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Introduction

e Quantum Chromodynamics: QCD
- Symmetries of the QCD Lagrangian.
If all quark massless then we have chiral U (4), xU (4), symmetry

U(N¢)r xU(N¢)p=SU(N¢)r X SU(Ng) xU(1)y xU(1)a
- Spontaneous breaking of chiral symmetry by quark condensates

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

-Effective chiral models of QCD.
e Charm quark???
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Motivation

 Linear sigma model with vector and axial vector degrees of
freedom.

* Inclusion of the charmed mesons into the linear sigma model
(extended Linear Sigma Model - eLSM).

» Extension from low-energy to high-energy mesons.

» Study of the model for T = n =0 (spectroscopy in vacuum).
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A Fields in the model

« Mesons: quark-antiquark states (7 )

4N? + 2 fields

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

Quantum numbers
/

H? D,° = D, (2400)° D® = D"(2007)° D= D,(2420)°

D* D,* = D, (2400)* D™ = D' (2010)* D; = D,(2420)*

D D = D, (2317)* Ds D5, = Dy, (2536)"
e = e (A5) Yoo = Xo0(1P) Jly = Jly(S) Xeo = Xeo(1P)

. |. 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]].




Including charm degree of freedom

1) Pseudoscalar fields: 2) Scalar fields: e+ dd
ﬁ[ﬂw + 70) Tt K+ DY f@ al) ag K;T Dg°
1 T JTE(T,:N — ) K° D- (:!2& al) K0 D~
P=— —0
V2 K- K ns Dy I{*_ ﬁ:ﬂ ‘/Q
D D+ D:;L: 1 {] ﬂ . S0 @

n=n, cosd+nssing and n' =-n, sing+ g cosg SS

. .. [ W. I. Eshraim; S. Janowski; F. Giacosa; D. CC
with mixing angle ¢ =—44. 6° H. Rischke. Phys.Rev. D87 (2013) 054036
[arXiv: 1208.6474 [hep-ph]

The multiplet of the scalar and pseudoscalar quark-antiquark states: @ =S +1IP

3) Vector fields: 4) Axial vector fields:
,}_g—(“"N +p%) pr K*(892)% D=0\ g x—%(flﬁ +a) aj K DY g
_ * 0 — _ _
U L *ﬂ ) T_(MN - p") K*(892) D*_ A~ L a ;l@(fl_w ~-al) KV D
2| K (_8%) K*(892)° ws D3 V2 Ky K fi,s Dg
D D** Dy I DY DY D§ Xe

The left-handed matrix: L“ =V *“ + A* and the right-handed matrix: L* =V * — A#

W. I. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph]]; W. 1. Eshraim; F Giacosa; and D. H. Rischke; [arXiv:1405.5861 [hep-ph]]  g=
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Linear Sigma Model Lagrangian with (axial-)vector meson

cg) Th(@10) - i [Tr(#18))* - ), To(81)°
0

(G > m?
1\ 2 1\2 1/ ~T
-I-Tr{ (G{]) > QE’) -I—(R‘)]}-I-Tr[H(‘I?'-I—fP)k\2Tr[c<I><I>
1 Y 2 WY\ 2 & P A L 4
- iTr[(L“ )2+ (R*)G c(det® — det®") % i G (detd — detd' a?{Tr(L“,,[L’ 1Y)

h
+ %Tr(@@)Tr[(L”)z + (R + hy Ti[(®R")* + (L'®)%) + 2h3Tr(®R, DT L¥) + Te(R,, [R*, R']))} +

where L 4;; is the dilaton Cagrangian,

L =Ly + T[(D ‘“‘I’) (D"®)] - m (

1 1 m?2 G2 G4
Lait = —(8”6’)2 - ZA_(; (G4 In-= — T)

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

W. I. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260 [hep-ph]]. GOETHE @
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Spontaneous Symmetry Breaking (SSB)

Shifting the fields
G — G +Gol ON = ON + ¢n]| 05 = 05 + ¢s
271 fr — ON
here, _ L&k a
W ¢N =Z:Lffr C,EE'S o \/ﬁ

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

For Ni= 4 new shift
f Xco — Xco + ¢c

where

_2Zpfp - ¢n Zine Ine
% /2

W. I. Eshraim, PoS QCD -TNT-I11 (2014) 049 [arXiv:1401.3260 [hep-ph]]; W. I. Eshraim, F. Giacosa, and D. H. Rischke, , arXiv:1405.5861 [hep-ph]].

dc =\V2Zp fp, — ¢s =

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

: GOETHE %
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Parameters

The values of the N+= 3 parameters :

Parameter Value Parameter Value
mf 0.413 x ]_Ob M6V2 mé —0.918 x ]_Ob MeV2 [D. Parganlija, P. Kovacs, G.
pZc/2 450 - 10~ % MeV 2 Ss 0.151 x 10°MeVZ | Rt pve rev 07
z 1 ggg Zl 2 %7 S?)l(?\)/%ﬁ)%léSSS [hep-ph]].
2 . 3 .
. 164.6 McV Y 196.2 MeV = x*/d.o.f=1.23
A1 0 Ao 68.3

The new three parameters for Nr=4 are @.,0q, & .
By fit with X° /d.of=1:

oc = (176 £28) MeV, dc = (3.914 0.36) x 10° MeV?, e¢ = (2.234 0.71) x 10° MeV? .

[ W. 1. Eshraim, F. Giacosa, and D. H. Rischke, , arXiv:1405.5861 [hep-ph]].
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Masses of light mesons:

Results

Observable | our Value [MeV] | Experimental Value [MeV]
. 1136 12818 £ 0.6
Mg, 1185 1230 £ 40
. 1372 14264 £ 09
M+ 885 891.66 £ (.26
m g, 1281 1272 &£ 7
o, 1362 (1200-1500)-1 (150-250)
Maq 1363 1474 £ 19
M, 1531 1720 £ 60
My 83 78265 = 0.12
My o 975 1019.46 £ 0.020
mp, 783 775.0 = 38.8
1My, 209 AT.853 £ 0.024
My 141 139.57018 £ 0.00035
My 962 957.78 £ .06
M 1449 1425 £ 50
m g 485 493.677 £ 0.016

-y

W. |. Eshraim

D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke,
Phys. Rev. D 87 (2013) 014011 [arXiv:1208.0585 [hep-ph];
W. I. Eshraim, PoS QCD -TNT-111 (2014) 049 [arXiv:1401.3260

[hep-ph].
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Masses of (open and hidden) charmed mesons:

Resonance [Quark content |J* [Our Value [MeV] |Experimental Value [MeV]
DY UC, uc 0~ 1981 + 73 1864.86 £ 0.13
D3 SC, S¢ 0~ 2004 £ 74 1968.50 % 0.32
ne(1S) ce 0= 2673+118 2983.7 £ 0.7
Dy (2400)” UC, UC 0" 2414 £ 77 2318 + 29
D%, (2317)* SC, §¢ 0" 2467 £ 76 2317.8 £ 0.6
Xco(1P) e 0" 3144 4 128 3414.75 £ 0.31
D*(2007)" UG, U 1~ 2168 £ 70 2006.99 £ 0.15
D? S¢C, 8¢ 1~ 2203 = 69 2112.3 £ 0.5
J/1P(1S) ce 17 2947 £ 109 3096.916 + 0.011
D (2420)° uc, uc 1+ 2429 + 63 2421.4 + 0.6
Dg1(2536)* SC, §¢ 1+ 2480 + 63 2535.12 4+ 0.13
X1 (1P) e 1T 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];
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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, Ds, and £, .
fp=1(254£17) MeV , fp, = (261 £17) MeV , f,. = (222 £ 28) MeV

[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].
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Decay widths of open c

Decay Channel

narmed mesons:

Theoretical result [MeV] Experimental result [MeV]
D¢ (2400)° — Dn = D¥r= + D% 1‘393}11; D7~ seen; full width I' = 267 + 40
D;(2400)" — Dm = D¥ 7% + DOn 51707 DT 7% seen; full width: T' = 283 + 24 + 34
D*=(2007)" — D#Y 0.025 £ 0.003 seer; < 1.3
D* (QDOT)L — DV 0 not seen
D*(2010)F — D70 0.0187 00> 0.029 = 0.008
D*(2010) — D°x* 0.0387000 0.065 £ 0.017
D1 (2420)° — D*r = D*tn— + D*0xn" 65757 D**7~ seen; full width: I' = 274+ 2.5
D(2420)" = Dnmr = D7 + D'n’x” 0.59 £+ 0.02 seen
D,(2420)° — Dt r— 7Y 0.217 o1 s seen
D,(2420)" — D w— 0 not seen; (D n~ ) /T'(D* ) < 0.24
D, (2420)" — D*n = D*t 7" + D*On+ 65" 54 D7+ seen; full width: [' = 25+ 6
Dy(2420)" - D7 ar =DV wtn~ + DT rx" 0.56 £ 0.02 seen
Dy (2420)" — DYz 0.22+0.01 seen
D(2420)" — D'+ 0 not seen; I'(DY#z™)/T'(D*"77) < 0.18
D (2536)" — D*K = D*'K+ + D*t K" 257 7% seen; full width I' = 0.92 + 0.03 £+ 0.04
Ds(2536)" — DT KY 0 not seen
D (2536)" — +D"K ™ 0

10t seen

.

W. I. Eshraim, F. Giacosa, and D. H. Rischke, arXiv:1405.5861 [hep-ph].
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Mixing matrix of the three scalar fields (v, os, G)

£5(1370) 0.94 —0.17 0.29 \ [ on = (@u+ dd)/v?2
fo(1500) | = 0.21 0.97 -0.12 0s = 55
fo(1710) —-0.26 0.18 0.95 G = g9

Where G |S al Scalar glueba” S. Janowski, F. Giacosa, and D. H. Rischke, in preparation.

 The decay widths of charmonium state de

Using fit including the decay widths of ¢

nend on the parameters A1 and ha.

narmonium state Xco, we obtain

A1=-0.16 and h:= 0.046 by fit with x*/d.0.f =0.7

W. I. Eshraim, F. Giacosa, and D. H. Rischke, in preparation, preliminary!
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Decay widths of hidden charmed mesons:

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

FJ /l// — O and Flﬂ — O
I . W. I. Eshraim, F. Gi ,and D. H. Rischke,
2) Decay widths of scalar charmonium state (77c ): in preparation preliminary! Beile

Decay Channel |theoretical result [MeV]|Experimental result [MeV]
T o 0.01 -
Fflc —Fap T 001 -
Ly = fo1370)n 0.00018 -
L 2 fo(1500)n 0.006 _
L. fo1710)y 0.000032 -
Ly = fo(1370)0 0.027 -
Ly = fo(1500)n 0.024 _
Ly pimo)y 0.0006 R
R 0.052 -
Loy 0.0023 :
Fr;c—n;’r;rg 0.44 -
| 0.0034
L —nk® 0.15 0.32+0.17
FT.?::—?TI'KK 0.4].
Ly —nrr 0.12 0.54+0.18
Lo —n/na 0.08 1.3+0.0.6
F —+ T . r - -
ne tHR 0-095 UNIVERSITAT




Decay width of 77c into a pseudoscalar gluebe

BESIII: m; =2370 MeV

- = 0.16 MeV

I

77C—> Grr
Lattice QCD calculations:
el - = 0.124 MeV
cor =" i m_ = 2600 MeV
W. I. Eshraim, F. Giacosa, and D. H. Rischke, in preparation preliminary!
Seet = coeTHE 43
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Decay width of Zeo

3) Decay widths of pseudoscalar charmonium state (X o ):

Decay Channel

theoretical result [MeV]

Experimental result [MeV]

I X o —+fo (1710}’

W. |. Eshraim

Ty o aoao 0.004 _ Decay Channel [theoretical result [MeV] |Experimental result [MeV]
. 0.005 - o RO KR0 0.01 0.0120.0047
A 0.022 0.031£0.0030 P 0059 0.061£0.007
P xeo ' 0.02 0.02+0.0035 Ty oon 0.089 0.088£0.0002
Exeoomn 0002 <0.0024 T K 0.0175 0.01720.0072
Vo iy 000007 - Ty o—sww 0.01 0.0099+0.0017
Lxeo—spe 0-01 - Ty o0 0.004 0.008120.0013
FX.:'I’?I —?‘fﬂ{l;'ﬁ'ﬂjfﬂ{l;'ﬁ'ﬂ] 0-005 {0-003 ]_"X _:,L."‘K— 0‘005 0-063:&0-0 233
L'y o= fo(1500) fo(1500) 0.004 <0.0005 < 1
Iy o= J0(1370) fo(1500) 0.000004 <0.001
Fxcﬂ%fﬂ{l;'s?(jjfﬂ{l}'ln] 0.0003 0.006940.004
I - . 4 . 7 . ) ) ) )
XC”FI”“W””“‘”” Doﬂggg <0.0007 W. I. Eshraim, F. Giacosa, and D. H. Rischke, in preparation,
Xeo G K " - I
['yo—Ki Ky 0.004 5 preliminary!
th—un{l:smmr; 0.0004 -
L'y o= fo(1500)1n 0.003 _
Fxcn —+ fo (1370)n'y’ 0.0027 -
L'y o5 0 (1370)ny 0.000089 _
Fx 0 —+fo(1500)nn’ 0.011 -
'y o= 01710y 0.00008 -
T 0.00003 - GOETHE @

UNIVERSITAT




Conclusions and Outlook
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1. Linear sigma model with Nf=4 and vector and axial-vector mesons.
2. Masses of (open and hidden) charmed mesons.

3. Charm-anticharm condensate and decay constants.

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

|. Light tetraquark nonet and its extension to N+=4 (on going).
[1. Mixing of axial- and pseudo-vectors charmed mesons.

[11. Inclusion of 1sospin breaking.

|V. Extension to non-zero temperature and density.
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