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OUTLINE
-

1. Introduction
2. Confinement, chiral dynamics and light scalar mesons

3. Chiral shielding of o(600), chiral constraints (the CGL band),
a(600) fo(980),intm — 7w, 7w — KK, ¢ — yn'n"

4. The ¢-meson radiative decays on light scalar resonances
5. Light scalars in <~y collisions
6. Why ao(980) and f(980) are not K K molecules

Evidence for four-quark components of light scalars is given.

The priority of Quantum Field Theory in revealing the light scalar
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mystery is emphasized.



Introduction
fThe scalar channels in the region up to 1 GeV T
became a stumbling block of QCD. The point is
that both perturbation theory and sum rules do

not work in these channels because there are

not solitary resonances in this region.

At the same time the question on the nature of
the light scalar mesons is major for understand-
Ing the mechanism of the chiral symmetry real-
Ization, arising from the confinement, and hence

Lfor understanding the confinement itself. J
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Kategorischer Imperativ

-

To discuss actually the nature of the putative nonet of the light T
scalar mesons: the putative f(600) (or o(600)) and

k(700 — 900) mesons and the well-established fp(980) and
ao(980) mesons, one should explain not only their mass

spectrum, particularly the mass degeneracy of the f(980) and
ao(980) states, but answer the next real challenges.

1. The copious ¢ — v fo(980) decay and especially the
copious ¢ — vag(980) decay, which looks as the decay
plainly forbidden by the Okubo-Zweig-lizuka (OZI) rule in the

quark-antiquark model ag(980) = (u@ — dd)/+/2.

o |
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Kategorischer Imperativ
- -

2. Absence of J/v — ag(980)p and J/¢ — fo(980)w in
contrast with copious J /1 — a2(1320)p,
J/ — f2(1270)w if ag(980) and fo(980) are P-wave
states of g like a2(1320) and f2(1270) respectively.

3. Absence of J /1 — ~f0(980) in contrast with copious

J/p — vF2(1270) and J /1p — v F5(1525)¢ if fo(980)
is P-wave state of qq like f2(1270) or f5(1525).

4. Suppression of ag(980) — ~~ and f(980) — ~~ in
contrast with copious a2(1320) — 7, f2(1270) — ~-~ if
ao(980) and f(980) are P-wave state of qq like
a2(1320)and f2(1270) respectively.

o |
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Place in QCD, Chiral Limit
-

L = —(1/2)Tr (Guv(z)G"" (2)) + 4(z) (iD — M)q(z),

m, O 0 u? (x)
M = 0O mg O ) qj(a?) = dj(iE) , ] = 1,2,3,
0 0 mg Sj(w)

G,uu(w) — 8,uGl/(w) — aVGu(w) + ’L.g()[G'u(CE), GV(w)]v
1
G,(x) = EAaGaﬂ(w)a a=1,....,8, Tr(AgAp) = 2d04p,

D = YDy, D, = 08y +igoGu(x), (I(—w)Q(w) — Q(%)jQ(m)i

o |
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Place in QCD, Chiral Limit

|7 M mixes Left and Right Spaces qr,(x) = (1/2)(1 4+ v5)q(x) T
and gr(x) = (1/2)(1 — v5)q(=x). Butin chiral limit M ¢ ¢ — 0
these spaces separate realizing Ur,(3) X Ugr(3) flavour
symmetry,

dr,r (%) = ULR - dL,r(X),

which, however, is broken by the gluonic anomaly up to

Uvec(l) X SUL(3) X SUR(3).

As Experiment suggests, Confinement forms colourless observable
hadronic fields and spontaneous breaking of chiral symmetry with
massless pseudoscalar fields. There are two possible scenarios for

\_QCD at low energy. J
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Confinement, o-Models

o N

1. Non-linear oo-model.

L= (f2/4) Tr (8,V(x)0*VT(x)) + ...,
V(x) = exp {iﬁﬂ'(x) /fw} . V/(x) = ULV (x)UR ,
(x) = w(x)ata, fr = 92.4MeV,

1 1
ta = ——latA =0,tn = ——XratA =1,2,3,4,5,6,7,8.

V3 V2

o |
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Confinement, o-Models
- -

2. Linear o-model.
L = (1/2) Tr (8,V(x) VT (x)) — W (V(x)VT(x)) ,

V(x) = o(x) +im(x) = (ga(x) + ima(x)) ta ,

V/(x) = UpV(X)UR -

The experimental nonet of the light scalar mesons, the putative
fo(600) (or o(600)) and k(700 — 900) mesons and the well-
established f(980) and ag(980) mesons suggests the Ur,(3) X

Ur(3) linear o-model.

o |
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Time

-

|7 Hunting the light o and kK mesons had begun in the sixties already
and a preliminary information on the light scalar mesons in Particle
Data Group (PDG) Reviews had appeared at that time. But long-
standing unsuccessful attempts to prove their existence in a con-
clusive way entailed general disappointment and an information on
these states disappeared from PDG Reviews. One of principal rea-
sons against the o and K mesons was the fact that both 7t and

7 KK scattering phase shifts do not pass over 90" at putative reso-

Nance MasSsSeEs.

o |
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SUL(2) X SUR(2) linear o model

f Situation changes when we showed that in the linear oo-model T
1 m? m?
~ [(8,0)% + O 7)2] — %2 - T2
=~ [(8u0)* + (8, 7)%] — ;
mi — m?

_ ™ [(0? + %)’ + dfzo (2 + 77)|

there is a negative background phase which hides the o meson
(1993, 1994). It has been made clear that shielding wide lightest
scalar mesons in chiral dynamics is very natural. This idea was
picked up and triggered new wave of theoretical and experimental

searches for the o and kK mesons.
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Our approximation

MXH }
jof
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Our approximation

TO(tree) _ m721- - mg- 5 _ Smg' B m721' —‘
0 327 f2 _ m2 — s
2 2 2\ |
m< —m s —4m
. o 271' In|1+ - s :
S — 4'rn7T m2 |
. Tg(tree) 02i(Obg+0res) _ 1
TO — O(tree) — :
1 — ipﬂ-ﬂ-TO 210x 7
1 e2i5bg 1 .
= — : + 621(sbgr-rx'esa
Prm 21

prr(m) = /1 — 4m2 /m?2.

|
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Our approximation

f \/grres( 3) e2i0res _ 1 T

Mf:?es — S+ ReHres(Mr,?es — res(s) B 2107
2idp, 2 2
e“'1%vs — 1 A(s) mZ —m
Tpg = : = : , A(s) = — 5 = [5—
21p7r7r 1 — zpﬂ'ﬂ'A(S) 327Tf7r
2 2 2\ | 2 2
m< —m s —4m m< —m
s — 4mz2 ms | fr
g2 (s ) g (S)
Ieres(S) —_ I:.I_eg 71'71' 9 ReHreS(S) — = A( ) 71'7'(' ?
g
Lgres(s) — ‘1 . i;ﬂ-ﬂ-)\(s)‘ Mges — m o ReHreS(Mres) * J
IWIY
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Results In our approximation

f ) T02(t’ree) 62?:53 —1 3 —‘
Ty = O(tree) oz B = [ Bonta-

1 —1pxrT5 21pnn
2 2 [ 2 2 2\ |
T2(tree) _ m, —m, 2 _ zma — mg In 1+ § — 4m7‘l‘ .
0 327 f2 s — 4m?2 m2

M,es = 0.43 GeV, I‘res(M ) = 0.67GeV, m, = 0.93GeV,

res

Fres( res
res ( —I—dReHres(S)/dsls Mges)

Iwrenorm (M

res

— 0.53GeV,

s
[res(s) = Sres (%) ag — 0.18 m_*! a,g — —0.04m_1

]_6 \/— 71'71')
gres( M2 )/gonw = 0.33, (sa)g = 0.45m?2, (sap)g = 2.02 ma
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Chiral Shielding In rm — 7

[T .

S000 10xoy (b)
_ ; Ores
- ;é 4000 | Ty weeene
QO = |
9 ]
(@) 7] 1
g SR
p—g 45 I‘l\
7] Q |
7 22000
® N \
L @] \
o C) 4
1000 | B
0.2 0.4 0.6 0.8 1
Vs (GeV)
The o model. Our approximation. 0 = 0res + Opg.
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Theo poleinmm — 7t

-

2 res 2
0o 9r N (gﬂ' )
TO I 4 , TreS r ,
S — SR S — SR

g2 = (0.12 +i0.21)Gev?, (g"%)* = —(0.25 + i0.11)GeV?,
sr = (0.21 — 0.26)GeV?,

r
Vsr = Mg — 17R — (0.52 — i0.25)GeV.

Considering the residue of the o pole in T(? as the square of its cou-
pling constant to the w7 channel is not a clear guide to understand

the o meson nature for its great obscure imaginary part.
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The o propagator
S ! n

Dy(s) M2 — s+ Rellpes(M2,) — pes(s)

res

The o meson self-energy Hres(s) IS caused by the intermediate
7t 7 Sstates, that is, by the four-quark intermediate states if we keep in
mind that the SUL(2) X SUR(2) linear o model could be the low
energy realization of the two-flavour QCD. This contribution shifts
the Breit-Wigner (BW) mass greatly my — M,.s = 0.50 GeV. So,
half the BW mass is determined by the four-quark contribution at
least. The imaginary part dominates the propagator modulus in the
region 300 MeV < \/E < 600 MeV. So, the o field is described by

Lits four-quark component at least in this energy ( virtuality ) region.J
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Chiral shielding in vv — wt@~

o N

Ts(yy = 77n7) =T (yy = 77 n7)

+8al 4 .- Ts(nTn~ — nrw™)

2 1
= TSBOT”(’Y'V — 7T+7T_) + 8al it - (§ T(? + g TO2>

2 .0 . (87 .
_ gel(so {T]S_D)OI'H(,)/,Y — 7.‘.‘|‘7-‘- ) CcOS 58 -+ SP; Re]:ﬂ.-kﬂ.— S111 58}

Qo
—|— e! {TBom(77 — 7wt ) cos 65 + 8—— Rel .+, sin 52}
Prr

o |
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Chiral shielding in vv — w%#°

Ts(vy — 7% = 8al, - Tg(xwTn~ — w70
2 2
— 0 2

2 .0 (81 .
_ geuio {T]S?)orn(,.y,y — 7.‘.-|—7-‘-_) CcOS 58 - SP; ReIﬂ.+ﬂ.— S11 58}

2 . o
— Zeifo {TBom('yql — wtw ) cos 6 + 8—— Rel 4 sin 52}
3 Prw

2 2
m , 1+
Iw+ﬂ_:_ﬁ<7r+zln Pmr) — 1, 324m727,
S — Prmw
Born + __— Sa
TS (yy = 77w ) = ImI_+. -

B P T N
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Chiral Shielding In vv — 7

100 \ \ 300
—~ Il\‘ (a) —
o) |.-‘\\ @) I
S 8o i € 250
& | S
cvjl < 200
= 60/ =
172] 1%0]
8 3 150
5 a0 -
R K
o + 100
L L
= 20 ¢ < i ‘
c S 50 .
0 0 e
0.2 0.2 0.4 0.6 0.8 1

Vs (GeV)
(a) The solid, dashed, and dotted lines are og(yy — w'n?),
Ores(7y — w07?), and Obg(YY — w0n0).

(b) The dashed-dotted line is og(vy — 7T7 ™). The solid line

Lincludes the higher waves from TB°™" (yy — w7 7). J
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The o — ~~ decay.

o

17.5 ~ ~ ~ ~ ~ ~ ]
= T IMmdl,.+ .- ) part contribution |
= f ——— Re(l,+ ) part contribution
L 12.5
S
Il*\‘
+R 7-5 r
T :
w L
= S 7
— ;
2.5 |
o i
O0.25
+, - _
g(O' — T T =YY, S) — (a/27T)I7r+7r— X Breswtmw— (S)v

1

+ - _
T — S) = g — T
Y7, 8) 167T\/g\g(

_|_

L]:‘(0- — T ™ =YY, S)D
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Four-quark transition o — ~~y

o N

So, the the o — ~y~y decay is described by the triangle

7t -loop diagram res — wT T — YY (Lt 7).
Consequently, it is due to the four-quark transition because we
Imply a low energy realization of the two-flavour QCD by means of
the the SUL(2) X SUR(2) linear o model. As the previous Fig.

suggests, the real intermediate 7T 7w~ state dominates in
g(res — wTm~ — ~v7) inthe o region 4/s < 0.6 GeV.

Thus the picture in the physical region is clear and informative. But,
what about the pole in the complex s-plane? Does the pole residue

reveal the o indeed?

o |
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-

The o pole in vy — w7

g~9= —‘

1 3
—/ =T — 7% —
167 \ 2 5(77 ) . _ SR,

1 3 g'resgres
- - Tfr»es (’77 % 7TO7TO) > ‘7 n ’
167wV 2 S — SR

g gr = (—0.45 —i0.19) x 103 GeV?,
g, = (—0.985 + i0.12) x 1072 GeV?,

g-°*gre® = (0.53 — i0.13) x 1073 GeV?,
g-°® = (—0.45 — i0.95) x 1073 GeV?,

gv/8r = g5°/gr® = (—1.61 +i1.21) x 107°,

res|2

Nk |

L o — vy) = My = Lres(0 — vY) = Mp = 2keV.J
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The o pole In~vy — &w

It is interesting to compare ratios g~ /g, = g,’;es/g;es with the
ratio

g (res ST — Y Mfes
Bres (MZes)

) = (—0.35 +i1.25) x 1073,
which are independent on the different normalization in themselves.

It is hard to believe that anybody could learn the complex but phys-

ically clear dynamics of the o0 — ~y<y decay described above from

the residues of the o pole.

|
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First Discussion and Conclusion

f Heiri Leutwyler and collaborators obtained T
VAR = Mg — iR /2 = (44141;6’ _ 127211)2'5) X MeV

with the help of the Roy equation.

Our result agrees with the above only qualitatively.

VSR = MR — iFR/Z — (518 — i250) X MeV.

This Is natural, because our approximation gives only a semiquanti-
tative description of the data at 4/s < 0.4 GeV. We do not regard
also for effects of the K K channel, the f3(980) meson, and so on,

Lthat is, do not consider the SUL(3) X SUR(3) linear o model. J
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First Discussion and Conclusion

|7 Could the above scenario incorporates the primary lightest scalar
Bob Jaffe four-quark state? Certainly the direct coupling of this

state to <y~y via neutral vector pairs (pO pO and ww), contained in its
wave function, is negligible

I‘(qzcj2 — pp% + ww — YY) =~ 103 keV

as we showed in 1982. But its coupling to 7t7r is strong and leads
to['(q?q® — wtm~ — ~~) similar to

I'(res — wtm~ — ~7) in the above Fig..

Let us add to T's(yy — w7?) the amplitude for the the direct
coupling of o to «y7y conserving unitarity

Tdirect(77 — 770770) — Sg((ﬁ)?,ygres(s)eiébg / Dres(s) ’

(0)

where gs~~ Is the direct coupling constant of o to vy , the factor s

\_is caused by gauge invariance. J
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First Discussion and Conclusion
B o

Fitting the vy — 7w data gives a negligible value of 9o~y

0 0
ry = resg((,%‘ / (167 M,c,) ~ 0.0034 kev,

In astonishing agreement with our prediction (1982).

The majority of current investigations of the mass spectra in scalar
channels does not study particle production mechanisms. That is
why such investigations are only preprocessing experiments, and
the derivable information is very relative.

The only progress in understanding the particle production mecha-
nisms could essentially further us in revealing the light scalar meson

nature, as is evident from the foregoing.

o |
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Troubles and Expectancies

-

|7 In theory the principal problem is impossibility to use the linear o -
model in the tree level approximation inserting widths into o meson
propagators because such an approach breaks the both unitarity
and Adler self-consistency conditions. Strictly speaking, the com-
parison with the experiment requires the non-perturbative calcula-
tion of the process amplitudes. Nevertheless, now there are the pos-
sibilities to estimate odds of the Ur,(3) X Ug(3) linear o-model to
underlie physics of light scalar mesons in phenomenology. Really,
even now there is a huge body of information about the S- waves of

different two-particle pseudoscalar states and what is more
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Troubles and Expectancies
-

the relevant information go to press almost continuously from BES,T
BNL, CERN, CESR, DADPNE, FNAL, KEK, SLAC and others. As for
theory, we know quite a lot about the scenario under discussion:
the nine scalar mesons, the putative chiral shielding of the o (600)
and k(700 — 900) mesons, the unitarity, analiticity and Adler self-
consistency conditions. In addition, there is the light scalar me-
son treatment motivated by field theory. The foundations of this
approach were formulated in our papers . In particular, in this ap-

proach were introduced propagators of scalar mesons (1979-1984),

Lsatisfying the Kallen — Lehmann representation (2004). J
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Phen. Chiral Shielding, d) = %™ + 0yes

250 | + '
200 -
150
100 -
: L
50
0.4 0.6 0.8 1 1.2

m GV

g tn—/4m = 0.99 GeV?, g ik /4 =2-.10"% GeV?
g2 /4w =0.12GeV?, g2, /4T = 1.04GeV”
m, = 679 MeV, T, = 498 MeV, m;, = 989 MeV,,
~ thel =TI=0nnscattering length aj = 0.223 m_} o
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4y, comparison with BNL data
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&), comparison with NA48 data
- -

25
20
15 ¢

10

L__ 300 320 340 360 380 400 420J
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02, comparison with CGL band
B o
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T, , e is Heiri Leutwyler’s calculation

- -
0.2
0. 15
0. 1
0. 05
B - §0—°100 150 200 250 N
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Inelasticity, n

© oo o
N A O 0O L N

o®
©
 —

1.1 1.2 1.3 141516
m GV

My =
V1~ s T (m — K+K ) — dpgol T (m — KOKO)[2

\E{+EPK+K—EPK+K—(TTL):\/1—4m%{+/m2,... J
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The store for the 77 scattering

CO B 778627'58 — 1 B 77862?:(5%#—'_57063) — 1

-

2105"
:Tbg‘l‘e OB Thres ,

° 2iprr(m)  2iprx(m)
T, — 622'5]7_:';" — 1 T L 77() 225res —1 . Z gRﬂ'ﬂ'Gf_{Il{/gR’ﬂ'ﬂ'
b9 2iprn(m)’  21ppx(m) R 167

dRrm = 3/29R7r+7r— — \/ggRﬂ'Oﬂ'Ov R, R = fO s O

Grr’ = Grr/(m) = (

Dgr(m) = m% — m? + [Rellg(m%) — IIg(m?)],
Rellg(m%) — Ir(m?) = 3 ,,[Relly’ (m%) — IE (m?)],

Lﬂfoa(m) => Hab _(m)+ C¢,, ab=7nnw, KK, .. J
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Four-quark Model

fThe nontrivial nature of the well-established light scalar resonancesj
fo(980) and ag(980) is no longer denied practically anybody. In
particular, there exist numerous evidences in favour of the qzcj2
structure of these states. As for the nonet as a whole, even a dope’s
look at PDG Review gives an idea of the four-quark structure of the
light scalar meson nonet ?, (600), k(700 — 900), fo(980), and
ao(980), inverted in comparison with the classical P-wave qq ten-

sor meson nonet, f2(1270), a2(1320), K5 (1420), ¢5(1525).

%To be on the safe side, notice that the linear o model does not contra-
dict to non-gq nature of the low lying scalars because Quantum Fields can
contain different virtual particles in different regions of virtuality.
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Four-quark Model
-

Really, while the scalar nonet cannot be treated as the P-wave qq
nonet in the naive quark model, it can be easy understood as the

g @? nonet, where o (600) has no strange quarks, (700 — 900)
has the s quark, fo(980) and ag(980) have the ss-pair, R.L. Jaffe.

The scalar mesons ag(980) and f(980), discovered more than
thirty years ago, became the hard problem for the naive gqq model
from the outset. Really, on the one hand the almost exact degenera-
tion of the masses of the isovector ag(980) and isoscalar f(980)
states revealed seemingly the structure similar to the structure of

the vector p and w or tensor a2(1320) and f2(1270) mesons,

o |
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Four-quark Model

fbut on the other hand the strong coupling of f(980) with the T

K K channel as if suggested a considerable part of the strange
pair s5 in the wave function of f(980).

In 1977 R.L. Jaffe noted that in the MIT bag model, which
Incorporates confinement phenomenologically, there are light
four-quark scalar states. He suggested also that a(980) and
fo(980) might be these states with symbolic structures

ad(980) = (usws — dsds)/v/2 and
£0(980) = (us@s + dsds) /V/2.

From that time ag(980) and fo(980) resonances came into
Lbeloved children of the light quark spectroscopy. J
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-

Radiative Decays of ¢-Meson

Ten years later we showed that the study of the radiative decays

-

¢ — yag — vy and ¢ — v fo — ymm can shed light on the
problem of ag(980) and f(980) mesons. Over the next ten years
before experiments (1998) the question was considered from
different points of view. Now these decays have been studied not
only theoretically but also experimentally. The first measurements
have been reported by the SND and CMD-2 Collaborations which
obtain the following branching ratios

BR(¢ — v7°n) = (0.88 +
BR(¢ — vm'n%) = (1.221

BR(¢p — ’771'077) = (0.9 4 0.24 4

0.14 +

0.09) - 10~* SND,

+ 0.098 4 0.061) - 10~* SND,
- 0.1) - 10~% cmD-2,

BR(¢ — yn’=Y) = (0.92

- 0.08 -

- 0.06) - 10~ cMD-2.

|
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Radiative Decays of ¢-Meson

fl\/lore recently the KLOE Collaboration has measured T

BR(¢ — y7’n(— 7)) = (0.851 £+ 0.051 + 0.057) - 104
BR(¢ — yr'n(— mTn~x%)) = (0.796 4+ 0.060 £ 0.040) - 10—
BR(¢ — v7°7%) = (1.09 4+ 0.03 4+ 0.05) - 10~

In agreement with the Novosibirsk data but with a considerably
smaller error.

Note that ag(980) is produced in the radiative ¢» meson decay as
intensively as 1’(958) containing = 66% of s3, responsible for
¢ =~ s5 — vs5 — yn’(958). Itis a clear qualitative argument

for the presence of the s5 pair in the isovector ag(980) state, i.e.,

Lfor Its four-quark nature. J
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K1 K~—-Loop Model

Y Y
K+ it K+
¢ ao/ fo é a0/ fo ¢ ao/ fo
K~ K- K~
Y
(a) (b) (c)

When basing the experimental investigations, we suggested one-
loop model ¢ — KTK~ — ~ag(980)(or fo(980)). This

model is used in the data treatment and is ratified by experiment.

|
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K1 K~ -Loop Mechanism of Creation
B -

Below we argue on gauge invariance grounds that the present data
give the conclusive arguments in favor of the K K ~-loop
transition as the principal mechanism of a(980) and fy(980)
meson production in the ¢ radiative decays. This enables to
conclude that production of the lightest scalar mesons ay(980)
and fo(980) in these decays is caused by the four-quark
transitions, resulting in strong restrictions on the large N¢
expansions of the decay amplitudes. The analysis shows that these
constraints give new evidences in favor of the four-quark nature of

ao(980) and fp(980) mesons.

The data are described in the model ¢ — (yag + ©¥p) — v7On

and ¢ — [v(fo + o) + n°p] = ywOn°.

o |
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o

6)

N

10*xdBK @->ym°n)/ dm, Gev*
(o N W

o

dBR(¢ - KTK~ — vag — y7%n, m) B

dm
_ 4|g(m)|2w(m)pﬂ'n(m) BagK+K—8aonn 2
L'y 3(47‘&')3m35 D, (m) J
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Spectra and Gauge Invariance

fTo describe the experimental spectra T

~ dBR(¢ -+ YR — ~vab, m)
Sr(m) = dm -

2m?Il'(¢p - YR, m)I'(R — ab, m)
™ ['y|Dr(m)|?

2

_ 4|gr (m)|?w(m)pap(m) | gRab
F¢ 3(47‘(‘)3mé DR(m)

9

R = ag, fp, ab = «'n, 7'=°,

the function |gr () |? should be smooth (almost constant) in the

range m < 0.99 GeV. But the problem issues from gauge invari-

\_ance which requires that J
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Spectra and Gauge Invariance

- Alo(p) — v(k)R(q)] -
— GR(m) [pueu(¢) — pueu(¢)] [kueu(')’) — kueu(')’)] .

Consequently, the function

gr(m) = —2(pk)Gr(m) = —2w(m)myGr(m)

is proportional to the photon energy w(m) =
(mé — m?)/2m (at least!) in the soft photon region.

Stopping the function (w(m))? at w (990 MeV) = 29 MeV with the
help of the form-factor 1/ [1 4+ (Rw(m))?] requires R ~ 100
GeV~!. It seems to be incredible to explain such a huge radius in

Lhadron physics. Based on rather great R =~ 10 GeV~!, one can J
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Spectra and Gauge Invariance

fobtain an effective maximum of the mass spectrum only near 900 T
MeV.

To exemplify this trouble let us consider the contribution of the
isolated R resonance: gr(m) = —2w(m)myGr (mpg). Let
also the mass and the width of the R resonance equal 980 MeV and
60 MeV, then SR(920 MeV) : Sr(950 MeV) : SR(970 MeV) :
Sr(980Mev) =3 :2.7:1.8: 1.

So stopping the gr(m) function is the crucial point in
understanding the mechanism of the production of ag(980) and
fo(980) resonances in the ¢ radiative decays.

The KT K ~-loop model ¢ — KTK~ — ~R solves this prob-

Llem In the elegant way: fine threshold phenomenon is discoveredJ
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New Threshold Phenomenon

-

The universal in K™K -loop model function |g(m)|? =
lgr(M) /grK+ K- |2 is drawn with the solid line. The contribution
of the imaginary part is drawn with the dashed line. The contribution

LOf the real part is drawn with the dotted line. J

QUARKS 2008, Sergiev Pasad, May 23-29 — p.50/65



K1 K~—-Loop Mechanism is established

|7 In truth this means that ag(980) and f(980) are seen in the T
radiative decays of ¢ meson owing to K T K~ intermediate state.

So, the mechanism of production of ag(980) and fo(980) mesons
in the ¢ radiative decays is established at a physical level of proof.

The real part of the ¢ — ~v R amplitude contains two different con-
tribution. One is caused by intermediate momenta (a few GeV) In
the loops and the other is caused by super high momenta in the
loops. At w(m) = 0 these contribution eliminate each other. With
increasing w(m) the contribution from intermediate momenta de-
creases rapidly enough. The contribution from super high momenta
Lis constant and causes the @ — R amplitude in a great part. J
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Four-quark Transition

o N

Both real and imaginary parts of the ¢ — v R amplitude are
caused by the K+ K ~ intermediate state. The imaginary part is
caused by the real K T K~ intermediate state while the real partis
caused by the virtual compact KT K ~ intermediate state, i.e., we
are dealing here with the four-quark transition.?

Needless to say, radiative four-quark transitions can happen be-
tween two gq states as well as between gq and qzqz states but

their intensities depend strongly on a type of the transitions.

%It will be recalled that the imaginary part of every hadronic amplitude de-

scribes a multi-quark transition.

o |
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Four-quark Transition and OZI rule

|7A radiative four-quark transition between two @q states requires T
creation and annihilation of an additional gq pair, i.e., such a
transition is forbidden according to the Okubo-Zweig-lizuka (OZI)

rule, while a radiative four-quark transition between qq and q2q2
states requires only creation of an additional gq pair, i.e., such a
transition is allowed according to the OZI rule.

The consideration of this problem from the large N expansion
standpoint, using the G.t Hooft rules : ggNC — const at and
a gluon is equivalent to a quark-antiquark pair ( Aj- ~ qiqj), sup-
ports the suppression of a radiative four-quark transition between

two @q states in comparison with a radiative four-quark transition

Lbetween qq and qzqz states. J
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ao(980)/fo(980) — v~ & g2G3-Model

f Recall that twenty six years ago the suppression of T
ao(980) — ~~ and fu(980) — ~~ was predicted in our work

based on the qzqz model,
I'(ag(980) — vv) ~ I'(fo(980) — ~~) ~ 0.27 keV.

Experiment supported this predicton
I'(ap — vv) = (0.19 £ O.O7J_r8:(1)7)/B(a,0 — 7t1) keV, Crystal Ball
I'(ap — v7v) = (0.28 £0.04 = 0.1) /B(ag — 7n) keV, JADE.

When in the gg model it was anticipated
I'(ag = vvy) = (1.5 — 5.9)'(a2 — v7)
= (1.5 — 5.9)(1.04 £ 0.09) keV.

The wide scatter of the predictions is connected with different rea-
sonable guesses of the potential form.
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fo(980) /ao(980) — v

The ag — K TK~ — ~~ model describes adequately data and
correspond the four-quark transition ag — q2q2 —> Y,
(T'(ag - KTK~ — vv) ~ 0.3 keV.

I'(fo — vv) = (0.31 & 0.14 £ 0.09) keV, Crystal Ball,
I'(fo — vv) = (0.24 4+ 0.06 =+ 0.15) keV, MARK II.

When in the gg model it was anticipated

T'(fo — vv) = (1.7 — 5.5)T(f2 = v7)
= (1.7 — 5.5)(2.8 &= 0.4) keV.

The wide scatter of the predictions is connected with different rea-

Lsonable guesses of the potential form. J
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Dynamics of vv — 7ot

o N

Ts(yy = 7 ", 8) =T (yy = 77, s)
+8al, +.—(s) Tg(wTn™ = wtnw, s)

+8alk+k-(s) Ts(KTK™ — wtnw—, s)

+Tarect (yy 5 res — w7 7),

0 0.0

Ts(vy — 7°x%, s) = 8al, 1, - (s) Tg(nwTn~ — w=xY, s)
+8alk+k-(s) Ts(KTK™ — w70, s)

—|—T(Silrect (vy — res — 71'071'0).

o |

QUARKS 2008, Sergiev Pasad, May 23-29 — p.56/65



" |c0s8|<0.6) (nb)

YYy-oTn +7T

o

The Belle dataon vy — wt

300 -

250 r

200 -

150 -

100 r

50

0.6 0.8 1 1.2 1.4
Vs (GeV)

QUARKS 2008, Sergiev Pasad, May 23-29 — p.57/65



The Belle data on vv — w%xY
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fo — KTK~ — ~~ approximation

o N

<Ff0—>K+K_—>77> ~ 0.2 keV

The direct fo — vy & 0 — ~y~y decays

rerect < 0.1kev, TP < 0.1kev

o |
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Why aq and f, are not K K molecules
- ” 7 N

K+ K+ K+

¢ ao/fo ¢ ao/fo ¢ ao/fo

K- K~

(a) (b) 7 (c)
T [¢(p) — vao(q)/fo(q)] = (a) + (b) + (c)

Every diagram is divergent hence should be regularized in a gauge
Invariant manner, for example, the Pauli-Wilars one.

T [¢(p) — vao(q)/fo(q), M] = (a) + (b) + (c),
T [¢(p) — vao(q)/fo(q), M] = € ()" (V) Tup(p, q) =
o e’ ()’ (V) [@vp(Ps q) + bup(p, @) + dup(p, q)) B
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Why aq and f, are not K K molecules
| avu(p, q) = -

_z/{ (p—27),(p+qg—27r), _
72 | | (m% —r2)[m3 — (p — r)?][m% — (¢ — )2

(p—27)u(p+q—2r), }dr
(M? —r2)[M?2 — (p — r)2][M? — (g — 7)2]

buu(pa q) —
i { (p—2r)u(p—q—2r), B
72 ) | (mgk —r?)[m%k — (p — r)?][m¥% — (g —7)?]

(P—2r)u(p+q— 27‘),,,

O =AM = M = (p =g - 1) }dr N
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Why aq and f, are not K K molecules
—

_ )
du,u(pa q) = _p 2gu,u,/dr X

1 1
{(m%— —r2[myk — (g —r)?] (M2 —r2)[M? — (g — 7“)2]}

where M is the regulator field mass, M — oo in the end
T((b — ’Ya()/f(), M — OO) — TPhyS ((]5 — ")/a()/f())

We can shift the integration variables in the regularized amplitudes
and easy check the gauge invariance condition

eu(ﬁb)kufuu(pa Q) — 6V(¢) (p — q)MTVu(pa (I) = 0.
It is instructive to consider how the gauge invariance condition

Le”(gb)e“’ ()T, (p, p) = 0 holds true. J
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Why aq and f, are not K K molecules
f GV(¢)€”(7)TVM(p,p) — —‘

e’ ()" (VT  (p, p) — € ()" (T, (P, p) =
(e(@)e(7))(1 —1) =0

The superscript m g refers to the non-regularized amplitude and
the superscript M refers to the the regulator field contribution.
So, the contribution of the (a), (b), and (d) diagrams does not
depend on a particle mass in the loops (mg or M)atp = q. 2

But, the physical meaning of these contributions is radically differ-
ent. The regulator field contribution is caused fully by high momenta

(M — o0) and teaches us how to allow for high K virtualities in

(m+ 2)3dw_1 J
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Why aq and f, are not K K molecules

gauge invariant way. It is clear that

e’ ()e!(v) T, 7> (p, q) — €/ (d)e!(7) T, (p,p) =
e’ (¢)e"(7)T,.. (P, p) = (e(P)e(7))-

So, the regulator field contribution tends to the subtraction
constant when M — oo . The finiteness of this constant hides its
high momentum origin and gives rise to an illusion of a
nonrelativistic physics in the decays under discussion for some
theorists.

Re(e”(¢p)et ()T, % (p, q)) decreases rapidly enough with in-
crease the photon energy (p? — g?)/2+/p? and, consequently,

Re(TYMs [¢p(p) — ~vao(q)/fo(q)]) is caused in a great part by
Lthe subtraction constant at 1/g? < 980 MeV, see Fig. on 49 page. J
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THANK YOU

|
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