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diquarks: evidence in lattice QCD
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δL = (2/
√

3 − 1/2
√

3)ǫ
=
√

3ǫ/2

ǫ/2increases byǫ/
√

3

decreases byǫ/2
√

3
ǫ/2

κ =
K[qq][q̄q̄]

Kqq̄
=

√
3/2,

K[qq][q̄q̄] (Kqq̄) being
the string tension of the
tetraquark (meson).
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tetraquark vs. hadronic molecule

A tetraquark is a
strongly boundQCD
object consisting of
colored constituents,
the diquarks and
antidiquarks:

In contrast to a
hadronic molecule,
which is bound by the
exchange of pions:
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states observed by Belle

Summary of new states observed by Belle.[arXiv:0910.3404 [hep-ex]]
State M (MeV) Γ (MeV) JP C Decay Modes Production Modes Also observed by

e+e− (ISR)

Ys(2175) 2175 ± 8 58 ± 26 1−− φf0(980) J/ψ → ηYs(2175) BaBar, BESII

π+π−J/ψ, BaBar

X(3872) 3871.4 ± 0.6 < 2.3 1++ γJ/ψ,DD̄∗ B → KX(3872), pp̄ CDF, D0,

X(3915) 3914 ± 4 28+12
−14

0/2++ ωJ/ψ γγ → X(3915)

Z(3930) 3929 ± 5 29 ± 10 2++ DD̄ γγ → Z(3940)

DD̄∗ (notDD̄

X(3940) 3942 ± 9 37 ± 17 0?+ orωJ/ψ) e+e− → J/ψX(3940)

Y (3940) 3943 ± 17 87 ± 34 ??+ ωJ/ψ (notDD̄∗) B → KY (3940) BaBar

Y (4008) 4008+82
−49

226+97
−80

1−− π+π−J/ψ e+e−(ISR)

X(4160) 4156 ± 29 139+113
−65

0?+ D∗D̄∗ (notDD̄) e+e− → J/ψX(4160)

Y (4260) 4264 ± 12 83 ± 22 1−− π+π−J/ψ e+e−(ISR) BaBar, CLEO

Y (4350) 4361 ± 13 74 ± 18 1−− π+π−ψ′ e+e−(ISR) BaBar

X(4630) 4634+9
−11

92+41
−32

1−− Λ+
c

Λ−
c

e+e−(ISR)

Y (4660) 4664 ± 12 48 ± 15 1−− π+π−ψ′ e+e−(ISR)

Z(4050) 4051+24
−23

82+51
−29

? π±χc1 B → KZ±(4050)

Z(4250) 4248+185
−45

177+320
−72

? π±χc1 B → KZ±(4250)

Z(4430) 4433 ± 5 45+35
−18

? π±ψ′ B → KZ±(4430)

Yb(10890) 10, 890 ± 3 55 ± 9 1−− π+π−Υ(1, 2, 3S) e+e− → Yb

recent theoretical review:[Drenska et al., arXiv:1006.2741 [hep-ph]]
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our (hidden bottom) tetraquark candidate
recent theoretical review:[Drenska et al., arXiv:1006.2741 [hep-ph]]
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calculating tetraquark masses

QCD Sum Rules[Wang, Eur. Phys. J. C67, 411
(2010)]

Relativistic Quasipotential model[Ebert et al., Mod.
Phys. Lett. A24, 567 (2009)]

Constituent quark model[Drenska et al.,
arXiv:1006.2741 [hep-ph]]

Estimates presented here are based on[Ali et al., Phys.
Lett. B 684, 28 (2010)]

tetraquarks, Ahmed Ali, 2010 – p.12



tetraquarks as mathematical objects
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β
c γ5q

γ
i − q̄β

ic
γ5b
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states

Tetraquark states are characterized by the spinsQ of the
diquark coupling to total angular momentumJ :

∣

∣Y[bq]

〉

= |sQ, sQ̄; J〉
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states

Tetraquark states are characterized by the spinsQ of the
diquark coupling to total angular momentumJ :

∣

∣Y[bq]

〉

= |sQ, sQ̄; J〉

|0Q, 0Q̄; 0J〉 = Γ0 ⊗ Γ0,

|1Q, 1Q̄; 0J〉 =
1√
3
Γi ⊗ Γi,

|0Q, 1Q̄; 1J〉 = Γ0 ⊗ Γi,

|1Q, 0Q̄; 1J〉 = Γi ⊗ Γ0,

|1Q, 1Q̄; 1J〉 =
1√
2
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hamiltonian

The previously defined states need to diagonalize the hamil-
tonian:

H = 2mQ + H
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SS + H

(qq̄)
SS + HSL + HLL
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H
(qq̄)
SS = 2(Kbq̄)(Sb · Sq̄ + Sb̄ · Sq)

+2Kbb̄(Sb · Sb̄) + 2Kqq̄(Sq · Sq̄)

HSL = 2AQ(SQ · L + SQ̄ · L)

L S couplingL S coupling
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H
(qq̄)
SS = 2(Kbq̄)(Sb · Sq̄ + Sb̄ · Sq)

+2Kbb̄(Sb · Sb̄) + 2Kqq̄(Sq · Sq̄)

HSL = 2AQ(SQ · L + SQ̄ · L)

HLL = BQ
LQQ̄(LQQ̄ + 1)

2

L L couplingL L coupling
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example1++

giving the1++, [b̄q̄][bq] state as example:
∣

∣1++
〉

=
1√
2

(|0Q, 1Q̄; 1J〉 + |1Q, 0Q̄; 1J〉)
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baryon spectrum.
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example1++

giving the1++, [b̄q̄][bq] state as example:
∣

∣1++
〉

=
1√
2

(|0Q, 1Q̄; 1J〉 + |1Q, 0Q̄; 1J〉)

calculating the massM (1++) = 〈1++|H |1++〉:

M
(

1++
)

= 2m[bq] − (Kbq)3̄ +
1

2
Kqq̄ −Kbq̄ +

1

2
Kbb̄

The parameters are determined from the known meson and
baryon spectrum. In this example:

m[bq] (Kbq)3̄ Kbq̄ Kqq̄ Kbb̄

5250 MeV 6 MeV 6 MeV 80 MeV 9 MeV
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tetraquark mass spectrum
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we have40 isospindoublets calculated
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we have40 isospindoublets calculated

they will give rise to80 mass

eigenstatesif isospin breaking is taken

into account
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we have40 isospindoublets calculated

they will give rise to80 mass

eigenstatesif isospin breaking is taken

into account

most of them arehard to find due to

typically large widths and mixing with

the ordinary hadrons
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possible observable states

which states are accessible in todays experiments?

H L H L

H L

H L
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possible observable states
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isospin breaking

Yb mass eigenstates
Y[b,l] = cos θ Y[bu] + sin θ Y[bd],

Y[b,h] = − sin θ Y[bu] + cos θ Ybd].
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isospin breaking

Yb mass eigenstates
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with isospin mass breaking
M(Y[b,h]) − M(Y[b,l]) = (7 ± 3) cos(2θ) MeV.
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isospin breaking

Yb mass eigenstates
Y[b,l] = cos θ Y[bu] + sin θ Y[bd],

Y[b,h] = − sin θ Y[bu] + cos θ Ybd].

with isospin mass breaking
M(Y[b,h]) − M(Y[b,l]) = (7 ± 3) cos(2θ) MeV.

and charge

QY[b,l]
=

1

3
cos θ − 2

3
sin θ,

QY[b,h]
= −1

3
sin θ − 2

3
cos θ.
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Yb production

We have derived the
Van Royen-Weisskopf
formula for the elec-
tronic widths of the1−−

tetraquark, made up of
point-like diquarks[A. Ali,

C. Hambrock and S. Mishima]:
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Yb production

We have derived the
Van Royen-Weisskopf
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Yb production

We have derived the
Van Royen-Weisskopf
formula for the elec-
tronic widths of the1−−

tetraquark, made up of
point-like diquarks[A. Ali,
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Yb production

We have derived the
Van Royen-Weisskopf
formula for the elec-
tronic widths of the1−−

tetraquark, made up of
point-like diquarks[A. Ali,

C. Hambrock and S. Mishima]:

Γee(Y[b,l/h]) =
24α2Q2

[b,l/h]

M 4
Y[b,l/h]

κ2
∣

∣

∣
R

(1)
11 (0)

∣

∣

∣

2

Production ratio:Ree =
ΓY[b,l]

ΓY[b,h]

=
(

1−2 tan θ
2+tan θ

)2
(1/4 ≤ Ree ≤ 4).
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Yb decay

Γtot is dominated by two-body decays (BB̄, BB̄∗, B∗B̄∗):
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Yb decay

channel

BB̄

BB̄∗

B∗B̄∗
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Yb decay

channel diagram

BB̄ 1−−
µ q

L = 1

k
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0−

0−

BB̄∗
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µ q

k

l

0−

1−

B∗B̄∗ 1−−
µ q

L = 1

k

l

1−

1−
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Yb decay

channel diagram vertex

BB̄ 1−−
µ q

L = 1

k

l

0−

0−

b= F (kµ − lµ)

BB̄∗
1−−

µ q
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l

0−

1−

b= F
M

ǫµνρσkρlσ

B∗B̄∗ 1−−
µ q

L = 1

k

l

1−

1−

b=

F (gµρ(q + l)ν

−gµν(k + q)ρ

+gρν(q + k)µ)
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Yb decay

channel diagram vertex width

BB̄ 1−−
µ q

L = 1

k

l

0−

0−

b= F (kµ − lµ) ⇒ Γ =
F2|~k|3

2M2π
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+gρν(q + k)µ)

⇒ Γ =
F2|~k|3(48|~k|4−104M2|~k|2+27M4)

2π(M3−4|~k|2M)2
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Yb decay

channel diagram vertex width

BB̄ 1−−
µ q

L = 1

k

l

0−

0−

b= F (kµ − lµ) ⇒ Γ =
F2|~k|3

2M2π
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1−−
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0−

1−

b= F
M

ǫµνρσkρlσ ⇒ Γ =
F2|~k|3

4M2π

B∗B̄∗ 1−−
µ q

L = 1

k

l

1−

1−

b=

F (gµρ(q + l)ν

−gµν(k + q)ρ

+gρν(q + k)µ)

⇒ Γ =
F2|~k|3(48|~k|4−104M2|~k|2+27M4)

2π(M3−4|~k|2M)2

The couplingsF are estimated from the measured widths of theΥ(5S) de-

cays (Γtot(Y
(1)
b ) ≈ 40 MeV, Γtot(Y

(2)
b ) ≈ 90 MeV,. . . ) tetraquarks, Ahmed Ali, 2010 – p.23



fit to BaBar data
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BaBar fit
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×BW (M10860,Γ10860) + A11020e
iφ11020

×BW (M11020,Γ11020)|2

χ2/d.o.f. ≈ 2

[Phys. Rev. Lett.102, 012001 (2009)]
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BaBar fit
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BaBar fit
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σ(e+e− → bb̄) =

|Anr|2 + |Ar + A10860e
iφ10860

×BW (M10860,Γ10860) + A11020e
iφ11020

×BW (M11020,Γ11020)|2

add AY[b,l]
e
iφY[b,l]BW (MY[b,l]

,ΓY[b,l]
)

and AY[b,h]
e
iφY[b,h]BW (MY[b,h]

,ΓY[b,h]
)

χ2/d.o.f. = 88/67

M [MeV] Γ[MeV] ϕ [rad.]

Υ(5S) 10864 ± 5 46 ± 8 1.3 ± 0.3

Υ(6S) 11007 ± 0.3 40 ± 2 0.88 ± 0.06

Y[b,l] 10900 − ∆M/2 ± 2 28 ± 2 1.3 ± 0.2

Y[b,h] 10900 + ∆M/2 ± 2 28 ± 2 1.9 ± 0.2

∆M = 5.6 ± 2.8 MeV, Γee(Y[b,l]) = 0.045 ± 0.015 keV, Γee(Y[b,h]) = 0.04 ± 0.015 keV
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Belle data, explanation and fitting
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enigmatic Belle data
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reported partial decay width:

Γ(”Υ(5S)” → Υ(1S)π+π−) = 0.59 ± 0.04 ± 0.09 MeV

Γ(”Υ(5S)” → Υ(2S)π+π−) = 0.85 ± 0.07 ± 0.16 MeV
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continuum contribution

The tetraquark decay has a differentZweig allowed un-
derlying process:
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short intermezzo: light tetraquarks
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light tetraquarks

From the light quark sector we have a fullSU(3)F nonet
of tetraquark resonances[t’Hooft et al., Phys. Lett. B662,
424 (2008)] :
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light tetraquarks

From the light quark sector we have a fullSU(3)F nonet
of tetraquark resonances[t’Hooft et al., Phys. Lett. B662,
424 (2008)] :

σ[0] = [ud][ūd̄]
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S = +1

S = −1

Zweig allowed coupling toYb with
0++, S = 0
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light tetraquark interactions

The effective Lagrangian (i, j are flavor indices):

L ∝ Det(QLR) , (QLR)ij = q̄i
Lqj

R
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The effective Lagrangian (i, j are flavor indices):

L ∝ Det(QLR) , (QLR)ij = q̄i
Lqj

R

induces tetraquark-meson 6-quark interactions via

Tr(J [4q]J2q) , with J
[4q]
ij = [q̄q̄]i[qq]j , J2q

ij = q̄jqi

tetraquark-meson mixing tetraquark decay
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resonance contribution

The tetraquark resonances can also account forZweig al-
lowed contributions in the decay process:
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summing up contributions
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0++ resonance contribution
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continuum contribution
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D-wave2++ contribution
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full amplitude

summing the single contributions leads to the full ampli-
tude:
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fit to Belle data

Fit for Yb → Υ(1S)π+π−:
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fit to Belle data
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fit values

fit values forYb → Υ(1S)π+π−:
F = 0.19 ± 0.03, β = 0.54 ± 0.12,
af2(1270) = 0.5 ± 0.16, ϕf2(1270) = 3.33 ± 0.06

af0(i) Ff0(i) ϕf0(i) (rad.)
f0(600) 3.6 ± 0.7 1.38 ± 0.27 1.14 ± 0.14

f0(980) 0.47 ± 0.02 1.02 ± 0.04 4.12 ± 0.3

tetraquarks, Ahmed Ali, 2010 – p.42



fit values

fit values forYb → Υ(1S)π+π−:
F = 0.19 ± 0.03, β = 0.54 ± 0.12,
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fit values forYb → Υ(2S)π+π−:
F = 0.86 ± 0.34, β = 0.7 ± 0.3
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outlook and conclusion
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Summarizing:
TheΥ(5s) → Υ(1S)π+π−, Υ(2S)π+π− decays are

Zweig forbidden.
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Summarizing:
TheΥ(5s) → Υ(1S)π+π−, Υ(2S)π+π− decays are

Zweig forbidden.

TheYb → Υ(1S)π+π−, Υ(2S)π+π− decays areZweig

allowed and can explain the observed decay width,

larger by two orders of magnitude.

The coupling to intermediate light quark resonances

(f0(600), f0(980), a2(1270)) can explain the shape of the

invariant mass contribution(scalar meson dominance).

tetraquarks, Ahmed Ali, 2010 – p.44



new Belle data

fits under preparation
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In conclusion
we hope for good news after the World Cupo
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thank you!
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