
Table I and the ratio of branching fractions can then be calculated:

B(B0 → X(3872)K0)

B(B+ → X(3872)K+)
= 0.82 ± 0.22 ± 0.05,

6

Belle

LHCb PRL110 (2013)

Swanson PLB588 (2004)

Mixed scenario likely needed 
for X(3872)

Godfrey hep-ph/0605152 	


Coito et al EPJC71 (2011)
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Mixed Hybrid/Molecular Currents

• Mixed 1++ hybrid/molecular currents for QCD sum-rule analysis	



!

!

• Parameter 0<ξ<1 interpolates between molecular and hybrid limits; σ is mass 
scale (set σ=1 GeV with no loss of generality)	



!

• Mixed current correlation function contains known hybrid-hybrid and 
molecular-molecular results; off-diagonal (hm) correlator must be calculated

Harnett, Kleiv, TGS,H-Y Jin, JPG39 (2012)	


Lee et al arXiv:0803.1168

�⇥
µ� (q) = i

Z
d

4
x e

iq·x�0|T [ J⇥
µ (x) J

⇥
� (0) ] |0⇥

�hm
µ� (q) = i

Z
d

4
x e

iq·x�0|T [ Jh
µ (x) Jm

� (0) ] |0⇥

1++  transverse part
Steele, CAP 2015

Jh
µ =

1

2
gc̄�⌫�aG̃a

µ⌫c , G̃a
µ⌫ =

1

2
✏µ⌫↵�G

↵�
a , Jm

⌫ =
1p
2
(q̄a�5cac̄b�⌫qb � q̄a�⌫cac̄b�5qb)

J⇠
⌫ =

p
1� ⇠2Jm

⌫ + ⇠�Jh
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Molecule/Hybrid QCD Sum-Rule Analysis

• Mixed correlator subtle: need to renormalize hybrid (composite) operator	



!

!

• Leading order, condensates up to dimension five

Steele, CAP 2015

h↵sGGi

⇥
Jh
µ

⇤
R
= Z1

⇥
Jh
µ

⇤
B
+ Z2m

2 [Oµ]B + . . . , Z1 = 1 +
�

⌅

Zh1

⇤
, Z2 = � 10

243

�

⌅

1

⇤
Oµ = c̄�µc , �µ = ⇤µ⇤�⇥

�
⇥⇤⇧�⇥ + ⇥�⇧⇥⇤ � ⇥⇥⇧�⇤

�

hq̄qi

hq̄�Gqi

hq̄qi

renormalization induced term

W Chen, H-Y Jin, Kleiv, TGS, M Wang, Q Xu, PRD88 (2013)

hq̄qi



X(3872): Mixed Hybrid/Molecule 

• Scan QCD sum rule for MX  over mixing parameter ξ (must optimize s0)	



• MX increases as ξ increases from zero (pure molecule) until max at ξ≈0.002 	



• Viable scenario of X(3872) coupling to mixtures of hybrid/molecular currents 	



• Significant mixing (compare ξ≈0.002 to ratios of pure correlation functions)
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Internal Structure of Multiquark XYZs

• Molecular and diquark scenarios of XYZs cluster quarks differently	



• Diquarks are in colour triplet; experience colour force like quarks	



• Two mixed neutral states                (q=u,d) 	



• Phenomenological input of constituent diquark mass 	



• Decay by “single switch” process                                    

Maiani et al PRD71 (2005)

X since the isospin and G parity non-conservation in Eq. (40)
could be of dynamical origin due to ρ0 −ω mixing [95] or even
due to final state interactions (FSI) containing D loops, such as
X → J/ψω → DD̄ → J/ψρ. Although all the ingredients (spe-
cially the charm form factors [96, 97]) for the relevant effective
field theory are available, there are no quantitative results in the
FSI approach yet.
The decay X → J/ψω was also observed by BaBar Collabo-

ration [83] at a rate:

B(X → J/ψπ+π−π0)
B(X → J/ψπ+π−)

= 0.8 ± 0.3, (41)

which is consistent with the result in Eq. (40).
It is also important to notice that, although a D0D̄∗0 molecule

is not an isospin eingenstate, the ratio in Eq. (40) can not be
reproduced by a pure D0D̄∗0 molecule. In ref. [98] it was shown
that for a pure D0D̄∗0 molecule

Γ(X(D0D̄∗0)→ J/ψπ+π−π0)
Γ(X(D0D̄∗0)→ J/ψπ+π−)

≃ 0.15. (42)

In refs. [27, 28] Belle and BaBar Collaborations reported the
observation of a near threshold enhancement in the D0D̄0π0 sys-
tem. The peak mass values for the two observations are in good
agreement with each other: (3875.2 ± 1.9) MeV for Belle and
(3875.1 ± 1.2) MeV for BaBar, and are higher than in the mass
of the X(3872) observed in the J/ψπ+π− channel by (3.8 ± 1.1)
MeV. Since this peak lies about 3 MeV above the D∗0D̄0 thresh-
old, it is very awkward to treat it as a D∗0D̄0 bound state. Ac-
cording to Braaten [99], the larger mass of the X measured in
the D0D̄0π0 decay channel could be explained by the difference
between the line shapes of the X into the two decays: D0D̄0π0
and J/ψπ+π−. In the decay of a narrow X molecular state into
its constituents D∗0D̄0, the width of D∗0 distorts the decay line
shape of the X(3872) [100]. Therefore, the peak observed in
the B→ K D0D̄0π0 decay channel could be a combination of a
resonance below the D∗0D̄0 threshold from the B→ K X decay
and a threshold enhancement above the D∗0D̄0 threshold. In this
case, fitting the D0D̄0π0 invariant mass to a Breit-Wigner does
not give reliable values for the mass and width. However, in a
new measurement [30] Belle has obtained a mass (3872.6±0.6)
MeV in the D̄0D∗0 invariant mass spectrum, which is consistent
with the current world average mass for X(3872). Using this
new data and taking into account the universal features of the
S -wave threshold resonance Braaten and Stapleton concluded
that the X(3872) is a extremely weakly-bound charm meson
molecule [101].
Other interesting possible interpration of the X(3872), first

proposed by Maiani et al. [45], is that it could be a tetraquark
state resulting from the binding of a diquark and an antidiquark
[95]. This construction is based in the idea that diquarks can
form bound-states, which can be treated as confined particles,
and used as degrees of freedom in parallel with quarks then-
selves [102, 103, 104]. Therefore, the tetraquark interpreta-
tion differs from the molecular interpretation in the way that
the quarks are organized in the state, as shown in Fig. 1. The
drawback of the tetraquark picture is the proliferation of the

Figure 3: Cartoon representation for the molecular and tetraquark interpreta-
tions of X(3872).

predicted states [45] and the lack of selection rules that could
explain why many of these states are not seen [105].
The authors of ref. [45] have considered diquark-antidiquark

states with JPC = 1++ and symmetric spin distribution:

Xq = [cq]S=1[c̄q̄]S=0 + [cq]S=0[c̄q̄]S=1. (43)

The most general states that can decay into 2π and 3π are:

Xl = cos θXu + sin θXd, Xh = cos θXd − sin θXu. (44)

Imposing the rate in Eq.(40), they get θ ∼ 200. It is important to
notice that a similar mixture between D0D̄∗0 and D+D∗− molec-
ular states with the same mixing angle θ ∼ 200 [98], would also
reproduce the decay rate in Eq.(40).
The authors of ref. [45] also argue that if Xl dominates B+

decays, then Xh dominates the B0 decays and vice-versa. They
have also predicted that the mass difference between the X par-
ticle in B+ and B0 decays should be [45, 106]

M(Xh) − M(Xl) = (8 ± 3)MeV. (45)

There are two reports from Belle [39] and Babar [40] Collab-
orations for the observation of the B0 → K0 X and B+ → K+ X
decays that we show in Figs. 4 and 5.
Although the identification of the X(3872) from the decay

B+ → K+ X in these two figures is very clear, this is not the case
for the B0 → K0 X decay, where the evidence for the existence
of such a state is not so clear.
In any case, if one accepts the existence of the X in the decay

B0 → K0 X, these reports are not consistent with each other.
While Belle measures [39]:

B(B0 → XK0)
B(B+ → XK+)

= 0.82 ± 0.22 ± 0.05, (46)

and

M(X)B+ − M(X)B0 = (0.18 ± 0.89 ± 0.26)MeV, (47)

BaBar measures [40]:

B(B0 → XK0)
B(B+ → XK+)

= 0.41 ± 0.24 ± 0.05, (48)

9

Nielsen et al PhysRep497 (2010)

[cq]3̄[c̄q̄]3

M[cq] = 1933MeV

J/ψ

[cq]3̄[c̄q̄]3 ! [c̄c]0[q̄q]0
tuned to X(3872) !!

Can QCD say anything about 
internal structure? Diquark mass 

prediction provides indirect probe

Steele, CAP 2015



Heavy-Light Diquarks

• Gauge dependent diquark currents for QCD sum-rule analysis	



!

• Schwinger string extracts gauge invariant information from correlator	



!

!

!

• Calculate correlator: next-to-leading perturbation theory

Schwinger string
Steele, CAP 2015

Kleiv, TGS, Zhang, Blokland, PRD87 (2013)
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Heavy-Light Diquark Correlator
• Calculate correlator: leading-order in QCD condensates to dimension five 	



!

!

!

• Standard sum-rule analysis: only stable results for positive parity diquarks 
Jaffe: no negative parity “worse” diquarks

axial vector 1+

Steele, CAP 2015

Kleiv, TGS, Zhang, Blokland, 
PRD87 (2013)
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Charm-Light Diquark Mass

• [cq] positive parity diquark QCD sum-rule mass predictions nearly degenerate 	



!

• Excellent agreement with tetrauqark model tuned to X(3872)

Kleiv, TGS, Zhang, Blokland, 
PRD87 (2013)

Ms = 1.86± 0.05GeV, Ma = 1.87± 0.1GeV

M[cq] = 1933MeV Maiani et al PRD71 (2005)

Indirect QCD evidence supporting 
tetraquark model for XYZs

Steele, CAP 2015

Additional results



Discussion
• Rich landscape of XYZ mesons observed that cannot be explained as 

charmonium states	



• Many charged states now observed: multi-quark scenarios seem inevitable and 
provide unifying theme with light scalars	



• Neutral partners for some charged states, completing isospin multiplets	



• Open question: internal quark structure of multi-quark states (e.g. tetraquark 
versus molecular); difficult to answer with analyses based on local operators	



• No evidence of pure charmonium hybrids amongst known XYZs; QCD 
evidence of viable mixed hybrid/multiquark states to resolve stubborn puzzles  	



• QCD can provide indirect evidence for multi-quark models (e.g., agreement 
between diquark mass predictions in QCD and tetraquark models)

Key challenge for QCD 	


compelling unifying theoretical framework for the XYZs

Steele, CAP 2015



Thank you!

Steele, CAP 2015



Additional QCD Sum-Rule Results

• Bottomonium hybrids	



!

• Bottom/Charm hybrids	



• Open-flavour (bottom/charm) tetraquarks	



• Zc(4200) decay widths 
 W Chen,TGS, H-X Chen, 
S-L Zhu, arXiv:1501.03863

Steele, CAP 2015

W Chen, Kleiv,TGS, Bulthuis, Harnett, Richards, Ho, S-L Zhu, JHEP09 
(2013)

W Chen,TGS, S-L Zhu, JPG 41 (2014) 

W Chen,TGS, S-L Zhu, PRD 89 (2014)

Z+
c (4200) ! J/ ⇡+, ⌘c⇢

+, D+D̄⇤0

 Summary


