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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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Enigmatic Y (5S) Decays!

PRL 100, 112001 (2008)
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Y(55) — T(18)rtr~ 0.50+ 0.04 + 0.09
T(58) — T28)rTr~ 0.85+£0.07+0.16
T(55) — TBS)rtn™ 0527522 +0.10
T(28) — T(18)xt 7™ 0.0060
T(35) — T(1S)r+n~ 0.0009
T(4S) — T(18)n*r 0.0019
PRL 102, 012001 (2009)
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m Is there a Y;,(10890) close to Y(5S)? If yes, what is it??
[AA. Hambrock. Ishtiaa Ahmed. Tamil Aslam. PLB 684 (2010) 281



The charged Z;"(10610) and Z; (10650) states
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[Belle, PRL 108, 122001 (2012)]
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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 color factor:

2 1
tith = =3 (050 — 0udyj) /2 +7 (50 + budyy) /2
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antisymmetric: projects 3 symmetric: projects 6



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
tith = (650 — 0udyj) /2 +3 (80 + dudyy) /2
—_— ——— —_— —————

antisymmetric: projects 3 symmetric: projects 6



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

P
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Lattice simulations for light quarks
[Alexandrou, Forcrand, Lucini, PRL (2006)] :
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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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s=1/2
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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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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: 0T Qj,
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Axial-Vector: 11
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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



NR Hamiltonian for Tetraquarks with hidden charm

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

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

with )
constituent mass

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

B In the following, assume Kog =2 0

B 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 + 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)
+ 2 (Sc - Se) +2K45(Sq - Sg)

=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- 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 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
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Adapted from Fig. 2 of arXiv:[1703.04639)

oLk

3000

T T
112 32

3050 3100 3150
m(ES K7) [MeV]



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
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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

L L L L
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4:2
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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



Stable Heavy Tetraquarks T(QQgq’), (QQ = cc, cb, bb)
[See Eichten, Mehen, Karliner @ Quarkonium 2017; S-Q. Luo et al., EPJC 77:709 (2017)]

Heavy Quark-Diquark Symmetry (HQDQS)

mg — oo QQ is compact object in color 3

Singly Heavy anti-Baryon Doubly Heavy Tetraquark

l.d.o.f are the same in these hadrons



Doubly Heavy Tetraquarks T(QQgq’), (QQ = cc, cb, bb)

[E. Eichten, C. Quigg, arxiv:1707.09575]

Heavy quark symmetry relations

@ In the heavy limit, the color of the core Q;Q; is 3 the same as a Q. Hence
in leading order of M~ the light degrees of freedom have the same
dynamics in the two systems leading to the following relations

m({QiQi}H{akai}) — m({QiQi}ay) = m(Qx{qkai}) — m(Qxay)

m({ Qi Qj}aka]) — m({QiQ;}ay) m(Qx[qkai]) — m(Qx«ay)
m([QQNHaka}) — m([QiQlay) = m(Q{akar}) — m(Qxay)
m([QiQllaka]) — m([QiQilay) = m(Qxlaral]) — m(Qxqy) -

@ Finite mass corrections for all the states in these relations:

= = = =

] DA
QWG B A0S 207/

Ahmed Ali (DESY, Hamburg) 75



Stable Heavy Tetraquarks T(QQ7q’), (QQ = cc, cb, bb)
[E. Eichten, C. Quigg, arxiv:1707.09575]

m T(bb[ud]) and T(bb[gs]) are stable against strong decay
m  Will decay weakly by charged current interactions

Expectations for ground-state tetraquark masses

State JP m(Q; Q;Gkar) Decay Channel Q [MeV]
{cc}ad) 1™ 3978 DT D*7 3876 102
{cc}as] 1+ 4156 D*Dr~ 3077 179
{ccHakg} of,17,2F 4146, 4167, 4210 D*DP, D+ D*0 3734, 3876 412,292, 476
[bc][ad] ot 7229 B~ D*/BODC 7146 83
[bel[g,3] ot 7406 BsD 7236 170
[bel{aar} 1+ 7439 B*D/BD* 7190/7290 249
{bc}[ad] 1+ 7272 B*D/BD* 7190/7290 82
{bc} a3 1+ 7445 DB 7282 163
{bc}{gg} O0F,1%,2% 7461, 7472, 7493 BD/B*D 7146/7190 317, 282, 349
{bb}[ad] 1+ 10482 B~ 5*° 10603
{bb}[k3] 1+ 10643 BB /B,B* 10695/10601 m

{bb}{aa} 0F,1%,2*  10674,10681,10695 B~ B° B~ B* 10559,10603  115,78,136




Stable Heavy Tetraquarks T(QQgq’), (QQ = cc, cb, bb)
[T. Mehen @Quarkonium 2017]

Stable Doubly Heavy Tetraquarks

quark model M. Karliner, J. Rosner, arXiv:1707.07666
Tyaqa J°=1" I=0 10389+ 12MeV
215 MeV below BB* threshold, stable to strong interaction

heavy quark symmetry E. Eichten, C. Quigg, arXiv:1707.09575
10468 MeV 135MeV  below threshold

lattice QCD

189 £ 10 MeV below threshold A. Francis, et. al., PRL 118, 142001 (2017)

6()1’%% MeV  below threshold P. Bicudo, et. al., PRD 95, 142001 (2017)

no analogous prediction for Tt.cqq, Thegg tetraquarks
molecular T, = DD*  D. Janc, M. Rosina, Few Body Syst. 35 (2004) 175

arguments for stability in heavy quark limit
J.-P. Ader, J.-M. Richard, P. Taxil, PRD 25 (1982) 2370



Prospects of Stable Tetraquarks at a Tera-Z Factory

m LEP:B(Z — bb) = (15.12 £0.05)%
B(Z — bbbb) = (3.6 +1.3) x 1074
® ata Tera-Z factory (CPEC, CERN), anticipate 10'* Zs (or more)

m  Great opportunity for a Tera-Z Factory to do precision b-baryon
and bb/bb multiquark physics

n T[{;gf = {bb}[ud] withJ’ =17  E. Eichten @ Quarkonium-2017

bound by 121 MeV (77 MeV below B ~B% threshold)

m Decay modes of be;}} (10482)~

. T{,bz}(10482) — B-D*tn—; B'DOn~

T{bb}( 10482)~ — pE0] /¢
o T[{b;]}(10482) —pED; AOL
m In two-body hadronic decays, unobserved doubly heavy
baryons &) and )Y are produced



Prospects of Stable Tetraquarks at a Tera-Z Factory
[ T{_b_b} = {bb}|i5] and T[{bb} = {bb}[ds] with J" =1+

l{q
bound by 48 MeV (3 MeV below BB,y threshold)
m Decay modes of Tﬁfg} (10643)~

o Ti) (10643)~ — B-Dy r; BIDO7r-

o T} (10643) — £ wb J/w; AYE, T/

o T[{%?}(10643)* — 220 5ol

m Decay modes of T[{al;?} (10643)°

o T[{;g]’}(10643)0 — B'Df n~; BOD -

o o (10643)° — (A%, £0) &) /¢; £ &, J/y
> Tt (10643)° — (A°, £°) 29; 2000,
® In two-body hadronic decays, unobserved doubly heavy

baryons &) and ()Y are produced



The Pentaquarks P/ (4380) and P/ (4450) as resonant ] /{p states
® Discovery Channel (LHC; /s =7 & 8 TeV; [ Ldt =3 fb~1!)
pp — bb — NpX; Ay — K J/yp

(@)

c (b)
b%c} J/w b S
Al u
b{d—\a}l\* Aﬂ{g
d

Fignre 1: Feynman diagrams for (a) A9 — J/i A* and (b) A? —» PFK~ decay.

A

—
&

!

acoolg glw

= 300! <
5 2500E @ LHCb o 800F ® LHCh,
P 3 F
B § s00f-
& E —=—data & B
1500
E —phase space a00f
1000[- E
E 200E
500 |-
. . | h | | | \ \
1.4 16 18 2.0 22 24 40 42 4.4 46 48 50
my, [GeV] My, [GeV]

Figure 2: Invariant mass of (a) K p and (b) J/i’p combinations from A} — J/i» K~ p decays.
The solid (red) curve is the expectation from phase space. The background has been subtracted.



Summary of the LHCb Pentaquark Measurements

Higher mass state (statistical significance 120)

M =44498+1.7+25 MeV; T'=39+5+19 MeV
Lower mass state (statistical significance 9¢)

M =4380£8+29 MeV; T' =205+18486 MeV
Fitted Values of the real and imaginary parts of the amplitudes

OAS T T T T T T T T T T T

mA*®

01
005

o

-0.05|

P.(4450)

-0.

-0.15|

02

-0.25

-0.3]

oasbiii byl i L | | ! d
335 -0.3 -0.25 -0.2 -0.15 01 <OCE 0 005 D 015 -01 -0.05 0 005 01 015 0.2 025 03 035
Re AR Re A

For P/ (4450), fit shows a phase change in amplitudes consistent
with a resonance



Summary of the LHCb Pentaquark Measurements (Contd.)

Possible J© assignments and the energies of the nearby thresholds

P.(4380)* P,(4450)*
Mass 4380 £ 8+29 44498 +1.7+£25
Width 205+ 18 =86 35.4+.5.419
Assignment 1 /9~ 74
Assignment 2 32k B3
Assignment 3 ST 3/3
52+ pP 4382.3 +2.4
XetDP 4448.93 £ 0.07
AT D 4457.09 £ 0.35
D 4599405
XrDO%" 4452.740.5




Effective Hamiltonian for Pentaquarks
[Ahmed,Rehman,Aslam,AA, arxiv:1607.00987]

(Le, Se) |

(Logs Soo)

Diquark — Diquark — Antiquark Model of Pentaquarks

B
Hei(P) = Hef([QQ]) + me + K1) (e - Sjog)) — 2ap (Lp - Sp) + 7P<L1P2>

S|gg) is the spin of the tetraquark; s¢ is the spin of the ¢
Lp and Sp are the orbital angular momentum and spin of the pentaquark,

respectively



Pentaquarks in the diquark model [Maiani et al., arxiv:1507.04980]

Ay (bud) — PTK™ decaying according to P™ — J/Y +p

]P‘"carry a unit of baryonic number and have the valence quarks

Pt = ecuud
Assume the assignments
P (3 = {¢[cqls=119'q")s=1,L = 0}
]P+ {E [CQ]S 1 s o, L= 1}

Mass difference:
e Level spacing for AL = 1 in light baryons; A(1405) — A(1116) ~ 290 MeV

o Light-light diquark mass difference for AS = 1:
[09')o1 — 199')s—0 = c(2455) — Ac(2286) ~ 170 MeV

Orbital gap P (3/27) — P (5/2%) is thereby reduced to 120 MeV, more or less
in agreement with data, 70 MeV



Pentaquark production mechanisms in Ag — K™J/yp

Two possible mechanisms are proposed by Maiani et al.

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

o In the second, the [ud] diquark is formed from the original d quark, and
the u quark from the vacuum ui; 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 Ay hint that the mechanism in Fig. B is dynamically suppressed

b 3
) c— N
U

P \/\/\4/\ - -
I e
& K
9 )
ud],—o [ud].—0




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 (4450) = {Zlculos [ud)s_o; Lp = 1,JF = g }  Favored

P} (4380) = {e¢[cu)s—q [ud]).—1;Lp = 0,JF = % 1 Disfavored

— %_ state may require a different interpretation.
m[AF(2625);]F = 37 — m[AF (2286);] = 1] ~ 341 MeV — the mass of
JP = 3/2 state to be about 4110 MeV.

In diquark-diquark-antiquark spectrum, %_ state is favored by HQS,

{eleu]s—r[ud]s—o;Lp = 0,]" = 5 }

Third state anticipated in 4110-4130 MeV range. A renewed fit of the LHCb data by

allowing a third resonance is called for.



Weak decays of the b-baryons into pentaquark states

4Gr

‘(e 0@ @)
7 [Vcbch(cloﬂ + 0 )]

A= <'PM ‘H ’B> with HY; =
H 1’}; inducing the Cabibbo-allowed Al = 0, AS = —1 transition b — c¢s, and the
Cabibbo-suppressed AS = 0 transition b — czd.
qu) = (Gacp)v—a(Cabp)v—a and O(q) (Faca)v-a(Cpbp)v—

Bij (3) = A (udb), B (ush), E, (dsb), ~ Cij (6) =X, (ddb), T (udb), £, (uub)), &} (dsb), &} (usb), € (ssb)
) L% U"+ K ) P%+L\)\g PP2+ Py
i_ s 0 J (1P — 0 P,
Mi= 8 ZrwOK [ P0T)- Py- “EtE D
K= K 72% Pz Pgo - %

A decuplet 'P,-iki P = PA]+O+ , P12 = PATU /\6 , Py = PA?O/\/E ,Pom = PAI—U , P11z = Pzro /\f3,'P123 =
Pz(fo/\/g,Pzza = Pgﬂ)/\/gﬂ’m = Pago/\/é,qu = P%/\/g and P3s = Pqy- .
© Calculating the decay amplitudes is a formidable challenge.

© SU(3)r symmetry relations provided useful guide for pentaquark searches, Li et al.
[arXiv:1507.08252]



SU(3) based analysis of A, — PTK™ — (J/ypp)K~

With respect to flavor SU(3), A,(bud) ~ 3, and is isosinglet I = 0

The weak non-leptonic Hamiltonian for b — c¢s decays is:

HY (AT =0,AS = —1)

With M a nonet of SU(3) light mesons, (P, M|Hw|A;) requires IP + M to be
in 8 @ 1 representation

Recalling the SU(3) group multiplication rule
88=108®8d10010®27
8®10=8d 10527 ® 35
the decay (P, M|Hw|A}p) can be realized with PP in either an octet (8) or a
decuplet (10)
The discovery channel A, — PTK~ — J/9pK~ corresponds to IP in an octet (8)



Weak decays with IP in Decuplet representation

Decays involving the decuplet (10) pentaquarks may also occur, if the light
diquark pair having spin-0 [ud]s—¢ in A, gets broken to produce a spin-1 light
diquark [ud]s—4

Ay = 7P s (]9 (1385))
Ay = KPP o K (7/9pE (1530))

S=-1
0

(®)

o 15.4:

SU(4) multiplets of Lar wd e quarks. (a) The 20-plet
with an SU(3) octet. (b) The 20-plet w

made of wu, o, &, =
n SU(3) decuplet



Weak decays with IP in Decuplet representation - Contd.

Apart from Ay(bud), several b-baryons, such
as Eg(usb), E, (dsb) and Q) (ssb) undergo weak decays

“1/2 0 +1/2 A1 -1/2 0 +1/2 +1 I

Examples of bottom-strange b-baryon in various charge combinations,
respecting Al = 0, AS = —1 are:

[1]

9(5794) — K(J/¢x(1385))

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

P1o(Z [cq]s—0,1 [4s]s=0,1)



Weak decays with IP in Decuplet representation - Contd.

The s5 pair in (), is in the symmetric (6) representation of flavor SU(3) with spin
1; expected to produce decuplet Pentaquarks in association with a ¢ or a Kaon

0(6049) — ¢(J/p Q~ (1672))
0,(6049) — K(J /9 2(1387))

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

11—)17() (E [Cs]s:o,l [Ss]s:l)

IP10(€ [cq)s=0,1 [55)s=1)
These transitions are on firmer theoretical footings, as the initial [ss] diquark
in (), is left unbroken; more transitions can be found relaxing this condition

At a mega-Z factory, such as CPEC, the entire b-baryon multiplet will be
measured through the process Z — bb; b — (Ay, By, Oy, ...), allowing to
reconstruct a lot of pentaquarks in b-baryon decays



Estimates of the ratio of decay widths for J* =

Nl

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

Decay Process F/F(Ag — Pg ZK’) Decay Process F/F(Ag — P; 2K’)
Ay — PO RO 1 20 plPe k- 2.07

Ay = Py 0.03 A = POy 0.19

P mhz X 104 5y - p{Aﬁz}fz K- 034

o P{Ys}c;Ko 0.14 0y - PTsK 0.14

= ~10

Decay Process F/T(Ag — Pf, 2K’) Decay Process F/F(Ag — P; 2K’)
Ay — P{YZ}‘1 L 0.08 Ay — PV 0 0.04

Ay P{YZ)(I . 00l Ay — P{Yz}q / 0

g, & PLAK 0.02 5, o P 0.08

z ey 00 5, POy 0.01

g, P 0 0.08 =) - Pl 0.04
= e 0l 0.01 0 Py 0.01

Eg N p%z}fz 0 0.01 Q — P;’;}‘s n° 0.01
0y PO Ts 0.02

~10

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

B AS = 0are suppressed by |V*,/V%|? compared to AS = 1.



Estimates of the ratio of decay widths for J” =

3-
2

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

Decay Process T/T(Ag — P;{,X2 T K7 ) Decay Process I‘/T(Ag — P;EXZ Yo K)
Ay PR 1 g5 - PLA RO 138
r o P 1 ST 139
Ay — POy 017 Ay — POy 022
5, {XZ)‘ZK* 0.69 g, - P(?)"ZK’ 023
0, - P{X3}‘= K 024 0y > Pk 024
10 —
Decay Process l"/l"(AO — P{XZ)” ) Decay Process F/F(Ag — P}{,XZ}C1 K™)
Ap = PY o 0.06 Ay = PY 0 0.03
~ %P{xz)q;7 001 Ay — POy 0.01
gy = PR 0.02 5, o PL 0.03
g - {Xz}rz 0.02 g - p“fZ}(Z i 0.01
== P(xz}tz n0 004 20 — PL)2 0 0.02
L BT o
T P{Xz}[z 0.01 a - Pi{s}cv 0 0.01
Q — P{Xs}cs T 0.02 )
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Summary

A new facet of QCD is opened by the discovery of the exotic
states X, Y, Z, IP(4380), IP(4450)

Important puzzles remain in the complex: show siglr pattern
Y,  related? ¢ Y = maybe Y65
T Ze— Z,E')n
/‘ related? \

molecule molecule reasonable
in trouble tetraquark 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!

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

CEPC running as a Z factory will advance the multiquark sector of QCD decisively, in
particular, the entire pentaquark spectrum with hidden charm discussed here can be
measured from the production and decays of the b-baryons

Also CEPC has great potential to discover doubly heavy tetraquarks, establishing diquarks
as a building block in QCD

We look forward to decisive experimental results from BESIII, Belle-II, LHC, and the CEPC



