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Introduction

* Quantum Chromodynamics: QCD

- Chiral Symmetry of the QCD Lagrangian:
If all quark massless then we have chiral symmetry

U(N;), xU(N¢), =SU(N;), xSU(N;), xU(D), xU (@),
- Spontaneous breaking of chiral symmetry by quark condensates

- Explicit breaking of global chiral symmetry by quark masses and chiral anomaly

-



Effective chiral model of (QCD

* Development of a chirally symmetric model for mesons.
- Nonlinear Sigma Model.
-Linear Sigma Model extended == extended Linear Sigma Model.

* Study of the model for T = p =0 (spectroscopy in vacuum).
(Masses, decay, scattering length, ...)




Fields of the model

e Mesons: quark-antiquark states ( ¢q)
(scalar, pseudoscalar, vector and axialvector quarkonia.)

Quantum number: JPC > Charge Conjugation

Total Spin e l

Parity

e Glueballs (additional mesons): The scalar and the pseudoscalar glueball

« Baryons: nucleon doublet and its partner




Glueballs

Lattice QCD calculation

12

10 +

.................

0

_________________

++

+ +
PC

The Pseudoscalar Glueball G =|gg) at the
|+ border within light and heavy

I M. =20 GeV

G
JPC :O—-I—
| =0

m, (GeV)

0

[C. Morningstar and M. J. Peardon, AIP Conf. Proc. 688, 220 (2004)

[arXiv:nucl-th/0309068]];
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Scalar Glueball G

Mixing matrix of the three scalar fields (ov, o5, G)

fo(1370) 0.94 —0.17 0.29 on = (Tu+ dd)/v/2
fo(1500) | = 0.21 0.97 -0.12 o5 = 55
fo(1710) —-0.26 0.18 0.95 G = gg

S. Janowski, F. Giacosa and D. H. Rischke, Phys.Rev. D90 (2014) 114005 [ arXiv:1408.4921 [hep-ph]].

Pseudoscalar mixing angle

n) (cos6, sind \n,=\1/2Gu+dd)
n') |-sind, cosé 1, = ss .

112

Theory: 6 =-44° Exp (KLOE): 6, =-AT




Construction of the eLSM

The construction of the so-called Extended Linear Sigma Model (eLSM) based on

« dilatation invariance

Note that: The breaking of the dilatation symmetry is only included in the “gluonic part”
(scalar glueball and axial anomaly)

e chiral Invariance

SU(N;), xSU(N¢), xU (D),

Furthermore, the invariance under C and P Is also taken into account.

- ——




The eLSM Lagrangian with (axial-)vector mesons
£ = -(ijcsan + a—rfim]'}'qm + =fr_111;],tn:un

: 2
Lrneson = Tr[(D, )T (DHD)] — mg (CE;) Tr(®T®) — A\q[Tr(@T®)]? — Ao Tr (T d)?

_ %Tl[( MI-—‘)2 4 (B,tw)Q] + Tr [(( ) @(LE +Rz w +Tr[H{*11+fIﬁ}]

@etfb — deth)TDA—f‘%z{Tr( L, LP, L))+ Tr( R, [RY, RY])}
f
+ S Te(TR)Tr (L] + R2) + haTr[| L] + | B R,[7)

+ 2h3Tr(L,, ® R*®T) +chirally invariant vector and axialvector four-point interaction vertices

Lrovvon = V1017, DY Ui + Uigin, DY pUir + Vapin, Dy pUar + Wariv, Dy Uar
— 91 (U1 ®V1p + V1@ W1L) — G2 (Va2r @' Wak + Uor®Wsp)
— (ax + bG) (U1, Vo — U1 pWUsy, — Vo Uy + Uar¥yy) ,

1 5 1 ma . G G* D.Parganlija, P.Kovacs, G.Wolf, F.Giacosa and D.H. Rischke, Phys. Rev.
L iitaton = = (0" G)” — 1A (G In Al —) D 87 (2013) 014011 [arXiv:1208.0585 [hep-ph]];
2 4 4 S.Gallas, F.Giacosa and D.H.Rischke, Phys. Rev. D82 (2010) 014004

[arXiv: 0907.5084 [hep-ph]].
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Decays of the pseudoscalar glueball




A globally chirally invariant Lagrangian for three flavours

Interaction Lagrangian for the pseudoscalar glueball with scalar and pseudoscalar
mesons

LI = icpe G (detd — detdT)

where Céq) Is a dimensionless coupling constant and @ reads for three flavours, N, =3:

T D ] T jEI F - ' -
1 / (D'h —|—!1[|)\‘|;%(T}h +m ) G'EI]_ L 'E-TT—|_ I&; 4 ?I‘L + \
a | :pa\4a _ . —aLi(nn —70 . o
(I) — (S + 'EP )f — NG fi’-g 4o (Uf\. ﬂ{])\—l/_%(nﬁ m ) Ilgr L P}'&U

\ Ky +iK™ K2 +iK"° 05 + 118 /




Predictions for a pseudoscalar glueball

- Predict branching ratios for decays into three pseudoscalar mesons G — PPP

-

Quantity |Case (1): Mg = 2.6 GeV |Case (i1): Mg = 2.37 GeV
Uekrn/T e 0.049 0.043
I i 0.019 0.011
Larrn/TE 0.016 0.013
Calypmm/LE 0.0017 0.00082
G [ L& 0.00013 0
Lo kika/le 0.47 0.47
Cénrn/TE 0.16 0.17
Céninn/TE 0.095 0.090

PANDA/FAIR will be able to
scan the energy above 2.5 GeV

The decay of the pseudoscalar glueball into three pions vanishes:

i )

)

BESIII has measured
candidate: X(2370)

G—=mmm

= 0

W. I. Eshraim; S. Janowski; F. Giacosa; D. H.
Rischke. Phys.Rev. D87 (2013) 054036 [arXiv:

1208.6474 [hep-ph].

a




Predict branching ratios for decays into a scalar and a pseudoscalar meson

G — PS

Quantity |Case (i): Mg = 2.6 GeV |Case (ii): M5 = 2.37 GeV
Conra/ LY 0.060 0.070
FC%D,,_/FfOf 0.083 0.10

Gopon /L& 0.0000026 0.0000030
L e o /rfof 0.039 0.026
Payos/VE 0.012 (0.015) 0.0094 (0.017)
Caynroo /T 0 (0.0082) 0 (0)

whereas Could be measured by ‘:Q; -

K, =K;(1430), a, = a,(1450), o, ~ f,(1370), o ~ f,(1710)

The full width of the pseudoscalar glueball is expected to be small

W. I. Eshraim; S. Janowski; F. Giacosa; D. H. Rischke. Phys.Rev. D87 (2013) 054036 [arXiv: 1208.6474 [hep-ph]; W.I. Eshraim and S. Janowski,
PoS ConfinementX 118, (2012) [arXiv:1301.3345 [hep-ph]]; W.I. Eshraim and S. Janowski, J. Phys.Conf. Ser. 426, 012018 (2013) [arXiv:1211.7323

[hep-ph]].
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Charmed mesons
In the extended Linear Sigma Model




The extension to the four-flavor case

« Additional mass term Is required to reproduce charmed meson
masses

~ 2 Tr[z®'9)

with

EU 0 0 0
0 ¢ D 0 0
0 0 ¢ S 0
0 0 0 ¢ '

i )]

whereg cc m?, &, =&, =& =0, while &; is nonzero

.



" Charmed mesons in the mode

 The number of mesons in the model
4NZ+2mesons

- For N = 4 there are 66 mesons: 64 quark-antiquark fields + one pseudoscalar glueball G
+one scalar glueball G

Quantum numbers

/

D° D,° = D; (2400)° D" =D"(2007)°  D?= D,(2420)°

D* D,* = D, (2400)" D™ = D" (2010)* D = D,(2420)*

Dy D = D, (2317)* Ds D5, = D, (2536)°
e = 1 (15) Yoo = oo AP) JIy=J/y(1S) X = X (1P)

shraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph]]; W. I. Eshraim, F. Giacosa, and D. H. Rischke , [arXiv:1405.5861 [hep-ph]].




Including charm degree of freedom

1) Pseudoscalar fields:

L(n +7°)
1 T

-

p_ L V3
/2 K- K
D’ D+

K+
I—(T;N - ?Tﬂ) K
s
D}

2) Scalar fields:

nnecuau+dd

«,«172_ on ) al) as
1 gy
V2 I{S‘; f{ﬂ
Dy

K;T D°
—uﬂ) {*” Dg~

‘ D%‘}]F (Xrﬂz

The multiplet of the scalar and pseudoscalar quark-antiquark states: ® =3 + IP
4) Axial vector fields:

3) Vector fields:
Lv+e’) gt K027 DO\’
o L o plen =) Ke@02) D
T2l K927 K920 ws D
D” p DY )

The left-handed matrix: L* =V* + A*

W. I. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph]]; W. I. Eshraim; Giacosa; and D. H. Rischke; [arXiv:1405.5861 [hep-ph]]

W. I|. Eshraim

(v +ai) al K DY \"
At = ]'_ ul_ Vlﬁ(fl.,N —1!1[1]) I{:(L] Dl_
V2 Ky K} fis Dg
Dy DII_ D:El Xel
and the right-handed matrix: R* =V* — A”




Perform Spontaneous Symmetry Breaking (SSB)

GC->G+G,, oy >0y +@,

Oy —>0g +@5, Xco > Xco+ P
where

b =2 F, ¢S:22K\f/K_—¢N’
2

and
Z f

_ e Tl
¢S \/E

There are 29 egs. of square masses of mesons with 15 unknown parameters.

W. I. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph]]; [ W. I. Eshraim, F. Giacosa and D. H. Rischke, , arXiv:1405.5861 [hep-ph]].

T



Parameters

Parameter Value Parameter Value
m3 0.413 x 10° MeV* me —0.918 x 10° MeV*
¢Hc/2 1450 -107° MeV—+ ds 0.151 x 10°MeV*~
g1 5.84 hl 0
ho 9.88 hs 3.87
ON 164.6 MeV bs 126.2 MeV
A1 0 A2 68.3

There are only three new parameters for N, =4 :

$. = (176+28) MeV,
£. =(2.23+0.71)x10° MeV 2.

S. =(3.91+0.36) x10° MeV 2,

[D. Parganlija, P. Kovacs, G.
Wolf, F. Giacosa and D. H.
Rischke, Phys. Rev. D 87
(2013) 014011
[arXiv:1208.0585 [hep-ph]].

= y?/do.f =123

with y?/d.o.f =1

! W. 1. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph]]; [ W. I. Eshraim, F. Giacosa and D. H. Rischke, , arXiv:1405.5861 [hep-ph]].



aSSES OT (0pen an

Resonance [Quark content |J* [Our Value [MeV] |Experimental Value [MeV]
DY UC, uc 0~ 1981 + 73 1864.86 = 0.13
D3 SC, 8¢ 0~ 2004 + 74 1968.50 £ 0.32
ne(15) cC 0= 2673+£118 2983.7 £ 0.7
Dr2200)° | wcac  [0F|  MIAETT 2318 £ 29
D%, (2317)* SC, §¢ 0" 2467 £ 76 2317.8 £ 0.6
Xco(1P) ce 07| 3144 £+ 128 3414.75 £ 0.31
D*(2007)" UC, UC 1~ 2168 £ 70 2006.99 £ 0.15
D? SC, ¢ 1~ 2203 £ 69 2112.3 £ 0.5
77513 oz = 2947 £109 3096.916 = 0.011
D (2420)° UE, Uc 1T 2429 £+ 63 2421.4 4+ 0.6
Dg1(2536)* SC, 3¢ 1+ 2480 %+ 63 2535.12 £ 0.13
Xe1 (1P) ce 17 3239+ 101 3510.66 + 0.07

W. I. Eshraim, F. Giacosa and D. H. Rischke, [arXiv:1405.5861 [hep-ph]];
W. I. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph].




Mass difference and decay constants

The mass difference of the squared charmed (axial-)vector mesons:

mass difference [theoretical value MeV? |experimental value MeV?
mp, — Mpe (1.2 40.6) x 10° 1.82 x 10°

my., —m5,, | (1.8+1.3) x 10° 2.73 x 10°

mpg, —mp: | (1.2£0.6) x 10° 1.97 x 10°

Weak decay constant of D, Dy, and f, .
fp=1(254+17) MeV , fp, =(261+17) MeV , f,. = (314 £ 39) MeV.

| ! l

[Exp. value = 206.7 = 8.9 ] MeV, [EXp. value = 260.5 = 5.4] MeV, [Exp. value =335+ 75] MeV

W. I. Eshraim, F. Giacosa and D. H. Rischke, arXiv:1405.5861 [hep-ph].

.y



Decay widths of open charmed mesons:

Decay Channel

Experimental result [MeV]

D;(2400)° — Drr = D¥ 7~ + D20

DT~ seen; full width I' = 267 £+ 40

Dy (2400)t — Dr = DT + DOx T 517257 DT 7" seen; full width: T = 283 +24 + 34
D*(2007)" — D"x" 0.025 £ 0.003 seen; < 1.3
D*(2007)Y — Dtn— 0 not seen
D*(2010)T — D¥x® 0.01875 003 0.029 4 0.008
D*(2010)T — DT 0.03870 001 0.065+0.017
D:(2420)° — D*r = D*Tn~ + D*97" 6575 D**r~ seen; full width: I' =274 +2.5
D1(2420) = D" = D"~ + Dn"7" 0.59 £ 0.02 seen
D1(2420)° — DT~ 0.217001- seen
D1(2420)Y = D m™ 0 not seen; I'(DTn ™) /T (D*Tn~) < 0.24
D1(2420)" — D*nr = D*Ta” + D7 6572 D*97 seen; full width: I' =25+ 6
D1(2420)" — DTar = DTntn~ + DT a’n? 0.56 :I:S[?.UQ seen
D1(2420)T — D= 0.22 £0.01 seen
D1(2420)T — DT 0 not seen; I'(D ™) /T(D*'7 ") < 0.18
Ds1(2536)T - D*K = DK™ + D*tK"Y 25745 seen; full width I' = 0.92 +0.03 £+ 0.04
Dg;(2536)T — DTK" 0 not seen
Ds1(2536)T = +D'K™ 0 not seen

W. I. Eshraim, F. Giacosa and D. H. Rischke, arXiv:1405.5861 [hep-ph].
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Decay widths of hidden charmed mesons:

1) Decay widths of (axial-)vector charmonium states:

I,=0 and I', =0
2) Decay widths of a pseudoscalar charmonium state ( Xco):

Decay Channel [theoretical result [MeV| |Experimental result [MeV]
Yo O K20 0.01 0.01+£0.0047
| e 0.059 0.061+0.007
| 0.089 0.088=+0.0092
Y oo STETO KO *0 0.0175 0.017+0.0072
L'y o= ww 0.01 0.0099+0.0017
Iy o o6 0.004 0.0081+0.0013
N 0.005 0.063£0.0233

W. I. Eshraim and D. H. Rischke, in preparation preliminary!

-



Decay widths of a pseudoscalar charmonium state ( Xco):

Decay Channel

theoretical result [MeV]

Experimental result [MeV|

FX.:r.-—Hm g 0.004 -
Ff{’m —sky K 0.005 ~
L'y o—nn 0.022 0.031+0.0039
L'y ooy 0.02 0.02£0.0035
Uy co—mm 0.004 <0.0024
['yoorekg 0.00007 _
F}r:cn —+2 D'Dl -
L'y o= fo(1370) fo (1370) 0.005 <0.003
L'y co— 0(1500) fo (1500) 0.004 <0.0005
L'y o= £0(1370) o (1500) 0.000004 <0.001
'y o= fo(1370) o (1710) 0.0003 0.0069+0.004
FX.:n —+ fo(1500) fo(1710) 0.00004 <0.0007
['y.o—k;Kny 0.008 5
L'y oKy Ky 0.004 .
F}f.:vn —+ fo( 1370 )1 0.0004 -
Fxcn —+ fo( 1500 )y 0.003 -
L'y o= 13701 0.0027 _
F,‘fm —+ fo(1370)nn 0.000089 -
L'y o = fo(1500)nn’ 0.011 _
Fxcn —+ fa( 1710 )51 0.00008 -
I'y o = fo(1710)77’ 0.00003 5




Decay width of 7/c into a pseudoscalar glue

BESIII: ms = 2370 MeV
- = 0.16 MeV

Could be measured by
|
{[BNT™ Foe Q.

P

Lattice QCD calculations:

- = 0.124Me

|
27 — 3

,,,,,,,,,,,,,,, . 2 b

,,,,,,,,,,,,,,,, 2
3

I

_______________ 1 I
I

m, (GeV)

m; = 2600 MeV

W. I. Eshraim and D. H. Rischke, in preparation

—4 +—
PC




Decay width of 7

3) Decay widths of scalar charmonium state ( 7.):

Decay Channel

theoretical result [MeV]

Experimental result [MeV]

R o 0.01 R
FT‘.?.: —+ T 0.01 -
L'y = fo(1370)n 0.00018 -
L. = fo(1500)7 0.006 _
Ly s fo(1710)7 0.000032 _
L — fo(1370)7 0.027 _
L. — fo(1500)7' (0.024 _
L fo(1710)0y 0.0006 _
L'y —nnn 0.052 -
Ly 0.0023 _
L'y —n'nn 0.44 -
Ly —mrnn 0.0034
Lk 0.15 0.32+0.17
L'y sy KK 0.41
Ly —nm 0.12 0.54+0.18
Ly —nmn 0.08 1.34+0.0.6
'y, sk Kx 0.095 -

W. I. Eshraim and D. H. Rischke, in
preparation, preliminary!



Conclusions

1. In the case of N, =3: Decay of a pseudoscalar glueball with
a mass above of 2 GeV.

2. Linear sigma model with N:r= 4 and vector and axial-vector
mesons.

3. Masses of (open and hidden) charmed mesons.

4. Decay widths of (open and hidden) charmed mesons.
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