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Expected masses of gg-mesons, glueballs, hybrids and two-body production thresholds.
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PREAMBLE

1. STUDY OF THE MAIN CHARACTERISTICS OF CHARMONIUM & CHARMED HYBRIDS
SPECTRUM (MASS, WIDTH & BRANCH RATIOS) BASED ON THE QUARKONIUM
POTENTIAL MODEL AND RELATIVISTIC TOP MODEL FOR CHARMONIUM DECAY
PRODUCTS.

2. ANALYSIS OF SPECTRUM OF SCALAR AND VECTOR CHARMONIUM STATES IN
MASS REGION OVER DD-THRESHOLD. A BRIEF REVIEW OF THE NEW XYZ-
CHARMONIUMLIKE MESON STATES AND ATTEMPTS OF THEIR POSSIBLE

INTERPRETATION. THE EXPERIMENTAL DATA FROM DIFFERENT

COLLABORATIONS (CLEO, CDF, BELLE & BABAR) WERE ELABORATELY
ANALIZED.

3. DISCUSSION OF THE RESULTS OF CULCULATION FOR THE RADIAL EXCITED
SCALAR AND VECTOR STATES OF CHARMONIUM AND CHARMED HYBRIDS AND
THEIR COMPARISON WITH THE RECENTLY REVEALED EXPERIMENTAL DATA
OVER DD-THRESHOLD.

4. APPLICATION OF THE INTEGRAL FORMALISM FOR DECAY OF HADRON
RESONANCES TO CALCULATE THE WIDTHS OF CHARMONIUM AND CHARMED
HYBRIDS. ANALYSIS OF THE RESULTS OF CALCULATION FOR THE WIDTHS OF
SCALAR AND VECTOR CHARMONIUM STATES IN THE FRAMEWORK OF INTEGRAL
FORMALISM.
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Why is charmonium chosen!?
Charmonium possesses some well favored characteristics:

Charmonium — is the simplest two-particle system consisting of quark & antiquark;

Charmonium — is a compact bound system with small widths varying from several tens of
keV to several tens of MeV compared to the light unflavored mesons and baryons;

Charm quark c has a large mass (1.27 + 0.07 GeV) compared to the masses of u, d & s (~
0.1 GeV) quarks, that makes it plausible to attempt a description of the dynamical
properties of cc — system in terms of non-relativistic potential models, where the functional
form of potential is chosen to reproduce the assymptotic properties of strong interaction;

Quark motion velocities in charmonium are non-relativistic (the coupling constant, a, = 0.3
is not too large, and relativistic effects are manageable ( v2/c? = 0.2));

The size of charmonium is of the order of less than 1 Fm (R ~ a5- m, ) so that one of the
main doctrines of QCD — asymptotic freedom is emerging;

Therefore:

charmonium studies are promising for understanding the dynamics of quark interaction at
small distances;

charmonium spectroscopy is a good testing ground for the theories of strong interactions:
* QCD in both perturbative and nonperturbative regimes
* QCD inspired purely phenomenological potential models
* non-relativistic QCD and Lattice QCD
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Distance [m]

Coupling strength between two quarks as a function of their distance. For small distances
(< 1016 m) the strengths o is = 0.1, allowing a theoretical description by perturbative
QCD. For distances comparable to the size of the nucleon, the strength becomes so large
(strong QCD) that quarks can not be further separated: they remain confined within the
nucleon. For charmonium states o~ 0.3 and <v?/c2> = 0.2.
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In QCD-motivated quark potential models, quarkonium states are described as a quark-
antiquark pair bound by an inter-quark force (potential) that includes a Coulomb-like one-
gluon exchange potential dominates at small separation and a linearly increasing confining
potential dominates at large separation.

The energy levels are found by solving a non-relativistic Schrodinger equation:

I ReP) V(D BulP) =a

2m

In central symmetric potential field V(r) the Schrodinger-type equation can be written:

u(r) +f:1{ E-V(r)- '(';n]ihz}U(r) =0

where U(0) = 0 and U' (0) = R(0), and U(r) = rR(r), M »M »127 GeVv, R(r) - radial wave
function, r — distance between quark and antiquark in quarkonium.

These properties underlie the choice most of potentials: }V (r ) |r® o~1/r ©° (1 )
1 rin(1/rL
Tv(r)|r®¥ ~ kr

The Comel potential: Vv (r)=-a/r + kr; a=0.52 GeV; k=0.18 GeV.

The orbital levels are labeled by S, P, D,... corresponding to L = 0,1,2,.... The quark and
antiquark spins couple to give the total spin S = 0 (scalar) or S = 1 (vector). Whole
momentum of quark-antiquark system J = L+S. Quarkonium states are generally denote by
25+, with quantum numbers JPC, where parity P = (-1)-*1 and charge parity C = (-1)-*S.

* A.A. Bykov et al. Physics — Uspekhi, V.143, N1, 1 (1984)
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The quark potential models have successfully described the charmonium spectrum, which
generally assumes short-range coulomb interaction and long-range linear confining interaction

plus spin dependent part coming from one gluon exchange and the confining interaction. The
zero-order Hamiltonian is:

|j .
D~ 4 o 32T, = <
m. 37T Om?
é; C ] A e ’——{TEJ‘Q . . . . . .
where 0,(r) = (0//T)° € which is a gaussian-smeared hyperfine interaction.

Solution of this equation with above H, gives the zero order charmonium wavefunctions.
*T. Barnes, S. Godfrey, E. Swangon, Phys. Rev. D 72, 054026 (2005), hep-ph/ 0505002.

The splitting between the multiplets is determined by taking the matrix element of the H,

taken from one-gluon exchange Breit-Fermi-Hamiltonian between zero-order wavefunctions:

B e 1 .25, b -—laET]

_ Ry g
( 3 21‘J * 3

where a. - coupling constant, b - string tension, S - hyperfine interaction smear parameter.

2
111

Izmestev A. has shown *Nucl. Phys., V.52, N.6 (1990) & *Nucl. Phys., V.53, N.5 (1991) that
In the case of curved coordinate space with radius a (confinement radius) and dimension N at
the dominant time component of the gluonic potential the quark-antiquark potential defines via

Gauss equations. If space of physical system is compact (sphere S3), the harmonic potential
assures confinement:

DV, (|! ) = const Gl-ul/z(r )5(} ), Vy (I‘) =V, 6)(I‘)R1' N (I‘)dl‘ /r, V, =const >0.
R(r) :sin(r /a), D(r): r/a, V,(r)=-V,ctg(r/a)+B, V,>0, B>O0.
When cotangent argument in V(r) is small: rzfaz <<p?2,
weget: ctg(r/a)»al/r-r/3a,
where R(r), D(r) and G(r) are scaling factor, gauging and determinant of metric tensor G ,,(r).
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Let us define the set of generators of SO(4) group  p- M = [# ’ b] N = r4b- }p4
wheref and P are coordinate and momentum operators, M isangular momentum operator.

Dilatation operator N defined on the sphere S® has the form —> N = Rp+ r(r p)/ R
The linear combinations of these orthonormal Operators m (|\/| + N)

contribute two set of generators of the SU(2) group. Thus the SU(2) group generates the
action on a three-dimensional sphere S3. This action consists of the trandation with
whirling around the direction of tranglation. We get a Hamiltonian:

H =

p— (m,d H2h+(M,d )} where < - spin operator, m- mass of the top.

r _— r
Whenradiusof thespheree R® ¥ = m_JR=(MiN)/R® +p

the Hamiltonian tends to the Pauli _ r r I Iy
H = _ 'S Jjn2h + ® —I(p,s
operator for the free particle motion: 2mR (m‘ )}{ ( )} 2m(p )
Ttle Spectrumis: The wave function:
HY =" (n+1)?Y ,n=0,12. Y, =|LSIM,)
2mR

was taken as elgenfunction of tota momentum ) jz — ((rh + Sr)/z)2 of the top.

* Advances in Applied Clifford Algebras, V.8, N.2, p.235-254 (1998) & V.8, N.2, p.255-270 (1998) .
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In the framework of this approach in the relativistic case the Hamiltonian of a decaying
resonance is defined with the equation ( R® a+b isabinary decay channd ):

H :\/mj +%((ﬁi,£)+2h)2 +\/mf +%((/5¢,0r)+2h)2

were m, and m,, are the masses of resonance decay products (particlesa and b).
The spectrum of the Hamiltonian is:

E:\/m:+h (n+1) +\/m§+h (n+1) 'n=0,12..

2 2

R

Finally, the formula for resonance mass spectrum can be written in the following form
(we used the system in which h =c =1):

E=M, =nj +P* +/nj +P* =/nf +(nP)" +,/nf +(nP)’ =

, 2 , 2
1 e Ep U b "€ W
R0 &R0
where P, — is the basic momentum. The momentum of relative motion of decay products

P, (particles a and b in the center-of-mass system of decaying resonance) is quantized
relatively P, . R, s the parameter with dimension of the length conjugated to P,
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The ct system has been investigated in great detail first in e*e-reactions, and
afterwardson arestricted scale (E; < 9 GeV), but with high precision in
pp-annihilation (the experiments R704 at CERN and E760/E835 at Fer milab).

The number of unsolved questionsrelated to charmonium hasremained:
« scalar D, and vector 3D; charmonium states are not determined yet;

« higher laying scalar 'S,, P, and vector 3S, , 3P; —charmonium states are poorly
Investigated;

« only few partial widths of 3P, -states are known (some of the measured decay
widths don't fit theoretical schemes and additional experimental check
or reconsideration of the corresponding theoretical models is needed, more
data on different decay modes are desirable to clarify the situation);

 the domain over DD - threshold of 3.73 GeV/c? is poorly studied.
AS RESULT:

e little is known on charmonium states above the the DD - threshold (S, P, D,....);
e many recently discovered states above DD - threshold (XYZ-states) expect their
verification and explanation (their interpretation now is far from being obvious).

IN GENERAL ONE CAN IDENTIFY FOUR MAIN CLASSES OF CHARMONIUM DECAYS:
decays into particle-antiparticle or DD-pair: pp — (¥, 7, x.;) — barion-antibaryon or DD
decaysinto light hadrons: pp — (¥, n) — pr; Pp— ¥ — a*n -, pp — ¥ — wrd,...
radiative decays: Pp — yn, 7x¢; - (are employed for h, 7. and their radial excitations study)
decayswith J/¥ inthefina state: pp — J¥P+ X=>1p - J¥ xtn -, pp — ¥ 7%°

(are employed mainly to study y, and radial excitations of ¥ and y,,).
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CC meson spectrum

Charmonium mesons
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The figure was taken from S. Godfrey & S. Olsen, Annu. Rev. Nucl. Part. Sci., 58, 51 (2008).
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This figure was taken from S. Godfrey, Proc. Of the DPF-2009 Contf., Detroit, Ml, July, 2009.

The solid lines are constituent quark model predictions; the shaded lines are the observed conventional
charmonium states; the blue horizontal dashed lines represent various DD, thresholds; the red dots
are the newly discovered charmonium-like states placed in the column with the most probable spin
assignment. The states in the last column don't fit elsewhere and appear to be truly exotics.
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CHARMONIUM PRODUCTION MECHANISMS RELEVANT TO THE XYZ — STATES:
B K(6T) =>JC= 0+, 1, 1*.B~2x 103 B*=ub, BO=db, K* = U5, KO = d5;

e Production of J°¢ = 1- - charmonium states viainitia state radiation (ISR) => JP¢ = 1~

e Charmonium associated production with J/¥ mesonsin e*e annihilation. => J°¢= 0+, 0*+,

e Two photon collisions. => JP¢ = 0+, 0*+, 2+, 2+ |

+

e c  Structures besides gg quark model

e ~
V C
ISR
Ilustration for the initial state radiation (ISE) process.

. qq-gluon“hybrid”
D° - D “molecule”
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CHARMONIUM PRODUCTION MECHANISMS RELEVANT TO THE
XYZ — STATES (XYZ - PARTICLES)

m B> K(cE=>JP°=0*1-,1*. B=2x10-3. B*=ub, B°=db, B- = ub.

B-decays to final states containing cC mesons. At the quark level, the dominant decay
mechanism is the weak interaction transition of a b quark to ¢ quark accompanied by the
emission of a virtual W ~boson, the mediator of the weak interaction. Approximately half of
the time, the W ~boson matirializes as a sc pair. So, almost half of all B-meson decays result
in a final state that contains ¢ and C quarks. When these final-state ¢ and ¢ quarks are
produced close to each other in phase space, they can coalesce to form a cc meson. The
simplest charmonium producing B-meson decays are those where the s quark from the W~
combines with the parent B-meson’s u or d quark to form a K-meson (K* = us; K° = ds).

m Production of JP¢=1--charmonium states via initial state radiation (ISR). In e*e
collisions at a cm energy of 10580 MeV the initial-state e* or e- occasionally radiates a high-
energy y-ray (y,sg = 4000 MeV — 5000 MeV), and e* and e subsequently annihilate at a
reduced cm energy that correspond to the range of mass values of charmonium mesons.
Thus, the ISR process can directly produce charmonium states with JP¢=1--.

m Charmonium associated production with J/% mesons in e*e annihilation. JP¢ =0
and 0™*. In studies of e*e annihilations at cm energies near 10580 MeV => Belle discovered

that in inclusive annihilation process => e*e-— J/Y¥ + (cc) => J/¥ + neor W + y.o (J=0#1#2).

m Two photon collisions. In high energy e*e- machines, photon-photon collisions are
produced when both an incoming e* and e radiate photons that subsequently interact with
each other. Two photon interactions can directly produce particles with JP¢=0 -+, 0 +*, 2 -+ 2+,
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Structures besides gg quark model

. qq-gluon“hybrid”
D° - D “molecule”

Two generic types of multiquark states have been described in the recent literature:

m molecular states, is comprised of two charmed mesons bound together to form a molecule. These states
are by nature loosely bound. Molecular states are bound through two mechanisms: quark/colour exchange
at short distances and pion exchange at large distances. Also pion exchange is expected to dominate.
Because the mesons inside the molecule are weakly bound , they tend to decay as if they are free.

m tightly bound four-quark states, dubbed a tetraquark, that is predicted to have properties that are distinct
from those of a molecular state. In the model of Maiani*, the tetraquark is described as a diquark-diantiquark
structure in which the quarks group into colour-triplet scalar and vector clusters, and the interactions are
dominated by a simple spin-spin interaction. A prediction that distinguishes multiquark states containing a cC”
pair from conventional charmonia is the possible existence of multiplets that include members with non-zero
charge [cucd], strangeness [cdcs], or both [cucs] (Z* - particles). * Maiani, et al., Phys. Rev., D 71:014028.
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There are two different kinds of pp — annihilation experiments:
e production experiment — pp —» X+ M, where M = z, n, w,...  (conventional states plus
states with exotic quantum numbers)
e formation experiment (annihilation process) — pp — X — M;M, (conventional states plus
states with non-exotic quantum numbers)

The low laying charmonium hybrid states:

Gluon
(T )5 1— (TM) 1+ (TE)
]SI_j. I}...-. ]_ | 1 =
98,17 0F — exotic 0%
1 17" «— exotic
«— exotic 277

b
1

Charmonium hybrids are the states with excited gluonic degree of freedom. Predominantly
decay via electromagnetic and hadronic transitions and into the open charm final states:
e ccg— (¥, x.5) * light mesons (n, n', w, @) - these modes supply small widths and
significant branch fractions;
« ccg— DD*. In this case S-wave (L = 0) + P-wave (L = 1) final states should dominate
over decays to and the partial width to should be very small.

The most interesting and promising decay channels of charmed hybrids have been, in
particular, analyzed:

e PP — Neoar (0%, 1, 2%) g — X012 (1 ;.. ),

*pp — hco,1,2(0+_’ 1*,2%)n— Xc0,1,2 (n, mr;...);
PP — Y @) — ¥ o,n1r,..);
e P — heoin, N1z, Ca (OF, 1+,2%,0,1%,24,1*")y — DD 1.

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

X(3872)
PRL 91, 262001 (2003)

]
L
E-td J.Iﬂ-l .'I.I Iﬂﬂ :I..i ame
M08y mm) (GGe)

Y(4260)
PRL 95, 142001 (2005)

Z(4430)"
PRL 100, 142001 (2008)

v

3=

i Y|,
7 TR
%s ] e ]

m, e~ (GeVie?)

XYZ-STATES

X(3940) : Y(3940)

PRL 98, 082001 (2007) PRL 94, 182002 (2005)

s 18 ) |y
Fecoll Massldnd | GeVic” R TT ¥

Y(4350) ‘ Y(4008)
PRL 98, 212001 (2007)

P ‘
=]
=
|

V1" and Z2* 5 Y(4140)
PRD 78, 072004 (2008) =1 arXiv:0903.2229

CRF || Frofiminany, 7 7 i

Candidates0 Mavie

1 'I.-.' In [ ]
Mg n") Gev/ic?

#
i
T
B
.
4
N
2

i
Py

£(3930)
PRL 96. 082003 (2006)

PRL 99, 182004 (2007}

Y (4660)
PRL 99, 142002 (2007)

Entriea’25 Melic’

X(3915)
presented at CHARMO9

Many new states: above DD — threshold for the recent years were revealed in experiment.
Most of these heavy states are not explained by theory and wait for their verification and explanation.
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Summary of XYZ-particles. Unusual strong decay into hidden charm.

state M (MeV) T (MeV) J* SeenTn Observed by: ~ Comments
Y2075 27548 BBE26 177 (7 sp J/0 = Yo 2175) = o fy(980) BaBar, BESIL, Belle
[ml WILAL06 <23 17 B— KX(3872) = ot~ Jluad/v, DD Belle, CDF, D0, BaBar Molecule?
X(3015) 301444 BT M ayswliy Belle
Zﬁ.agﬂu,- 3020105 20010 211 a4 = Z(3040) — DD Belle 2*Pa(c?)
N(340) 3240 3THIT 07 emem = L0 X(3040) — DD {net DD or w i) Belle 31 So(eF)?
V(3040)  3043+£17 €7+34 7Y B KY(30)  wJ/v (not DD} Belle, BaBar 2Py (ce)?
V(400%) 40081 226150 177 (e )psn — YH0OR) = a0 Belle
Y(AM0)  AM3£31 1L7H 7 B = KY(4U0) = Jjv CDF
X(4160)  41564+20 130710 0 eme S X (4160) — D7D (not DI) Relle
Y(4260) 4264 £12 83£22 177 [E'f?'hm—*l’lﬂ‘"’i{l‘—>r‘rr‘?*'-r" BaBar, CLEQ, Belle  ITybrid?
Y(4360) 432420 1724331 (e e hsp—= Y0, =7 7 o' BaBar
V(4350) 4361413 TAH18 177 (e )psp — Y4300 = 7wy Belle
Y(630) 4634755 02T 17T (€7 husn — Y(4630) — ATAS Belle
Y660, 4661 +12 A8+16 1 (e e hsp — Y660} = 7 7 o Belle
2040500 4om1tE st B K (a050) — 1y Relle
Z2(4250) 4z4m.tjc,’;‘;' 17T 7 B KZE(4250) — m5ya Belle
Z(4430)  M3345 45T 7 B KZE(U30) -ty Belle
V10800) 10,8043 5540 177 ¢ =¥, — 7 T{1.2.39) Belle
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Charmonium states observed in the last years.

state production mode decay mode

X(3872) B — KX(3872) Ji i
X(3915) vy — X(3915) Jf rew
Z(3930) yy — Z(3930) DD

¥(3930) B — K¥(3930) I rew
X(3940) | ete — J/UX(3940) DD

¥(4008) | ete — ysrF(4008) Ji b
Z;(4050) | B° — K Z;(4050) Year
¥(4140) B — K¥(4140) J e
X(4160) | e*e — J/UX(4160) D*D*
Z;(4250) | B — K~ Z;(4250) et
¥(4260) | ete — yop¥(4260) Jj i
X(4350) yy — X(4350) T/
F(4360) | ete — yisrY(4360) o o
Z+(4430) | B — K- Z*(4430) Wt

A(4630) | e e — yisrX(4630) AT
¥(4660) | ete — yisrF(4660) o T

* N. Brambillaet al., Eur.Phys.J. C 71 (2011) 1534.
Y(4274) JPC =27 M =4274+8.4,[ =32 +22, B— EY(4274)—= K (g J /)
May be radial excitation of Y4140} or what!? Whatis ¥(4140)!?
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B X (3040 — u.,..r""i,.-}
B(X (3940) — D+ D7)

B{Y (3040) — wJ /i) 0.75
e . =—— .~ Ui
B{Y(3940) — D+0 D0

\ The X.Y.Z nedr 3940 MeV
\noll'lseeri in bb*
Y(3940)
B—)K m.]'/q! )

< 0.60

not seen in&mj' f’w- 'Prubﬁbii the i;z'
Z(3930)
vy > DD

probably

x(3940)/’{11fferen}
ete- -) J/v DD*

-

W

Enner [ 101 by i

st ot uaa;en T 'I;'". T am "| 'rﬁ:j:{'i‘i”
L FLi ,__"!J_.E_ﬂ FE _ Misadty M(mew) ML M(DD)

MDD M(DD“)

M = 3929+51+2 MeV

M = 3942 *7,+ 6 MeV
Cyot = 37 22 +12 MeV
Nsig =52 3§ *+ 11evts

M=3940 + 11 MeV
=92 + 24 MeV
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New peak in yy=2>®J/\y from Belle
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Y (4140) =T/ &

CDF, PRL 102, 242002 (2009)
CDF observed new charmonium-like particle
9 i 4
ag B—>I/qfd)K

14 + 5 events (3.80)
from 2.7 fb!

Candidates/10 MeV/c?

0 - M W Bt gy =]
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[ i I Tl I
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My (GeVic) AM (GeV/c?) =M (ppKK)-M(up)

11 12 1.3 14 15

Qs . M =4143.0 +2.9 +1.2 MeV/c?
§ =117 3487 MeV

~—~

X 3

‘:E 2.5

2 s 2 2 Ds* Ds* molecule or tetraquark ?
m2(Jivd) (GeV3ieh)
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Searches at Belle

B*—>Jy ¢ Kt —

Events | { 0.01 GeVie? )

BF(B—YK)BE(Y—J/wd)
<6 x106 (@90%CL)

an

I

Y(4140)

e

Entries/25 MeV/c®

M(0J/y) (GeVic?)
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40
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Updates of Y (4260)

Belle, PRL 99, 182004 (2007)
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Y (4320) and Y(4664), and X(4630) in Ac*Ac

Belle, PRL 99, 142002 (2007)
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The XYZ particles

" X(3915) —yy — oJ/ y (FC =2 =>may be FC =0+
* Z(3930) —yy — DD (only J°= 0** and JP°=2+*)

* Y (3940) - B — KaoJhy (FC =1*)

e X(3940) — ete — Jhy DD* (JF€ = 0-*, not 0**) «

double charmonium decay
e X(4160) —ete- — J/ w D'D” (FC€ =0+, not 0™) —
-*4140) —B - KoJ/ y (B — KaJ y )(JFC=7%)
{' X(4350) —yy — od/w  (J°=0,27)  yraap ) pssniey, M(4%D,) = 4740MeV,
*Y(4274) —B — KJ/ ¢y (FC=7%)

M(57S,) = 4704MeV, M(673,) = 4977TMeV
~—* Y (4260) — ete — v n*n-J/y (no evidence for open charm decay DD, ..., D*'D)

— *Y(4350) —ete — v ntyw(2S) (no evidencgfor open charm decay DD, ..., D'D*)

_* Y (4660) — e'e — vy n* - yw(2S)(no eviderice for open charm decay DD, ..., D'D")

—B — K m¥y,; Z*(4250) —B — K m¥y,,

* ISR 1- states => higher laying ¢onventional CC states: Y (4350) <=> 3°D, and
Y (4660) <=>53S, respectively: Ding G.J. et a., arXiV: 0708.3712 [hep-ph].
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 Theory referred many yearsfor thelack of new data in hadron spectroscopy especially
over DD - threshold.

* Now theory does not know whereto put the new recently discover ed states.

« Eight of the XYZ particles seems possibletointerpret asradial excited scalar and vector
states of charmonium in the framework of the combined approach considered above;

X(3872) — D*°DP molecule or tetraquark [(cq) (€T)]s e (@ = U, d) ™

The interpretation as ¢ ,(2P) state X(3872) — wJ/ ¥ seems to be interesting! *)

X (3915) — y(2P)

Y (3940) — 1,(2P)

Z(3930) — c,(2P)

X(3940) —h (39

Y (4140) — tetraquark state [(cq) (€)] s e OF [(CS) (E3)] 5 e OF D' * D molecule ™
X(4160) — h (49

Y (4260) — ¥ *; charmed hybrid (ctg) or tetraquark [(Cs) (C9)] s yae OF D°D*, DD, molecule’
Y (4350) — 7 --, charmed hybrid (ctg) or tetraquark [(cs) (C9)]p.yave

Y (4630) —tetraquark state [(cd) (cd)] or baryonium (A* A7) ™)

Y (4660) — 7 -, tetraguark [(CS) (€S)] p.yave OF Daryonium™

Z*(4430) — charged tetraguark state [ (cu)][(€d)] or baryonium 4* 2°_or D**DO°, molecul€e”)

) N. Brambilla et al., Eur.Phys.J. C 71 (2011) 1534.

HADROCHARMONIUM

Y(4260) Y(4350)C VY (4660)°  ZH(40B0)  CZE(4250) " Z:(4430)
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THE SPECTRUM OF SCALAR (1S;) AND VECTOR (3S,) STATESOF CHARMONIUM
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THE SPECTRUM OF VECTOR (3P;) STATESOF CHARMONIUM
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e 400 S
— o Y{(3940) _ Z(3930
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The integral formalism (or in other words integral approach) is based on the possibility
of appearance of the discrete quas stationary states with finite width and positive values
of energy in the barrier-type potential. This barrier is formed by the superposition of two
type of potentials: short-range attractive potential V,(r) and long-distance repulsive
potential V,(r).

Thus, the width of a quas stationary state in the integral approach is defined by the
following expression (integral formula):

2
G=2p d‘ (r)radr
0
N 2
where (r < R)- OO’f L(r)‘ dr =1

where F (r) — is the regular decision in the V,(r) potential, normalized on the energy
delta-function; f r) — normalized wave function of the resonance state. This wave
function transforms into irregular decision in the V,(r) potential far away from the internal
turning point.

The integral can be estimated with the well known approximately methods:
for example, the saddle-point technique or the other numerical method.
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THE WIDTHSOF THE SCALAR 'S, CHARMONIUM STATES
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THE WIDTHSOF THE VECTOR 35, CHARMONIUM STATES
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THE WIDTHSOF THE °P;CHARMONIUM STATES
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SPECTRUM OF CHARMED HYBRIDSWITH QUANTUM NUMBERS JP€ =2+ 1+ 17, 0™,
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SPECTRUM OF CHARMED HYBRIDSWITH QUANTUM NUMBERS JPC = 2+ 1% 1** O™,
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CONCLUSION

A combined approach has been proposed to study the charmonium and charmed hybrids

on Ejhe basis of the quarkonium potential model and the relativistic top model for decay
products.

Several promising decay channels of charmonium like pp — ¢C— pr, pp — €€ — 2270,
decays into DD - pair and decays with J/y in the final statepp — Jw + X were, in
particular, investigated.

Ten radial excited states of charmonium (two scalar 1S,, three vector 3S, and tree vector
3P, charmonium states) above DD - threshold are anticipated to exist in the framework of
the combined approach.

The recently discovered states above DD — threshold (XYZ-particles) have been

elaborately analyzed. Some of these states can be interpreted as higher laying radial

excited states of charmonium. This treatment seems to be perspective and needs to be

garefully verified in the future PANDA experiment with its high quality antiproton
eam.

Several promising decay channels of the charmed hybrids like decays into charmonium
and light mesons in the final statepp — CCU— yq 1, (4, 77;...), PPp— cCyg— J¥ (n, w
zr;...) and decays into DD"-pair pp— ¢CQ— D‘ﬁn were, in particular, mvestlgated
Sixteen charmed hybrids with exotic and non-exotic quantum numbers are anticipated to
exist in the frame work of the combined approach.

A possibility to confirm the existence of charmonium and charmed hybrids and verify
their main characteristics in PANDA experiment with the high quality antiproton beam,
has been demonstrated.

Using the integral approach, the widths of the anticipated states of charmonium were
calculated. It has been demonstrated that their widths are also narrow and don’'t have
anomalous large values. The branch ratios were also calculated. Their values are of an
order of =~ 103— 10 for decays into particle-antiparticle and of an order of g ~ 102 for
decays into pz channel and DD-pair. Calculation of the widths and branch ratios for
charmed hybrids into the considered above channelsis fulfilled now.
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