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Many versions of CQMs have been developed
(IK, Cl, GBE, U(7), hCQM,Bonn, etc.)

non relativistic and relativistic
While these models display peculiar features,
they share the following main features :
the effective degrees of freedom of 3q and a confining potential
the underling O(3) SU(3) symmetry

All of them are able to give a good description of the 3 and 4 stars
spectrum



Good description of the spectrum and magnetic moments

Predictions of many quantities:
strong couplins
photocouplings
helicity amplitudes
elastic form factors
structure functions

Based on the effective degrees of freedom of 3 constituent quarks
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the medium Q? behaviour is fairly well reproduced

there is lack of strength at low Q? (outer region) in the e.m.
transitions

emerging picture:
quark core plus (meson or sea-quark) cloud

@

Meson cloud
Quark core



There aretyz) ibilities:
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Problems

1) find a quark pair creation mechanism QCD inspired

2) implementation of this mechanism at the quark level but in such a
way to

do not destroy the good CQMs results



Unquenched Quark Model

Strange quark-antiquark
pairs in the proton with

B D C h.o. wave functions

Torngvist & Zenczykowski (1984)

Geiger & Isgur, PRD 55, 299 (1997)
Isgur, NPA 623, 37 (1997)

* Pair-creation operator with 3P, quantum
numbers of vacuum
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Geiger & Isgur, PRD 55, 299 (1997)

[t would be desirable to devise tests of the mechanisms
underlying the delicate cancellations which conspire to hide
the effects of the sea in the picture presented here. It also
seems very worthwhile to extend this calculation to uu and
dd _loops. Such an extension could reveal the origin of the
observed violations [38] of the Gottfried sum rule [39] and
also complete our understanding of the origin of the spin
crisis. From our previous calculations [4], the effects of ‘‘un-

Bijker & Santopinto,
Extensions PRC 80, 065210 (2009)

e Any initial baryon or baryon resonance
e Any flavor of the quark-antiquark pair
e Any model of baryons and mesons
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Formalism

. - (BCKKkIJ | TT | A)
| a) =N | A+ dK k2dk | BCKklJ
B%’;J/ | > My — Ep — E¢

Pair-creation operator: TT = TT(?’PO)
L=5=1, J=0, color singlet, flavor singlet
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Unquenched Quark Model

Harmonic oscillator quark model

Sum over intermediate meson-baryon states includes
for each oscillator shell all possible spin-flavor states

Oscillator size parameters taken for baryons and
mesons taken from literature (Capstick, Isqur, Karl)

Smearing of the pair-creation vertex (Geiger, Isgur)

Strength of 3P, coupling taken from literature on
strong decays of baryons (Capstick, Roberts)

No attempt to optimize the parameters
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Unquenching the quark model

Mesons P. Geiger, N. Isgur, Phys. Rev. D41, 1595 (1990)
D44, 799 (1991)

g loop
Pair-creation operator with 3P0 quantum number
Note:
g antiq e sum over complete spin-flavor set of
intermediate states necessary for preserving
the OZl rule

e |linear interaction is preserved after
renormalization of the string constant



The good magnetic moment results of the CQM are preserved by the UCQM

Bijker, Santopinto,Phys.Rev.C80:065210,20009.

nev Y

p nx 93 A =20=

FIG. 3. (Color online) Magnetic moments of octet baryons:
experimental values from the Particle Data Group [34] (circles), CQM
(squares), and unquenched quark model (triangles).



Flavor Asymmetry

Gottfried sum rule

1
S¢ 7= 3= Ng7 Ny

Sqg = 0.2281 £ 0.0065

1 - —
/O dx [d(m) — u(az)}
= 0.16 =0.01



Proton Flavor asymmetry
Santopinto, Bijker, PRC 82,062202(R) (2010)

Present °
NMC 1994 —o—
NMC 1997 °
HERMES —o—
E866 e
00 01 02 03



Flavor asymmetry of the octect baryons in the UCQM

Santopinto, Bijker, PRC 82,062202(R) (2010)

0.5+ S

o o 1 Flavor asymmetry
. Nonperturbative QCD
0.0 . .
®
¢ °
-0.5¢ :

p nzt 305 A =0 =

Figure 1. Flavor asyvmmetry of octet baryvons
o o o o

Pauli blocking (Field & Feynman, 1977) too small
Pion dressing of the nucleon (Thomas et al., 1983)
Meson cloud models



Flavor asymmetries of octect baryons

Santopinto, Bijker, PRC 82,062202(R) (2010)

TABLE III. Relative flavor asymmetries of octet baryons.

Model AZH/A(p)  AE")/A(p) Ref.
Unquenched CQM 0.833 —0.005 present
Chiral QM 2 1 Eichen
Balance model 3.083 2.075
Octet couplings 0.353 _0.647 Y-l Zhang
Alberg
TEp — €76 + X (e.g., at CERN).



3. Proton Spin Crisis

2000’s

1990°s

1980°s

Naive parton model QCD: contributions from .. and orbital angular
momentum

3 valence quarks sea quarks and gluons

= 0.842
Ad —0.427 ; AX> = 0.330 £ 0.039 HERMES, PRD 75, 012007 (2007)
COMPASS, PLB 647, 8 (2007)

As —0.085
Genova 2012




Proton Spin

COMPASS@CERN: Gluon contribution is small (sign
undetermined)

Ageev et al., PLB 633, 25 (2006)
Unquenched quark model Platchkov, NPA 790, 58 (2007)

CQM Ungquenched QM
Valence Sea Total

p AX 1 0.378 0.298 0.676
2AL O 0.000 0.324 0.324
2AJ 1 0.378 0.622 1.000

More than half of the proton spin from the sea!
Orbital angular momentum

Suggested by Myhrer & Thomas, 2008, but
not explicitly calculated



4. Strangeness in the Pr'oTon

The s’rrcmge (anti)quarks
come uniqidely from the sea:
there is no contamination
from up or down valence
quarks

The strangeness distribution
iS a ver sensmve probe of
the nucleon's properhes

Flavor content of form

factors

New data E]‘rom Parity

Violating Electron Scattering

experiments: SAMP LE “There is no excellent beauty that hath
HAPPEX, PVA4 and GO’ not some strangeness in the proportion”
Col abor‘a‘hons (Francis Bacon, 1561-1626)

Genova 2012 24



Quark Form Factors

° Gu,p — Gd,n — Gu
Charge symmeftry e
GSP —= Q5" = @GS

* Quark form factors

(2-4sin?©y ) GTP 4+ GV - GFP

1 —4sin° @y ) GVP — GV — G4P

Kaplan & Manohar, NPB 310, 527 (1988)
Musolf et al, Phys. Rep. 239, 1 (1994)

Genova 2012
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Static Properties
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Strange Magnetic Moment

fis = 3 s [25(a)) + €a;) — 28(3) — (@)

HMs [,UN]
02 1 e UCQM
01 - SAMPLE
‘ 0 Global An.
0 ®
| il
0.1 A
-0.2 -

Jacopo Ferretti, Ph.D. Thesis, 2011
Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)

Genova 2012



Strange Radius

5

~ 2
R: = e, (77@ - RCM)
i=1

RY[fm’]
0.04 - ® UCQM
0.03 A HAPPEX
0.02 - % o PVA4
0.01 - | | 0 GO

0 . o | © Global An. 1

—0.01 - | EF ? A Global An. 11
~0.02 -
~0.03 -
~0.04 -

Jacopo Ferretti, Ph.D. Thesis, 2011
Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)

Genova 2012 28



Strange Pr

oton

Strange radius and magnetic
moment of the proton

Theory
. 03} .
Lattice QCD | ;
Global analysis PVES .| +', .
Unquenched QM R ey
o ~ o -0.1F L Py ®
ps = —6-10 4(NN) ool . %
(r?)s = —4-107>(fm?) | |
-0.3 - 4
1.0‘ - .—0l.5. - IO.OI - I0i5l - I1.0
g (k)
Jacopo Ferretti, Ph.D. Thesis, 2011
Genova 2012 Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012) 29







UQM: Meson Self Energies & couple channels




UQM: Meson Self Energies -- UQM |

Coupling V, ,.(q) in Z(E,) calculated as:

Sum over a complete set of accesible

‘ab(’(([) — Z <BC'(7[“.] TT H) ground state (1S) mesons

{J Coupling calculated in the 3P, model

Two possible diagrams contribute:

. o ) (BCal] T.'r A\~2
Self energy in the UQM: S(E)= Y / 2dq (BCqLJ|TT|A)
-~ Bew o Eq, - By~ E,



Godrey and Isgur model as bare mass

Bare energies E_ calculated in the relativized G.I.Model for
mesons

Hamiltonian: —— fr = /2 i+ + md+ Vg + Vi + Vo

] 3 3 AelT)\ = =
Confining potential: Veonf =~ (— ¢t~ br- (!)) Fi- Iy

4 4 r
i = (7 !ﬂgl'; 63("‘)
Hyperfine interaction: P e
b (L -51-52)] F.F

Spin-orb o (r - G §
P Vsoem = —22 (ni.i + ; 1 0H f}gnf ( S5i | 9] \



UQM or couple channel Quark Model

Parameters of the relativized QM fitted to
\[ —F LV}

i\ a = Ea T é(,Ea j

Recursive fitting procedure

M, = calculated physical masses of q bar-q mesons —
reproduce experimental spectrum [PDG]

Intrinsic error of QM/UQM calculations: 30-50 MeV



UQM: charmonium with self-energy corr.

Parameters of the UQM (3P, vertices)

Parameter  Value

Yo 0.510

o 0.500 GeV
0.335 fm
Mn 0.330 GeV
Ms 0.550 GeV

fi tted to: Me 1.50 GeV

State DD DD* D*D* D,D. D.D% D:D? Total Exp.

1:(3'Sp) 38.8 52.3 91.1
U(4040)(3°S1) 0.2 37.2 396 3.3 80.3 80+10

h.(2' Py) 64.6 64.6

xeo(2°Py)  97.7 97.7

x2(2°P2) 272 9.8 37.0
U(3770)(1° Dy) 27.7 27.7 272+1.0

cé(1° Da) 1.7 1.7

ce(2' Do) 62.7 46.4 8.8 117.9
U(4160)(2°Dy) 11.2 04 394 21 56 58.7 103 +8

c&(2° D2) 435 49.3 11.3 104.1

cé(2°Ds) 172 583 481 3.6 26 129.8




UQM: charmonium spectrum with self-energy corr.
Ferretti, Galata' and Santopinto, Phys. Rev. C 88, 015207 (2013)

State JP¢ DD DD* D*D* D,D. D.D* DD} nene n.J/¥ J)UJ/¥ S(E.) Ea M. Mesy.

DD* D,D;
ne(1'Sp) 0~ 34 -31 -8 -8 -2 -83 3062 2979 2980
J/U(*s;) 17 -8 27 41 -2 -6  -10 -2 -96 3233 3137 3097
ne(2'S0) 0~ 52 41 -9 -8 -1 -111 3699 3588 3637
w(2*S;) 177 -18 42 54 -2 -7 -10 -1 -134 3774 3640 3686
ho(1'Py) 17— -59  -48 -11 -10 -2 -130 3631 3501 3525
x0(1*°Py) 0 .31 72 A4 150 -3 -125 3555 3430 3415
Xei(1°Py) 1+ -54  -53 9 -1 -2 2129 3623 3494 3511
xe2(1*P)  2¥* .17 40 57 -3 -8 <10 0 -2 -137 3664 3527 3556
he(2'P1)  17- -55  -76 -12 -8 -1 2152 4029 3877
xc0(2°Py) 0+ -23 86 -1 -13 0 -1 -124 3987 3863
Xe1(2°Py) 1t -30  -66 -11 -9 -1 -117 4025 3908 3872
xe2(22P2) 2t 2 42 54 4 8 210 0 -1 2121 4053 3932 3927
ce(1'D2) 27 99 -62 -12 -10 S
\11(37703)(13D1) 17~ -11 -40 -84 -4 -2 -16 M
cé(1°Dy) 27~ -106  -61 11 -1
cé(1®*Ds) 37~ 25 49 -8 -4 -8 -10 (GeV)|
4.0- X(3872)
.
’3 5- L] S— —_—
3.0
M [X(3872); UQM] = 3908 MeV 2.5
2.0

O+ = F- 0% r+ 22+ 2+ - 3 §PC



UQM: charmonium with self-energy corr.
Ferretti, Galata' and Santopinto, Phys. Rev. C 88

Experimental mass: 3871.68 £ 0.17 MeV [PDG]

Several predictions for X(3872)'s mass. Here: ¢ bar-c + continuum effects

¥e1(2°P;)'s mass (MeV) Reference
3908 This paper
4007.5 2
3990 : F?
3920.5 _41
3896 @ fgv

[1] Ferretti, Galata' and Santopinto, Phys. Rev. C 88, 015207 (2013);
[2] Eichten et al., Phys. Rev. D 69,( 2004)
[3] Kalashnikova, Phys. Rev. D 72, 034010 (2005)
[4] Eichten et al., Phys. Rev. D 73, 014014 ( 2008 )

[5] Pennington and Wilson, Phys. Rev. D 76, 077502 (2007)



minterpretation of the X(3872) as a charmonium state plus an extra
component due to the coupling to the meson-meson continuum
Ferretti,Galata, Santopinto, Phys.Rev. C88 (2013) 1, 015207

UCQM results used to study the problem of the X(3872)
mass, meson with JP¢ = 1+ 23P, quantum numbers

Experimental mass: 3871.68 £ 0.17 MeV [PDG]
X(3872) very close to D bar-D* decay threshold
Possible importance of continuum coupling effects?
Several interpretations: pure c bar-c
D bar-D* molecule
tetraquark

c bar-c + continuum effects
-need to study strong and radiative decays to uderstand
the situation



Radiative decays

Ferretti,Galata,Santopinto,Phys.Rev. D90 (2014) 5, 054010

Transition E, [MeV] T. [KeV] Tpp« [KeV] Tppe [KeV] Tppe [KeV] ooy ppr [KeV] Texp. [KeV]
present paper  Ref. [7] Ref. [9] Ref. [59] Ref. [60] PDG [43]
X (3872) — J/ Uy 697 11 8 64 —190 125 — 251 2 —17 ~ T
X (3872) — U(2S)y 181 70 0.03 7 —59 ~ 36
X (3872) — ¥(3770)y 101 4.0 0
X(3872) = Uy(1°Dy)yy 34 0.35 0

[7] Swanson: molecular interpretation
[9] Oset: molecular interpretation
[59]-[60] Faessler : molecular ; ccbar +molecular

The Molecular model does not predict radiative decays into ¥(3770) and
Y, (13D,)--> Possible way to distinguish between the two interpretations



Quasi two-body decay X (3872) — D°(D"7°) po-

Ferretti,Galata,Santopinto,Phys.Rev. D90 (2014) 5, 054010

['po. < 2.1 MeV FDO* = 0.1 MeV
FX (3872)=D(D7m)ps 0.50 — 0.62 MeV , ﬂ-’fx(gg'yg) = 3871.85 MeV

I'x(3872)»D(Dm)p. = 0.54 = 0.75 MeV ;- M (3379) = 3871.95 MeV

Experimental results:

i 39J 8402 MeV PDG Aushev et al. [Belle Coll.], Phys. Rev. D 81, 031103 (2010)
X(3872)2 0010 = [4-1.1 M€

- PDG Aubert et al. [BABAR Coll.], Phys. Rev. D 77011102(2008
r\l‘n )10 )0 —30 11_()9\]\ [ 1, Phy (



Prompt production from CDF collaboration in high-
energy hadron collisions incompatible with a
molecular interpretation

meson-meson molecule: large (a few fm) and fragile

See: Bignamini et al., Phys. Rev. Lett. 103, 162001
(2009); Bauer, Int. J. Mod. Phys. A 20, 3765 (2005)



Bottomonium spectrum

(in a couple channel calculation)
Ferretti, Santopintio, Phys.Rev. D90, 094022 (2014)

Parameters of the UQM (3P, vertices)

Parameter  Value

Yo 0.732
@ 0.500 GeV
Tq 0.335 fm

Mn 0.330 GeV
Ms 0.550 GeV
Me 1.50 GeV
mp 4.70 GeV

Pair-creation strength v, fitted to:

Crusyspe = 2®aspc [(BCH LJ|TTA)|
Q‘I’T(j_45j)—>BB

(BBgo 1 TT|Y(45))|
= 21 MeV ,

2



Bottomonium Strong Decays

Ferretti, Santopinto, Phys.Rev. D90 094022 (2014)

Two-body strong decays. Results:

State Mass [MeV] J¥¢ BB BB* B*B* B.B. B.B: B:B:

BB* B;B:
T(4%S1) 10.595 1=—— 21 - - - - -
10579.4 £ 1.21
X2 (22 F2) 10585 ot+t 34 - - - - -
Y(3*Ds) 10661 1=—— 23 4 15 - - -
T2(3%D2) 10667 2=~ - 37 30 - - -
Y2(3'D2) 10668 2=t - 55 57 - - -
Y3(3°D3) 10673 377 15 56 113 — - —
xv0 (43 Po) 10726 ott 26 - 24 - - -
T3(23Gs) 10727 377 3 43 39 - - -
xe1(43Py) 10740 1t - 20 1 - = —~
hy (41 Py) 10744 1~ - 33 5 - - -
Xv2 (43 P2) 10751 2t 10 28 5 1 - -
xp2(3°F2) 10800 2tt 5 26 53 2 2 -
T3(3'F3) 10803 3t7 - 28 46 - 3 -
T(10860) 10876 =117 17— 1 21 45 0 3 1
T2(4%D>) 10876 2= - 28 36 - 4 4
Y2(4'D2) 10877 2=t — 22 37 — 4 3
Y3(4°D3) 10881 377 1 4 49 0 1 2
T3(3°Gs) 10926 377 7 0 13 2 0 5
T(11020) 11019+8" 17— 0 8 26 0 0 2




Bottomonium spectrum (in couple channel calculations)

Ferretti, Santopintio, Phys.Rev. D90, 094022 (2014)

BB* B:B: B.B?
m(1'Se) 0°F — 26 -26 - -5 -5 - -1 -1 - - 0 -64 9455 9391 9391
T(1®*S:) 1=~ -5 -19 -32 -1 -4 -7 0 0 -1 — 0 — -69 9558 9489 9460
m(2'Se) 0t —  -43 41 - -8 -7 - -1 -1 - - 0 -101 10081 9980 9999
T(228:) 17— -8 -31 -51 -2 -6 -9 0 0 -1 - 0 — -108 10130 10022 10023
m(31Sy) 0~ — 59 52— -8 -8 - -1 -1 -  — 0 -129 10467 10338 —
T(3*S;) 17— -14 -45 -68 -2 -6 -10 O 0 -1 — 0 — -146 10504 10358 10355
hy(1'Py) 17— —  -49 -47 - -9 -8 - -1 -1 - 0 — -115 10000 9885 9899
Xeo(1?Py) 0Ft 22— 69 -3 - <13 0 - -1 0 — 0 -108 9957 9849 9859
xor1(1*Py) 17t — 46 -49 - -8 -9 - -1 -1 —  — 0 -114 9993 9879 9893
xo2(1?P) 271 -11 -32 55 -2 -6 -9 0 -1 -1 0 - 0 -117 10017 9900 9912
hy(2'Py) 17— - 66 -59 - -10 -9 - -1 -1 — 0 — -146 10393 10247 10260
xo0(22Py) 0tt 33 - 8 -4 - -14 0 - -1 0 — 0 -137 10363 10226 10233
xe1(22°P1) 17— 63 -60 - 9 -10 - -1 -1 -  — 0 -144 10388 10244 10255
x2(22P) 271 -16 -42 -72 -2 6 -10 O 0 -1 0 — 0 -149 10406 10257 10269
hy(3'Py) 17— - -18 -73 - 11 -10 - -1 -1 - 0 — -114 10705 10591 -
xo0(3*°Py) 0Yt -4 - -160 -6 - 15 0 - -1 0 — 0 -186 10681 10495 -
xe1(3*°Py) 1tt - 25 74 - 11 -10 - 0 -1 - — 0 -121 10701 10580 -
Xo2(33P) 27+ -19 -16 -79 -3 -8  -12 0 0 -1 0 - 0 -138 10716 10578 —
YTo(1'Dy) 2=+ - -72 66 - -11 -10 - -1 -1 - - 0 -161 10283 10122 -
YT(1*°Dy) 17— -24 -22 -90 -3 -3 -16 0 0 -1 - 0 - -159 10271 10112 -
T2(1°Dy) 20— - -70 68 -  -10 -11 - -1 -1 - 0 — -161 10282 10121 10164
T3(1®°D3) 37— -18 -43 -78 -3 -8 -11 0 -1 -1 - 0 - -163 10290 10127 -



Bottomonium
Ferretti, Santopintio, Phys.Rev. D90 (2014) 9, 094022

. Results:

t_hreshglds_*
B BR BB
— L ——

ot 1—/— 1t ottt 1+t 2+t o——




Couple Channels corrections to Bottomonium,

the %,(3P) system
Ferretti, Santopintio, Phys.Rev. D90 (2014) 9, 094022

Results used to study some properties of the x, (3P)
system, meson multiplet with N=3, L=1 quantum

numbers

%,(3P) states close to first open bottom decay
thresholds

Possible importance of continuum coupling effects?

Pure ¢ bar-c and c bar-c + continuum effects
interpretations

Necessary to study decays (strong, e.m., hadronic, ...)
to confirm one interpretation



Couple Channels corrections to Bottomonium,

the v, (3P) system
Ferretti, Santopintio, Phys.Rev. D90 (2014) 9, 094022

Some experimental results for the mass barycenter of
the system:

My, (3P)] = 10.530 + 0.005 (stat.) + 0.009 (syst.) GeV
Aad et al. [ATLAS Coll.], Phys. Rev. Lett. 108, 152001 (2012)

M[x,(3P)] = 10.551  0.014 (stat.) + 0.017 (syst.) GeV

Abazov et al. [DO Coll.], Phys. Rev. D 86, 031103 (2012)
Yb1(3P)

Mass barycenter in the UQM: . 10.580




. 2
I'a~pc=Pa-Bc(q) Z [(BCqy tJ| TT |A)]
07

(14)
Here, ® 4. pc(qo) is the standard relativistic phase space
factor [55, 73],

Ey(q0)Ec(qo)
M, ’

D 4_.Bc = 2mqo (15)



J. Ferretti E. Santopinto ,Phys.Rev. D90 (2014) 9, 094022,
arXiv:1506.04415 [hep-ph]

State  Tipeor (PPo) [MeV] Texp [MeV]

Y (43S1) 21 20.5+2.5
Y(10860) 71 42729
Meson Mass [MeV] J"“ BB BB* B*B* B.B. B.B: BB
BB* BsB:

T (10580) or T (4%S;) 10.595 1= 21 - - - - -
10579.4 + 1.21

xb2(28 Fs) 10585 2t 34 - - - - -
T(3°Dy) 10661 17— 23 4 15 - - -
T2(3°D5) 10667 277 - 37 30 - - -
T2(3'Ds) 10668 2=t — 55 57 - - -
Y3(3°Ds) 10673 377 15 56 113 - - -
X0 (4 Po) 10726 ott 26 - 24 - - -
T3(2°G3) 10727 377 3 43 39— - -
xb1 (43 P1) 10740 ™t - 20 1 - - -
hy(4' Pr) 10744 1™ - 33 5 - - -
xb2(4° Py) 10751 27T 10 28 5 1 - -
xb2(3% Fa) 10800 2ttt 5 26 53 2 2 -
T3(3'F3) 10803 3t 28 46— 3 -
T(10860) or T(5%S;) 10876+ 117 17— 1 21 45 0 3 1
T2(4°D>) 10876 277 - 28 36 - 4 4
T2(4' D>) 10877 2=t 22 37 - 4 3
T3(4°Ds) 10881 377 01 449 0 1 2
T5(3°G3) 10926 37 = 7 0 13 2 0 5
T(11020) or T(63S1) 11019+£8" 17— 0 8 26 0 0 2




State JP Mass [MeV] Drn D*rm Dp D*p Dn D*n Dw D*w D;K D;K D;K* D;K*

D1(1381) 1- 2038 o - - - - - - - - = - -
20091
D§(2400) or Do(1°Py) 0T 2398 66 - - - - - - - - - - -
2318 + 297
D3(2460) or D(13P,) 27T 2501 6 2 - - 0 - - - - - - -
24631
Do(2550) or D(2'Sy) 0~ 2582 - 42 - - - - = = - -
2539.4 + 4.5 + 6.81
D1 (2%51) 1~ 2645 8 36 0 - 6 5 - - 4 1 - -
D1(1*Dy) 1- 2816 20 13 13 1 10 5 4 0 6 2 — -
D3(13D3) 3~ 2833 11 8 1 15 2 1 0 4 1 0 - -
Do (22 Py) ot 2931 8 - - 38 2 - - 12 0 - — -
D2(22P) 2t 2957 13 23 22 45 6 7 7 16 4 4 1 -
Do(3'So) 0~ 3067 - 1 4 38 - 1 1 13 - 3 8 8
D1(3%54) 1- 3111 3 2 1 3 0 0 0 11 0 1 5 15
D4 (1 Fy) 4+ 3113 11 8 4 3 2 1 1 12 1 0 0 1
D2 (13 Fy) 2t 3132 0 9 11 12 5 3 4 4 2 2 1 0
D5 (2% Ds) 3 3226 8 14 16 21 4 5 5 7 3 3 2 9
D1(23Dy) 1- 3231 7 2 0 51 1 0 0 17 0 0 1 4
Do (33 Py) ot 3343 1 - - 13 0 - - 4 1 - —~ 11
D2 (32 P2) 2+ 3352 2 1 0 13 0 0 0 5 0 1 1 6
D3 (13G3) 3 3398 5 2 7 1, 2 2 2 5 1 1 1 1
Do(4'So) 0~ 3465 -1 4 11 - 1 1 4 - 1 1 0
D4(2°Fy) 47" 3466 5 8 10 12 2 3 3 4 2 2 2 4
D2(23Fy) 2t 3490 3 1 0 38 1 0 0 12 0 0 0 5
D3(3%D3) 3” 3578 2 1 0 6 0 0 0 2 0 0 1 2
Dy (43 Py) 0t 3709 o - - 9 0 - - 3 0 - - 1
D3(23G5) 3 3721 2 1 0 24 0 0 0 8 0 0 0 3
D4(33Fy) 4+ 3788 1 1.0 3 0 0 0 1 0 0 0 1
Dy (43Fy) 4t 4085 0O 0 0 2 0 0 0 1 © 0 0 0




Main points

* Unquenching quark model:we have constructed the formalism
in an explicit way, also thanks to group th. tecniques. Now, it
can be applied to any quark model.

* We think we have maked up the problems of quark models
adding the coupling with the continuum, thus opening the
possibilty of many, many applications

* Future: application to open problems in hadron structure and
spectroscopy : helicity amplitudes, strong decays,and so on.



3P0 pair created with vacuum qu. n.

Moreover, it takes into acount of the structure of the three mesons




Elementary emission model
no wave fucuntion for the coupled meson
Ex. Send the dimension of one of the emitted meson to zero and

recoved the elementary e.model




Ex. Try to calculate the strong decays of the rho meson into two pions

T () (o

a b

()

Diagrams representing a meson decay with a one-body
interaction: within the 3Py decay model (a) and an elementary emission
model (b).

p’



The 3Py operator

o L IR 1) I
Ti=—3v", . [ dpidB;o(Ei+8) CFyT (5i—B))x [xi x 1 (=5 bl ()] (3))

Transition amplitude for mesons

(BC,Jp,mp,Jc,mcKg,Ke| TTAR A, Ja,ma)=3~ Zm(l,l;m,—m|0,0> X (cbgbcb’gc |¢Z’a¢‘;’g7>/m(A,B,C)

Im(A,B,C)=483(Bg+5c) [ dB¥1m(Bg—BIVE ° (—BWE Ot (B)Wt (B+7p)

where



wave functions

2\ 3/4
w(ﬁl,ﬁg):(%) exp [~ §(BL—F2)?]

w3/ 4 (em-Be) 3 (2/3Rc)3/ 2 exp (5 R2P2)

Im(A,B,C):(%)l/z

where e,,(m = £1,0) are the vectors e+ = (0,+1/v/2, —i//2),
and €((0,0,1)



Spin matrix elements: general expression

1 1 g
Mspin=3 (~1)La+5a+928,3, 3.3, .0 % % Sh {SK SL {}
Sa 1 Sbc bc

where § = /25 +1
Spin matrix elements: p — 77w
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Flavor matrix elements

Mp—)mr =1



Complete matrix element

Mior = spatial X Mspin X Mflavor

Decay width

r _ onp Ex Mot
p—TT T Pc Mp tot



