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Charmonia and Charmonium-like Hadrons (Updated by Sheldon Stone)
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The four | /¢ states

[R. Aaij et al., Phys. Rev. D95 (2017) 012002]
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Constituent Quark Model and Light States
Catoer o

fo=(uu+dd)ss
fy=s5 a,=duss.  al=(uu-dd)ss, a,=udss

B Masses for light resonances in
constituent model
= Flavor nonets are
arranged as triangles

aj=ud, aj=uu-dd, a,=du, r=uudd
fo=ut+dd
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Pentaquarks
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m Pentaquarks remained cursed under the shadow of the botched
discoveries of ©(1540), ®(1860), ©.(3100)!

m 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.



Elusive Pentaquark Comes into View! (R. Aaij et al., PRL 115, 072001 (2015)

CERN-PH-EP-2015-153

ch LHCb-PAPER-2015-020
July 13, 2015

Observation of .J/i)p resonances
consistent with pentaquark states in
Ag — J/¢Pp K~ p decays

The LHCb collaboration!]

Abstract

Observations of exotic structures in the J/iyp channel, which we refer to as
charmonium-pentaquark states, in A — J/i) K ~p decays are presented. The data
sample corresponds to an integrated luminosity of 3 fb~! acquired with the LHCh
detector from 7 and 8 TeV pp collisions. An amplitude analysis of the three-body
final-state reproduces the two-body mass and angular distributions.
satisfactory fit of the struetures seen in the J/Y p mass spectrum, it is necessary
[to include two Breit-Wigner amplitudes that each describe a resonant state. The
significance of each of these resonances is more than 9 standard deviations. One has
a mass of 4380 &= 8 + 29 MeV and a width of 205 = 18 + 86 MeV, while the second is
narrower, with a mass of 4449.8 + 1.7 + 2.5 MeV and a width of 39 + 5 + 19 MeV.
The preferred J assignments are of opposite parity, with one state having spin 3/2
and the other 5/2.

To obtain a




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



Model fits with two [ P} (4380) and P/ (4450)] states

Fits with two P states. Acceptable fits found for several J°
combinations

The best fit yields J* = (3/27,5/2%) for [P (4380), P} (4450)]
states. Both the mg, and m;,y, projections are well described

s 2200) : —8— data >
—e— total i
= 2000 LHCh —— background =
o @ S5 PMS0) i
s S PJ4380) =
@ - -~ A[1405) 2
t b o c
] °>1
s




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
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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




Models for XYZ Mesons

Quarkonium Tetraquarks

® compact tetraquark

e meson molecule
diquark-onium




X,Y,Z Exotics

9 8¢ courtesy of A. Polosa
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Diquarks: Color Representation

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

N Color factor determines binding:
Negative sign —> Attractive




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



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
— ~—

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
10 [ =0.136 fm \i (20136 fm
08 #

#

A°
o -3
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s=1/2
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Lattice simulations for light quarks
[Alexandrou, Forcrand, Lucini, PRL (2006)] :
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B Calculation of 2 quark correlation
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“good” diquarks
B Diquark size O(1fm)



Diquarks: Spin representation
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B Calculation of 2 quark correlation
strength

B Decreasing distance

o Increasing strength for
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B Diquark size O(1fm)

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



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: 0T Qj,

= eaﬁy(af'ﬁq? — gl yseT)
Axial-Vector: 11

lc

Qin = Eupy (E/cg'?qu + Qi ¥e)

NR limit: States parametrized by Pauli matrices :
Scalar: 0" T

«, B,v: SU(3)¢ indices

_ (%)
V2
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
Het(X,Y,2) = 2mg + 2L + 2Aq(L- ) + 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 + 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 sy, S0 S’,L’)bases, the positive parity
S-wave tetraquarks are listed below; Mgy = 2mg

Label JPC Isqq- 530S L)y Isq7. 5005 S, L") Mass
Xo 0+ 10,0;0,0) (10,0;0,0)9 + v/3]1,1;0,0)o %/2 Moo — 3K40
Xl 0t 11,1;0,0)¢ (v3[0,0;0,000 — [1,1;0,0)0) /2 Moo + xp0
X; 17 (11,0;1,0)1 +10,1;1,0)1) /v2 11,1;1,0); Moo — g0
z 1= (110100 —10,11,0)1) /v2  ([1,0;1,0)1 —[0,1;1,001) /V2 Moo — K40
7/ 1t 11,1;1,0); (11,0;1,001 +10,1;1,0)1) /v2 Moo + x40
X, 2+ [1,1;2,0), [1,1;2,0), Moo + g0

m The spectrum of these states depends on just two parameters,
Moo(Q)and x,0, Q = ¢, b, hence very predictive

m  Some of the states 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
Mo [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 | Z}F(4020) 4024 Z;(10650) 10652
X5 2+t — 4024 — 10652




Dipion mass distributions in Y(5S) — Y(nS) 7 decays?
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Dipion mass distributions in Y(5S) — Y(nS) 7 decays?
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Dipion mass distributions in Y(5S) — Y(nS) 7 decays?
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Dipion mass distributions in Y(5S) — Y(nS) 7 decays?

[Belle Collaboration (2012)]
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Dipion mass distributions in Y(5S) — Y(nS) 7 decays?

[Belle Collaboration (2012)]
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Dipion mass distributions in Y(5S) — Y(nS) 7 decays?
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Heavy-Quark-Spin Flip in Y(10890) — Z,/Zj + m — h,(1P,2P) i
A.A., L. Maiani, A.D. Polosa, V. Riquer; PR D91, 017502 (2015)
Relative normalizations and phases for s;;: 1 — 1 and 1 — 0 transitions

Final State Y(1S)t Y(2S)t Y(3S)rt ™ hy(1P) et hy(2P) et e
+0.19 +0.04 +0.08 +0.05 +0.6-+0.4

Rel. Norm. 0.57 + 02170'04 0.86 £ 01170.10 0.96 + 0.14701)5 1.39+ 0.3770.15 1'6—0.4—046
+4 +17 +11 +44+3 +65+74

Rel. Phase 584374 ~13+13+] ~9+19%1! 18714443 18165474

B InY(10890), S;; = 1. In hy(nP), S, = 0, transitions above involve heavy-quark
spin-flip, yet rates not suppressed, violating heavy-quark-spin conservation

B This contradiction is only apparent. Expressing the states Z;, and Zj in the basis
of definite bb and light quark g7 spins

«[1q3,05) — BlOgz, 11p) 7z - Bl1gz, Opp) + tlOgg, 1y5)

|Zp) =
B and defining (g are the effective couplings at the vertices Y Z;, 7t and Z, I, 77)
8z =8(Y = Zym)8(Zy — hy7r) o< —ap(hp|Zy) (Zy|Y)
8z = 8(Y = Z,m)8(Z), — hyr) o< aPlhy| Zy)(Z,[Y)



Determination of a /B from Y(10890) — Z,/Z, + m — Y(nS)mm (n = 1,2,3)
B 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

B Parametrizing the amplitudes in terms of two Breit-Wigners, one can determine
the ratio o/
Spp - 1 — 1 transition :

Rel.Norm. = 0.85 +0.08 = |«|2/|B|?
Rel.Phase = (—8 £10)°

8pp - 1 — 0 transition :
Rel.Norm. =1.44+0.3
Rel.Phase = (185 £ 42)°

B Within errors, the tetraquark assignment with « = = 1 is supported, i.e.,

|1bqf0?;‘> - |0bqr 15‘)
1Zy) = ! 7 T, 1Zh) = g, 1g)j=1

17,) = 142, 0p5) — 0g2, L1) 7y = 143, Op) + 10g7, Lyp)
V2 C V2




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

5120 (20(5g, 50 = (Q(5,5) ~ QSe,5e) — QS o)

3
(Q(8x,5x)) = — 5( (L-Sx)?+(L-Sx) _g
3

=1/2: 512

J=3/2: 512

J=5/2: (512) 5
B Coeffs. determined from the masses of the ]P states My = mc +mpgg +2kss + Bg
m [ o [ b T ¢ T M |
2695 | 2575 | 1352 | 4.07 | 3079.94 |

LHCb

Candidates / (1 MeV)
w
8

3000 3050 3100 3150
m(E; K') [MeV]

‘Adapted from Fig. 2 of arXivi{1703.04639)



Analysis of the tetraquark Y states in the diquark model

(S12)

B
Heg = 2mQ + 7QL2 — 3ch + 2ayL - S + by 1

2
+ 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°€ = 177) states

Label JPC \qu, 107 S,L)y [sqg, S0 S’,L’}] Mass

Y 1 10,0;0,1); (10,0;0,1)1 + V3[1,1;0,1)1) /2 Moo — 3#40 + Bg = Moo

Y 177 (J1L0L1)+1(0,1;1,1)1) /V2 [1,1;1,L7), Mop +2x40 — 240

Y3 1~ 11,1;0,1); (v/310,0;0,1)1 = [1,1;0,1)1) /2 Mog + 4i550 + E

Yy 1 [1,1;2,1); [1,1;2,1'), Mog + 440 + E

Ys 1 [1,1;2,3); [1,1;2,17), My, +2x,0 — 14Ag +5Bg —8/5by

1 \
Ei = 15(-30Ag ~7by ¥ V3,/3004%) + 140Agby +433)



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

L L L L
3.8 4 44 46

4:2
is (GeV)



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(BESIIL, PRL 118, 092001 (2017): Y(4220), Y(4320), Y(4390), Y(4660)

05
y ~ sl " /\
= / \ \ = " / /\ '
= “’/ . } z," / ]
v/, U
J / l \ )
\\/// . /
L . .
o \\n\'u I\}«\]
o~ sit //\\‘ sit
/ /f\ \‘) " /{\
g (/. ’/]j g (.‘
; W\ \ j/
\__/ U/
v
i m i W
ay [MeV]

CR
ay [MeV

® SII = K¢, and ay for Y states similar to the ones in (X, Z) and Q)



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




Flavor SU(3) structure of Pentaquarks

Pentaquarks are of two types:
Py, = e*P7e, [cu] Bs=01 [1d] =01
P; = elxﬁvazx [Cd]ﬁ,s:o,l [””}7,5:1
This leads to two distinct SU(3) series of Pentaquarks

]PA = G’Xﬁ’y {sz [Cq]ﬁ,szo,l [E]/q//]ry,s:(),L} =3 ® g =1 D 8
P = A7 {E,x [cqlps=01 [q/q//]%s:lfL} =306=8010
For S waves, the first and the second series have the angular momenta
(multipicity)
Py(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 IP(3/27) to the P4 and IP(5/27") to the IPg series
of Pentaquarks



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



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~

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

Decay Process T/T(A) = P;{,X2 b K ) Decay Process T/T(A) = P{XZ a K™)
A= PP K- 1 B PR 138
Ap — P{XZ)‘l RO 1 ) - PU e k- 1.38
Ap - PRI 0.17 Ap - POy 022
g, {XZ}‘ZK* 0.69 g Pf\XZ)‘zK* 0.23
0, - P{X3}“= K 024 0, = PL UK 024
10 10,
Decay Process [/T(A) = P(XZ)‘l ) Decay Process [/T(A) = P;XZ}“ K™)
Ap = PP 0.06 Ay — LT 0 0.03
Ap — PfLX”‘l " 0.01 Ay =PIy 0.01
5, — PLIAKO 0.02 g - PO 0.03
gy - PO 0.02 g PLy 0.01
gy — PLI2 0 0.04 50 a0 0.02
5 P(A’SZ Fa 0 20 o Py 0
20— Py 0 0.01 o — P%a“i 70 0.01
0y - Po 0.02
i}
B Neutron, 57 and 7', and possibly 7%: only decays with K=, or K, or 71~




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)

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

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

Important puzzles remain in the complex: show siplr pattern
u
Ye e Y, = maybe Y5572
— . (z0)
4 /Z" P
lecul ably
s Netraquark doubttul

What is the nature of Y (4260)? A tetraquark? or a ccg hybrid?
What exactly is Y(10888)? Is it just Y(55)? Does Y}(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



Backup: Recent Reviews on X, Y, Z, P. Exotics

Exotics: Heavy Pentaquarks and Tetraquarks, A.A., J.S. Lange, S. Stone,
arXiv: 1706.00610 (2017).

Hadronic Molecules, EK. Guo, C. Hanhart, U.G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou,
arXiv: 1705.00141 (2017).

Heavy-Quark QCD Exotica, R.E. 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

e Hadron Spectroscopy and Interactions from Lattice QCD, A. Prelovsek, EP] Web Conf.
(2016) 00018.

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

e Few-body Physics, R.A. Bricero, PoS Lattice2014 (2015) 008.
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Tetraquark interpretation of the axial | /¢ states

[L. Maiani, A.D. Polosa, V. Riquer, Phys. Rev. D94 (2016) 054026]
B Interpret the four J/ ¢ states as [cs][c5] tetraquarks, with X(4140), X(4274) as

1S states, and X (4500), X(4700) as 2S states

B X(4274) having J’¢ = 17+ is not compatible with the tetraquark interpretation

B Prefer two almost degenerate J*C = 0" & 27 states - this remains to be seen

/

2
Xo FRie x® - Xs
X(4274) X (4274)
X x@
X(aiao) 1! ~Files]
XO _3"{05]
o+t 1+t 1t- 9++

*H{cs]

3




Bottomonia and Bottomonium-like Hadrons (Olsen, 1411.7738)

(o

(3" S0}

=

X

3
7]

Mass /(GeV/c?)
s
[*]
I

13P,
3Py | X62(°PD)

X601 *Po)

Established bb states

9.6

Unassigned bb states

(s

o — = ot - 2
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Production of J’¢ = 17~ hadrons ¢(2170), Y(4260), and "Y}(10890)” via

Drell-Yan mechanism
[A.A., Wei Wang; PRL 106 (2011), 192001]

pp(p) = v = V+..; V=¢(2170), Y(4260), "Y,(10890)”
B Decay Modes:  (2170) — ¢(1020)f;(980) — K* K~ 7t~

Y(4260) — J/prt T — 0Tt
"Y,(10890)” — Y(nS)nt ™ — T4 v, (nS = 1S,25,35)

my (MeV) T (MeV) TeeB (V)
oQIT0)  ATE+15 61+18  25+09°
X(4260) 42635 108+21[4] 60735 [4
Y;(10890)  10888.4735 [12] 30.7783 [12] 069702 ° [12]
Byktk-  (89£05)% Byoso) e (5075)% [23]
Bjytu- (593E006)% Briyg) e, (248£0.05)%
Brios)outy- (19B3E017% Brigs e, (218£021)%




Rapidity & pr-distributions at the LHC
[A.A., Wei Wang; PRL 106 (2011), 192001]

B Rapidity-distributions for a): $(2170), b): Y(4260), c): “Y};(10890)"

Y 008 L
08|
0.6, 0.0006
06
0.04] 0.0004
04
02 (1] 00002,
00 0.00] 0.0000
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
y @ y (b y ©

B pr-distributions for a): ¢(2170), b): Y(4260), c¢): "Y;(10890)”

08

0.6
o o5 00004
004 00003
04
003 00002
002
02
ot 00001
09 0.00 0.0000h =
0 5 055 0 5 015 0 5 10 15 2

pr(GeY) (a) pr(GeY) (b pr(GeY) (o)



Cross sections at the Tevatron and LHC (in pb)

B $(2170): pp(p) — 7* — $(2170) — $(1020)fp(980) — K+K— 7t~ + X
B X(4260): pp(p) — v* — Y(4260) — [/t =0Tt +X
B Y,(10890) : pp(p) — v* — Y4(10890) — Y(nS)wn~ — (Tt + X

$(2170) | X (4260) | Y5(10890)
Tevatron(|y| < 2.5) | 23107 0.2370 2 |0.0020* 55008
LHC 7TeV (Jy| <25) | 36714 |0.407032|0.00407 3. 3013
LHCb 7TeV (1.9 < y < 4.9) | 22777 (0.2475:7210.002375000%
LHC 14TeV (Jy] <25) | 45759 |0.5470:4 0.0060+%. 3012
LHCb 14TeV (1.9 < y < 49)| 27714 [0.3175:370.0033 5016

B Drell-Yan mechanism is a potential source of JP€ = 1~ exotica at the LHC!



Stringy picture of tetraquarks

B Y(4630)is a likely candidate for a tetraquark state, whose most natural decay, is
into a charm baryon-antibaryon (AT A7), [L. Maiani]

B 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] .

B Tetraquarks [cu][ciiland [cu][cd]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 bb, ¢t and s3

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

B Regge Formula from rotating string (o' =1/2x7T, Tis string tension, B is the
velocity of the string end-point) [J. Sonnenschein, D. Weissman|

E < om <[3arcsin(1ﬁi—;2\/1 — ﬁ2>
2

J+n—a= ZHaImZOigw (arcsin(,B) +By/1— /32>

B Predictions for tetraquarks and their first few excited states

Tetraquarks containing c¢ | Tetraquarks containing bb | Tetraquarks containing s5
(decaying to A1) (decaying to Ayy) (decaying to AA)
n[JOT M I [n]JF M n]J% M
01 46347, [ 927y [0 180240 J0[1 ] 2070240
027 [4800+40 | 150-250 | 0| 27 | 11410+40 [0 27F | 2510440
1177 [ 4870430 | 150-250 | 1| 17| 11460440 | 1)1 | 2540440
0|37 | 496040 | 180-280 | 037~ | 1130240 | 0|3 | 2130+40
20177 5100460 | 200-300 | 2| 17| 11640440 21| 2180140




[bq][b7] Constituent Model Spectrum

[A.A., Hambrock, Ahmed, Aslam, PLB684 (2010)]
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Y}, (10890) probably not
an independent state, but
is the same as Y(55)
[Belle 2016]

Decays of "Y(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!!



Enigmatic Y (5S) Decays!

PRL 100, 112001 (2008)

21.7 o at 10.580 GoV  Inea
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(5S)bb = 10869 +2 MeV
M(5S)nn = 10888.4 £ 2.7+ 1.2 MeV
M(5S) - M(5S)an = -9+ 4 MeV

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



o(ete™ — bb) in the Y(10860) and Y(11020) resonance region [Belle]

R} data and fit

B Fyp = |An|* + |Ar + AsseP55fss + Agse' P fes |

B fus = MusTys/[(s — M2,) + iM,sT 5] [BW]; A, and A, [Continuum]

m  No peaking structure seen at 10.9 GeV, hinted by the BaBar data;
[(efe™) <9eV (@90% C.L.)
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o(ete” = Y(nS)tt 7r) in the Y(10860) and Y(11020) resonance region

[D. Santel et al. (Belle), arxiv:1501.01137 (2015)]
m  Fit Values (MeV): Myoge0 = 10891.1 4 3.270%; T'ygg60 = 53774 129
B Mss(Y(nS)mm) — Msg(bb) = 9.2 £3.4+ 1.9 MeV ?
m  Fit Values (MeV): My1020 = 10987.5752 759, T11000 = 6175572,
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o(ete™ — hy(1P,2P)7t* 7t7) in the Y(10860) and Y(11020) resonance region
[A. Abdesselam et al. (Belle), arxiv:1508.06562 (2015)]
m  Fit Values (MeV): Mioge0 = 10884.753 56 T'ypge0 = 442775 22
m  Fit Values (MeV): My1gp0 = 10998.6 + 6.171%1; T1300 = 2972 +2
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Evidence for Z;(10610)* and Z;(10650)* (Belle)

PRL108,122001

L ‘ ! il Mass and I
I 1 B —— —— ——
j : j measured in 5
Yesn'e f— i o W different
Y@ESIR'n P - . = final states agree
h(1P)x + — i e
h (2P’ fe— w —0— ——- —_—
Average 4?— -4— ; B
e e e
AM, MeV Al', MeV AM, MeV Al', MeV
Angular analysis suggests J° = 1* The Di Pion transitions from the Y(5S) proceed
via the intermediate charged state Z,
Z,(10610)
The transition does not imply spin flip
M= 10608 pm 2.0 MeV
I'=15.6 pm 2.5 MeV Masses are close to B*B and B*B* theresholds
Z,(10650) Molecules?
M= 10653 pm 1.5 MeV 3
I =14.4 pm 3.2 MeV The Y(5S) is an unexpected source of h,
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Pentaquarks as rescattering-induced kinematic effects

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

B Hypothesis: Kinematic effects can result in a narrow structure around

the X p threshold in the /¢ p invariant mass of the decay Ag — K= J/yp
Mp, (4450) — My, —Mp = (0.9 £3.1) MeV

B Two possible mechanisms:
a) 2-point loop with a 3-body production Ag — K™ X1 p followed by the
rescattering process x.1p — J/¥p
b) The K~ p is produced from an intermediate A* and the proton rescatters with
the xc1 intoa J/¢p




Pentaquarks as rescattering-induced kinematic effects (Contd.)

[Feng-Kun Guo et al.; arxiv:1507.04950]
B Amplitude for Fig. (a) (¢ = reducsed mass and j;A (Z]’ZZ = exp(—242/A?))

=

_ a>q G /a4
6B = | Gmp E—my —my, /)

B Analytic result
uA
Ga(E) =

K3 012 /A2 \ﬁk X
W(k2+A2/4)+%eXp 2%/ |:erfC(A)1}

where k = \/ 2u(E — my — my + ie). This function has a characteristic phase
motion reflecting the error function (erfc), as shown below

B LHCb data is in better agreement with a Breit-Wigner phase motion
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