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Tetraquark Candidates

Belle & others [Liu et al., 13], [Ablikim et al., 13] , [Brambilla et al., 14]

State M (MeV) I (MeV) IPC Decay Modes Production Modes Also observed by
eTe— (ISR)
Ys(2175) 2175+8 58426 1=~ ) (980) J/$ — Y5 (2175) BaBar*, BESII
at ]/, BaBar
X(3872) 3871684017 <12 1t+ 7]/ $,DD* B — KX(3872), pp CDF, D0, BaBar, LHCb
7(3900) 3891.2+33 40+8 1+ ]/ Y(4260) — Z(3900) 70 BESITT*, CLEO
X(3915) 391444 2512 0/2tt  wi/y 77 — X(3915)
7(3930) 3929+5 29+ 10 2+ DD Yy — Z(3940)
DD* (not DD
X(3940) 3942 +9 37417 07+ or w] /) ete™ — J/PX(3940)
Y(3940) 3943417 87434 27t W]/ (not DD*) B — KY(3940) BaBar
Y(4008) 4008:% zzejgg 1= ataj/y ete™ (ISR)
7(4020) 402243 8+4 1+ 1y Y(4260) — Z(4020)70 BESITI* (only)
7(4025) 4026+ 5 25410 1t =T/ Y(4260) — Z(4025) 7 BESIIT* (only)
X(4160) 4156 +£29 139:});3 07+ D*D* (not DD) ete™ — J/yX(4160)
Y(4260) 4264+ 12 83+22 1= ntaT /g ete™ (ISR) BaBar*, CLEO
Y(4350) 4361 +13 74+18 1-— ata—y! ete=(ISR) BaBar*
+9 41 | A=
X(4630) 463417, 92t AT A; ete (ISR)
Y(4660) 4664+ 12 48+15 1= ata—y ete=(ISR)
7(4050) 4051f§§ szf% ? Exq B — KZ7 (4050)
7(4250) 42487155 1777320 ? X B — KZF (4250)
7(4430) 4475 +7 172 + 13j§Z 1+ nty! B — KZ& (4430) LHCb
7;,(10610) 10,607 +2 184+24 1+ Iy (1,2P), T Y(1,2,35) Y}, /Y(55) = Z4(10610) 7t
7;,(10650) 10,6522 115422 1+ iy (1,2P), T Y(1,2,39) Yk/y(ss) — Z(10650)
Y, (10890) 10,890 +3 5549 1-— ntrY(1,2,35) A ()




Tetraquark Candidates

Belle & others [Liu et al., 13], [Ablikim et al., 13] , [Brambilla et al., 14]

State M (MeV) I (MeV) IPC Decay Modes Production Modes Also observed by
eTe— (ISR)
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a0(980) in 1965,
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£0(980) in 1979,

x(980) in 1997

discussion reopened: [t Hooft, Isidori, Maiani, Polosa, Riquer, PLB 08]



Tetraquark Candidates

Belle & others [Liu et al., 13], [Ablikim et al., 13] , [Brambilla et al., 14]

State M (MeV) I (MeV) IPC Decay Modes Production Modes Also observed by
eTe— (ISR)
Ys(2175) 2175+8 58426 1=~ ) (980) J/$ — Y5 (2175) BaBar*, BESII
n*n’]/np, BaBar
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Light states [PDG] :
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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

| ISOSPIN PROJECTION ISOSPIN PROJECTION ;
¢ 112 0 12 -1 1 12 0 12 1 ¢
S=+  1050Mev - B Tetraquark
’ interpretation in
900 MeV' o .
\ / agreement with
gy S=0 750 MeV :
« © experiment
600 MeV/ [t Hooft, Isidori,
0
Maiani, Polosa,

S=-1
1oar 0omr Riquer, PLB (2008)]



Models for XYZ Mesons

Quarkonium Tetraquarks

® compact tetraquark

e meson molecule
diquark-onium




X,Y,Z Exotics

9 8¢ courtesy of A. Polosa
; ..less bound
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X:a loosely bound molecule (R ~10 fm)

1
V2Mp Eyina lc. .
Hadro-charmonium
Voloshin arXiv:1304.0380
Fi SR . quark (heavy or light)
" A c€ state surrounded by light matter @  antiquark
' gluon

Decay into 7). p forbidden by HQSS



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

#

A°
o -3
02 AP’“ A

p=60
“wscalar 3

s=1/2

é@@

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

=.0:093.6 a£0.093,fm

=62 =62

10 b
\‘0

%4 =0.008 !

o -

04 &
ba = m

0z 008 e

00
00 05 00 05 00 02 04 05 08 10
> <

increasing correlation strength
3 23
Ilf

decreasing distance
B Calculation of 2 quark correlation
strength
B Decreasing distance
o Increasing strength for

“good” diquarks
B Diquark size O(1fm)



Diquarks: Spin representation

p=58 =58
1 fa = 0136 fm \i (20136 fm
08 #
#
A°
04 3

p-50
“wscalar 3
vector

" az0093m

=62 =62

10 .\“
%4 =0.008 !

o -

04 &

pa =, fm,
0z A8 e,

00
00 05 00 05 00 02 04 05 08 10
> <

increasing correlation strength

decreasing distance

B Calculation of 2 quark correlation
strength

B Decreasing distance

o Increasing strength for

“good” diquarks
B Diquark size O(1fm)

s=1/2

cb@@

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
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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
States need to diagonalize Hamiltonian: i
H =2mg +H + H + He + Hyy

B
Het(X,Y,Z) = 2mg + 7Q<L2> —2a(L- S) + 21,0[ (54 - s} + (53 - 50)]

2
+ %40 [qu (s0+1) + qu(qu +1)]

Ahmed Ali (DESY, Hamburg)

B
=2mg —aJ(J+1) + <£ —I—a)L(L—l-l) +aS(S+1) —3x,0



NR Hamiltonian for Tetraquarks with hidden charm
States need to diagonalize Hamiltonian:

H = 2nfg~+H + HY + He + Hyy

with constituent mass

B
Het(X,Y,Z) = 2mg + 7Q<L2) —2a(L- S) + 21,0 [ (54 - 5) + (53 - 50)]

2
+K40[5q0(s90 + 1) + qu(qu +1)]

Ahmed Ali (DESY, Hamburg)

B
=2mg —aJ(J+1) + (7(2 —I—a)L(L—l-l) +aS(S+1) —3x,0



NR Hamiltonian for Tetraquarks with hidden charm
States need to diagonalize Hamlltoman

H=2mg /»,H +HSSWHLL

with qq spin coupling g4 spin coupling

HY = 2(Key)3[(Se - Sg) + (Se - Sy)]
HY = 2(Ke)(Sc- S5+ Sc-Sy)
+ 2K (Se - Se) +2K45(Sq - Sq)

B
Het(X,Y,Z) = 2mg + 7Q<L2) —2a(L- S) + 2140[ (54 -5} + (53 - 50)]

B
=2mg —aJ(J+1) + (7(2 —I—a)L(L—l-l) +aS(S+1) = 3x,0

+KqQ[ qQ(SqQ +1) + 5z Q( qQ+ 1)}

Ahmed Ali (DESY, Hamburg) 11 /55



NR Hamiltonian for Tetraquarks with hidden charm
States need to diagonalize Hamlltoman

H= 2mQ+H +/5!+HL[\

with LS coupling LL coupling

Hg;q) Z(ch)é[(sc ) Sq) + (SE : Sq)]

H = 2(Kep)(Se- S+ S - Sy)
+ ZICCE(SC ° SE) + quq(Sq N Sq)
Hgr = ZAQ(SQ 'L‘FSQ -L)
Loo(Log +1)
2

Hpp = Bg

B
Het(X,Y,Z) = 2mg + 7Q<L2> —2a(L - S) + 2140[ (54 - s} + (53 - 50)]

B
=2mg —aJ(J+1) + (7(2 —I—a)L(L—l-l) +aS(S+1) —3x,0

+KqQ[ qQ(SqQ +1) + 5 Q( qQ+ 1)}

Ahmed Ali (DESY, Hamburg) 11 /55



Low-lying S- and P-wave Tetraquark States
S-wave states
® Inthe [s,0, Sa0’ S,L)jand [ssg, 500; S',L’)jbases, the positive parity
S-wave tetraquarks are given in terms of the six states listed
below (charge conjugation is defined for neutral states)

Label JPC |qu,qu; S,L); Isq2, 5007 S, L), Mass
Xo 0+ 10,0;0,0)9 (10,0;0,0) + V3]1,1;0,0)0) /2 Mg — 31540
X} 0tt 11,1;0,0)0 (v/310,0;0,0) — [1,1;0,0)0 ) /2 Moo + g0
X1 1 (1,0:1,0); +0,1,1,0)1) /v2 [1,1;1,L'), Moo — kg0
z = (1L61,0-10,1;1,001)/v2  (JLOLL) —[0,L1,L))/V2Z My —xg
7! 1= 11,1;1,0) (L0 1L,L) +10,,1,L)1) /V2 Moo + 40
Xp 2++ 11,1;2,0), 11,1;2,L'), Moo +xg0

P-wave (J'¢ = 177) states

Label JPC \qu, 5107 S,L); [sq., 00 g, L')] Mass

Y, 1 0,0;0,1) (10,0;0,1)1 + V3[1,1;0,1)1) /2 Moo — 3%, + Bg
Y, 17~ (L0111 +10,1;1,1)1) /V2 11,1;1,L7), Mg — kg0 +2a+Bg
Y3 17~ 11,1;0,1)1 (v/310,0;0,1)1 = [1,1;0,1)1) /2 Mo + #4q + Bg
Yy 1 1,1;2,1)1 11,1;2,L'), Moo + 40 + 62+ Bg

Ys 1= 1,1;2,3) [1,1;2,1); Mop + K40 + 16a + 6B




Charmonium-like and Bottomonium-like Tetraquark Spectrum

(with Satoshi Mishima)
Parameters in the Mass Formula

charmonium-like bottomonium-like

My [MeV] 3957 10630

Kg0 [MeV] 67 225

Bg [MeV] 268 329

a[MeV] 52.5 26
charmonium-like bottomonium-like
Label ]P C State Mass [MeV] State Mass [MeV]

Xo oFF — 3756 — 10562.2
X}, 0t — 4024 — 10652
Xy 1+t X(3872) 3890 — 10607
z 1= Z}(3900) 3890 Z;’O(loél(]) 10607
7' 1+ 7} (4020) 4024 Z, (10650) 10652
Xo 2t+ — 4024 — 10652
Y, T (4008) 4024 Y, (10891) 10891
Yo 1 Y (4260) 4263 Y}, (10987) 10987
Y3 1 Y (4290) (or Y(4220)) 4292 — 10981
Yy 1 Y(4630) 4607 — 11135
Ys 1 — 6472 — 13036




Comparison with current data in the Charmonium-like sector

B Better agreement with data achieved with more tightly-bound quarks inside a
diquark than is the case for diquarks in baryons [Maiani et al. (2014)]

m ——— —New, ----- Old

4050 -

—_—
A1 —_— —
@|se mmmm——
9 39001 ——
A = . e
a 3850 -
EAEL
= T
= vs0- 0 mmmmmes
3700 -
2650 -
Jﬁw 1 1 I
ott 1t 1t 2+t

Jl’C



[bg][bg] Constituent Model Spectrum

" 320[ A A, Hambrock, Ahmed, Aslam, PLB 10] __
! 11257(01°)
Ap Ap T1207(17) > e—
11133070
Yo
1084s| »good diquarks R o
7 states
(5
B*B*f -/ + *****************
BB*f /=
B B |10528(0*%) 0:504 . 10527(1*) 1052002
10385(0%") _10386(17)
10370
o+ 1++ 1+ 2++

states are iso-doublets g = u,d

With the old Maiani et al.
Paradigm, tetraquark Z,masses
do not agree with Belle

However tetraquarks with
mixing & self energy corrections
in principle allowed in parts of
parameter space [AA,
Hambrock, Wang, PRD 11] ,

but with the new Maiani et al.
paradigm, M(Z;) — M(Z}) fixes
2Ky, = 45MeV ,

in agreement with the heavy
quark symmetry:

Kap/ Kge = M /1,



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)
0.6 T T
o5 | BaBar
04f-

L Ftoah

& 03 | T A

H it
02f t .
Fi

0.1

' I
10,6 107

il
108

N5 [GeV]

I
10,9 1

I i
1.1 1.2

Y(65)

R, = olbB1 / o]

Tevus Y(5S)an (ak.a. Yb)
0.008|~ M-Y(2S)w ; g

A Y@sks + +

10.8

© 0.004
0.002(— -

0.000

10.9

L .
1085 11 11.05
\'s (GeV)

1075 10.85

Belle 2010
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

&%, (1P)x*'x) (pb)
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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,




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?
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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)



Heavy-Quark-Spin Flip in Y(10890) — Z,/Zj + m — h,(1P,2P) i

B Within errors, Belle data is consistent with heavy quark spin conservation,
which requires g7 = —g7

B To determine the coefficients « and j, one has to resort to s,5: 1 — 1 transitions

Y (10890) — Z,/Zj, + 1 — Y(nS)mt (n = 1,2,3)

B The analogous effective couplings are

fz=f(Y = Zyr)f (Zy = Y (nS)7r) o |B* (Y (15)[0gg, 1y5) (O, 1y Y)
fz = f(Y = Zyo)f (Zy, — Y (nS)70) o [a*(Y (15)|0gg, 15) (Ogg, 1Y)

B Dalitz analysis indicates:
Y (10890) — Zy/Z;, + 1 — Y(nS)mm (n = 1,2,3) proceed mainly through the
resonances Zj, and Z, though Y(10890) — Y(1S) 77 has a significant direct
component, expected in tetraquark interpretation of Y(10890)
[A.A., S. Mishima, C. Hambrock, PRL 106, 092002 (2011)]



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




Tetraquark model for Y}, production and decays

e+

m Van Royen-Weisskopf formula
=T(1 —efe)

Assumption: Point-like diquarks
[AA, Hambrock, Mishima, PRL 106 (2011), 092002]
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Tetraquark model for Y}, production and decays

e+

® Van Royen-Weisskopf formula
=T(1 —efe)

Assumption: Point-like diquarks
[AA, Hambrock, Mishima, PRL 106 (2011), 092002]

’ 2

Lee(Yip,/m) = EF ‘Rﬂ) (0)



Tetraquark model for Y}, production and decays

e+

m Van Royen-Weisskopf formula
=T(1 —efe)

Assumption: Point-like diquarks
[AA, Hambrock, Mishima, PRL 106 (2011), 092002]

diquark charge
2402Q% 2

1/h
Lee(Ypi/m) = JYE L ‘Rﬂ) (0)’

Yio,/m



Tetraquark model for Y}, production and decays

e+

m Van Royen-Weisskopf formula
=T(1 —efe)

Assumption: Point-like diquarks
[AA, Hambrock, Mishima, PRL 106 (2011), 092002]



Tetraquark model for Y}, production and decays

e+

m Van Royen-Weisskopf formula
=T(1 —efe)

Assumption: Point-like diquarks
[AA, Hambrock, Mishima, PRL 106 (2011), 092002]

o €
hadronic size parameter

2402Q2 N
L/h
i s ‘RS)(O)

’ 2

rEE(Y[b,l/h] ) =
Yio,/m



Tetraquark model for Y}, production and decays

e+

® Van Royen-Weisskopf formula
=T(1 —efe)

Assumption: Point-like diquarks
[AA, Hambrock, Mishima, PRL 106 (2011), 092002]

Lee(Yip,/m) = E i ‘Rﬂ) (0)

’ 2

s Suppressed O(10) vs Y(5S)

2
: L _ (1-2tanf
‘s Production ratio: l"y[b’”/ Fy[b’h] = ( R )

= Isospin breaking through production

IYas)Ktk— _ Q[zbu]

1
e.g. = =7
& Iy (15)KOKO Q[Zbd] 4



Y}, decay

Continuum Resonance
N\ Y T(nS) RN 7
+ q
e~ P e~ R\
P/

m  Breit-Wigner shape for resonance:

1
(4> — M2) + iMT

qz = M%)P, —» Resonances show in Mpp spectrum
Not in Myp spectrum since Z;, negligible



Fittoo(ete™ — Y, — Y(1S)tt ™)
[AA, Hambrock, Jamil Aslam; PRL 104 (2010) 162001
AA, Hambrock, Mishima, PRL 106 (2011), 092002]

T 25 T T T T T T 1

do 45~ /(0.1GeV

27* meson f,(1270)
0" tetraquarks ¢(500) + fo(980)

m Fit results, data from [Belle, PRL 08]
[ ] )(Z/d.o.f. = 21.5/15 = Good agreement with data

m Clear resonance dominance!

Ahmed Ali (DESY, Hamburg)



Predictions for Y(1S)(K*K~,y7°)

[AA, Hambrock, Mishima, PRL 106 (2011), 092002]
Fit determines couplings (assume SU(3) flavor symmetry for couplings

(0’(500),f0 (980), ag (980)) — PP,, [t Hooft, Isidori, Maiani, Polosa, Riquer, PLB 08] )

= predictions for spectra:

2 40
+ 2

<15} . = 30 - 4

= s
T oaf 1T »f E

! &

Tost E Sf 100 E
S T -

~ 1 11 1.2 13 1.4 07 08 09 1 11 12 13 14 o 0.1 0.2 0.3 0.4

M+ - [GeV] M, 0 [GeV] G-
m  Agreement with 0, =0.1119% (BELLE)
& KTK- 40,03

“ 1.0 < 0y S 2.0 predicted

B Resonance dominance
“ Characteristic shape
= Good tests (relying on Y}, has 2 flavor states)



Are Y., Z:, Y, and Z;s related?

cC bb

lated?
Y (4260) Jeereel, Y10890) Y(SS)?

7T Z:(3900)

),
T Zooxx) T Z,”(106XX) 7t

related?

nature? @ 2
[ ]




Pentaquarks

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 only advance in particle physics thought
worthy of mention in the American Institute of Physics “Physics News
in 2003” was a false alarm. 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

(@)

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.
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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

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




Theoretical Interpretations of the LHCb Pentaquarks

Rescattering-induced kinematic effects

Feng-Kun Guo, Ulf-G.Meifiner, Wei Wang, Zhi Yang, arxiv:1507.04950
Xiao-Hai Liu, Qian Wang, Qiang Zhao, arxiv:1507.05359

M. Mikhasenko, arxiv:1507.06552

Ulf-G.Meifdner, 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.Meifsner, arxiv:1508.00924

Pentaquarks as Baryocharmonia

Formation of hidden-charm pentaquarks in photon-nucleon collisions
V. Kubarovsky and M.B. Voloshin, arxiv:1508.00888



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.]. Aslam, arxiv:1607.00987



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 ];A (21’22 = exp(—242/A?))

_ a>q G°fa(q
6B = | Gmp E—my —my, /)

B Fitting the Argand diagram for P.(4450) with A(,) = N(b+ G (E))determines
the normalization N, the constant background b and A

B Amplitude for Fig. (b) is assumed dominated by A*(1890)-exchange, and its
width is varied from 10 MeV to 100 MeV, leading to sharp peaks
at Re/s = 4450 MeV

L ITRTITTRTTERTION IR i
L0042 44 46 A8 450 440 4 4M 446 448 450
Reys [GeV] Reyls [GeV]



Pentaquarks as hadronic molecular states [Rui Chen et al., arxiv:1507.03704]

Identify 7 (4380) with X(2455)D* and

P} (4450) with £, (2520)D* bound by a pion exchange

Effective Lagrangians: B B
Lp =igTr [Ht(,Q) rH AZb 75H£Q)]

3 _
Ls=— EgleﬂAVKvKTr [Si Ay Sy
H,S@ = [PZ(@ Py — Pth)%](l —#)/2; v=(0,1) is a pseudoscalar and vector
charmed meson multiplet (D, D*);
Sy =V1/3(vu+ vy)'ySBe + BZP stands for the charmed baryon multiplet,

with Bg and B¢, corresponding to the JP =1/2% and J = 3/2% in 6 flavor
representation;

Ay is an axial-vector current, containing a pion chiral multiplet



Eff. potentials, energy levels & wave-functions of the Zg*)
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B P.(4380)isa X.D* (I =1/2, ] = 3/2) molecule
IP.(4450)is a XfD* (I=1/2, ] = 5/2) molecule

B Predict two additional hidden-charm molecular pentaquark states,
¥.D* (I=3/2,]=1/2)and X:D* (I =3/2, ] = 1/2), which are isospin
partners of IP;(4380) and P.(4450), decaying into A(1232)]/¢ and A(1232)7,.
B Arich pentaquark spectrum of states for the hidden-bottom (X;,B*,X;B*) ,
Bc-like (XB*,%B*) and (X,D*,X;D*)with well-defined (I,]) are predicted



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



Closer look at the data on Ag decays

K. A. Olive et al. (PDG), Chin. Phys. C, 38, 090001 (2014)

-12 0 +1/2 -1 =120 +12 +1

B(A) — AF071) = (62713)% -0 — 07
B(Ag — 2107 7,) = non-existent j¥ : 07 — 1
B(A) — £2(2455) 7t )

~01:0" 517"
B(AY > Afr) /

1o 0,4 p—5 ) 1+ LT( A0 ey

IT(AY = 20707 9) + AT(A) 5 £+ 0w i

Ir(A? )+ 30(A) ) = 0.054 + 0.022+0921
T(A) — Al C7) |

The A) — 20717077, and A) — £ 717 £~ 7, facilitating an 07 — 1T transition are suppressed.
In heavy quark limit, the spin of the light diquark in heavy baryons has consequences for the b-baryon decays

i.e., constraining the states which can otherwise be produced in b-baryon decays.



Closer look at the data on Ag decays

K. A. Olive et al. (PDG), Chin. Phys. C, 38, 090001 (2014)

O+1f2 -1 -12 0 +1/2 +1
B(A) — AF071) = (62713)% -0 — 07

B(Ag — 2307 7,) = non-existent j¥ : 07 — 1+

f:OJ]‘P:OJr%lJr g %

Jr =20

B(A) — £2(2455) 7t )
B(A) = Afn)

=1

IT(AY — 207+ 0= 7)) + IT(AY — S+ 07

IT(AY = 20707 9) + AT(A) 5 £+ 0w :

IT(AY O[) z+( b 9 _ 00544002 0.013
T(AY = Af-7)

The A) — 20717077, and A) — £ 717 £~ 7, facilitating an 07 — 1T transition are suppressed.
In heavy quark limit, the spin of the light diquark in heavy baryons has consequences for the b-baryon decays
i.e., constraining the states which can otherwise be produced in b-baryon decays.

Does the HQS hold in b-baryon decays to pentaquarks? We currently lack data to
test it, but it is worthwhile to work out its implications for the interpretation of the
LHCb data and the pentaquark phenomenology.



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
G
V2

He"}/f inducing the Cabibbo-allowed Al = 0, AS = —1 transition b — cCs, and the

A= <’PM ‘H ’B> with HY; = [VcbV?q(Clogq) +Czo<2q))]

Cabibbo-suppressed AS = 0 transition b — ced.

O = (Gucg)v—a(cubp)y—n and O

= (Gaca)v-a(Cpbp)v-a
Byj (3) = A (udb), _‘b(usb) E, (dsb),  Cjj (6) =X, (ddb), Zo(udb) (uuh ), By, (dsb), B (ush) , (ssb)

P, N

Z+ t K Z+5h Py P,

j_ - s 0 i (1P — _ P Pp
M= s =+ 1<2v . PP = Py R p:
- % _ 28 _ _ N
K Id ” Pz Pz e

A decuplet Pjj: Piig = PAF , P12 = PAE /3, P = PA(I:D/\@ , Paxp = P% , Pz = PZE /3, Pz =
Py /6, P = Pz;o/\/i , Piaz = PE?O/\/g P = Pg /V/3 and Pag3 = Pq..
© Calculating the decay amplitudes is a formidable challenge.

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

¢ Only those states obeying the flavor constraints following from the weak Hamiltonian and having
the internal spin quantum numbers compatible with the HQS will actually be produced in b-baryon

decays.



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)

Heavy quark symmetry allows only IP(4450)to be produced in A, decays; we predict a
lower-mass J© = 3/2 state at 4110 MeV!

A very rich spectrum of tetraquark and pentaquark states is anticipated

Dedicated studies required to establish the nature of exotics in experiments and QCD

Important puzzles remain in the complex: <how siplr pattern
i
Y,  elered? Y, +— maybe Y(55?
. g0
& /ZC related? Z, i
molecule molecule reasonable
in trouble tetraquark doubtful

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?

We look forward to decisive experimental results from Belle-II, LHC and PANDA



