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“Where and what are the scalar

mesons?”[*]

Theoretical approaches

= Two quark models

LabanuH E.M. AD,1.40 (1984),
F.E.Close, A. Kirk, EPJ C21 (2001)

= Four quark models

R.L. Jaffe, Phys. Rev. D 15 (1977),

N.N. Achasov, Nucl.Phys. A728 (2003)...
= Gluebol, hybrids.

V. Vento EPJ A24 (2005),

E.S. Swanson Phys.Rep.429 (2006)



NAIV QUARK MODFY,

Gell-Mann, Zweig (1964):

Mesons- qg-states, come from the product of 3 and 3*representations of SU(3) group

SA 3x3*:1+8 SA
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SCHALAR NESTOS

MESON MASS (MeV) WIDTH(MeV) ISOSPIN,
STRANGENESS
f0(500), 0 400 — 550 400 — 700 I=0,5=0
) 1
K} (800), 682 + 29 547 + 24 1= E'S i
£0(980) 990 + 20 40 — 100 I=0S=0
a,(980) 980 + 20 50 — 100 I=1,5=0
fo(1370) 1200 — 1500 200 — 500 [=0,S=0
) 1
K;(1430) 1425 + 50 270 + 80 [=1s-41
ay(1450) 1474 + 19 265 + 13 I=1,5=0
f0(1500) 1505 + 6 109 + 7 ]=0S=0
f0(1700) 1720 £ 6 135+ 8 [1=0,S=0




SCALAR MESONS

K (800) KO (800) Ko (1430) KO (1430)
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* Quark Confinement Model (QCM).

[G.V.Efimov and M.A. lvanov, “The Quark Confinement Model of Hadron”,
IOP Publishing, 1993 ]. This model is based on the following assumptions

Lagrangian of the interaction between hadrons and quarks is obtained

9m
V2

uﬂ
q; = (d“‘) -are the quark fields,

T

LM —M l‘:I:tfn[' ﬂ-wm‘:ln

M - Euclidean fields connected with the fields of physical particles, Aand I
are the Gell-Mann and Dirac matrixes,gy are quark-meson coupling.
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L%f—%six}ﬁix}(f—i;ﬁ)m&}
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[

=THN!
=THN

diag(1,—1,0) = ay
A, = diag(cosé,, cosé,,—2siné,) =«
diag(—siné,, —siné,,—V2Zcosé,.) = f,

parameters: H-' 55




Bvaluation of one-logp diggréams
G.V.Efimov and M.A. lvanov, “The Quark Confinement Model of Hadron”,
IOP Publishing, 1993.
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Determination of additional parameters in

qcm

A
Ve

T+ P> =0 {00 <] =0

Tdub(u) = 2A7[ j dua(u) — 4H j duub(u)Jh, (H)D,(0)
0 0 0

5b(0) = —2A% cos 5, (5¢0s 5, —~/2sin 53)[Tdua(u) —4H Tduub(u)]a(O)hg (H)D,(0)
L 0 0

SCosés[Tdua(u) —4H Tduub(u)]

(5c0s 5, —~/25in &,)a(0)

eXp(f — 7m)

2.
1“(f0—>7z7z):i 1- 4m g:
167

f07[7Z'( %0 O 0)—
f0 Mg

e hp, hs (H)
6

9spp, (msz,sz,l ) mF2>2) = SpA{Ap  4p, JA lspp (Mg, Mp , Mg, )




Determination of additional parameters in

QM

5co0so.[ | dua(u) —4H | duub(u
:FQCM (fo —)72'72') S[_C[ ( ) _([ ( )]

R=-— :
Ty (fo = 77) (5c0s 5, —~/2sin 5,)a(0)

9




WASS OF LA TEST SOALAR

M, (s, t,u) = 8P8°UA(s, t,u) + 886 A(t,u, s) + 696"°A(u, s, t)

a,b,c,d -isotopic indexes
A(s,t,u) = A(s,u,t)
A(s, t,u) =I5, (s, t,u) + S™"(s, t,u) + V™ (s, t,u)

7" (s, t,u) = I, (s, t,u,mz, mz, m2, mZ, A, A, A, A,)
ST (s £ ) P2 (s) CcosS 6 sin 6 N
s, tu) = S
ST () n(m) l'l(s) I, (m3)
5 cos? o, sin 5
+F5 () 5 5
M,(¢)— 1 (ml) M, (t) — Og(m3)

F.S'rrn'(x) — F.S'n'rr(x! mm mrr)

m; -mass of f,(500), m; -massof f,(980)



MASS OF LIAGITEST SCALAR

V™ (s, t,u) = m, (;E) [(F_ (S))z(t —u) + (F_(t))z(s — u)]

The amplitudes for the three possible channels (I = 0,1, 2)

T(s, t,u) = 34(s,t,u) + A(t,s,u) + A(u, t, s)
T'(s, t,u) = A(t,s,u) — A(u,s, t)
T?(s, t,u) = A(t,s,u) + A(u, s, t)

The scattering length

1
I _ I 2
= —T'(4 00
“ 327 (4mz,0,0)



IASS OF LA TEST SCALAR

0.1
0.47

m, = 500MeV my = 515MeV
a) = 0.28,a3 = —0.044 a) = 0.22,a; = —0.032



I'WO QUARK MODEL, (CCOM)

e Covariant Constintuent Quark Model (CCQM).

T. Branz, A. Faessler, T. Gutsche, M.A. lvanoy, J.G. Korner, V. E. Lyubovitskij
Phys. Rev. D81, 034010 (2010)

Li,(x) = gyM(x) f dx1de2 Fp(x,x1,%2)q1(x1) AT yq2(x2)

Fy(x, x4, x5)-vertex function, characterizing the finite size of the meson



TWO QUARK MODEL (CCRM)

To satisfy translational invariance the
vertex function has to obey the identity

Fy(x+ax;+ax,+a)=Fy(x xq,x5)

for any vector a.
2

Fu(xx1,%2) = 64| x = ) wixi | @y ((ry = 12)?)
i=1

m;
Wi =——F—— mq, M,- masses of constituent quarks
mq +m,

2 2
The simplest choice: (DM(—l ) = exp <— Az)
M

A% -characterizes the size of the meson



IT'WO QUARK MODEL (CCQM)

p p
Wa o = mCI1,2
1,2 —
/ \ mCI1+mCI2
Py Iy d,, (—k?
Ty @y (—k?) k& +wyp u®u(—K)
d*k

My (%) = 30% | sy P (K3 Tr{Ty Sy, (K = wip)TuSq, (R + w))




WO QUARK MODEL (CCRM)

l_‘M3 CI)M3 (—(k + W21p3)2)

I‘Mz CDMZ (—(k + W32p2)2)

T, myms(Pmy Puy Pus) = 39M, I, 9m; ¥

d*k

* ) ot

@y, (—(k + wi3p1)? )Py, (—(k + w32p3)?) @y, (—(k + wz1p3)?) -

. Tr{ersql (E T ﬁl)rMZSCIz (E + ﬁZ)rMss% (E)}



TWO QUARK MODEL, (CCM)

Sq (’]E) — 1/\ -free propagator of constituent quark

mq—k—le

Fock-Shwinger representation:
1 _ mg+k+p
~ ~ I 2 —
m,—k—-p m;— (k+p)?
00)

S,(k+p) =

= (m, + k+p) f da e~ (mg—(k+p)?)
0



ITWO QUARK MODEL, (CCOM)

"M(PZ)
_ gy [ d*k
T 4am? ) (2m)2i

o (ee)
XJ dalJ dazeakz+2k1‘—zo
0 0

2
a=—+a;+a, r = p(a;wy — aw;) = pb
M
zy = —mia, — mja, + p?(wia, + wia,)
o~ A~ 39M19M29M3
T£41M2M3 (Pmyr Puy Puy) = A2 X
d*k o . _
(zn)4iTr{rM1 (mth +k + pl)er (mCIZ +k + pZ)rMs (mCI3 + k)} X

X j da, j da, j da3ea(a)k2+2kr(a.p)—Zo(a,mq,p)
0 0 0




I'WO QUARK MODEL (CCGM)

1 0

kﬂeak2+2kr+zo _ —_~  gak*+2kr+zg
2 Ot
kukveak2+2kr+zo — 1 d 1 d ak2+2kr+zo
20r*20rY

Tr {I‘M (mq1 + (k — W1ﬁ)) I'n (qu + (k+ sz\))} =

1 0 1 0
= Tr{u(img, + 1) Tl + 1) (5305~ wiv*) (330 + W)

Tr{l'y,(my, + k+P1)y,(mg, + k+ D) y,(my, +k)} =

Tr{FM1 (mlh + y”)er (mQZ + )/V)['MS (m% + ya)} X

19 L\ (1 0 L\(1 9
“\29m TW1P1 )\ 25 T W2P2 )| 55,




WO QUARK MODEL (CCQM)

4
[ g ek ke toteman) = {1y = iy K < 0,p} < 0 =

2
e 1 e = a((fég’) —Zo (a,mq,p)
a(a)
a _r _r 21k d
- a — a —
ort € € a + pyon
d 0 ﬁ _ﬁ 21‘” N 0 zrv N 0

. _ —( _ B
ort orv € € a ark a orv




ITWO QUARK MODEL, (CCOM)

For any graph one ,obtains

co

G:jd"aF(al,az,---,an)
0

The set of Schwinger parameters a;can be turned into a
simplex by introducing an additional t—integration via the identity

0 n
1= f dt(S(t—Zai)
0 i=1
0 0 n
G = J dnaj dt6<t — z “i) Flay, ay, -, a,) ={a; = ta;} =
0 0 =1
0 1 n
= J dt tn_l j d"ad (1 — z a,-) F(tal, ta,, -, tan)
0 0 i=1



WO QUARK MODEL (CCM)

One can remove all possible thresholds present in the initial quark diagram
by cutting the scale integration at the upper limit corresponding
to the introduction of an infrared cutoff :

1
© A
fdt —>j dt
0 0
So 1
A2 n
G¢ :J dtt"™ 1]61"“6(1 Zai>F(ta1,ta2,---,tan)
i=1



ITWO QUARK MODEL, (CCOM)

Model parameters:

Universal cutoff parameter A:
A=0,181 GeV

Constituent quark masses
m, =my =0,241 GeV
mg, = 0,428 GeV

Size parameters of hadrons Ay,
A, =0,711GeV
Ag — have to be determined




ITWO QUARK MODEL, (CCOM)

2 2
[, ®(—k?) ke + wap Ly ®(—k?)

Compositeness condition:
ZM:]_—H;VI(pZ)|2 5 =0
py=m

M

d*k I
Ms(p?) = 393 f Z) &2 (—k?)Tr{I S1(k — wiD)I S, (k + w,p)}
1 d*k
/ 2\ _ 2 2(_1,2
I S(p ) - sz 395 (27t)4id) ( k )

Tr{Sl (E — Wlﬁ)wlﬁSl (E — Wlﬁ)SZ (i(\ - sz\)} + m4 S m,



ITWO QUARK MODEL, (CCOM)

iVSCDP(—(k — W21P2)2)

P1

Ps(—(k + wi3p1)?)
Sy (I 2
iy°>®p(—(k — wy3p3)?)
Tspp(Pm, Pm, Pu,) = 39s9p,9p, X

d*k
X (2n)4l(pS( (k +w13p1)?)@p(—(k — wo3p3)?)®p(—(k — wp1p2)?) -

Tr{IS,,(k + 1)iv®Sg, (k + bs)iv®S,, (k))
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e Scalars as diquark- antidiquark states

fo(600)(0) == (ud)(ud)
K:(800), () mmmmp (sw)(ud); (sd)(@d) +c.c

f0(980) ) (su)(Su) + (sd) (§J)
V2 -
10(980) (5 (57); T~ D(EA)

V2
(sd)(5u)



JFor four-quark states

Ju@) = [ dx, [ dx, [ dxs [ dxio <x - Z wlxl> o, (Z("i _ x}.f) .

i<j

\/—8abcgdec{[Qa(x4)CFMchb(xl)][qd(XS)FMZCCId(xZ)] + Iy, © FMZ}

+ for S,P, A
—for V,T

w; = C=y%2% C=CT=Cc1=-CT cr’c!=+r;

2 My,

Scalar current:
]4-q(x1 X3, X3,X4) = 8abc[q (xs)CV qp(x1)] - 3dec[CId(x4)V5CCI (x2)]



* Mass operator:
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Mass operator

M(x —y) = ijdxl.--jdx45<x—2xiwi>cb<z(xi —xj)z)
jdyy--fdxyf?(y—ZyW) (Z(y vi) >O|T{]q(x1 %)) g1+, v4)}|0)

3
Jucobi coordinates: y
xi=x+ZWijp]’-‘ )’i=3’+ZWiij

N(x—y) = i j 35,0 (32) j a2, D(B)0|T{, Cer, - x8)]o 1, -+ ya)}|O)



M(p,p) = fdxe‘ipx f dy e P VII(x — y)
M(p,p") = 2m)*6™W (p — pHI(p?)

3
- d*k 1.
2\ —2) .
%) = 12] 1| [(Zﬂ)4i] B(—a?)
i=
- Tr{y®S,(ky — wyp)y>S5 (ks + w3p)} - Tr{y®S,(ky — wop)y°Sa(ky + ky — kg + wyp)}

1
52 = E [k% + k% + k% + k1k2 - k1k3 - k2k3]
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d 1 9 -
ap? (p, p)—zpzp apaH(P,P)
d _ 1 ]

Wﬂ(pp)—z Zp 3 (p,p"

d
ot o e o

)= —W1T7”{V S1(ky — W1P)PS1(k1 W1P)V553(k3 +wsp)} - Tri-}+
+w3Tr{y>S; (k1 — wip)y>Ss(ks + wzp)pSs (ks + wzp)} - Tr{--} —
—woTr{--} - Tr{y>Sy(ky — wyp)pSz (ky — wop)y>Sa(ky + kg — ks + wyp)}+
AW, Tr{-} - Tr{y>S,(ky — wyp)y>Ss(ky + ky — ks + wyp)pSs(ky + ky — k3 + wyp)}

(my + ky —wip)p(my + ky — wyp) _
(mf — (k1 —wyp)?)?

S1(ky —wip)pSi1(ky —wyp) =

= (my + kg —wip)p(my + kq — Wlp)j da,a,elmi=(ki-wip)?]



3

f . l I 2 il { [ .}
0

i=1

' (p?) = 12

4
J=1

z = kak + 2kr + z,

k = {kl; k21 k3}

r-3-vector, r; = b;(a, w)p;
a = a(a) — 3 X 3 matrix

7= Z(pzy w, mq; a)



FOUR QUARK MODEL,
' (p?) = 12 l_[ f da; 1_[ [ (;l:)‘;i] num{k; a;}e”

j=10

10
26rl

4
d"k; pkak+2kr+zy — 1 1 —ra~lr+z,
l{Gm* " @meial?’

num {1 I C{]} e—ra_1r+zo = e—ra_17‘+Zo {li - (a_lr)i' a]}

num{kl, a]}ekak+2kr+zo — num{ a]} ekak+2kr+zo

Ea_‘ri' Zari
d %,
B _ B
ora 7} — (Sijgaﬁ + T} ore
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(OlT{]S(xli x2;x3)x4—)]P1 (y].' yZ)]PZ (Zl' ZZ)}|O> =
= =6 Tr{ysS1(x1 — y1)¥sS2(y2 — x2)¥sSa(xs — Y4)VsS3(¥3 — x3)}
M(p,q1,92) =

d l
=—6lgsgP19P21_[f(2w)4 (- a)z)f(z B Pl( l%)f(Z )4CI>P2( 12) -
| 1_U (27t)]4i Tr{ysS1(k1)ysSz (k2)vsSa(ka)ysSs(ks)}
j=1

2 4
j dpy j dp, f dps j dy, f dy, j dzy j dz, 5 (y - vm) 5 (z - uizi>
i=1 =3

exp{—ipx +iq,y +iqz — ipw — ily(y1 — y2) — il(z3 — z,) — ik (X1 — y1) —
—iky (Y — x3) —ik3(z3 — x3) — ik (x4 — 24)}
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m;
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Py - -
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| - UyZy
| _ . U3zZ3 +
Z=
m;
N - + VY5
: : =11
y =
3
WijPj
_|_
Xl' =X <
m;
mj
Wij - mi +

+k,+k;—ky, =0
k k3 k4
2
k
X

=0
ki =
[, + .
_)vlql_li—kz
9 Vyqq1 t+

ﬁ
Y2

- u =0
ks
— 1, — :
= Uyqy + I+ ky =
. 332 [y + ky
4
Z4




FOUR QUARK MODEL,

ky =ks—q;
i =k +viq4
k, =ky +qq

l = —k3 + uzqs
p1 = —wg — kawyg + kawyq + kawzy — kawy =0
P2 = —Wy — kywyp + kaWop + kawsy —kywy, =0
p3 = —w3z — kywyg + kaWoz + kawsz — kywyz = 0

1
w,=———QQLk+1+w, —w + (w; —w
1 2\/5( 1+ ( 1 2)q1 + (wy 2)q2)
1
0 2k, — (w w +(1—-—wy+w
2 = 2\/—( 2 — (W3 —wy)qq + ( 3 4)q2)

w3 =5 ((W3 +wy)qy — (wy + Wz)‘]z)



M(p,q1,9;) = i2n)*6(p — 1 — ¢2)T(P% ¢%, 43 )

2 2 .2 d4k1 d4k2 T =2\F 2
T(p y 41,92 ) = _6gSgPlgP2 (27T)4l (27'[)41 CDS(_(U )q)Pl(_(kl + vlql) ) )

- @p (—(ky + usq2))Tr{ysSy(k1)vsSz (ki + q1)vsSa(ky)ysSs (ko + q2)}




4 @ 2 d4k
T(®? q},q%) = —6 da J_num[k]e
(p,qi,47) RY N a; 2ya umlkle
0

i=1 j=1

numlk] = Tr{ys(m; + k)ys(m, + k1 + q1)ys(my + k)ys(mz + ky + q2)}

z=kak +2kr+2zy, q-2x2matrix 7= 0112), 1 =Db11q1 + b12q
T2 = by1q1 + b22q;

6959p, Jp . .
T at,a3) = —— 4 21_[ f d“JWe e ”z""um{ga—r—(a 'r). }



F(q)/F(0)

1,4

1,2 4

1,0 5

——— F(q)/F(0)




