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Strategy
Results and new hypothesis

eson

It is an isoscalar JP¢ = 0+ state

Basic knowledge on light scalar mesons
Amplitudes, cross sections and rates
BaBar cross section data

My, = (980 = 10) MeV

M, = (40 + 100) MeV

It has
IMESS

an isovector ap(980) with similar
and width

Ma, = (984.7 + 1.2) MeV

la, = (50 < 100) MeV

The vacuum , the Higgs boson and the expected lowest-lying glueball  have
f0(980) quantum numbers

Itis a

It appears:

as a peak in the w7 invariant mass

distribution of strange particle decays;
as a dip or a shoulder when produced

from non-strange quarks.
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idth time evolution
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guestions

Is the fg(980) an n?5+1L; = 18P element of the

conventional scalar qq nonet of flavor SU(3) ?

Is this meson a multiquark , KK or

S1
meson-meson bound states ? \

/s
\52 /54

S=0L=0

In these cases

Strong interest in recent literature
Maiani, Piccinini, Polosa, Riquer,
Jaffe, Pennington, Close, Achasov.. ..

There exists a
scalar qq nonet?

Is it an hybrid gqg with a massive gluon component ?
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Results and new hypothesis

SU(3) flavor nonet

The three light quarks u, d and s group
into an octet and a singlet

9® ®3° = [da]' @ [Ga]°

«0(ds)
@ octet
® singlet

_ uu+dd
L/ oot
ut—dd

COPN ag[i

a; (dT)

Simone Pacetti

Basic knowledge on light scalar mesons
Amplitudes, cross sections and rates
BaBar cross section data

Problems

® Mass degeneracy of fg and ag
® o and k are broader than fy and ag
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Strategy

Results and new hypothesis

SU(3) flavor nonet

The three light quarks u, d and s group
into an octet and a singlet

9® ®3° = [da]' @ [Ga]°

«0(ds)
@ octet
® singlet

-1 o_o{uﬁ+dd

V2
] S
ay (dU) COPN ag[““;

Simone Pacetti

Basic knowledge on light scalar mesons
Amplitudes, cross sections and rates
B section data

Problems

® Mass degeneracy of fg and ag
® o and k are broader than fy and ag

Lattice QCD predicts
a scalar qg nonet
at1l.2+1.6 GeV

[Bali et al.]
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ic scalar nonet

Cryptoexotica Q= |{qq }3:3;0%)
The light states are Q-dominated

Exotica

States qqqq include exotics in 27, 10 _3 3 o
and 10 representations of flavor SU(3) Q ©Q°=[QQ]" 3 [QQ]
there are only non-exotic representations

x0(dsum)
@ octet .30(980)
£0(980)
® singlet

ao(uddu)
20 sS(ui—dd) .0 . . ~(800)
0 V2

af (udss)

fo{sﬂu\ﬁf-{z—d E)}

Mass o (450)

-

|
1
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)tic scalar nonet

Cryptoexotica Q= |{qq }3:3;0%)
The light states are Q-dominated

Exotica

States qqqq include exotics in 27, 10 _3 3 o
and 10 representations of flavor SU(3) Q ©Q°=[QQ]" 3 [QQ]
there are only non-exotic representations

x0(dsum)
a(980)
@ octet .f
0(980)

Lattice QCD predicts
_ oo(uddT) a scalar QQ nonet
ag[sﬂL\/;’d)] ~ below 1 GeV
[Alford and Jaffe]

® singlet

fo{sﬂu\ﬁf-{z—d E)}

Mass
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g scalar resonances

Breit-Wigner formula

5
2
Q
g
1]
[%]
e
(5]
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g scalar resonances

Breit-Wigner formula

Propagator—1 Life time
o Mges | s | |
s

cross section
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Breit-Wigner formula

Propagator—1 Fock space Life time

M2 —s s S

MS — 5 —Mxr(S) SS +cymw < 00

cross section

M2 —s — Myge(s) | sS+camm+ -

_ New approaches:
= -

Vector mesons V = p, w, ¢,... Scalar mesons S = fg, ag,. . .

V— [Pﬁ] : suppressed — threshold S— [PE} : No suppression

P-wave S-wave
PP is a little effect in the V Fock space PP is a large component of the S Fock space

is unimportant in the is crucial in the
V -resonance composition S-resonance composition Eé
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ormation about the fp(980)

Large uu and dd component

No evidence of gluon content

70X +fo

No information about the structure

Lower-lying glueball: Mg ~ 1.6 GeV
A qq P-wave scalar nonet is predicted at 1.2 = 1.6 GeV

o
O
(o4
@
R
kS
4

Strong interacting QQ produce an S-wave scalar nonet below 1 GeV

The standard analysis of the
f0(980) resonance is quite difficult.

The study of the vertex ¢f,(980)~, described
in terms of transition form factors, gives direct
information about the fy structure avoiding the
problem of the analysis of the scalar resonance.

This Work

Simone Pacetti Unraveling the fp nature by means of data and analyticity
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the vertex oM~ with M = 7, f,(980)

Data on the cross section for
ete” — v*(q) — oM
give

2
[Fom(@?)]” 9% > (Mg + My)?

In the unphysical region [(Mgy—Mwm)?, (Mg+Mu)?]
Ny ~Vi Vi
Fqu(qz) = Zill GeeG,i,M BW; (q2)

Number Ny and species of the intermediate  V;
strongly depend on the quark structure of the meson M

MN(¢p — M~y) = DR{

The asymptotic behaviour of  Fu (q2) is a function of
the number of hadronic fields in the vertex PM~y
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efe” — " —M¢ [ gbecay > ¢—7'M—efe™M

X The diff. decay rate is:

The cross section is: - [dr] | ( 2)|2
dq dg?2 »M

o = ogep-|Fem(a?)]? S
radiative decay (q2 = 0):

I'=Toep - [Fem(0)[2

If we know the form factor F4y as a function of g2, we can relate

o(ete™ — M@)and LHE=C e M) [ op

dg?

Large values of o

Unless drastic [62 > (My + M«;})Z]

variation of
the form factor

Large values of radiative

decay rate I' (g% = 0) Very large values of o

if My ~ My,

Simone Pacetti Unraveling the fp nature by means of data and analyticity
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¢n transition form factor

Vi 4V2
g¢7]7 g(})nv e

2
O
<
Fv, Fy, -
Vi TV, 4
n() N\
O
Q

Vi 2
Y M 1
92

— 7l prof iy
M= e i By [P eupats] 5 [~ iev(psruu(p-)]

VJ
M 9gn
e F\/J

Fon(@?) =
i
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ofp transition form factor

2 2
My, My,

\% 2
g¢Jf MV 1 _
M=) 50 ¢ |ptg”—gH” — | —iev u(p-
X iy P9 09 g [V ute-)




Introduction, formulae and data Basic knowledge on light scalar mesons
s Amplitudes, cross sections and rates

Results and n 1 BaBar cross section data

y amplitudes and rates




Introduction, formulae and data

Basic knowledge on light scalar mesons
Amplitudes, cross sections and rates
BaBar cross section data

sre BABAR
[Ldt=232 b2

<

N
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Amplitudes, cross sections and rates
BaBar cross section data

)

/(2180) ?
sreBABAR

£ JCdt=232 fb?
04 &, ] _
Q

0.3 . .
0.2 . . A
0.1 1 | Tt !
0 o . . . t 4 .o .
18 2 22 24 26 28
M¢ + Mfo \/qz (GeV)

<
N
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¢n transition form factor

{(s +M2 —M2)% — 4Mi5]s

s(s —4m?)

2
T \
ogn(s) = g (5 + 2m?)

IO < — 2

10

\/§Z(ZGeV)

v

<

N
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1
2

2 232 2
oef(s) = mo? (S + Mg — M) —4Mgs
Plo 6 s3

2
(s +2m?) [(s+M§, ) +2M§,s]

|Fei, ()P
(s —4m2) [Fato (s)]

0.14

& on sre BABAR
|
%
o 0.1 4
~
~—~~ 0.08
— |
@
L2 . Tt
< 0.06
[N .
— .

0.04

)
0.02 I . !
« . . ® i
9.9 2 2.1 2.2 & 24 2.5 2.6 2.7

V5 (GeV)
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a (0Zl) rule

Contributions to the tff's

Dispersion relations and /\z

Hard gluons

® Gluons carry color while mesons
are colorless
= more than 1 gluon exchanged

C(V)=-1

C(ng gluons) = (—1)"
= at least 3 gluons

Ey >1GeV =as <1

= suppression o3

Pacetti Unraveling the fp nature by means of data and analyticity
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Contributions to the tff's

Dispersion relations and Az

Large N¢

® Denominator
Flavor connected process:

:>0(NC‘1>

Numerator
Flavor disconnected process with
an extra quark loop:

=0 (N:?)

Pacetti Unraveling the fp nature by means of data and analyticity
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Contributions to the tff's
Dispersion relations and

2

e ¢n transition form factor

final state:

|G

K

.

(s

d

A

€

Q\\
D
2

:x\@

|) =ss

(u

U+dd
V2

pseudoscalar

<
o
€
]

N

£

%
©
A

N

S/

In) = XnlwP) + Yq|9P)

+Y

|$P) —(SS

3

pssuumm\av

w-family
contributions are

O-family
contributions are
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e ¢fp[qqQ] transition form factor

final state: 1¢

Contributions to the tff's
Dispersion relations and Az

|p) = s§ [fo) = Xy lw®) + Vi, |0°)

s, _ [uu+dd
="

N
‘_,_/ w-family
Xfo + Y5, 3 {u d N contributions are
7 Q

/o |

] :
¥ @
s ¢-family
X, o “\ +VYi, contributions are
4’\ & /

scalar

& 2 2
l¢°) = (SS)?§ Xig +Yig =1

s
h ¢ 4
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ur

Contributions to the tff's
Dispersion relations and \2

Nominal power law behaviour for hadronic form factor Fyy(s) as s — oo [Brodsky, Lepage]
___ Space-like region
—=P n,

Pion,ny =2

1\ M -1 =
FH (S) o <,> | Proton, ny = 3
S ( Neutron, ny = 3

S — 00

Final stat(qe

'

L
€00€ ¥TA¥d “Mousy)d “Aspoig

al

Deuteron, ny

ny final hadronic fields

Helicity rule : hadronic helicity flip in ete= — v* — ¢M (spiny=0)

P
® Helicity conservation: Ay + Ay = Ay =0

®cwm |/\¢,7)\M\:‘5' o | — 0,1

1 ) ny—14n;y

Fu(s) o (5

® Only one d.o.f. (one transition form factor): [Ay| = 1 Na = [Ag — Awl

Simone Pacetti Unraveling the fp nature by means of data and analyticity
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theoretical threshold so = (3M,;)?

Contributions to the tff's

Dispersion relations and Az

Low energy behaviour of Fy,(q?)

My 9%, Mg My 05y  FyrMyreidn
eFp Ty MZ—0q2—iTyMy — eFgr Ty MZ,—q2— il 4 Mg/
Asymptotic behaviour (g% — o)

ny = 2 final hadronic fields

FINP(?) =

1 ny+ny—1=2
F¢,,,(q2) x (*)

q2

Ny = 0 hadronic helicity conserved
AT otherwise

FivP(s) S0 <'s < Sasy s =q?
Fin(s) = so = (3Mr)?

2
F(\;’,:]AD(Sasy) (Sa%) S > Sasy Sasy = (4 GeV)2
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) theoretical threshold so = (3M,,)?

Contributions to the tff's

Dispersion relations and Az

Low energy behaviour of F,(q?)

5 )/ ip ’”
F(\ﬁ{;\gD(qz) = BW¢(g$fo7q2) + el fo BWqS’(gj,fO,qz) + ellfo BW¢"’ (gj:fo 7q2)

Three ¢ recurrences

Asymptotic behaviour (g2 — o)

ny = 2 final hadronic fields

) 1\ HAA— 1=2
Foro(a°) o <q7) 0 hadronic helicity conserved
otherwise

m={

Fito(s) So <5 < Sasy s =q?2
F(t;fo (s) = so = (3Mr)?

2
F;{'f\gD(Sasy) (Sassy) S > Sasy Sasy = (4 GeV)2
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Contributions to the tff's

Dispersion relations and ~ x?

A form factor f(g?) is an

on the o,
g2 complex plane with [ERG If (q?)[e'o@)
the cut [sg = 9M2, c0)

Dispersion relation for the imaginary part

f(e?) = Jim o fz)dz _ 1/”%
c Sy

Rooo 2mi Jcz—02 s S—0°

Dispersion relation for the logarithm

Assuming no zeros on

the physical sheet and 2 <s In[f (q2)] = \/50 -2 / In |f(s)|ds
using the function 0 (s —92)vs —so

o(z) = N1 > Va2 —so Pr/°°( OIS

N s s —0q2)y/s—So

Simone Pacetti Unraveling the fp nature by means of data and analyticity
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Contributions to the tff's

Dispersion relations and ~ x?

ransition form factors below sg

Analytic continuation via dispersion relations for the logarithm

So—qZ2 [ In|F(s)|ds
n [Finan)] = Y0 = INIPLC) a2 < so
So

ko (s —a?)vs —so

Fa"(s) s < sg

FYMP(s) so <'s < Sasy

2
s
FXMD(Sasy) (%) S > Sasy

Fr(s) So Sasy

2
VMD, Sasy
Fa(s) Fy (Sasy)( S )
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Contributions to the tff's
Dispersion relations and  x

The continuity of the derivative is a
condition that have to be exactly verified
7 is chosen large enough to force
the vanishing of the corresponding x3,
Experimental contribution

(Mg + My10))? <'s < [4(3) GeV]?

2

2 2
exp + T Xth

N TR (s&P) — &P 2
ngp _ Z { on(fo) 6|J:exp i } Data: {Sjexp’Fjexp + aFjexD}
j=1 i

Theoretical contribution Super-convergence relation

S < spands > Sasy

an th
2 = 1 R im 1 (2s9-s-¢€)In |de(fo)(s)|
t Fan ) S o O 2ve Js,  A/5-50(s-50 + €)?




Results and new hypothesis

qQ mesons

Properties of the [qq][qq] fp meson
[aq][Gq] fo: results

ted ¢n transition form factor

(\[e]
included
VEPP-2M
KLOE

[Fgn(s)I?[GeV 2]

~

BR(¢ — mv) = (1.7 £ 0.4)%

BR(C) — T]")‘)pDG = (1301 + 0024)%

Coupling constants

¢ _ -1
nglZﬁ:lGeV
¢ _ -1
g¢n740:i:ZGeV

Mg = 1019.5 MeV

My, = 1665 MeV

Resonances parameters (input)

s = 4.3 MeV

Iy = 159 MeV

Simone Pacetti
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qq mesons
Properties of the [qq][qq] fp meson
[aq][Gq] fo: results

ted ¢n transition form factor

& 107

! Not

PR included
SR \VEPP-2M
N 10

— KLOE

@

= 10

©

w

0.5

Check for

® Unphysical region description

® Asymptotic behaviour

Coupling constants

95, =12+1Gev!
g0 =40+2Gev !

Resonances parameters (input)

Mg = 1019.5 MeV T, = 4.3 MeV

M, = 1665 MeV Iy = 159 MeV

Simone Pacetti
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qQ mesons
Properties of the [qq][qq] fp meson
Results and new hypothesis [qa][aq] fo: results

ted ¢f transition form factor

|Fro (S)1?

&
I> Not | BR(¢ — foy) = (1.38 £0.17) x 105
) included |
o KLOE BR(¢ — fo7)pps = (4.40 £ 0.21) x 104
@ 10
f !

0’ e,

107 e

Coupling constants

Resonances parameters (input)

9%, =9+ 1Gev—? M, =1019.5 MeV T, = 4.3 MeV
95, = 36 =5 Gev My = 1665MeV I, =159 MeV
9% My /Fyr = (6.3 40.3) x 103 Mg/ = 2176 MeV T, = 51 MeV
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the ¢fo[gq][qq] transition form factor

@-family With a [qq][aq] fo
contributions are w-family
Sl contributions are

Only additional uu,
dd pairs are needed

VMD contributions 7 d.o.f.

FUlP(s)=BWy (0 ,8) + e BWy (0 ,5) + e By

No w’ contribution is considered
In the same region ¢’ dominates




qq mesons
Properties of the [qq][aq] fop meson
Results and new hypothesis [qa][aq] fo: results

ehaviour for F (s)

1 np+ny—1
Feto(s) o <S> =

Fat, (8) s < sg

Fito(s) So <'s < Sasy

3
FUMD(sasy) ()" s > sasy

Without any additional low energy
contribution ( w), the faster vanishing
asymptotic behaviour should give a small
value of the transition form factorat s =0

<
N



Results and new hypothesis

qq mesons

Properties of the [qq][qq] fp meson

[qa][aa] fo: results

d ¢fp transition form factor with fo[qq][qq]

|Fro (S)1?

-4
-0.5 0 0.5 1 1.5

Vs (Gev)

BR(¢ — foy) = (1.9 £0.3) x 10—*

BR(¢ — foy)pps = (4.40 +0.21) x 10~*

2.5 3 3.5

9%, = 76 +7 Gev—1
9%, =34k4Gev—1
;

9%, =17 £5Gev—1
9% My r1/Fprr=(1.9 £ 0.4) - 103

M., = 783.7 MeV
Mg = 1019.5 MeV
My = 1665 MeV
qu = 2176 MeV

I, = 8.5 MeV
s = 4.3 MeV
Mg = 159 MeV
rGy/ = 51 MeV
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and VMD relation

Relative phases
€w) = (-178£3)°  &(¢)=(15£35)°  p(¢”) = (—218 £ 20)°

VMD coupling constants relation

w, ¢
d>’,¢"gV -3
¢ —1 oo 250 113 55 6.4 x 10
GeV = A~y — 4+ — -~ _1.78
9ty [ ] ; eFy 56 + 44 + 563 2.176

Reanalysis of KLOE data [PLB634, 148]

A reanalysis of KLOE data performed with a model
independent procedure [Maiani-Isidori hep-ph/0603241] KLOE

allows to extract directly the coupling |gf‘ﬁw| instead |gf‘§7| = (1.2+2.0)GeV !
of the Breit Wigner shape-dependent BR(¢ — foy)

Self-consistency check

2 _M2\3|4? |2
Mo = Mig \ 19557 ~2x10~%
2Mgy ry

3

BR(¢ — foy) = °‘<



Introduction, formulae and gq mesons

Asymptotic behaviour power law

2 1
FH(S)mS— m=nyg+ny—1

_INIFEE)/Fase] _
s—oo 2ln[s/se]

T s
Sdua‘(GeVZ)

Properties of the [qq][qq] fo meson
Results and new hypothesis [qa][aq] fo: results

2,dual 2,dual
In(FM,J ) — In(FM’1 )

dual
1 h +As /2
Z,QUa\ / j+1 F!\%\ (s)ds

M.j " As. sdual _as /2
]

As




gq mesons
te: Properties of the [qq][qq] fo meson
Results and new hypothesis [qa][aq] fo: results

Introduction, formulae and data

2,dual 2,dual
|'1(Fm,j ) — In(FM’1 )

Asymptotic behaviour power law

1
2
F5(s — m=n ny —1
R = n HE studl s/,
: dual Fy (s)ds
i MIFA(S)/FA(sren)] _ e —as/2
S—oo 2In[s/srer]

Helicity rule
+
1 hadronic field

2 4 16
Sdua‘(GeVZ)
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A general procedure, based on analyticity and annihilation cross section data, has
been defined to obtain, for a generic M transition form factor (where M is a
pseudoscalar or a scalar light meson) an expression valid for all values of g2.

By means of this procedure, using as input the BABAR data for o(eTe~ — ¢n) and
considering only the ¢-like contributions to the transition form factor, we achieved
an estimate of the branching ratio BR(¢ — 7y) in agreement with the PDG value.

The same procedure, once repeated for the ¢fy transition form factor, with the
BABAR data for o(ete~ — ¢fp) as input, and considering the fy as a qq bound
state, gives a prediction for BR(¢ — fpy) 30 times lower than the PDG value.

The procedure has been upgraded in order to account for a [qq][qq] fo

e afaster vanishing asymptotic behaviour (= lower values at g = 0);
e additional contributions (= enhancement at ¢ = 0).

In this new framework, we get: BR(¢ — foy) = (1.9 +0.3) - 104,
The discrepancy with respect to the PDG value, is reduced to a factor of only 2.
Agreement is obtained with a recent model-independent reanalysis of KLOE data.

The power law asymptotic behaviour, that in light of the duality quark-hadron,

appears also at low energy, confirms the 4-quark structure of the fp as explanation
of the high value of BR(¢ — fgy) and the expected hadronic helicity flip.

Simone Pacetti Unraveling the fp nature by means of data and analyticity
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