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Charmonium spectrum to be explored

Established states
Predicted, undiscovered
Neutral XYZ mesons
Charged XYZ mesons

Single hadron treatment : reliable
for states well below threshold.
Levels near and above the open
charm thresholds questionable.

Require rigorous multi-channel
calculations considering possibility
of strong decay.

Aim : The importance of
tetraquark Fock components in
established lattice candidate for
X(3872), and search signals for
other XYZ with JPC = 1++.

S. L. Olsen, arXiv:1411.7738v1 [hep-ex]
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XYZs near open flavor threshold

N. Brambilla, et al., arXiv:1404.3723v2
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XYZs above open charm threshold

N. Brambilla, et al., arXiv:1404.3723v2
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Experimental facts : X(3872)

first observed in Belle 2003
(Belle : PRL 96, 262001.)

Quantum numbers, JPC = 1++

: (LHCb : PRL 110, 222001.)

Appears within 1 MeV below
D0D̄∗0 threshold.

Preferred strong decay modes D0D̄∗0, J/ψ ω and J/ψ ρ

The isospin still uncertain

* nearly equal branching fraction to J/ψ ω and J/ψ ρ decays.
* No charge partner candidates observed.
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Experimental facts : Y(4140)

first observed in B+ → K +φJ/ψ decays (CDF : PRL 102, 242002)

LHCb did not observe such peaks in these decays.
(LHCb : Aaij, et al., PRD 85, 091103).

CMS confirmed the observation of the peak
(Chatrchyan, et al., PLB 734, 261).

Results from BaBar have much less statistical significance
(Lees, et al., 91, 012003).

Quantum numbers not determined except for C = +.

Appears ∼30 MeV above DsD̄∗s threshold.

Preferred strong decay mode J/ψ φ.
Not observed in D0D̄∗0 or J/ψ ω.
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Lattice we use

Lattice size Nf Ncfgs mπ [MeV] a [fm] L [fm]

163 × 32 2 280 266(3)(3) 0.1239(13) 1.98

Hasenfratz et al. PRD 78, 054511 (2008), PRD 78, 014515 (2008)

dynamical u, d and valence u, d, s : clover Fermions

Fermilab treatment for charm quarks.

ms set using [M(φ)]lat = [M(φ)]exp.

mc set using [M2(ηc) + 3M2(J/ψ)]lat = [M2(ηc) + 3M2(J/ψ)]lat .

“Distilled” quark sources for all flavors.

Advantages of small lattice extension :
Full distillation,
relatively less number of scattering levels.
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An X(3872) candidate from lattice

Prelovsek, Leskovec, PRL 111, 192001
Lee, DeTar, Mohler, Na, arXiv:1411.1389

Studies with two-meson operators : First hint for a candidate

Both calculations neglects charm annihilation

Observed only when both c̄c and D̄∗D are used.

Vastly different systematics, yet results are similar.
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Interpolators we use

N I = 0 I = 1

O c̄c
1−8 c̄ Γ̂ c does not couple

OMM
9 D(0)D̄∗(0) D(0)D̄∗(0)

OMM
10 J/ψ(0)ω(0) J/ψ(0)ρ(0)

OMM
11 D(1)D̄∗(−1) D(1)D̄∗(−1)

OMM
12 D(0)D̄∗(0) D(0)D̄∗(0)

OMM
13 J/ψ(0)ω(0) J/ψ(0)ρ(0)

OMM
14 J/ψ(1)ω(−1) J/ψ(1)ρ(−1)

OMM
15 ηc (1)σ(−1) ηc (1)a0(−1)

OMM
16 χc1(1)η(−1) χc1(1)π(−1)

OMM
17 χc1(0)σ(0) χc1(0)a0(0)

OMM
18 χc0(1)η(−1) χc0(1)π(−1)

O4q
19−20 [c̄ q̄]3c [cq]3̄c

[c̄ ū]3c [cd ]3̄c

O4q
21−22 [c̄ q̄]6̄c

[cq]6c [c̄ ū]6̄c
[cd ]6c

Two meson scattering levels . 4.2 GeV

I = 0; c̄c(ūu + d̄d)
D(0)D̄∗(0), J/ψ(0)ω(0),
D(1)D̄∗(−1), J/ψ(1)ω(−1),
ηc (1)σ(−1), χc1(0)σ(0).

I = 1; c̄cūd
D(0)D̄∗(0), J/ψ(0)ρ(0),
D(1)D̄∗(−1), J/ψ(1)ρ(−1),
χc1(1)π(−1), χc0(1)π(−1).

I = 0; c̄cs̄s
Ds(0)D̄∗s (0), J/ψ(0)φ(0),
Ds(1)D̄∗s (−1), J/ψ(1)φ(−1),

c̄ Γ̂ c : as listed in table X of Mohler et al., PRD 87, 034501, arXiv:1208.4059.

Assumption : Interpolators of I = 0; c̄cs̄s have negligible coupling with two-meson levels
in I = 0; c̄c(ūu + d̄d)

charm annihilation not considered : OZI suppression.

X(3872) from Lattice QCD M. Padmanath University of Graz, Austria. (9 of 19)



I = 0 : c̄c(ūu + d̄d)
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D*(0)

J/Ψ(0) ω(0)

D(1) 
-
D* (-1)

J/Ψ(1) ω(-1)

ηc(1) σ(-1)

χc1(0) σ(0)

No significant effects in the low
lying spectrum by the inclusion
of diquark-antidiquark
operators.

[c̄ ū]Ḡ [cu]G operators related to
two-meson operators by Fierz
relations.

Makes the interpretation as a
pure tetraquark unlikely.

Simulation still unphysical in
many ways. Sizable lattice
artifacts.

However, gives a qualitative
picture.
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X(3872) candidate
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OMM
17 : χc1(0)σ(0)

Without c̄c interpolators, signal
doesn’t appear.

Both c̄c combinedly determine the
position of the signal for the candidate.

No significant effects on the levels
identified as J/ψω or ηc(1)σ(−1).
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X(3872) candidate
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Lat. & Lat. - O4q : This work
[17]: Prelovsek and Leskovec,

PRL 111, 192001
[18]: Lee, et al., arXiv:1411.1389

δ for levels 2 and 5 using Lüscher’s
formulae :
p.cot(δ(p)) = 2 Z00(1:q2)√

πL

Phase shift near threshold interpolated
using effective range approximation
p.cot(δ(p)) = 1

a0
+ 1

2 r0p2.

Large negative scattering length,
a0 = −1.7(4)fm, agrees with a shallow
bound state.
Sasaki and Yamazaki, PRD 74, 114507

Infinite volume bound state position
from pole in the resulting scattering
matrix.

No significant effects from O4q.
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I = 1 : c̄cūd
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D* (-1)

J/Ψ(1) ρ(-1)

χc0(1) π(-1)
χc1(1) π(-1)

All levels identified with various
scattering levels.

No additional candidate
observed.

No charge partner for X(3872)
observed.

Simulation assumes mu = md .
Popular interpretations based on
isospin breaking. Simulations
with mu 6= md required for
confirmation.
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I = 0 : c̄c s̄s
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All levels identified with various
scattering levels.

Candidates for χc1 and X(3872)
observed. No additional
candidate observed.

No effect observed with the
inclusion of diquark-antidiquark
operators.

No candidate for Y(4140) in
1++. (JP is not known for
Y(4140))
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Fierz relations

——————–

[c̄ q̄]Ḡ [cq]G and two-meson operators are linearly related.

O4q(x) =
∑

Fi M
i
1(x) M i

2(x)

After appropriate Fierz rearrangement

where G could be 3c or 6c .

Any gauge-covariant quark smearing preserves this relation.
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Fierz relations
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The time averaged normalized ensemble
averaged correlation matrix.

C̃ij =
1

9

10∑
t=2

C̄ij (t)√
C̄ii (t)C̄jj (t)

Strong correlations with two-meson
operators and c̄c operators.

O1−8 ∼ c̄c
O9,11,12 ∼ D̄∗D
O10,13−18 ∼ HL
O19−22 ∼ [c̄ q̄]Ḡ [cq]G
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Conclusions

A first dynamical study of 1++ channel with diquark-antidiquark operators
looking for possible exotic candidates has been made.

Diquark-antidiquark operators are found to have no significant effects on the
low lying spectrum.

A candidate for X(3872) found below the lattice D̄∗D non-interacting level.
The infinite volume bound state position from an amplitude analysis shows
no effect from the diquark-antidiquark operators.

No additional candidates observed hinting an exotic signal or a charge
partner for X(3872).

I = 0, c̄c s̄s : All energy levels identified with various scattering levels.
No candidate for Y(4140) observed.

Outlook : Better O4q interpolators to be invented.
Rigorous calculations involving coupled channel effects :

Extraction of coupled channel S-matrix.
Calculations on lattices with better systematics.
Simulations with mu 6= md for isospin breaking effects.
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Level counting : Eeff
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Compare effective masses to see correspondence between the basis.
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Level counting : the overlaps

Identify the dominant overlaps from
Zn
i s and ratios of Zn

i s.

Ratio of Zn
i s are defined such that

the overlap ratio for the state with
largest overlap to a given operator is
unity.
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