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Exotic Multiquark States

Four and five quark states

• Multiple states, with two heavy quarks  
(mainly charm), having four quark 
configurations, have been discovered.

• Charmed pentaquark states have been 
discovered.

Six quark states

• Beside deuteron, only one more state with six 
quark configurations (d*(2380)) have been 
observed in one experiment.

• A few hypernuclei with very shallow binding  
have been observed.
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Exotic Multiquark States

Four and five quark states

• Multiple states, with two heavy quarks  
(mainly charm), having four quark 
configurations, have been discovered.

• Charmed pentaquark states have been 
discovered.

Six quark states

• Beside deuteron, only one more state with six 
quark configurations (d*(2380)) have been 
observed in one experiment.

• A few hypernuclei with very shallow binding  
have been observed.

 Is their possibility to find more of those?
 What can lattice studies do?
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Lattice study of heavy exotics

• Nonrelativistic b quark with relativistic other quarks (calculations with relativistic 
b quarks are starting.)

• Potential:

• Static quark potential (Born-Oppenheimer)…

P. Bicudo et al, Phys. Rev. D95, 034502(2017)

• HALQCD lattice potential ..HAL QCD (’16,’18)
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Leskovec et al, Phys. Rev. D 100, 014503 (2019) 

𝒖𝒅ഥ𝒃ഥ𝒃 (𝟏
+
)
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Junnarkar et al, 
Phys. Rev. D99 034507 (2019) 
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EPS-HEP2021 conference Highlights from the LHCb Experiment @Franz Muheim

https://indico.desy.de/event/28202/
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Junnarkar et al, 
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ഥ𝒃ത𝒄𝒒𝟏𝒒𝟐?What about  
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ഥ𝒃ത𝒄𝒒𝟏𝒒𝟐?What about  

Various models predicted mixed results for 𝒖𝒅ഥ𝒃ത𝒄 (𝟏
+
):

 HQ-symmetry inspired and non-chiral models: mostly unbound

or very weekly bound

 QCD sum rule, chiral models:  a bound state (both for 0 and 1-isospins)

with binding over a wide range ~ 20-400 MeV !
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Lattice QCD: 𝒖𝒅ഥ𝒃ത𝒄 𝟎(𝟏
+
)

−𝟔𝟏𝐌𝐞𝐕 < ∆𝑬𝒖𝒅ഥ𝒃ത𝒄~− 𝟏𝟓 𝐌𝐞𝐕
A. Francis et al: 

Phys. Rev. D99 (2019) no.5, 054505 
ഥ𝑫𝑩∗threshold

No state below thresholds:  Hudspith et al, Phys. Rev. D102, 114506 (2020), Lattice’21.

Pflaumer, Lattice’21 
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Diquark properties:
 .

 .
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ഥ𝑸ഥ𝑸 𝟑

𝒎𝑸→∞ compact

𝒒𝒒′ ഥ𝟑 attractive

𝒒𝒒′ ≡ 𝒒𝑪𝜸𝟓𝒒′ lightest

𝒎 𝒖𝒅 < 𝒎 𝒖𝒔

Heavy four-quark interpolating fields
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𝒒𝑪𝜸𝟓𝒒′ ഥ𝑸𝑪𝜸𝒊ഥ𝑸
′

𝒒𝒒′ ഥ𝑸ഥ𝑸′
How about ? 

A possible structure:

Inclusion of these diquark structures are allowed in these cases 
since charm quark is not too heavy in mass (unlike bottom quark mass).

𝒒𝑪𝜸𝒊𝒒′ ഥ𝑸𝑪𝜸𝟓ഥ𝑸
′

𝒒𝒒′ ഥ𝑸ഥ𝑸′

Why not?

When 𝑸 or 𝑸′ is not heavy enough?

𝜺𝒊𝒋𝒌 𝒒𝑪𝜸𝒊𝒒′ ഥ𝑸𝑪𝜸𝒌ഥ𝑸
′Similarly,

Heavy four-quark interpolating fields
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𝒖𝑪𝜸𝟓𝒅 ത𝒄𝑪𝜸𝒊ഥ𝒃

𝒖𝑪𝜸𝟎𝜸𝟓𝒅 ത𝒄𝑪𝜸𝒊𝜸𝟎 ഥ𝒃 𝒖𝑪𝜸𝟓ഥ𝒃 𝒅𝑪𝜸𝒊ത𝒄

𝒖𝑪𝜸𝒊ഥ𝒃 𝒅𝑪𝜸𝟓ത𝒄

𝜺𝒊𝒋𝒌 𝒖𝑪𝜸𝒊ഥ𝒃 𝒅𝑪𝜸𝒌ത𝒄

𝒖ഥ𝒃 𝒅𝑪𝜸𝒊𝜸𝟓ത𝒄

𝒖ത𝒄 𝒅𝑪𝜸𝒊𝜸𝟓ഥ𝒃

Diquark-Anti-diquark type Meson-Meson type

Interpolating fields for 𝒖𝒅ഥ𝒃ത𝒄 𝟎(𝟏
+
)
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Lattice and action details

 Lattices used (to be used) for this study :

HISQ 2+1+1 flavours gauge configurations from MILC 

243 x 64 , a = 0.12 fm, ml/ms = 1/5, mπL = 4.54, mπ = 305 MeV

323 x 96 , a = 0.089 fm, ml/ms = 1/5, mπL = 4.5, mπ = 312 MeV

483 x 144 , a = 0.058 fm, ml/ms = 1/5, mπL = 4.51, mπ = 319 MeV

PHYSICAL REVIEW D 87, 054505 (2013) (MILC)

 Bottom quark: NRQCD with improved coefficients:

u(d), s, c: Overlap
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 Along with HQET-inspired operators we also use the diquark-antidiquark type operators 
with the light diquark having a spin 1 keeping in mind that the charm quark is much lighter 
in mass compared to the bottom quark.

 Preliminary Findings:

• Multiple energy levels around elastic threshold.  

• At least one energy level below two-meson thresholds.

ഥ𝒃ത𝒄 𝒒𝟏𝒒𝟐 𝟎(𝟏
+
)
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~ 2 fm

ഥ𝒃ത𝒄 𝒒𝟏𝒒𝟐 𝟎(𝟏
+
)
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Basis dependence

ഥ𝒃ത𝒄 𝒒𝟏𝒒𝟐 𝟎(𝟏
+
)
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 Along with HQET-inspired operators we also use the diquark-antidiquark type operators with the light 
diquark having a spin 1 keeping in mind that the charm quark is much lighter in mass compared to the 
bottom quark.

 Preliminary Findings:
• Multiple energy levels around elastic threshold.  

• At least one energy level below two-meson thresholds.

More work is in progress to cross-check this finding with more statistics and another volume 

ഥ𝒃ത𝒄 𝒒𝟏𝒒𝟐 𝟎(𝟏
+
)
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What’s next?

 A level below threshold appears with more number of interpolating fields, 
particularly with the inclusion of non-HQET types. Perhaps need even more 
number of interpolating fields?

 GEVP issue? Checking that.

 Problem with wall source-point sink? Should not be an issue as signals are 
obtained more than 1.8 fm away

 Will study this with a point source.

 Finite volume effect?
Will study this with another volume
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Conclusions and Outlooks

There is a resurgence of interest in the study of bound states with heavy quark(s).

Exotic states with heavy quarks have been observed having four and five quark 

configurations.

Lattice QCD calculations are playing a crucial role in studying these states.

Multiple lattice QCD studies suggest the existence of a deeply bound doubly-bottom four-

quark state. More works with multiple volumes are needed to firmly confirm this. 

Non-HQET interpolating operators are important for diquarks involving charm quarks. 

Preliminary findings indicate the existence of an energy level below the respective lowest 

threshold for the bottom-charm fourquarks. This needs to be further investigated with 

multiple sources and multiple volumes.  Stay tuned!


