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� Experimental Evidence for Multiquark states X, Y, Z and Pc

� Models for X, Y, Z Mesons

� The Diquark model of Tetraquarks

� Mass Spectrum of the low-lying S and P Wave Tetraquark States

� A New Look at the excited Ωc and the Y States in the Diquark
Model

� The Pentaquarks P±(4380) and P±(4450) in the Diquark Model

� Summary
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X(3872) - the poster Child of the X, Y, Z Mesons

� Discovery Mode :
B→ J/ψπ+π−K

� M = 3872.0±
0.6± 0.5 MeV

� Γ < 2.3 MeV

� JPC =
1++ [LHCb]
[PRL110, 22201(2013)]
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Charmonia and Charmonium-like Hadrons (Updated by Sheldon Stone)
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The four J/ψφ states
[R. Aaij et al., Phys. Rev. D95 (2017) 012002]
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Particle JP σ Mass Width Fit
(MeV) (MeV) Fraction(%)

X(4140) 1+ 8.4 4146± 4.5+4.6
−2.8 83± 21+21

−14 13.0± 3.2+4.8
−2.0

X(4274) 1+ 6.0 4273.3± 8.3+17.2
− 3.6 56± 11+ 8

−11 7.1± 2.5+3.5
−2.4

X(4500) 0+ 5.6 4506± 11+12
−15 92± 21+21

−14 6.6± 2.4+3.5
−2.3

X(4700) 0+ 5.6 4704± 10+14
−24 120± 31+42

−33 12± 5+9
−5

NR 0+ 6.4 46± 11+11
−21
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Constituent Quark Model and Light States

� Masses for light resonances in
constituent model

Flavor nonets are
arranged as triangles

� Tetraquark
interpretation in
agreement with
experiment
[’t Hooft, Isidori,
Maiani, Polosa,
Riquer, PLB (2008)]
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Pentaquarks

� Pentaquarks remained cursed under the shadow of the botched
discoveries of Θ(1540), Φ(1860), Θc(3100)!

� Review on Pentaquarks [C.G. Wohl in PDG (2014)]:

There are two or three recent experiments that find weak evidence for
signals near the nominal masses, but there is simply no point in
tabulating them in view of the overwhelming evidence that the claimed
pentaquarks do not exist. The whole story — is a curious episode in the
history of science.
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Elusive Pentaquark Comes into View! (R. Aaij et al., PRL 115, 072001 (2015)
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The Pentaquarks P+
c (4380) and P+

c (4450) as resonant J/ψp states

� Discovery Channel (LHC;
√

s = 7 & 8 TeV;
∫

Ldt = 3 fb−1)

pp→ bb̄→ ΛbX; Λb → K−J/ψp
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Model fits with two [ P+
c (4380) and P+

c (4450)] states

� Fits with two P+
c states. Acceptable fits found for several JP

combinations
� The best fit yields JP = (3/2−, 5/2+) for [P+

c (4380), P+
c (4450)]

states. Both the mKp and mJ/ψp projections are well described
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Summary of the LHCb Pentaquark Measurements

� Higher mass state (statistical significance 12σ)

M = 4449.8± 1.7± 2.5 MeV; Γ = 39± 5± 19 MeV
� Lower mass state (statistical significance 9σ)

M = 4380± 8± 29 MeV; Γ = 205± 18± 86 MeV
� Fitted Values of the real and imaginary parts of the amplitudes

� For P+
c (4450), fit shows a phase change in amplitudes consistent

with a resonance
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Summary of the LHCb Pentaquark Measurements (Contd.)

Possible JP assignments and the energies of the nearby thresholds

Ahmed Ali (DESY, Hamburg) 12 / 60



Ahmed Ali (DESY, Hamburg) 13 / 60



X, Y, Z Exotics
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Diquarks: Color Representation

� One gluon exchange model [Jaffe,Phys.Rept.(2005)]

Color factor determines binding:
Negative sign Attractive

� Quarks in diquark transform as:

3⊗ 3 = 3̄⊕ 6
� qq bound state color factor:

ta
ijt

a
kl = −

2
3

(δijδkl − δilδkj)/2︸ ︷︷ ︸
antisymmetric: projects 3̄

+
1
3
(δijδkl + δilδkj)/2︸ ︷︷ ︸
symmetric: projects 6
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Diquarks: Spin representation

� Calculation of 2 quark correlation
strength

� Decreasing distance
Increasing strength for
“good” diquarks

� Diquark size O(1fm)

Lattice simulations for light quarks
[Alexandrou, Forcrand, Lucini, PRL (2006)] :

� Binding for “good” spin 0 diquarks

� No binding for “bad” spin 1 diquarks

Spin decoupling in HQ-Limit

“Bad” diquarks in b-sector
might bind
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Diquark Model of Tetra- and Pentaquarks

Diquarks and Anti-diquarks are the building blocks of Tetraquarks
Color representation: 3⊗ 3 = 3̄⊕ 6; only 3̄ is attractive; C3̄ = 1/2 C3

Interpolating diquark operators for the two spin-states of diquarks

Scalar: 0+ Qiα = εαβγ(c̄
β
c γ5qγ

i − q̄β
ic γ5cγ)

α, β, γ: SU(3)C indices

Axial-Vector: 1+ ~Qiα = εαβγ(c̄
β
c~γqγ

i + q̄β
ic~γcγ)

NR limit: States parametrized by Pauli matrices :
Scalar: 0+ Γ0 = σ2√

2

Axial-Vector: 1+ ~Γ = σ2~σ√
2

Diquark spin sQ tetraquark total angular momentum J:∣∣∣Y[bq]

〉
=

∣∣sQ, sQ̄; J
〉

Tetraquarks:
∣∣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

εijkΓj ⊗ Γk
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NR Hamiltonian for Tetraquarks with hidden charm

Involves constituent diquark mass, spin-spin, spin-orbit, and tensor forces

H = 2mQ + H(qq)
SS + H(qq̄)

SS + HSL + HLL + HT

with

H(qq)
SS = 2(Kcq)3̄[(Sc · Sq) + (Sc̄ · Sq̄)]

H(qq̄)
SS = 2(Kcq̄)(Sc · Sq̄ + Sc̄ · Sq)

+ 2Kcc̄(Sc · Sc̄) + 2Kqq̄(Sq · Sq̄)

HSL = 2AQ(SQ · L + SQ̄ · L)

HLL = BQ
LQQ̄(LQQ̄ + 1)

2

HT = bY
S12

4

= bY
[
3(SQ · n)(SQ̄ · n)− (SQ · SQ̄)

]
; (n = unit vector)

� In the following, assume κqq̄′ ' 0

Heff(X, Y, Z) = 2mQ +
BQ

2
L2 + 2AQ(L · S) + 2κqQ

[
sq · sQ + sq̄ · sQ̄

]
+ bY

S12
4
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Low-lying S-Wave Tetraquark States

� In the |sqQ, sq̄Q̄; S, L〉Jand |sqq̄, sQQ̄; S′, L′〉Jbases, the positive parity
S-wave tetraquarks are listed below; M00 = 2mQ

Label JPC |sqQ , sq̄Q̄ ; S, L〉J |sqq̄ , sQQ̄ ; S′ , L′〉J Mass

X0 0++ |0, 0; 0, 0〉0
(
|0, 0; 0, 0〉0 +

√
3|1, 1; 0, 0〉0

)
/2 M00 − 3κqQ

X′0 0++ |1, 1; 0, 0〉0
(√

3|0, 0; 0, 0〉0 − |1, 1; 0, 0〉0
)

/2 M00 + κqQ
X1 1++

(
|1, 0; 1, 0〉1 + |0, 1; 1, 0〉1

)
/
√

2 |1, 1; 1, 0〉1 M00 − κqQ
Z 1+−

(
|1, 0; 1, 0〉1 − |0, 1; 1, 0〉1

)
/
√

2
(
|1, 0; 1, 0〉1 − |0, 1; 1, 0〉1

)
/
√

2 M00 − κqQ
Z′ 1+− |1, 1; 1, 0〉1

(
|1, 0; 1, 0〉1 + |0, 1; 1, 0〉1

)
/
√

2 M00 + κqQ
X2 2++ |1, 1; 2, 0〉2 |1, 1; 2, 0〉2 M00 + κqQ

� The spectrum of these states depends on just two parameters,
M00(Q)and κqQ, Q = c, b, hence very predictive

� Some of the states still missing and are being searched for at the
LHC
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Charmonium-like and Bottomonium-like Tetraquark Spectrum

Parameters in the Mass Formula

charmonium-like bottomonium-like
M00 [MeV] 3957 10630
κqQ [MeV] 67 22.5

charmonium-like bottomonium-like
Label JPC State Mass [MeV] State Mass [MeV]

X0 0++ — 3756 — 10562
X′0 0++ — 4024 — 10652
X1 1++ X(3872) 3890 — 10607
Z 1+− Z+

c (3900) 3890 Z+,0
b (10610) 10607

Z′ 1+− Z+
c (4020) 4024 Z+

b (10650) 10652
X2 2++ — 4024 — 10652
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Dipion mass distributions in Υ(5S)→ Υ(nS)ππ decays?
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Dipion mass distributions in Υ(5S)→ Υ(nS)ππ decays?

tetraquark model can explain data
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Heavy-Quark-Spin Flip in Υ(10890)→ Zb/Z′b + π → hb(1P, 2P)ππ

A.A., L. Maiani, A.D. Polosa, V. Riquer; PR D91, 017502 (2015)

Relative normalizations and phases for sbb̄: 1→ 1 and 1→ 0 transitions

Final State Υ(1S)π+π− Υ(2S)π+π− Υ(3S)π+π− hb(1P)π+π− hb(2P)π+π−

Rel. Norm. 0.57± 0.21+0.19
−0.04 0.86± 0.11+0.04

−0.10 0.96± 0.14+0.08
−0.05 1.39± 0.37+0.05

−0.15 1.6+0.6+0.4
−0.4−0.6

Rel. Phase 58± 43+4
−9 −13± 13+17

−8 −9± 19+11
−26 187+44+3

−57−12 181+65+74
−105−109

� In Υ(10890), Sbb̄ = 1. In hb(nP), Sbb̄ = 0, transitions above involve heavy-quark
spin-flip, yet rates not suppressed, violating heavy-quark-spin conservation

� This contradiction is only apparent. Expressing the states Zb and Z′b in the basis
of definite bb̄ and light quark qq̄ spins

|Zb〉 =
α|1qq̄, 0bb̄〉 − β|0qq̄, 1bb̄〉√

2
, |Z′b〉 =

β|1qq̄, 0bb̄〉+ α|0qq̄, 1bb̄〉√
2

� and defining (g are the effective couplings at the vertices Υ Zb π and Zb hb π)
gZ ≡ g(Υ→ Zbπ)g(Zb → hbπ) ∝ −αβ〈hb|Zb〉〈Zb|Υ〉
gZ′ ≡ g(Υ→ Z′bπ)g(Z′b → hbπ) ∝ αβ〈hb|Z′b〉〈Z′b|Υ〉
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Determination of α/β from Υ(10890)→ Zb/Z′b + π → Υ(nS)ππ (n = 1, 2, 3)

� A comprehensive analysis of the Belle data including the direct and resonant
components is required to test the underlying dynamics, yet to be carried out

� Parametrizing the amplitudes in terms of two Breit-Wigners, one can determine
the ratio α/β

sbb̄ : 1→ 1 transition :

Rel.Norm. = 0.85± 0.08 = |α|2/|β|2
Rel.Phase = (−8± 10)◦

sbb̄ : 1→ 0 transition :

Rel.Norm. = 1.4± 0.3

Rel.Phase = (185± 42)◦

� Within errors, the tetraquark assignment with α = β = 1 is supported, i.e.,

|Zb〉 =
|1bq, 0b̄q̄〉 − |0bq, 1b̄q̄〉√

2
, |Z′b〉 = |1bq, 1b̄q̄〉J=1

|Zb〉 =
|1qq̄, 0bb̄〉 − |0qq̄, 1bb̄〉√

2
, |Z′b〉 =

|1qq̄, 0bb̄〉+ |0qq̄, 1bb̄〉√
2
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A new look at the Y tetraquarks and the excited Ωc states in the Diquark model

� Observation of 5 narrow excited Ωc baryons in Ωc → Ξ+
c K− [LHCb, PRL

118, 182001 (2017)]

� Measured masses (in MeV) [LHCb] and plausible JP quantum numbers,
assuming diquark model Ωc(= css) = c[ss] [M. Karliner, J.L. Rosner, PR D95,
114012 (2017)]

M(Ωc(3000)) = 3000.4± 0.2± 0.1; JP = 1/2−

M(Ωc(3050)) = 3050.2± 0.1± 0.1; JP = 1/2−

M(Ωc(3066)) = 3065.6± 0.1± 0.3; JP = 3/2−

M(Ωc(3090)) = 3090.2± 0.3± 0.5; JP = 3/2−

M(Ωc(3119)) = 3119.1± 0.3± 0.9; JP = 5/2−

� For the P states, important to take into account the tensor couplings

Heff = mc + m[ss] + κssSs · Ss +
BQ
2

L2 + VSD,

VSD = a1L · S[ss] + a2L · Sc + b
〈S12〉

4
+ c S[ss] · Sc
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Analysis of the excited Ωc states in the Diquark-Quark model
〈S12〉

2
= 〈2Q(S[ss] , Sc)〉 = 〈Q(S, S)−Q(Sc , Sc)−Q(S[ss] , S[ss])〉

〈Q(SX , SX)〉 = − 3
5
〈[2(L · SX)2 + (L · SX)− 4

3
(SX · SX)]〉

J = 1/2 :
1
4
〈S12〉 =

(
0 1√

2
1√
2

−1

)

J = 3/2 :
1
4
〈S12〉 =

(
0 − 1

2
√

5
− 1

2
√

5
4
5

)

J = 5/2 :
1
4
〈S12〉 = −

1
5

� Coeffs. determined from the masses of the JP states. M0 ≡ mc + m[ss] + 2κss + BQ
a1 a2 b c M0

26.95 25.75 13.52 4.07 3079.94
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Analysis of the tetraquark Y states in the diquark model

Heff = 2mQ +
BQ
2

L2 − 3κcq + 2aYL · S + bY
〈S12〉

4
+ κcq

[
2(Sq · Sc + Sq̄ · Sc̄) + 3

]
1
4
〈S12〉 =

(
0 2/

√
5

2/
√

5 −7/5

)
� There are four L = 1 and one L = 3 tetraquark states with JPC = 1−−

� Tensor couplings non-vanishing only for the states with SQ = SQ̄ = 1

P-wave (JPC = 1−−) states
Label JPC |sqQ , sq̄Q̄ ; S, L〉J |sqq̄ , sQQ̄ ; S′ , L′〉J Mass

Y1 1−− |0, 0; 0, 1〉1
(
|0, 0; 0, 1〉1 +

√
3|1, 1; 0, 1〉1

)
/2 M00 − 3κqQ + BQ ≡ M̃00

Y2 1−−
(
|1, 0; 1, 1〉1 + |0, 1; 1, 1〉1

)
/
√

2 |1, 1; 1, L′〉1 M̃00 + 2κqQ − 2AQ
Y3 1−− |1, 1; 0, 1〉1

(√
3|0, 0; 0, 1〉1 − |1, 1; 0, 1〉1

)
/2 M̃00 + 4κqQ + E+

Y4 1−− |1, 1; 2, 1〉1 |1, 1; 2, L′〉1 M̃00 + 4κqQ + E−
Y5 1−− |1, 1; 2, 3〉1 |1, 1; 2, L′〉1 MY2

+ 2κqQ − 14AQ + 5BQ − 8/5bY

E± =
1
10

(−30AQ − 7bY ∓
√

3
√

300A2
Q + 140AQbY + 43b2

Y)
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Experimental situation with the tetraquark Y states rather confusing

� Summary of the Y states observed in Initial State Radiation (ISR)
processes in e+e− annihilation [BaBaR, Belle, CLEO]

e+e− → γISR J/ψπ+π−; γISR ψ′π+π−

=⇒ Y(4008), Y(4260), Y(4360), Y(4660)
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e+e− → J/ψπ+π− cross section at
√

s = (3.77 - 4.60) GeV

( BESIII, PRL 118, 092001 (2017)

� Y(4008) is not confirmed; Y(4260) is split into 2 resonances: Y(4220) and
Y(4320), with the Y(4220) probably the same as Y(4260)
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Two Experimental Scenarios for the Y States
[AA, L. Maiani, A. Borisov, I. Ahmed, A. Rehman, M.J. Aslam, A. Parkhomenko, A.D. Polosa,
arxiv:1708.04650]

� SI (Based on CLEO, BaBaR, Belle): Y(4008), Y(4260), Y(4360), Y(4660)

� SII ( BESIII, PRL 118, 092001 (2017): Y(4220), Y(4320), Y(4390), Y(4660)
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� SII =⇒ κcq and aY for Y states similar to the ones in (X, Z) and Ωc
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Effective Hamiltonian for Pentaquarks

[Ahmed,Rehman,Aslam,AA, arxiv:1607.00987]

Heff(P) = Heff([QQ]) + mc̄ + κc̄[QQ](sc̄ · S[QQ])− 2aP(LP · SP) +
BP

2
〈LP

2〉

� S[QQ] is the spin of the tetraquark; sc̄ is the spin of the c̄
LP and SP are the orbital angular momentum and spin of the pentaquark,
respectively
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Pentaquarks in the diquark model [Maiani et al., arxiv:1507.04980]

� Λb(bud)→ P+K− decaying according to P+ → J/Ψ + p

� P+carry a unit of baryonic number and have the valence quarks

P+ = c̄cuud

� Assume the assignments

P+(3/2−) =
{

c̄ [cq]s=1[q′q′′]s=1, L = 0
}

P+(5/2+) =
{

c̄ [cq]s=1[q′q′′]s=0, L = 1
}

� Mass difference:

• Level spacing for ∆L = 1 in light baryons; Λ(1405)−Λ(1116) ∼ 290 MeV

• Light-light diquark mass difference for ∆S = 1:
[qq′]s=1 − [qq′]s=0 = Σc(2455)−Λc(2286) ' 170 MeV

� Orbital gap P+(3/2−)−P+(5/2+) is thereby reduced to 120 MeV, more or less
in agreement with data, 70 MeV
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Pentaquark production mechanisms in Λ0
b → K−J/ψp

� Two possible mechanisms are proposed by Maiani et al.

• In the first, b -quark spin is shared between the K− ,and the c̄ and
[cu] components, the final [ud] diquark has spin-0 , Fig. A

• In the second, the [ud] diquark is formed from the original d quark, and
the u quark from the vacuum uū; angular momentum is shared among all
components, and the diquark [ud] may have both spins, s = 0, 1, Fig. B

� Which of the two diagrams dominate is a dynamical question; semileptonic
decays of Λb hint that the mechanism in Fig. B is dynamically suppressed
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Flavor SU(3) structure of Pentaquarks

� Pentaquarks are of two types:

Pu = εαβγ c̄α [cu]β,s=0,1 [ud]γ,s=0,1

Pd = εαβγ c̄α [cd]β,s=0,1 [uu]γ,s=1

� This leads to two distinct SU(3) series of Pentaquarks

PA = εαβγ
{

c̄α [cq]β,s=0,1 [q′q′′]γ,s=0, L
}
= 3⊗ 3̄ = 1⊕ 8

PS = εαβγ
{

c̄α [cq]β,s=0,1 [q′q′′]γ,s=1, L
}
= 3⊗ 6 = 8⊕ 10

� For S waves, the first and the second series have the angular momenta
(multipicity)

PA(L = 0) : J = 1/2(2), 3/2(1)

PS(L = 0) : J = 1/2(3), 3/2(3), 5/2(1)

� Maiani et al. propose to assign P(3/2−) to the PA and P(5/2+) to the PS series
of Pentaquarks
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Heavy quark symmetry and observed pentaquarks
[Ahmed,Rehman,Aslam,AA, arxiv:1607.00987]

Selection rules from the the data on b→ c baryonic decays and HQS

P+
c (4450) = {c̄[cu]s=1[ud]s=0; LP = 1, JP =

5
2

+

} Favored

P+
c (4380) = {c̄[cu]s=1[ud]s=1; LP = 0, JP =

3
2

−
} Disfavored

=⇒ 3
2
− state may require a different interpretation.

m[Λ+
c (2625); JP = 3

2
−
]−m[Λ+

c (2286); JP = 1
2
+
] ' 341 MeV =⇒ the mass of

JP = 3/2− state to be about 4110 MeV.

In diquark-diquark-antiquark spectrum, 3
2
−

state is favored by HQS,

{c̄[cu]s=1[ud]s=0; LP = 0, JP =
3
2

−
},

Third state anticipated in 4110-4130 MeV range. A renewed fit of the LHCb data by
allowing a third resonance is called for.
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Weak decays of the b-baryons into pentaquark states

A =
〈
PM

∣∣∣HW
eff

∣∣∣B〉, with HW
eff =

4GF√
2

[
VcbV∗cq(c1O(q)

1 + c2O(q)
2 )
]

HW
eff inducing the Cabibbo-allowed ∆I = 0, ∆S = −1 transition b→ cc̄s, and the

Cabibbo-suppressed ∆S = 0 transition b→ cc̄d.

O(q)
1 = (q̄αcβ)V−A(c̄αbβ)V−A and O(q)

2 = (q̄αcα)V−A(c̄βbβ)V−A

Bij (3̄) = Λ0
b(udb), Ξ0

b(usb), Ξ−b (dsb), Cij (6) = Σ−b (ddb), Σ0
b(udb), Σ+

b (uub)), Ξ′b(dsb), Ξ′0b (usb), Ω−b (ssb)

Mj
i =


π0√

2
+

η8√
6

π+ K+

π− − π0√
2
+

η8√
6

K0

K− K̄0 − 2η8√
6

, P j
i

(
JP
)
=


PΣ0√

2
+ PΛ√

6
PΣ+ Pp

PΣ− − PΣ0√
2
+ PΛ√

6
Pn

PΞ− PΞ0 − PΛ√
6

 .

A decuplet Pijk: P111 = P∆++
10

,P112 = P∆+
10

/
√

3 ,P122 = P∆0
10

/
√

3 ,P222 = P∆−10
,P113 = PΣ+

10
/
√

3 ,P123 =

PΣ0
10

/
√

6 ,P223 = PΣ−10
/
√

3 ,P133 = PΞ0
10

/
√

3 ,P233 = PΞ−10
/
√

3 and P333 = PΩ−10
.

� Calculating the decay amplitudes is a formidable challenge.
� SU(3)F symmetry relations provided useful guide for pentaquark searches, Li et al.
[arXiv:1507.08252]

Ahmed Ali (DESY, Hamburg) 35 / 60



SU(3) based analysis of Λb → P+K− → (J/ψ p)K−

� With respect to flavor SU(3), Λb(bud) ∼ 3̄ , and is isosinglet I = 0

� The weak non-leptonic Hamiltonian for b→ cc̄s decays is:

H(3)
W (∆I = 0, ∆S = −1)

� With M a nonet of SU(3) light mesons, 〈P, M|HW|Λb〉 requires P + M to be
in 8⊕ 1 representation

� Recalling the SU(3) group multiplication rule

8⊗ 8 = 1⊕ 8⊕ 8⊕ 10⊕ 1̄0⊕ 27

8⊗ 10 = 8⊕ 10⊕ 27⊕ 35

the decay 〈P, M|HW|Λb〉 can be realized with P in either an octet (8) or a
decuplet (10)

� The discovery channel Λb → P+K− → J/ψpK− corresponds to P in an octet (8)
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Weak decays with P in Decuplet representation
� Decays involving the decuplet (10) pentaquarks may also occur, if the light

diquark pair having spin-0 [ud]s=0 in Λb gets broken to produce a spin-1 light
diquark [ud]s=1

Λb → πP
(S=−1)
10 → π(J/ψΣ(1385))

Λb → K+P
(S=−2)
10 → K+(J/ψΞ−(1530))
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Weak decays with P in Decuplet representation - Contd.

� Apart from Λb(bud), several b-baryons, such
as Ξ0

b(usb), Ξ−b (dsb) and Ω−b (ssb) undergo weak decays

� Examples of bottom-strange b-baryon in various charge combinations,
respecting ∆I = 0, ∆S = −1 are:

Ξ0
b(5794)→ K(J/ψΣ(1385))

which corresponds to the formation of the pentaquarks with the spin
configuration (q, q′ = u, d)

P10(c̄ [cq]s=0,1 [q′s]s=0,1)
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Weak decays with P in Decuplet representation - Contd.

� The ss̄ pair in Ωb is in the symmetric (6) representation of flavor SU(3) with spin
1; expected to produce decuplet Pentaquarks in association with a φ or a Kaon

Ωb(6049)→ φ(J/ψ Ω−(1672))

Ωb(6049)→ K(J/ψ Ξ(1387))

� These correspond, respectively, to the formation of the following pentaquarks
( q = u, d)

P−10(c̄ [cs]s=0,1 [ss]s=1)

P10(c̄ [cq]s=0,1 [ss]s=1)

� These transitions are on firmer theoretical footings, as the initial [ss] diquark
in Ωb is left unbroken; more transitions can be found relaxing this condition
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Estimates of the ratio of decay widths for JP = 5
2
+

[Ahmed,Rehman,Aslam,AA, arxiv:1607.00987]

Decay Process Γ/Γ(Λ0
b → P5/2

p K−) Decay Process Γ/Γ(Λ0
b → P5/2

p K−)

Λb → P
{Y2}c1
p K− 1 Ξ−b → P

{Y2}c2
Σ− K̄0 2.07

Λb → P
{(Y2}c1
n K̄0 1 Ξ0

b → P
{Y2}c2
Σ+ K− 2.07

Λb → P
{Y2}c3
Λ0 η′ 0.03 Λb → P

{Y2}c3
Λ0 η 0.19

Ξ−b → P
{Y2}c2
Σ0 K− 1.04 Ξ−b → P

{Y2}c2
Λ0 K− 0.34

Ω−b → P
{Y3}c5
Ξ−10

K̄0 0.14 Ω−b → P
{Y3}c5
Ξ0

10
K− 0.14

Decay Process Γ/Γ(Λ0
b → P5/2

p K−) Decay Process Γ/Γ(Λ0
b → P5/2

p K−)

Λb → P
{Y2}c1
p π− 0.08 Λb → P

{Y2}c1
n π0 0.04

Λb → P
{Y2}c1
n η 0.01 Λb → P

{Y2}c1
n η′ 0

Ξ−b → P
{Y2}c4
Ξ− K0 0.02 Ξ−b → P

{Y2}c2
Σ0 π− 0.08

Ξ−b → P
{Y2}c2
Σ− η 0.02 Ξ−b → P

{Y2}c2
Σ− η′ 0.01

Ξ−b → P
{Y2}c2
Σ− π0 0.08 Ξ0

b → P
{Y2}c2
Σ0 π0 0.04

Ξ0
b → P

{X2 (Y2)}c2
Λ0 η 0.01 Ξ0

b → P
{Y2}c2
Λ0 η′ 0.01

Ξ0
b → P

{Y2}c2
Λ0 π0 0.01 Ω−b → P

{Y3}c5
Ξ−10

π0 0.01

Ω−b → P
{Y3}c5
Ξ0

10
π− 0.02

� We have used the pentaquark masses estimated in this work.

� ∆S = 0 are suppressed by |V∗cd/V∗cs|2 compared to ∆S = 1.
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Estimates of the ratio of decay widths for JP = 3
2
−

[Ahmed,Rehman,Aslam,AA, arxiv:1607.00987]

Decay Process Γ/Γ(Λ0
b → P

{X2}c1
K−

p ) Decay Process Γ/Γ(Λ0
b → P

{X2}c1
p K−)

Λb → P
{X2}c1
p K− 1 Ξ−b → P

{X2}c2
Σ− K̄0 1.38

Λb → P
{X2}c1
n K̄0 1 Ξ0

b → P
{X2}c2
Σ+ K− 1.38

Λb → P
{X2}c3
Λ0 η′ 0.17 Λb → P

{X2}c3
Λ0 η 0.22

Ξ−b → P
{X2}c2
Σ0 K− 0.69 Ξ−b → P

{X2}c2
Λ0 K− 0.23

Ω−b → P
{X3}c5
Ξ−

10
K̄0 0.24 Ω−b → P

{X3}c5
Ξ0

10
K− 0.24

Decay Process Γ/Γ(Λ0
b → P

{X2}c1
K−

p ) Decay Process Γ/Γ(Λ0
b → P

{X2}c1
p K−)

Λb → P
{X2}c1
p π− 1 0.06 Λb → P

{X2}c1
n π0 0.03

Λb → P
{X2}c1
n η 0.01 Λb → P

{X2}c1
n η′ 0.01

Ξ−b → P
{X2}c4
Ξ− K0 0.02 Ξ−b → P

{X2}c2
Σ0 π− 0.03

Ξ−b → P
{X2}c2
Σ− η 0.02 Ξ−b → P

{X2}c2
Σ− η′ 0.01

Ξ−b → P
{X2}c2
Σ− π0 0.04 Ξ0

b → P
{X2}c2
Σ0 π0 0.02

Ξ0
b → P

{X2}c2
Λ0 η 0 Ξ0

b → P
{X2}c2
Λ0 η′ 0

Ξ0
b → P

{X2}c2
Λ0 π0 0.01 Ω−b → P

{X3}c5
Ξ−

10
π0 0.01

Ω−b → P
{X3}c5
Ξ0

10
π− 0.02

� Neutron, η and η′, and possibly π0: only decays with K−, or K0, or π−.
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Summary
� A new facet of QCD is opened by the discovery of the exotic X, Y, Z, and the pentaquark

states P(4380) and P(4450)

� Using the heavy quark symmetry, we predict a lower-mass JP = 3/2−state at 4110 MeV!

� A very rich spectrum of tetraquark and pentaquark states is anticipated, including
tetraquarks with a single c, or a single b quark

� Important puzzles remain in the complex:

� What is the nature of Yc(4260)? A tetraquark? or a cc̄g hybrid?

� What exactly is Υ(10888)? Is it just Υ(5S)? Does Yb(10890) still exist?

� Hadroproduction and Drell-Yan mechanism are potential sources of multiquark states

� We look forward to decisive experimental results from Belle-II, LHC, in particular, from
the LHCb
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� Hadronic Molecules, F.K. Guo, C. Hanhart, U.G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou,

arXiv: 1705.00141 (2017).

� Heavy-Quark QCD Exotica, R.F. Lebed, R.E. Mitchell, E.S. Swanson,

Prog. Part. Nucl. Phys. 93 (2017) 143, arXiv: 1610.04528 (2016).

� Multiquark Resonances, A. Esposito, A. Pilloni, A.D. Polosa,

Physics Reports 668 (2016)1, arXiv: 1611.07920 (2016).

� Hidden-Charm Pentaquark and Tetraquark States, H.X. Chen, W. Chen, X. Liu, S.-L. Zhu,

Physics Reports 639 (2016)1, arXiv: 1601.02092 (2016).

� Multiquark states also receiving increasing attention on the Lattice
• Hadron Spectroscopy and Interactions from Lattice QCD, A. Prelovsek, EPJ Web Conf.

(2016) 00018.

• Hadronic Interactions, T. Yamazaki, PoS Lattice2014 (2015) 009.

• Few-body Physics, R.A. Bricero, PoS Lattice2014 (2015) 008.
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Tetraquark interpretation of the axial J/ψφ states

[L. Maiani, A.D. Polosa, V. Riquer, Phys. Rev. D94 (2016) 054026]

� Interpret the four J/ψφ states as [cs][c̄s̄] tetraquarks, with X(4140), X(4274) as
1S states, and X(4500), X(4700) as 2S states

� X(4274) having JPC = 1++ is not compatible with the tetraquark interpretation

� Prefer two almost degenerate JPC = 0++ & 2++ states - this remains to be seen
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Bottomonia and Bottomonium-like Hadrons (Olsen, 1411.7738)
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Production of JPC = 1−− hadrons φ(2170), Y(4260), and ”Yb(10890)” via

Drell-Yan mechanism

[A.A., Wei Wang; PRL 106 (2011), 192001]

pp(p̄)→ γ∗ → V + ...; V = φ(2170), Y(4260), ”Yb(10890)”

� Decay Modes: φ(2170)→ φ(1020)f0(980)→ K+K−π+π−

Y(4260)→ J/ψπ+π− → `+`−π+π−

”Yb(10890)”→ Υ(nS)π+π− → `+`−π+π−; (nS = 1S, 2S, 3S)
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Rapidity & pT-distributions at the LHC
[A.A., Wei Wang; PRL 106 (2011), 192001]

� Rapidity-distributions for a): φ(2170), b): Y(4260), c): ”Yb(10890)”

� pT-distributions for a): φ(2170), b): Y(4260), c): ”Yb(10890)”
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Cross sections at the Tevatron and LHC (in pb)

� φ(2170) : pp(p̄)→ γ∗ → φ(2170)→ φ(1020)f0(980)→ K+K−π+π− + X

� X(4260) : pp(p̄)→ γ∗ → Y(4260)→ J/ψπ+π− → `+`−π+π− + X

� Yb(10890) : pp(p̄)→ γ∗ → Yb(10890)→ Υ(nS)π+π− → `+`−π+π− + X

� Drell-Yan mechanism is a potential source of JPC = 1−− exotica at the LHC!
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Stringy picture of tetraquarks

� Y(4630)is a likely candidate for a tetraquark state, whose most natural decay, is
into a charm baryon-antibaryon (Λ+

c Λ−c ), [L. Maiani]

� This is the general pattern of tetraquark decays, anticipated in stringy formalism
[G. Rossi, G. Veneziano, JHEP 06 (2016) 041] and in the holography inspired
perspective [J. Sonnenschein, D. Weissman, Nucl. Phys. B920 (2017) 319] .

� Tetraquarks [cu][c̄ū]and [cu][c̄d̄]and their decay products [J. Sonnenschein, D.
Weissman, Nucl. Phys. B920 (2017) 319] .
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Regge Trajectory of the Y(4630) and other tetraquarks with bb̄, cc̄ and ss̄

� Tetraquarks, like other mesons, lie on a Regge trajectory. This is a fundamental
difference to all other multiquark scenarios (cusps, hadron molecule etc.)

� Regge Formula from rotating string (α′ = 1/2πT, T is string tension, β is the
velocity of the string end-point) [J. Sonnenschein, D. Weissman]

E = 2m

(
β arcsin(β) +

√
1− β2

1− β2

)

J + n− a = 2πα′m2 β2

(1− β2)2

(
arcsin(β) + β

√
1− β2

)
� Predictions for tetraquarks and their first few excited states
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[bq][b̄q̄] Constituent Model Spectrum

[A.A., Hambrock, Ahmed, Aslam, PLB684 (2010)]

� Yb(10890) probably not
an independent state, but
is the same as Υ(5S)
[Belle 2016]

� Decays of ”Υ(5S)”
saturated by exotic final
states!

� The entire exotic
bottomonium sector
remains to be tested

� A great opportunity for
the LHCb to make
decisive progress!!
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Enigmatic Υ(5S) Decays!

� Is there a Yb(10890) close to Υ(5S)? If yes, what is it??
[AA, Hambrock, Ishtiaq Ahmed, Jamil Aslam, PLB 684 (2010) 28]
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σ(e+e− → bb̄) in the Υ(10860) and Υ(11020) resonance region [Belle]

R′b data and fit

� Fbb̄ = |Anr|2 + |Ar + A5Seiφ5S f5S + A6Seiφ6S f6S|2
� fnS = MnsΓnS/[(s−M2

ns) + iMnSΓnS] [BW]; Ar and Anr[Continuum]
� No peaking structure seen at 10.9 GeV, hinted by the BaBar data;

Γ(e+e−) < 9 eV (@ 90% C.L.)
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σ(e+e− → Υ(nS)π+π−) in the Υ(10860) and Υ(11020) resonance region
[D. Santel et al. (Belle), arxiv:1501.01137 (2015)]

� Fit Values (MeV): M10860 = 10891.1± 3.2+0.6
−1.5; Γ10860 = 53.7+7.1 +0.9

−5.6 −5.4
� M5S(Υ(nS)ππ)−M5S(bb̄) = 9.2± 3.4± 1.9 MeV ?
� Fit Values (MeV): M11020 = 10987.5+6.4 +9.0

−2.5 −2.1; Γ11020 = 61+9 +2
−19 −20
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σ(e+e− → hb(1P, 2P)π+π−) in the Υ(10860) and Υ(11020) resonance region
[A. Abdesselam et al. (Belle), arxiv:1508.06562 (2015)]

� Fit Values (MeV): M10860 = 10884.7+3.2 +8.6
−2.9 −0.6; Γ10860 = 44.2+1.9 +2.2

−7.8 −15.8

� Fit Values (MeV): M11020 = 10998.6± 6.1+16.1
−1.1 ; Γ11020 = 29+20 +2

−11 −7
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Evidence for Zb(10610)± and Zb(10650)± (Belle)
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Theoretical Interpretations of the LHCb Pentaquarks

Rescattering-induced kinematic effects

� Feng-Kun Guo, Ulf-G.Meißner, Wei Wang, Zhi Yang, arxiv:1507.04950
� Xiao-Hai Liu, Qian Wang, Qiang Zhao, arxiv:1507.05359
� M. Mikhasenko, arxiv:1507.06552
� Ulf-G.Meißner, Jose A. Oller, arxiv:1507.07478

Open-charm-baryon and -meson bound states

� Hua-Xing Chen, Wei Chen, Xiang Liu, T.G. Steele, Shi-Lin Zhu, arxiv:1507.03717
� Jun He, arxiv:1507.05200
� L. Roca, J. Nieves, E. Oset, arxiv:1507.04249
� Rui Chen, Xiang-Liu, arxiv:1507.03704
� C. W. Xiao and Ulf-G.Meißner, arxiv:1508.00924

Pentaquarks as Baryocharmonia

� Formation of hidden-charm pentaquarks in photon-nucleon collisions
V. Kubarovsky and M.B. Voloshin, arxiv:1508.00888
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Theoretical Interpretations of the LHCb Pentaquarks (Contd.)

Compact Pentaquarks

� L. Maiani, A.D. Polosa, V. Riquer, arxiv: 1507.04980
� Richard F. Lebed, arxiv:1507.05867
� Guan-Nan Li, Xiao-Gang He, Min He, arxiv:1507.08252
� A. Mironov, A. Morozov, arxiv:1507.04694
� A.V. Anisovich et al., arxiv:1507.07652
� R. Ghosh, A. Bhattacharya, B. Chakrabarti, arxiv:1508.00356
� Zhi-Gang Wang, arxiv:1508.01468
� Zhi-Gang Wang, Tao Huang, arxiv:1508.04189
� H.Y. Cheng, C.K. Chua, arxiv:1509.03708
� G.N. Li, X.G. he, M. He, arxiv:1507.08252
� A. Ali, I. Ahmed, A. Rehman, M.J. Aslam, arxiv:1607.00987
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Pentaquarks as rescattering-induced kinematic effects

[Feng-Kun Guo et al.; arxiv:1507.04950]

� Hypothesis: Kinematic effects can result in a narrow structure around
the χc1 p threshold in the J/ψ p invariant mass of the decay Λ0

b → K− J/ψ p
MPc(4450) −Mχc1 −Mp = (0.9± 3.1) MeV

� Two possible mechanisms:
a) 2-point loop with a 3-body production Λ0

b → K− χc1 p followed by the
rescattering process χc1 p→ J/ψ p
b) The K− p is produced from an intermediate Λ∗ and the proton rescatters with
the χc1 into a J/ψ p
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Pentaquarks as rescattering-induced kinematic effects (Contd.)

[Feng-Kun Guo et al.; arxiv:1507.04950]

� Amplitude for Fig. (a) (µ = reduced mass and fΛ(~q2) = exp(−2~q2/Λ2))

GΛ(E) =
∫

d3q
(2π)3

~q2fΛ(~q2)

E−mp −mχc1 −~q2/(2µ)

� Analytic result

GΛ(E) =
µΛ

(2π)3/2 (k
2 + Λ2/4) +

µk3

2π
exp−2k2/Λ2

[
erfc(

√
2k

Λ
)− i

]
where k =

√
2µ(E−m1 −m2 + iε). This function has a characteristic phase

motion reflecting the error function (erfc), as shown below
� LHCb data is in better agreement with a Breit-Wigner phase motion
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