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1. Hidden charm and beauty hadrons reveal tetraquarks and pentaquarks

eHeavy quark pairs are difficult to be created or destroyed by QCD forces inside hadrons.

e Hadrons electrically charged and featuring a cc or bb pair must contain additional light
quarks, realising the hypothesis advanced by Gell-Mann in the Sixties

M. Gell-Mann, A Schematic Model of Baryons and Mesons, PL 8, 214, 1964 Baryons can now be

constructed from quarks by using the combinations
(qaq), (qqaqqd), etc., while mesons are made out

: of (qd), (qqqaq), ete.
*These are the exotic X, Y, Z mesons and the

pentaquarks discovered over the last decade

There are, indeed, new valence quark configurations !!

e First hypothesis of tetraquarks by R. Jaffe, as a model of the lightest scalar mesons
e Tetraquarks are more easy to identify at the increase of quark mass

¢ Hidden heavy flavors have been the first,

e hidden charm and open strangeness discovered now !!

e The first, unexpected charmonium was the still controversial X(3872)

e Nearness to heavy pair threshold is to be expected, but the X(3872) is exceptionally

close, we do not know yet if it is above or below the D’D™ threshold, within some
80 keV.
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Explicit Tetraquarks

valence quark composition: ccud
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More, exotic valence quark configurations

¢ '/» Exotic Hadrons, TD Lee Inst., Shanghai June 25, 2019 Tomasz Skwarnicki

Ay = K~ +J/¢+ P

Narrow P — J/wp peaks with A* suppression
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More, exotic valence quark configurations

Ay = K~ +J/¢+ P
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No consensus, yet

- Nuclear F-K. Guo, C. Hanhart, U-G MeiBner,

Q ~ Forces Q Hadron Molecule Q. Wang, Q. Zhao, and B-S Zou,
| i arXiv 1705.00141 (2017)
\d A a1

L. Maiani, F. Piccinini, A. D. Polosa and
V. Riquer, Phys. Rev. D 71 (2005) 014028;
D 89 (2014) 114010.

oCD . -
e Compact Diquark-Antidiquark

1

S. Dubynskiy, S. and M. B.Voloshin,
QCD HadroCharmonium (1) Phys. Lett. B 666,(2008) 344.

Frorces Quarkonium AdjOiIlt Meson (8) E. Braaten, C. Langmack and D. H.
Smith, Phys. Rev. D 90 (2014) 01404
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2. Exotic mesons: the New Wave

e Starting from 2016, new kinds of exotic hadrons have been discovered:

JIY ¢ resonances, di — J/W resonances, open strangeness Exotics:
ch(3082) and ch(4003)

*No pion exchange forces can bind them as hadron molecules made by
color singlet mesons: molecular models have to stand on the existence of
“phenomenological forces” with undetermined parameters

e Not necessarily “just on threshold”, no cusp behaviour..

e The New Exotics arise very naturally as ([cq]3 [€G']%); bound in color
singlet
*The compact tetraquark model makes a firm prediction: hidden charm

tetraquarks must form complete multiplets of flavor SU(3), with mass
differences determined by the quark mass difference:

m, —m, = 120 — 150 MeV.

* with Z:s(3082) and Z:(4003) we can almost fill two tetraquark nonets
with the expected scale of mass differences.
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The New Wave started with the discovery of J/V¥ ¢
resonances, LHCb 2016
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| epositive parity, J=0 and 1, positive charge conjugation

e X(4140) seen previously by CMS and by BELLE

einterpreted as [cs][cS] tetraquarks
L. Maiani, A. Polosa, V. Riquer, Phys. Rev. D 94, 054026 (2016)
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The New Wave started with the discovery of J/V¥ ¢

resonances, LHCb 2016
Results of fit
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eMeson-Meson molecule: no way

oJ/¥ ¢ mass distribution: four structures eBaryon-antibaryon
_epositive parity, J=0 and 1, positive charge conjugation molecules? Z = [csu]
e X(4140) seen previously by CMS and by BELLE 2M= ~ 4930 MeV! I

einterpreted as [cs][cS] tetraquarks

L. Maiani, A. Polosa, V. Riquer, Phys. Rev. D 94, 054026 (2016) A
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di-J/\Psi1 resonances !!! LHCb November 2020
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Figure 2: Invariant mass spectrum of J/j-pair candidates passing the p.li"’/"" > 5.2GeV/e
requirement with reconstructed .J/ masses in the (black) signal and (blue) background regions,
respectively.
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Open Strangeness
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LHCb:
The decay: Bt = J/¥Y ¢ KT
displays exotic resonances in two channels:
JIY ¢ (X = [cs][cs]) and
JIY KT (Z7. = [cu][c5])
LHCb: Z+(4003)
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3. Tetraquark constituent picture of unexpected quarkonia

L.Maiani, F.Piccinini, A.D.Polosa and V.Riquer, Phys. Rev. D 71 (2005) 014028 g '
4 L _ 4 C
o [Cq] 1n color 3, [Cq]S=O,1 [qu]S:O,l I=1 5 0 : /[ 1:, I
' e S-wave: positive parity 2 é |
e total spin of each diquark, S=1, 0 3. ‘ .

* neutral states may be mixtures of 1sotriplet and 1sosinglet

e mass splitting due to spin-spin interactions (e.g. the non-relativistic costituent quark
model

The S-wave, JP=1 * charmonium tetraquarks

87§>J

¢ 1n the basis

B G+ Z-—— (1,01 —|0,1)1), Z' = 1,1}

S
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3. Tetraquark constituent picture of unexpected quarkonia

L.Maiani, F.Piccinini, A.D.Polosa and V.Riquer, Phys. Rev. D 71 (2005) 014028

| e [cq] in color 3, leqls—01lCq'ls—g1 1=1,0 - /[ I
 S-wave: positive parity N * |
e total spin of each diquark, S=1, 0 3¢ é q |

* neutral states may be mixtures of 1sotriplet and 1sosinglet

e mass splitting due to spin-spin interactions (e.g. the non-relativistic costituent quark
model

X(3872)=Xi

= = 1 / 7(3900), Z(4020)=lin. combs.

=1 G=+ 7= 5 (11,000 = 10,1)1), 2" = |1, 1)+ of 7&7” that diagonalize H
X(3940)=X> 27
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Tetraquark constituent picture of di-J/Y¥ resonances

L.Maiani, F.Piccinini, A.D.Polosa and V.Riquer, Phys. Rev. D 71 (2005) 014028 v 1
e [cc]in color 3 [ ] [— —]
cclo_qlcclo 3. @

e total spin of each diquark, S=1 (color antisymmetry and Fermi statistics)
e S-wave: positive parity

S-wave, fully charm tetraquarks

e C=+1 states: J'C = 0%+, 2** decay in 2 J/y, 2 1., 2 y,o(1P), 2 y.1,(1P), DD
o C=-1 states: J'© = 177, decays in J/y + n., DD
Jacobi coordinates in the

emass spectrum can be computed (see e.g. M.A.Bedolla, tetraquark
J.Ferrett1, C.D.Roberts and E.Santopinto, E
arX1v:1911.00960 [hep-ph]: C ]/

£

® QCD inspired potential (Coulomb-+linear potential), gaussian L

Y 4

wave functions in the three Jacobi coordinates, &, &,, &; &1
e Urgent: measure Spin-Parity of the resonances in the /
Spectrum v C @ |
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4. Hidden charm tetraquarks make Flavour SU(3) nonets

classical SU(3) nonet

Mesons with J7C=1-
Masses in MeV
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4. Hidden charm tetraquarks make Flavour SU(3) nonets

classical SU(3) nonet can be plotted v.s. number of
Mesons with J®=1- Strange quarks
S , Masses in MeV # s, §
*0 Ay d)
| K. : /.\ ? Nonet Mixing:
/ )\ X o . K ! mass differences
o | » P+ (770 x (n, + n;)(m, —m,)
2 »
il N " —@——» "
[ o 0 .-
) —u) pY, @
1 K- . Equal Spacing rule, e.g.:
"5 £ b = = [ 775) + ¢(1020
"2 § ? pUTo) ;b( ) _ K*(892) ~ 6 MeV

$(1020) — p(775) ~ 244 MeV
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4. Hidden charm tetraquarks make Flavour SU(3) nonets

classical SU(3) nonet can be plotted v.s. number of
Mesons with J=1- Strange quarks
g " Masses In MeV # S, E
'O * ¢
K K+ - p) =
Nonet Mixing:
o o o g
/ ,\ K0 ./ \. K+ 1 mass differences
ol » pr (170 x (n, + n;)(m, —m,)
;. 4
4 \ , / P oo 0
® ..,, p%, @
1 B * Equal Spacing rule, e.g.:
B 5 o [ 775) + ¢(1020
1/2 0 +1/2 . 13 ,0( ) 2¢( ) _ K*(892) - 6 MCV

$(1020) — p(775) ~ 244 MeV

The lightest J© = 17 tetraquarks

fall into two different nonets

e X(3872) & X(4140) (the lowest J/¥ ¢ resonance) belong to one

(JF€ = 17 nonet, as indicated by the mass difference:
Z (4140) — X(3872) = 275 MeV

e Z.(3900) needs a second (J©¢ = 177) nonet
o 7Z:(3985) and Zc(4003) almost completely fill them...

TD Lee Institute, April2 , 2021 L. Maiani. SU(3) symmetry and tetraquarks 1333



X(4140) + X(3872) _
=
= 4009

Two solutions

Solution 1
1+t

#sors
X (4140) I3

Z_(4003)
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a well 1dentified shopping list

oX ., M = 4076 or 4121, decays: 1. ¢, D¥D:

eThe nonet of Z(4020), J©'¢ = 17, requires a third Zs at 4150-4170 MeV;
e HCb indeed sees a Zcs(4220), J¥ = 1%or 17, which may be too heavy

e the I=1 partners of X(3872), decaying into J/¥ + p~*

e the I=0 partners of Z¢(3900) and Z(4020), possibly decaying into
JIY + £,(500)(aka o(500)).
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Radiative and Pionic Decays of Y(4230)

PRL 115[20] zc(ssss
PRD 92[21] Z.(3885)

)| 4226

)| 423
PRL 112 [22] Z.(4020) n

423

(0.65 + 0.11)-

. (137 £ 17) =
PRL 115 [23] Z.(4020) 7029 — 70(D* D*)° 65 |
PRL 115(24] X(3872) | 4.226 | N X = ym e Jf - —— [027+0.09+0.12]
PRD100[25) -_l
2011.07855[2] Ze.,(3982) K+Z, > K+(D: DY+ D;D*%) | 199 | 44409 |

TABLE I: e7e~ annhilation cross sections into exotic hadrons, determined by BES III in the Y (4230) region.




e Assume Y has a valence quark composition [cu][cii] or [cd] [cd], then:

e the photon is emitted from the light quark or antiquark:
- 2
g — g + y, same for q, coupling = e Q, ;, — = :
“dAx 137

e pionic decay arises from the elementary transitions
e u>dna" or d— it nt (and similar for n- and n°)
e the pion couples to the axial current: g7 = ? gyys(VM)g, f, = 132 MeV

T

where M 1s the meson SU(3) matrix

e The same transitions are operative 1n

& -
D* — ylz+ D (AL = 0) R. Casalbuoni, A. Deandrea, N. D1 Bartolomeo,

and D, —» 7 D* (AL = 1) R. Gatto, F. Feruglio and G.Nardulli,
Phys. Rept. 281, 145( 1997).

Is quark dynamics the same in mesons and tetraquarks ?
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o the ratio R =

e setting:

RF:RGZ

['(Y4230) — 7YZ.(3900))
C

o(ete™ — 7°Z.(3900)° — z°(DD* + ¢ . c.)?)

epends only on g ( the
F(Y(4230) — 7X(3872)) P yong(

dependence upon wave functions cancel out)

14

we find:

o(ete™ — yX(3872))

Y > nZlyX:g=105°

compared to

e D*¥ > Dr:g~0.56
e D, —» D*r:g=0.61 £0.8

TD Lee Institute, April2 , 2021
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Charge conjugation for SU(3) nonets

e A charge conjugation quantum number can be given to each self conjugate
SU(3) multiplet according to

G€TE = n,;T, T = transpose matrix, n, = % 1

e 1 1s the sign taken by neutral members, but it can be attributed to all
members of the multiplet.

e 1 =-11s given to the electromagnetic current while ny = — 1, 7, = + 1

e |n the exact SU(3) limit, n 1s conserved 1n strong and electromagnetic decays.
e Selection Rules: exact SU(3) or first order in ms-my

e Y Decay:

H;x Tr[YIM, X]] (ny=+1), Z; xTe[YIM,Z})] (n,=-1)

o 7, Xcs decay:

=y (Tr{Z,M}) ((u]l =mass), =Au [Z (WK)+c.c.]

;=1 iy Tr([egX,M]) ~ 1 (m,—m,) i[X_, (WK")—c.c.]

TD Lee Institute, April2 , 2021 L. Maiani. SU(3) symmetry and tetraquarks 19 /33



Isospin and Flavour SU(3) Selection Rules

Isospin:
e Y(I = 0) » 7t0XF0 .
oYI=1)> "X —n X7,
oY(I =0) > n%Z + n=ZF + n°Z?, same for Z/;

SU(3)
oY(I =0,1) or Y([es][c5]) = (K™X_,—c.c.) and (K™Z_ + c.c.);
eThe decay Z., — J/y K 1s allowed in the exact SU(3) limat
¢ The decay X, — J/y K may occur to first order in SU(3) symmetry breaking
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Isospin and Flavour SU(3) Selection Rules

Isospin:
e Y(I = 0) » 770XV
YI=1) - "X —n X",
oY(I =0) > n%Z + n=ZF + n°Z?, same for Z/;

SU(3)
oY(I =0,1) or Y([es][c5]) = (K™X_,—c.c.) and (K™Z_ + c.c.);
eThe decay Z., — J/y K 1s allowed in the exact SU(3) limat
¢ The decay X, — J/y K may occur to first order in SU(3) symmetry breaking

BES III should see 1n his spectrum two more Zcs :

Z.(4003) and the Z¢s associated to the nonet of Z(4020)
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The LHCb way

eThe main process: 5 K ¢ J/V L. Maiani, A. D. Polosa and V. Riquer

*B decays into meson + tetraquark are described by two quark diagrams:

ol

WORK IN PROGRESS

S

- 1eq]

« , C ) Originate from the weak decay
q =1u,da,s . — 7 — -
N diagonal Tetraq. only = X, , | b —> ¢+ ( c + S)
g=ud s ) . The strange antiquark
—————— M=039)=K", K¢ may form a meson
@) with
7 12g] (a) the spectator quark
) ‘ —u. d, s (b) a quark from the
M=@Gqg)=K", K° ¢ sea
non — diagonal Tetraq. possible = X, 7,z
=wds Leql diagonal tetrags. are
b) 0. formed with K+ |
B = K+ + X, /X,/X strange tetrags. with ¢
BT - ¢p+X,

10
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The LHCb way

oThe'main process: 5 K ¢ J/V L. Maiani, A. D. Polosa and V. Riquer

B decays into meson + tetraquark are described by two quark diagrams:

ol

WORK IN PROGRESS

P C [EQ] Originate from the weak decay
qg =u,d,s . _ _ - -
e diagonal Tetraq. only = X, , | b — ¢+ ( c + S)
—ud s The strange antiquark
7 - > > M= (5q) = K+ KO
' N ' = (5q) = K", K%, ¢ may form a meson
@) with
3 €3] (a) the spectator quark
) ‘ =u. d, s (b) a quark from the
M=@Gqg)=K", K° ¢ sea
non — diagonal Tetraq. possible = X, 7,z
azwds Lcql diagonal tetrags. are
(b) e.q. formed with K+ |
B* = K* + X,/X,/X. strange tetraqs. with ¢ '
Bt">¢p+X,
,. X has been abundantly seen
= TD Lee Institut e SRS

Is there a selection rule discriminating Z nonet vs X’s 7 m



The X™ puzzle

X ([cu][ciz]) and X~ must exist, not far from 3872 MeV !
scxpected decays: X* — DD +c.c., J/P + nt 7"
ethe first channel may be below thresold, the second must exist
e There 1s only a very old limit by BABAR:
_ Br(B" - K*X(3872)" —» K1Jly n°7z7)
= Br(BY — KYX(3872) - KW /y =ntr) N
¢ From more recent data on B*, B0 and BY% decays, we derive the bounds
L. Maiani, A. D. Polosa and V. Riquer, Phys. Rev. D 102 (2020), 034017

Br(B® — KtX(3872) — K*J/w n'z™)
Br(BY — KYX(3872) - KVW/y ntr)

e Can we afford a new try?

0.05 < R}, = <0.57
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On the not so bright side...

o' x ¢°: the decay Y(4230) — 7Z(4020) 1s strongly suppressed
erate would be OK 1if the signal comes from the next line, Y (4320):
1s 1t possible?

othe J/W ¢ resonance X(4274) is classified by LHCb as J¥ = 17,

but for color 3 diquarks, there may be only one J© = 1%, which is
X(4140). Could there be also color 6 diguarks quarks as suggested

J. Wu, et al., Phys. Rev. D 94, 094031(2016)
(but no evidence color of color 6 diquarks from lattice calculations)

e Can we exclude that the X(4274) signal consists of two almost
degerate lines with J* = 0F, J&' =217
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In conclusion....

eThe existence of exotic SU(3) flavour multiplets, with a characteristic
scale of symmetry breaking is a distinctive prediction of compact
tetraquarks.

*The newly found strange exotics are close 1n mass, like X(3872) and
Z(3900), and fit into their nonets: a clear score in favour.

eDecays: Y(4230) — y X(3872) and 7 Z(3900) are consistent with D*
and D1 decays

e Y — 1w Z(4020) ?7??7? needs clarification

e Much remains to be done, to produce more precise data and to search for
still missing particles, some with well defined mass and decay modes

eit 1s a tough order: more luminosity, better energy definition, detectors
with exceptional qualities... a lot of work...

ea much closer exchange between theory and experiment 1s needed
elike the exchange that took place in the sixties and seventies, and led to
the quark picture of mesons and baryons.
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PR v el

= g twv '
Starting in 1957, a new 2l I .7
generation of film D
Directors, in France w
S =A
and Italy, proposed a i \
completely new way of [

making movies...
the were called

La Nouvelle Vague
(The New Wave).

Similarly, we assist now
to the discovery of a
completely New Wave
of Exotic Hadrons...
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generation of film
Directors, in France
and ltaly, proposed a
completely new way of
making movies...

the were called

La Nouvelle Vague
(The New Wave).

Similarly, we assist now |
to the discoveryofa
completely New Wave
of Exotic Hadrons... Like La Nouvelle Vague of film directors

et us follow the Wave

and face the challenges !!
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