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XYZ states.

BELLE observed X (3872) in
B± → K±π+π−J/ψ.
PRL 91 (26), 2003

BABAR

Direct production observed
CDF, DZero

CMS, ATLAS, LHCb

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K����J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘�‘� < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from � conversion products and curling
tracks, we require the ���� invariant mass to be greater
than 0.4 GeV. To reduce the level of e�e� ! q �qq (q �
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos�Bj< 0:8, where �B is the
polar angle of the B-meson direction in the CM frame.

Candidate B� ! K�����J= mesons are recon-
structed using the energy difference �E � ECMB �
ECMbeam and the beam-energy constrained mass

Mbc �
��������������������������������������
�ECMbeam�

2 � �pCMB �2
q

, where ECMbeam is the beam

energy in the CM system, and ECMB and pCMB are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j�Ej< 0:030 GeV.

Figure 1(a) shows the distribution of �M �
M�����‘�‘�� �M�‘�‘�� for events in the �E-Mbc

signal region. Here a large peak corresponding to  0 !
����J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- �BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M�����J= �
determined from �M�MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at �M � 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M����J= < 3780 MeV) and the M �

3872 MeV (3770 MeV<M����J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, �E, and M����J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M����J= signals are single Gaussians; the
�E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for �E and M����J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the �E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM � 3872 MeV region, the
Mbc peak and width, as well as the �E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M����J= , and �E
signal-band projections for the M � 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7�
6:8 events has a statistical significance of 10:3�, deter-
mined from

�����������������������������������
�2 ln�L0=Lmax�

p
, where Lmax and L0 are

the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X�3872�.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX � Mmeas
X �Mmeas

 0 �MPDG
 0

� 3872:0� 0:6�stat� � 0:5�syst� MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is �0:5� 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X�3872� peak is � � 2:5�
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M�����‘�‘�� �M�‘�‘�� for se-
lected events in the �E-Mbc signal region for (a) Belle data
and (b) generic B- �BB MC events.

TABLE I. Results of the fits to the  0 and M � 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M � 3872 MeV region

Signal events 489� 23 35:7� 6:8
Mmeas
����J= peak 3685:5� 0:2 MeV 3871:5� 0:6 MeV
�M����J= 3:3� 0:2 MeV 2:5� 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-3 262001-3
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XYZ States Today
cc̄

other, non-nucleon-nucleon, systems are, or if bound mole-
culelike meson-meson or meson-baryon combinations
actually exist.
The 2003 Belle paper (Choi et al., 2003) that reported the

discovery of the X ð3872Þ → πþπ−J=ψ emphasized two in-
triguing experimental features. One was the close proximity of
the X ð3872Þ mass and the D0D̄$0 mass threshold; at that time,
the measurement precision of the X ð3872Þ mass was
% 0.8 MeV and that of the PDG-2002 value world average
for mD0 þmD$0 was % 1 MeV (Hagiwara et al., 2002) and
δm00 ¼ ðmD0 þmD$0Þ −M(X ð3872Þ) ¼ −0.9 % 1.3 MeV.
The second intriguing feature was the concentration of πþπ−

invariant masses near the ρ meson mass that was a strong
indication that the decay violated isospin symmetry in a
substantial way (Choi et al., 2003).
Within a few weeks after the Belle results were made

public, papers were posted by Tornqvist (2003) and Close and
Page (2004) that pointed out that these mass and isospin-
breaking properties were characteristic of expectations for a
DD̄$ molecular state. In fact, a JPC ¼ 1þþ, DD̄$ bound state
with mass near 3870 MeV had been predicted (and named) by
Tornqvist (1994); inspired by its similarity to the deuteron,

Tornqvist called the state a deuson. As a result, at that time,
experimenters and theorists expected that a thorough under-
standing of the underlying nature of the X ð3872Þ would be a
straightforward exercise and that they could look forward to
exploring a rich spectroscopy of related deuson states, in both
the charm quark and bottom quark sectors.
However, this optimism turned out to be short lived. As

discussed in Sec. V.A, the CDF and D0 groups found the
X ð3872Þ was produced promptly in Ec:m: ¼ 1.96 TeV pp̄
annihilations with production cross sections and other char-
acteristics that are similar to those for prompt ψ 0 production
(Abazov et al., 2004; CDFII Collaboration, 2004), while
detailed computations for a loosely bound DD̄$ composite
showed that such similarities were highly unlikely (Bignamini
et al., 2009). Also, in the deuson picture, the X ð3872Þ is
primarily a D0D̄$0 bound state. Searches for other near-
threshold DD̄$ combinations, such as mostly DþD$− or
D0D$− states, with the same JPC ¼ 1þþ quantum numbers,
came up empty (Aubert et al., 2005b; Choi et al., 2011).
Another problem with the deuson idea is the large rate for
X ð3872Þ → γψð2SÞ reported by BABAR (Aubert et al., 2009b)
and LHCb (Aaij et al., 2014a) [see Eq. (4)], which is expected
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FIG. 60. The current status of the charmoniumlike spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (Barnes, Godfrey, and Swanson, 2005) based on the Godfrey-Isgur relativized potential model
(Godfrey and Isgur, 1985), supplemented by the calculations in Lu and Dong (2016) for high radial excitations of the P-wave states. The
solid (black) horizontal lines indicate the experimentally established charmonium states, with masses and spin-parity (JPC) quantum
number assignments from Patrignani et al. (2016) and labeled by their spectroscopic assignment. The open-flavor decay channel
thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic charmoniumlike states are also shown with
shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly used names. All states are organized
according to their quantum numbers given on horizontal axes. The last column includes states with unknown quantum numbers, the two
pentaquark candidates, and the lightest charmonium 2−− state. The lines connecting the known states indicate known photon or hadron
transitions between them: dashed green are γ transitions (thick E1, thin M1), solid magenta are π, thin (thick) dashed blue are η (ϕ),
dashed red are p, dotted blue are ρ0 or ω, and solid blue other ππ transitions, respectively.

Olsen, Skwarnicki, and Zieminska: Nonstandard heavy mesons and baryons: …

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-47

S. L. Olsen, T. Skwarnicki, D. Zieminska, Reviews of Modern Physics 90, 1 (2018)
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QCD dynamics - XYZ states

For heavy quark-antiquark (QQ̄)

systems the QCD effects of gluon

excitations and light quark pairs

become manifest above

(Qq̄ + qQ̄) threshold.

Theoretical tools
I Heavy Quark Symmetry

(HQS)
I Lattice QCD

Model approaches:
I tetraquark states with various

dynamic models
I molecules and cusp effects
I hybrid states - excited gluonic

degrees of freedom

• What is the QCD dynamics of these new states? Threshold Effects, Hybrids, 
Tetraquark States: 

XYZ  States Observed
Estia Eichten                                                                                                                                                              Fermilab                     

QWG 2016                                                                                                                                                          June 8, 2016                     20

The Exotic XY Z Charmonium-like Mesons 7

[cuc̄s̄]) (41).

Figure 2: Cartoon representations of molecular states, diquark-diantiquark
tetraquark mesons and quark-antiquark-gluon hybrids.

2.3 Charmonium hybrids

Hybrid mesons are states with an excited gluonic degree of freedom (see Fig. 2).

These are described by many different models and calculational schemes (42).

A compelling description, supported by lattice QCD (43, 44), views the quarks

as moving in adiabatic potentials produced by gluons in analogy to the atomic

nuclei in molecules moving in the adiabatic potentials produced by electrons. The

lowest adiabatic surface leads to the conventional quarkonium spectrum while the

excited adiabatic surfaces are found by putting the quarks into more complicated

colour configurations. In the flux-tube model (45), the lowest excited adiabatic

surface corresponds to transverse excitations of the flux tube and leads to a doubly

degenerate octet of the lowest mass hybrids with quantum numbers JPC = 0+−,

0−+, 1+−, 1−+, 2+−, 2−+, 1++ and 1−−. The 0+−, 1−+, 2+− quantum numbers

are not possible for a cc̄ bound state in the quark model and are referred to

as exotic quantum numbers. If observed, they would unambiguously signal the

existence of an unconventional state. Lattice QCD and most models predict the

lowest charmonium hybrid state to be roughly 4200 MeV/c2 in mass (45,42,46).

Charmonium hybrids can decay via electromagnetic transitions, hadronic tran-

sitions such as ψg → J/ψ + ππ, and to open-charm final states such as ψg →
D(∗,∗∗)D̄(∗,∗∗)10. The partial widths have been calculated using many different

models. There are some general properties that seem to be supported by most

models and by recent lattice QCD calculations. Nevertheless, since there are

10D∗∗ denotes mesons that are formed from P -wave cq̄ (q = u or d) pairs: D∗
0(3P0), D∗

2(3P2)
and the D1 and D′

1 are 3P1 −1 P1 mixtures.

S. Godfrey+S. Olsen 
arXiv:0801.3867

_ 
u

uc

_ 
c

hadro-charmonium
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Tetraquarks

QQ̄qq̄ QQq̄q̄ QQ̄QQ̄

Qqq̄q̄ QQ̄Qq̄

All the presumed tetraquark

states observed so far have

strong decays.

Only stable ordinary mesons:

π, K , D, Ds , D∗s , B, Bs , B∗s ,

Bc , B∗c

Are there any stable

tetraquarks?

YES

Levels of stability for tetraquarks

A) Unstable
I Resonance with OZI allowed

strong decays.

I Typically large width

I Analog in QQ̄ systems are

states above two heavy light

meson threshold

B) Metastable
I Narrow states with strong

decays (but none OZI allowed).

I Analog in QQ̄ systems: states

below heavy-light pair threshold

C) Stable
I No strong decays.

I Analog in QQ̄ systems is Bc

Estia Eichten (Fermilab) States with Four Heavy Quarks Stonybrook · 5.30.18 5 / 31



QQQ̄Q̄

Any stable tetraquarks for Q = b?

Many phenomenological models for
bbb̄b̄ tetraquarks.
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Upsilon Pair Production

CMS 2Υ production

I σfid = 68.8± 12.7(stat)± 7.4(syst)± 2.8(BR)pb
I Fraction of DPS ≈ 30%

Encouraging for observation of possible bbb̄b̄ tetraquarks
as well as bbq baryons and bbq̄q̄′ tetraquarks.

[arXiv:1610.07095]
12/31/2017 CMS-BPH-14-008_Figure_001.png (3151×2255)

http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-14-008/CMS-BPH-14-008_Figure_001.png 1/1
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Thesis talk Suleyman Durgut (CMS) APS meeting April 16, 2018. Note:
The results are taken from my thesis work and they are not approved but
CMS yet. The analysis is still in progress.

Combined Result

12

• Do a simultaneous fit to 
both channels, with fixed 
signal shapes but floating 
mass value.

• Best mass :  18.4 ± 0.1 
(stat.) ± 0.2 (syst.) GeV

• Local Significance: 4.86σ
(p_value = !. #×%&'()

• In order to calculate global significance, Look-Elsewhere-Effect must be taken into account. Lots of toy 
MC generations are required, not an efficient method.

• Global significance is calculated using Gross-Vitells method which is used in Higgs discovery. 

• The returned global significance was 3.6σ.

Eur.Phys.J.C70:525-530,2010 

LHCb does not see any signal for such a bbb̄b̄ in the range 16− 26 GeV in

the final state Υ + µ+µ−. (Marco Pappagallo’s talk)
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Observing a φ = bbb̄b̄ tetraquark ground state at the LHC

Production φ with JPC = O++

via gluon fusion
Peaked forward in rapidity.

I Assume VMD
I ∆L = 1

2 (∂µφ)2− 1
2 ΛφΥµΥµ+...

I σ(pp → φ→ 4`) ∼
F 3

(
Λ

0.2 GeV

)2

fb for 8 TeV

F 5
(

Λ

0.2 GeV

)2

fb for 13 TeV

Invariant mass distribution for
m(φ) = 18.5 GeV:
φ→ ΥΥ∗ → l+l−l+l−

Zhen Liu & EE, arXiv:1709.09605
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Observing a φ = bbb̄b̄ tetraquark ground state at the LHC

Compare cross section H → ZZ∗ → l+l−l+l−.

S.Choi, D. Miller, M. Muhlleitner, &P. Zerwas, [arXiv:hep-ph/0210066]

φ decays to 4l has only the vector contribution (ηi = 0).
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Observing a φ = bbb̄b̄ tetraquark ground state at the LHC

Expected angular distributions:
φ→ ΥΥ(∗) → l+l−l+l−

I Can determine JPC from the
angular distributions
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Observing a φ = bbb̄b̄ tetraquark ground state at the LHC

Double differential angular

distributions of the tetraquark

state φ(0++) for different

values of the off-shell Υ∗

dilepton invariant masses.
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Does a Stable bbb̄b̄ Tetraquark State Exist within QCD?

The Lattice Approach Provides the Answer

Ciaran Hughes, E. E. and Christine Davies, PRD97 (2018), 054505
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Lattice NRQCD

For the evolution of heavy quarks use the highly improved lattice
action:

G (x, t + 1) = e−aHG (x, t)

aH0 = − ∆(2)

2amb

n = 4 used to extend
range of validity

aδH = aδHv4 + aδHv6

Only spin dependent terms
in O(v 6) are retained.

e−aH =

(
1−

aδH|t+1

2

)(
1−

aH0|t+1

2n

)n

U†t (x)

×
(

1−
aH0|t

2n

)n (
1−

aδH|t
2

)

aδH
v4 = −c1

(∆(2))2

8(amb)3
+ c2

i

8(amb)2

(
∇ · Ẽ− Ẽ · ∇

)
− c3

1

8(amb)2
σ ·
(
∇̃ × Ẽ− Ẽ× ∇̃

)

− c4
1

2amb

σ · B̃− c6
(∆(2))2

16n(amb)2

aδH
v6 = −c7

1

8(amb)3

{
∆(2)

, σ · B̃
}
− c8

3

64(amb)4

{
∆(2)

, σ ·
(
∇̃ × Ẽ− Ẽ× ∇̃

)}
− c9

i

8(amb)3
σ · Ẽ× Ẽ

Estia Eichten (Fermilab) States with Four Heavy Quarks Stonybrook · 5.30.18 14 / 31



Lattice ensembles studied

Set β a (fm) aml ams amc Ns × NT ncfg
1 coarse 6.00 0.1219(9) 0.0102 0.0509 0.635 24× 64 1052
2 coarse 6.00 0.1189(9) 0.00184 0.0507 0.628 48× 64 1000
3 fine 6.30 0.0884(6) 0.0074 0.037 0.440 32× 96 1008
4 superfine 6.72 0.0592(3) 0.0048 0.024 0.286 48× 144 400

β is the gauge coupling. a (fm) is the lattice spacing.

Full QCD. amq are the sea quark masses. All sets have
mπ = 300 MeV except set 2 which has physical mπ.

Ns × NT gives the spatial and temporal extent of the lattices in
lattice units

ncfg is the number of configurations used for each ensemble. 16
time sources on each configuration was used to increase statistics.
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NRQCD parameters

Set amb u0L c1, c6 c2 c4 c5

1 2.73 0.8346 1.31 1.02 1.19 1.16
2 2.66 0.8350 1.31 1.02 1.19 1.16
3 1.95 0.8525 1.21 1.29 1.18 1.12
4 1.22 0.8709 1.15 1.00 1.12 1.10

amb is the bare mass; u0L is the tadpole parameter.

The ci coefficients for the NRQCD action are tree-level except
c1, c6, c2, c4 and c5 above.
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Correlators

Euclidean two-point correlators

Ci ,j (t,Ptot = 0) =

∫
d3x〈Oi (t, x)Oj (0, 0)†〉

Projected to zero spatial momentum.

i , j label potential different operators at the source and sink with
the same JPC .

Single particle contributions to the correlator determined by inserting
a complete set of single-particle states

Ci ,j (t,Ptot = 0) =
∑

n

Z i
nZ

j ,∗
n e−Ent

Z i
n = 〈0|OJ,mi

i |n〉
En|n〉 = H |n〉
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Effective Mass Plots

Effective mass plots help visualize the data

aEeff = log

(
Ci ,j (t)

Ci ,j (t + 1)

)
= aE +

Z i
1Z

j ,∗
1

Z i
0Z

j ,∗
0

e−(E1−E0)t(1− e−(E1−E0)) + . . .

t→∞−−−→ aE .

where
C (t,Ptot = 0) =

∫
d3x〈O(t, x)O(0, 0)†〉

JPC = 0−+ : O(t, x) : b̄γ5b(t, x) (ηb)

JPC = 1−− : O(t, x) : b̄γµb(t, x) (Υb)
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Low-Lying Energy Eigenstates of the S-wave bb̄ System
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Superfine data (Set 4). Time extent > 8 fm.

Error bars too small to show on plot

The excited states are well separated →
rapid convergence to the ground state.

Noise does not increase with time
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Heavy Quark Local Operators for Tetraquarks
We can construct meson interpolating operators as

O1(8)
M (t, x) = G1(8)

efg b̄f ΓMbg (t, x) (1)

where ΓM = iγ5, γk projects onto the quantum numbers of the ηb and Υ

respectively, and G1(8)
efg is the colour projection onto the singlet (octet). In

addition, it is also possible to construct a (anti-) diquark operator as

O3̄(6)
D (t, x) = G 3̄(6)

efg b̄Ĉ
f ΓDbg (t, x) (2)

O3(6̄)
A (t, x) = G3(6̄)

efg b̄f ΓAb
Ĉ
g (t, x) (3)

where (bĈ )α = Cαβ b̄β is the charge-conjugated field with C = −iγ0γ2.As the

two quarks have the same flavour, the Pauli-exclusion principle applies and the

wavefunction has to be completely anti-symmetric. With our choice to focus on

S-wave combinations of particles, the spatial wave-function must be symmetric.

As the colour (triplet) sextet has a (anti-) symmetric colour wavefunction, this

forces the spin-wavefunction to be in a (triplet) singlet with (Γ = γk ) Γ = iγ5.
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Tetraquark Color Projections

Table: The colour representations of the different quark combinations. Note that,
as described in the text, once the colour representation of the (anti-) diquark is
chosen, the Pauli-exclusion principle enforces certain spin combinations in S-wave.
Also given are the SU(3) colour contractions needed for the b̄b̄bb operators.

b b̄ b̄b b̄b̄ bb

Colour Irrep 3c 3̄c 1c , 8c 3c , 6̄c 3̄c , 6c

G1
efgG1

ef ′g ′ δfgδf ′g ′

G8
efgG8

ef ′g ′ 2δfg ′δf ′g − 2δfgδf ′g ′/3

G3
efgG3

ef ′g ′ (δff ′δgg ′ − δfg ′δgf ′)/2

G6
efgG6

ef ′g ′ (δff ′δgg ′ + δfg ′δgf ′)/2
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Sample Tetraquark Correlator

3̄
⊗

3→ 3̄
⊗

3
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f
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3̄(

t)
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a0.06fm
Ns48Eeff,t

0++(t) : rx = 0

Eeff
0++(t) : rx = 0

Eeff,t
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0++(t) : rx = 2
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2Mlat
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Comments

Two meson contribution to correlators:

I =
∑
X 2

∫
d3Ptot

(2π)3

d3k

(2π)3

1

2E (X 2)
|X 2

(Ptot ,k)〉〈X 2
(Ptot ,k)|

where |X 2
(Ptot ,k)〉 = |M1(k)M2(Ptot − k)〉 . The internal relative momentum,

~k, contributes an additional three-integral.

The effective mass plot has a slow convergence to the ground state (blue).
The lowest excited energy |k|2/2µr 20 MeV or 0.0092 (lattice units).

The form appropriate for a dominate two meson contribution (red)

aE eff,t
JPC = log

(
t

3
2 C JPC

i,j (t)

(t + 1)
3
2 C JPC

i,j (t + 1)

)
.

There is no difference between local and non-local operators in the
correlators

Gray points not used in fits.
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Tetraquark Correlators

JPC = 0++ Basis [1
⊗

1, 8
⊗

8]
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Tetraquark Correlators

Basis [3̄
⊗

3̄, 6
⊗

6̄] JPC = 0++ JPC = 1+−, 2++
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Summary for bbb̄b̄ Tetraquarks

−60 −40 −20 0 20 40 60
EGS−Eth (MeV)

a0.12fm
Ns24

a0.12fm
Ns48

a0.09fm
Ns32

a0.06fm
Ns48

2++
E

2++
T2

1+−

0++

No stable bbb̄b̄ tetraquarks found: 0++, 1+− or 2++
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Other stable tetraquarks

Appropriate action for each mass range:
mu,md ms mc mb

LQCD fermilab NRQCD
sss̄ s̄ ccc̄ c̄ bbb̄b̄

Signal to noise for unequal masses:

S/N ∼ | < O(t)O†(0) > |/
√
< O(t)O†(t)O†(0)O(0) >

O = bbc̄c̄ : S/N → exp {−[m(bbc̄c̄)− m(bb̄)− m(cc̄)]t} → exp (−1.17t(fm))

O = bbūd̄ : S/N → exp {−[m(bbūd̄)− m(bb̄)− 2m(π0)]t} → exp (−0.22t(fm))

O = cc̄uū : S/N → exp {−[m(ccūū)− m(ηc )− 2m(π+)]t} → exp (−0.32t(fm))

O = bud : S/N → exp {−[m(bud)− 0.5m(bb̄)− m(π0)}]t → exp (−0.25t(fm))
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Example for Unequal Masses Q1Q1Q̄2Q̄2.

M1 = 0.8mb and M2 = 8.0mb
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How to Deal with the Noise

Three basic approaches:

Use many operators and diagonalize to extract low states reliably at shorter
times.

Try to limit the noise itself. Use heavy pions and extrapolate.
Multi-boson block factorization - break the lattice into a set a blocks and
match physics on the interfaces. [M. C, Leonardo Giusti and S. Schaefer,
PRD 93 (2016) 094507 [1601.04587], PRD 95 (2017) 034503 [1609.02419]]

Use some hybrid method. For example, compute the ”potentials including
light quarks” for static heavy quarks. Then solve SE for the heavy quarks; or
HAL approach.
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Summary

If stable QQQ̄Q̄ tetraquark states with JPC = 0++ exist,
they can be observed at the LHC by their decay into a pair of the
13S1 quarkonium states [(QQ̄) + (QQ̄)(∗)] in the four lepton
final state.

Lattice QCD finds no stable bbb̄b̄ tetraquarks exist with
JPC = 0++, 1+− or 2++.

Lattice studies for Q1Q2q̄1q̄2 heavy-light tetraquarks are difficult
because of signal/noise issues.
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BACKUP

Effect of Four Quark Contact Terms.

Four quark contact terms enter in order α2
sv

3.
We estimate these effects using the method of :
R. J. Dowdall et.al. Phys.Rev. D89 (2014) no.3, 031502, (E)
Phys.Rev. D92 (2015) 039904.

We find that the shift was consistent with expectations from
perturbation theory. (d1α

2
s = −0.026). The shift of the bbb̄b̄

states was equal to twice the shift in th ηb mass within errors.
No additional binding was introduced.
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