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Experimental Evidence for Multiquark states X, Y, Z and P,
The Diquark model of Tetraquarks
Mass Spectrum of the low-lying S and P Wave Tetraquark States

A New Look at the excited (), and the Y States in the Diquark
Model
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X, Y, Z, P. and Charmonium States

[S.L. Olsen, T. Skwarnicki, D. Zieminska, arxiv: 1708.04012]
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Bottomonium and Bottomonium-like States
[S.L. Olsen, T. Skwarnicki, D. Zieminska, arxiv: 1708.04012]
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Models for XYZ Mesons

Quarkonium Tetraquarks

® compact tetraquark

e meson molecule
diquark-onium




Diquarks: Color Representation

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

N Color factor determines binding:
Negative sign —> Attractive
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Diquarks: Color Representation

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

N Color factor determines binding:
Negative sign —> Attractive

B Quarks in diquark transform as: \/

33=3@6

B gq bound state colorfactor:
1
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Diquarks: Color Representation

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

N Color factor determines binding:
Negative sign —> Attractive

B Quarks in diquark transform as:

B gq bound state colorfactor:
l‘ﬂ tkl = (5ij5kl — 5il(5kj) /2 @(5ij5kl + 5il(5kj) /2
—_— —_—

antisymmetric: projects 3 symmetric: projects 6



Diquarks: Spin representation

s=1/2

@@‘



Diquarks: Spin representation
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Lattice simulations for light quarks
[Alexandrou, Forcrand, Lucini, PRL (2006)] :
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B Calculation of 2 quark correlation
strength
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“good” diquarks
B Diquark size O(1fm)



Diquarks: Spin representation
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strength
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o Increasing strength for
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Lattice simulations for light quarks
[Alexandrou, Forcrand, Lucini, PRL (2006)] :

B Binding for “good” spin 0 diquarks
B No binding for “bad” spin 1 diquarks

Spin decoupling in HQ-Limit

\o> “Bad” diquarks in b-sector
might bind



Diquark Model of Tetra- and Pentaquarks

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

Interpolating diquark operators for the two spin-states of diquarks
Scalar: 0% Qin = €apy (5575‘1? - ‘7{? ')’SCW)

Axial-Vector: 1t Gy, = €a57(55’?q2+q€757)

«, B,v: SU(3)¢ indices
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Diquark Model of Tetra- and Pentaquarks

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

Interpolating diquark operators for the two spin-states of diquarks

Scalar: 0% Qin = €apy (5?75‘1? - ‘7{? ')’SCW)
Qin = Eupy (ff?bﬂ + QE ¥e)
NR limit: States parametrized by Pauli matrices :

«, B,v: SU(3)¢ indices

Axial-Vector: 11

oot 0 = o
Scalar: 07 IV = v
ial- . + T = @«
Axial-Vector: 1 r = 7
Diquark spinsg = tetraquark total angular momentum J:
)Y[bq}> = lsessoi 1)
= Tetraquarks: 00,00; 0)) = T'®TY
1 .
10,15, 0;)) = —=I'®TI;...
lo1oi0) = —AI'el

00,19; 1) = I'®T



NR Hamiltonian for Tetraquarks with hidden charm

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

H= 2mg +Héqsq) + Hé@ + Hgr +Hypp + Hr

B In the following, assume Kog =2 0

B Sy
Het(X,Y,2) = 2mg + 2L + 2A4q(L- S) + 2x,0[sq - 5@ + 57 - 50) + by 7
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NR Hamiltonian for Tetraquarks with hidden charm

Involves constituent diquark mass, spin-spin, spin-orbit, and tensor forces
H=2mg + Héqsq) + Héqsq) +Hgy +Hpp, + Hr
with . . . .
qq spin coupling qq spin coupling
H) = 2(Keq)s(Se - Sy) + (e 8y)]
H = 2(Kep)(Se- S+ Se - Sy)
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NR Hamiltonian for Tetraquarks with hidden charm

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

H=2mg+HW + H 1 Hg + Hyy + Hy

TN

LS coupling  LL coupling
HE = 2(Keg)s[(Se - Sy) + (Se - Sy)
H = 2(Kep)(Se- S+ Se - Sy)
+ 2K (Se - Se) +2Ky5(Sq - Sp)
Hsp = 240(Sq-L+S84-1)
LQQ(LQQ +1)
2
=by [3(Sg-n)(Sg-n) —(Sg-Sy)]; (n=unit vector)

with

Hip = Bg

B In the following, assume Kog =2 0

B Sy
Het(X,Y,2) = 2mg + 2L + 2Aq(L- S) + 2x,0[sq - 5@ + 57 - 50) + by 7



NR Hamiltonian for Tetraquarks with hidden charm

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

H=2mg+HW + H | Hg + Hyy + Hy

with
HI = 2(Ke)s[(Sc - Sg) + (St - S7)]
H = 2(Kep)(Se- S+ Se - Sy)
+ ZIch(SC . SE) + 2/Cq,—,(Sq . Sq)
Hsp = 240(Sq-L+S84-1)

Loo(Loo+1)
Hy = Bo-2@1t00

2
Hr = by% =by [3(Sg-n)(Sg-n) —(Sg-Sy)]; (n=unit vector)

B In the following, assume Kog =2 0

B Sy
Het(X,Y,2) = 2mg + 2L + 2Aq(L- ) + 2x,0[sq - 5@ + 57 - 50) + by 7



Low-lying S-Wave Tetraquark States

® Inthe [s;o, S305 S, L)jand \sqq,sQQ ;S', L") bases, the positive parity
S-wave tetraquarks are listed below; Mgy = 2mg

Label — JC s50-530: 5, L)y Isq7.500: 5"/ L)y Mass
Xo 0t 10,0;0,0) (10,0;0,0)9 + v3]1,1;0,0)9 g/z Moo — 3K0
Xl 0t 11,1;0,0)¢ (v3[0,0;0,000 — [1,1;0,0)0) /2 Moo + xp0
X; 17 (11,0;1,001 +10,1;1,0)1) /v2 [1,1;1,0); Moo — K40
z = (1L0:1,01 = [0,11,0)1) /v2  (11,0;1,0)1 —[0,1;1,001) /V2 Moo — K40
7/ 1+ [1,1;1,0); (1,0;1,0)1 +10,1,1,0)1) /V2 Mgy +140
X, 2+ 1,1;2,0), 1,1;2,0), Moo + K0

m The spectrum of these states depends on just two parameters,

Moo(Q)and KqQ, Q =

¢, b, hence very predictive

m Some of the states, such as X, X6, X», still missing and are being
searched for at the LHC



Charmonium-like and Bottomonium-like Tetraquark Spectrum

Parameters in the Mass Formula

charmonium-like  bottomonium-like
Moo [MeV] 3957 10630
K50 [MeV] 67 22.5
charmonium-like bottomonium-like
Label | JFC State Mass [MeV] State Mass [MeV]

Xo 0FF — 3756 — 10562
X} o+t — 4024 — 10652
X; 1T+ | X(3872) 3890 — 10607
Z 1t~ | ZF(3900) 3890 Z;“O(10610) 10607
Z' | 177 | ZF(4020) 4024 Z;(10650) 10652
X5 2+t — 4024 — 10652




A new look at the Y tetraquarks and the excited () states in the Diquark model

Observation of 5 narrow excited (). baryons in Q) — EX K™ [LHCb, PRL
118, 182001 (2017)]

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

M(Qc(3000)) = 3000.4+0240.1; J' =1/2"
M(Q:(3050)) = 3050.2+0.140.1; J' =1/2~
M(Q(3066)) = 3065.6+0.1+0.3; J' =3/2~
M(0:(3090)) = 309024 0.340.5; ¥ =3/2~
M(Q(3119)) = 31191+0340.9; ]’ =5/2~
For the P states, important to take into account the tensor couplings
Heff = e+ Mg 4 KssSs - Ss + B?QL2 +Vsp,
Vsp = mL-Sig+amLl-Sc+b Gra) cSiss) - Se

4



Analysis of the excited (). states in the Diquark-Quark model
B b(S1p)/4 represents the matrix element of the tensor interaction

S
1 =Q(51,52) =3(S1-1)(S2 1) = (S1-52)
m 5= S[ss] and S, = S, are the spins of the diquark and the charm quark,

respectively, #i = 7/r is the unit vector along the radius vector

B The scalar operator above can be expressed as the convolution BSQSJZNij

1
Nij = I’Zin]‘ — 55,]
B Need matrix elements of this operator between the states with the same
fixed value L of the angular momentum operator L, using an identity

from Landau and Lifshitz : 5
<Nl“> = a(L) (Ll'L]' + L]'Li — géi]»L(L + 1))

Where ll(L) = W(lﬂ‘w

B — (Q(Sx,Sx)) = —2([2(L- Sx)* + (L- Sx) — 3(Sx - Sx)])
where Sy = S[SS],SC,S = S[SS} + S,



Analysis of the excited () states in the Diquark-Quark model-contd.

® ForL =1, and S = 1, all three terms are non-zero, as opposed to the
charmonium case, and one has to calculate the matrix element

(L, SJIL - Sx|L, S;J)

(S12)
2

= <2Q(5[ss]r Sc)) = <Q(S/S) - Q(Sc/ Sc) - Q(S[ss]/s[ss])>

B Tensor operator mixes the two | = 1/2, and the two | = 3/2 states

0o L
J=1/2: i<512>=< ‘[21)

1
V2
1 0 —3=
J=3/2: 4<512>_<_1 ‘74‘/§>
24/5 5
1 1
J=5/2: 1<512>:—g



Analysis of the excited (). states in the Diquark-Quark model- contd.

m Coeffs. determined from the masses of the J” states (in MeV)

a1

as

b c MO

26.95

25.75

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

B S
Hes = 2mg+ TQLZ — 3Keg + 2ayL - S+ by<412>

+ ch [Z(Sq . SC —+ 5,7 . SE) + 3]

1 0 2/V5

B There are four L = 1 and one L = 3 tetraquark states with J’¢ =1~
m  Tensor couplings non-vanishing only for the states with Sg = 545 =1

P-wave (J°C = 1~ 7) states

Label JPc Isq0, 307 S,L)y Mass

Y; T [0,0;0,1); Moy — 3k0 + Bg = Moo

Y, 1 (\1,0;1,1)1+\0/1,-1,1)1)/\/E Mo +2x50 —2Ag

Y3 1~ 11,1;0,1); Mo +4rg0 + E -+

Yy 1~ 11,1;2,1); Moo +4xgq + E

Ys 1~ 11,1;2,3); My, +2xg0 — 14A¢ +5Bg — 8/5by

1 \
Ei = 5 (~30Aq —7by F /3, /3004 +140Aqby +4363)



Experimental situation with the tetraquark Y states rather confusing

B Summary of the Y states observed in Initial State Radiation (ISR)
processes in e"e~ annihilation [BaBaR, Belle, CLEO]

e"e” = yisr J/Yprt T g Yt
— Y(4008), Y(4260), Y(4360), Y(4660)

Events / 20 MeV
Events / 25 MeV

TR I AN
5.5

Events / 20 MeV
Events / 50 MeV

[t 4 H Ly
1 h f L e d
38 4 42 44 46 48 5 52 54

il

37 [GEV] My e [GEV]



ete™ = J/¢pm ™ cross section at /s = (3.77 - 4.60) GeV
( BESIII, PRL 118, 092001 (2017)

B 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)

Parameters Fit result
M(R1) 3812.6155% (-++)
ot (R1) 47691758 ()

M(Ry)  4222.0 £ 3.1(4220.9 +2.9)
Tiot (R2) 44.1 4+ 4.3 (44.1 + 3.8)
M(Rs) 4320.0 £10.4(4326.8 + 10.0)
Tt (R3) 101.47%53 (98.272% 2

—19.6

100 150

~+ Scan
—Fitl
==Fitll

8o

100 -
B0

40 [~

ofe’e—»n'nJhp) (pb)
ofe’e —nwJhy) (pb)

20
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Two Experimental Scenarios for the Y States

[AA, L. Maiani, A. Borisov, I. Ahmed, A. Rehman, M.]. Aslam, A. Parkhomenko, A.D. Polosa,

arxiv:1708.04650]

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

m SII ( BESIII, PRL 118, 092001 (2017): Y(4220), Y(4320), with Y(4390),
Y(4660) the same as in SI

ay - k¢q Correlations

ST

SII

yd TN\
VA /N
/A B [/ )
r//‘q\‘ E] (( ’ ) /
(" \_//
l ,,,/// 5 \ /
%
30 10 15 50 60 o 5 0
ay [MeV] ay [MeV]

m  SII (based on BESIII data) is favored, with ay and «.,; values similar to

the ). analysis



Correlations (Contd.)

B Fixing x¢; = 67 MeV(from the S states); fitted the two scenarios = clear
preference for SII, with the following parameters (in MeV)

Scenario Moo ay by szmn /n.d.f.
SI 4321479 | 2+41 | —141 +63 12.8/1
SII 4421+6 | 22+3 | —136+6 1.3/1

B SIL: Moy =2mg + Bg = Bg = 442 MeV
B Comparable to the orbital angular momentum excitation energy in

charmonia

Bo(ce) = M(le) —  BM(/) +M(ye)] = 457 MeV

B« and ay for Y states similar to the ones in (X, Z) and Q).

B Precise data on the Y-states is needed to confirm or refute the diquark
picture



Summary

A new facet of QCD is opened by the discovery of the exotic X, Y, Z, and the pentaquark
states IP(4380) and IP(4450), but a dynamical theory still lacking

A very rich spectrum of tetraquark and pentaquark states is anticipated, including the
ones with a single c, or a single b quark, as well as those with multiple heavy quarks

Important puzzles remain in the complex: show siplr patten
i
W  relared? g Y, +— maybe Y(55?
g
& /ZC related? Z,
I I able
reatle etraquark doubtful

What is the nature of Y(4260)? A tetraquark? or a ccg hybrid? Is Y, (4260)split? How
many P states are there? We do expect a tower of radial and orbital excited states in the
diquark picture!

What exactly is Y(10888)? Is it just Y(55)? Does Y}, (10890) still exist?

We look forward to decisive experimental results from BESIII, Belle-1I, and the LHC



