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Quantum chromodynamics (QCD)

fundamental quantum �eld theory of quarks (q) and gluons (g)

the Lagrangian:

L = ∑
q

ψq,a

(
iγµ

∂µδab−gsγ
µtCabA

C
µ −mqδab

)
ψq,b−

1
4
FA

µνF
Aµν

ψ − quark field

Aµ − gluon gauge field

ab-initio predictive methods for QCD:
quantum chromodynamics on the lattice (lattice QCD)
perturbative expansions in the coupling
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Lattice QCD

The theory is discretised onto a
four-dimensional spacetime
lattice

quark �elds - lattice sites
gauge �elds - links between
sites

lattice spacing a

quantities extracted from
Euclidean (imaginary-time)
correlation functions

Monte-Carlo methods
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Hadrons

mesons - baryon number

B = 0

qq states

exotic mesons:

qqqq - tetraquarks

states made of bound
gluons - glueballs

qq-pairs with an excited

gluon - hybrids

baryons - baryon number

B = 1

qqq states

exotic baryons:

qqqqq - pentaquarks
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Experimental discovery of the Zb tetraquarks

the Belle collaboration �rst observed
two charged bottomonium-like
resonances in
Υ(5S)→Υ(nS)π+π−,hb(mP)π+π−,
(n = 1,2,3; m = 1,2)

name
valence quark

m [MeV] IG (JPC )
discovery

reference
content year

Zb(10610) 10607.2 1+(1+−) 2011 [A. Bondar et al. (Belle),
Phys. Rev. Lett. 108,
122001 (2012).] and

Zb(10650) 10652.2 1+(1+−) 2011 [A. Garmash et al. (Belle),
Phys. Rev. D91, 072003
(2015).] for both

Zb(10610) and Zb(10650) decay also
to BB

∗
and B∗B

∗
respectively

these are the dominant decay
channels
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Experimental discovery of the Zb tetraquarks

properties incompatible with a qq structure

masses few MeV above the thresholds for the open beauty
channel BB

∗
and B∗B

∗

this suggests a �molecular� nature of these states, which might
explain most of their observed properties
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Lattice QCD - scattering analysis

Lüscher scattering
formalism:

eigen-energies of a
correlation function
⇒ two hadron scattering
amplitudes
⇒ mass and decay width

rigorously treating Zb

tetraquark with lattice
QCD:

scattering matrix for at
least 7 coupled channels
a severe challenge

Figure: non-interacting energies

E(L) = ∑i=1,2

√
m2

i +p2i + ∆E ,

~pi = 2π

L ~ni
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Lattice QCD - static quark limit → Born-Oppenheimer
approximation

b and b in�nitely heavy (mb→ ∞) and
static

on a distance r
their spins − conserved quantities

compute the potential V (r) of the static
quarks in the presence of the light quarks,
⇒ potential of B and B

Born-Oppenheimer approximation:

solve the Schrödinger equation with the
computed potential V (r)
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Symmetries of the static limit

jz ,light = z-component of the angular
momentum of the light quarks

C ◦P = combined parity and charge
conjugation

ε = Px = x-parity = re�ection along an
axis orthogonal to the separation axis e.
g. x-axis

my advisor has considered the case
Sheavy = 1, jz ,light = 0, CP =−1, ε =−1
[S. Prelov²ek, H. Bahtiyar and J. Petkovi¢ (2019),

[arXiv:1912.02656].]
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My work on Zb

shematic presentation of operators for a speci�c set of quantum
numbers

(Sheavy = 0, jz ,light = 0, CP = +1, ε = +1):
1 O1 = OBB̄∗ ∝ (P−γ3)AB(P−γ5)CD

(
bCqB

)
(qAbD)

2 O2 = OBB̄∗
′

∝ (P−γ3)AB(P−γ5)CD
(
bC∇2qB

) (
∇2qAbD

)
3 O3 = Oηbρ(0) ∝

[
bP−γ5b

]
[qγ3q]~p=~0

4 O4 = Oηbρ(1) ∝
[
bP−γ5b

](
[qγ3q]~p=êz

+ [qγ3q]~p=−êz

)
5 O5 = Oηbρ(0) ∝

[
bP−γ5b

]
[qγ4γ3q]~p=~0

6 O6 = Oηbρ(1) ∝
[
bP−γ5b

](
[qγ4γ3q]~p=êz

+ [qγ4γ3q]~p=−êz

)
7 O7 = Ohba0(0) ∝

[
bP−γ5b

]
[qIq]~p=~0

8 O8 = Ohba0(1) ∝
[
bP−γ5b

](
[qIq]~p=êz

+ [qIq]~p=−êz

)
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Generalized eigenvalue problem (GEVP)

two-point correlation functions

Cij(t) = 〈0|Oi (t)O†
j (0)|0〉= ∑

n

〈0|Oi |n〉〈n|O†
j |0〉e

−Ent

overlaps:

Z
(n)
i = 〈0|Ôi |n〉, Z

(n)∗
j = 〈n|Ô†

j |0〉

eigen-energies En extracted using the GEVP approach

N

∑
j=1

Cij(t)v
(n)
j (t, t0) =

N

∑
j=1

λ
(n)(t, t0)Cij(t0)v

(n)
j (t, t0),

where n = 1, . . . ,N and t > t0

λ
(n)(t, t0) = e−En(t−t0) = Ae−Ent



Introduction Experiment Lattice QCD approach Interpolating operators GEVP Preliminary results Conclusion

Generalized eigenvalue problem (GEVP)

two-point correlation functions

Cij(t) = 〈0|Oi (t)O†
j (0)|0〉= ∑

n

〈0|Oi |n〉〈n|O†
j |0〉e

−Ent

overlaps:

Z
(n)
i = 〈0|Ôi |n〉, Z
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Preliminary results

e�ective energies:

E
(n)
eff (t, t0) =−∂ log (λ (n)(t, t0))

∂ t
, En = lim

t→∞
E

(n)
eff (t, t0)

example for r = 1, t0 = 2 and these 5 interpolating operators:
1 O1 = OBB̄∗ ∝ (P−γ3)AB(P−γ5)CD

(
bCqB

)
(qAbD)

2 O2 = OBB̄∗
′

∝ (P−γ3)AB(P−γ5)CD
(
bC∇2qB

) (
∇2qAbD

)
3 O3 = Oηbρ(0) ∝

[
bP−γ5b

]
[qγ3q]~p=~0

4 O4 = Oηbρ(1) ∝
[
bP−γ5b

](
[qγ3q]~p=êz

+ [qγ3q]~p=−êz

)
5 O5 = Oηbρ(2) ∝

[
bP−γ5b

](
[qγ3q]~p=2êz

+ [qγ3q]~p=−2êz

)
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Preliminary results

e�ective energies:

E
(n)
eff (t, t0) =−∂ log (λ (n)(t, t0))

∂ t
, En = lim

t→∞
E

(n)
eff (t, t0)

example for Sheavy = 0, jz ,light = 0, CP = +1, ε = +1, r = 1, t0 = 2:
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Preliminary results

comparing eigen energies with non-interacting energies
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Conclusion

there are many phenomenological studies on spectroscopy of
exotic hadrons with heavy quarks

but only one group (except of my supervisor) made studies
based on the fundamental theory − lattice QCD − considering
the Zb tetraquark

this tetraquark is due to experimental discovery of great
interest

looks like no attraction in my channel
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Thank you for your attention.
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