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Introduction:

Definitions and Experimental Data
Mesons: quark-antiquark states

Quantum numbers: JPC

— I\

Total Spin  Parity Charge Conjugation

Scalar mesons: JP¢ = (== [o or f,(600),
a,(980), a,(1450)...]

Pseudoscalar mesons: JPC = (2= [, K, n,
n...|

Vector mesons: JPC = (PP [p K*, w,
9(1020)...]

Axial-Vector masuis..JES.=E~=" [a,(1260),

X
Flavour Sigma Model
£ A /P \\ 17 A4 ™ /~\\ 17 4 4 408 A\ |




Motivation:

PDG Data on JF¢ = 0** Mesons
. ‘Nnocuu+dd SS
Six states up to 1.8 GeV (isoscalars)

State Mass [MeV] Width [MeV]
f,(600) 400 - 1200 600 - 1000
f,(980) 980 * 10 40 - 100
f,(1370) 1200 - 1500 200 - 500
f,(1500) 1505 *+ 6 109 + 7
f,(1710) 1720+ 6 135+ 8
f,(1790) 1790 *% 270 %

gaag Glueball S MESON - MESON

Flavour Sigma Model

boundstate



Motivation:

Reasons to Consider Mesons

Mesons: hadronic states with integer spin

More scalar mesons than predicted by quark-
antiquark picture — Classification needed

Look for tetraquarks, glueballs...

V\_/alecka Model: Nucleon-nucleon interaction
via o meson

Restoration of chiral invariance and
decofinement «— Degeneration of chiral
partners rand 0 — o has to be a
guarkonium

ldentify the scalar quarkonia — Need a model
with scalar and other states

Denis Parganlija (TU Vienna / GU Frankfurt)
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An Effective Approach:
Linear Sigma Model

Implements features of QCD:
SU(Nf), X SU(N¢)g Chiral Symmetry
Explicit and Spontaneous Chiral Symmetry
Breaking; Chiral U(1), Anomaly

Vacuum calculations — calculations at T#0

Chiral-Partners degeneration above T, — order
parameter for restoration of chiral symmetry

The model here: N; = 3 (mesons with u, d, s quarks)
In scalar, pseudoscalar, vector and axial-vector
channels

— extended Linear Sigma Model - eLSM

Vacuum spectroscopy of quark-antiquark states

Denis Parganlija (TU Vienna / GU Frankfurt)
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Resonances |

Pseudoscalars

(+7° . .
@fz— ro n,n'
P=t| @ K°
V2 V2
K- K @
\ /
Vectors wy = w(782) =nn

@ @ &)  ws = 9(1020)=5s
V= p = p(770)
) & @) k=K (892)

\ J
Denis Parganlija (TU Vienna / GU Frankfurt)

Scalar and Axial-Vector Mesons in a Three-
Flavour Sigma Model




Resonances ||

Ax'a!.‘or fiv = f1(1285) = in
2 o = a,(1260)
v 8N f,o=1,(1420) =5

® @b q@ 1s = £1(1420) = Ss
y _ (K1(1270)

Scalars 1= {K1(14OO)

@ @ {O'N =nn _ { ¢ = predominantly nn
@ @A@@ Os =SS q = = predominantly ss
1= {2080 :{K0<800)/n

) 70 7 lay(1450) T ° T | K5(1430)
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The Lagrangian |

Scalars and Pseudoscalars

L., = Tr[(D*®) (D*®)]-m? Tr (®'®) - A[Tr (D'®)]* —4,Tr (O'D)
@H (@ +®)]AT[(AT @ + det @' )? — 4det (DT >

Explicit Symmetry Breaking Chiral Anomaly

(aN}ag a: Ksﬂ fn,\,j_yro - Kﬂ
2 2
1 o, —ag 1 ny —7° -
S=—| a; N "0 K2 P=—"— T N K ° —
| 2o 72 s NG 2 O=S+IP
Ks KSO Os K™ K® s
. ) \ J

D,®=0,D+ig, (PR, — L, ®)
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The Lagrangian |

Vectors and Axial-Vectors

2

1 2 2 ml 2 2
Lop==,Tr (L, + RW)+TrK2+@)) (L + Rﬂ)}

— 2ig,(Tr{L, [L*, L'T}+ Tr{R, [R*,R"T})
A

L,,=d,L,-9,L, -
— _ n ud
Ruw=0R~OR, 6,(mZ,)
g,(m;)
(a)N,u_*_pz + K*+\ ( le,u+a]c.)y a+ K+
\/E pﬂ y7 \/E Y7 1u
1 _ (N _po . 1 - fin _af
V, = ﬁ P, # K”O A, = NG a,, ’:_E £ Kloﬂ
K> K> @, K, K., fis,
\ Y, \
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Sigma Model Lagrangian with Vector

and Axial-Vector Mesons (N; = 3)

More (Pseudo)scalar — (Axial-)Vector Interactions
h
L, = El Tr(®'®)Tr(L,+R))+h, Tr[(L®)"+(PR,)’]

+2h, Tr (OR,®'L*)
L = LSP + LVA + LINT.

Perform Spontaneous Symmetry Breaking (SSB):
Oy — Oyt @y, Os— Os + @g

18 parameters, 10 independent, none free — fixed
via fit of masses and decay widths/amplitudes
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Possible Assignments

Isospin 1

(ay(980)
%o = {a00(1450)

Isospin % Check all

Ko — {K 0(800) / K possibilities
ST | K;(1430)

Isospin O (Isoscalars)
{oN =nn _ {fﬁ = predominantly 7in

Os =SS f& = predominantly ss

fo(600)  f,(980) f,(1370)
fo(1500) f,(1710)

Denis Parganlija (TU Vienna / GU Frankfurt)
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Best Fit

}

Observable|Fit [MeV]|Experiment [MeV]
fx 92.5 924+ 09
fx 109.6 | 155.5/v/2+1.1
My 139.0 138+14
mK 503.9 495.6 + 5.0
- 526.5 547.0 + 5.5
- 967.7 057.8 + 9.6
mp 767.2 7755+ 7.8

M 899.9 893.8 + 8.9
1 : 10140 1111 02
May 1178.9 1230 + 40
MK, 1296.4 1272+ 12.7
1M £, (1490) TS . i
May 1441.7 1474+ 74
M+ FM 1425 + 71
ML 1214.1 1350 £+ 150
m;H 1584.1 1720 + 86
S

P

Observable |Fit [MeV]|Experiment [MeV]
| R 166.5 149.1 + 7.4
[k 3 .3
Taispr 737 425 + 175
0.650 0.640 £+ 0.25
: L 2.2
. 122.3 250 + 100
. 125.7 150 + 100
RS - 31.3 203 £6.5
\I‘@ 141.6 ?Li?gy

{fo (1370) predominantly nn

f0(1710) predominantly ss
a,(1260)/ K;(1270) qq states

m, < Gluon Condensate

p
+Quark Condensate;

=T Farganiia (TU Vienna / aU Frankiury GlUON Condensate dominant
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What We Did Not Find

No fit with f¢(600) and f,(980) as qq states
No fit with K,(800) as qq state

No reasonable fit with f,(600) and f,(1370)
as qq states

— mg: ~1.1GeVorm, ~1.2 GeV
Mg (800) /k = (676 +40) MeV { Mg (9g0) = (980 + 20) MeV
Mg (1430) = (1425 + 50) MeV ( Mg, (1450) = (1474 + 19) MeV

Thus: scalar qq states above 1 GeV
— fo(1370) predominantly nn
— fo(1710) predominantly ss

Denis Parganlija (TU Vienna / GU Frankfurt)
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Summary

Linear Sigma Model with N; = 3 and vector
and axial-vector mesons — eLSM

Predominantly qq scalar states above 1
GeV:f,(1370), f((1710), ay(1450), K,;,(1430)

Axial-Vectors a, and K, seen as qq states

Denis Parganlija (TU Vienna / GU Frankfurt)
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Summary: Results on
JPC = 0** Mesons

State Mass [MeV] Width [MeV]
f,(600) 400 - 1200 600 - 1000
tetraguark?
f,(980) 98010 40 - 100
| tetraquark?
f4(1370) 1200 - 1500 200 - 500
predominantlynn
f,(1500) 1505 * 6 109 7
predominantly gluepall
fy(1710) 1720 6 135+8
predominantly ss

[S. Janowski, D. Parganlija, F[.J Giacosa and D. H. Rischke, PR D 84 (2011) 054007]

enis Parganlija (TU Vienna / GU Frankfurt)
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Outlook

Lagrangian With Three Flavours +
Glueball + Tetraquarks

Mixing in the Scalar Sector: Quarkonia,
Tetraguarks and Glueball

Four Flavours

Extension to Non-Zero Temperatures
and Densities

Include Tensor, Pseudotensor Mesons,
Baryons (Nucleons)

Denis Parganlija (TU Vienna / GU Frankfurt)
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Spare Slides
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Quantum Chromodynamics (QCD)

QCD Lagrangian
— . 1o ~uv
Loco =0 (ID—m )q; _ZG G,

uv=_a

Symmetries of the QCD Lagrangian
Local SU(3). Colour Symmetry

Global Chiral U(N;)x U(N;) Symmetry

CPT Symmetry
Z Symmetry

Trace Symmetry

Denis Parganlija (TU Vienna / GU Frankfurt)
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Chiral Symmetry of QCD

Left-handed and right-handed quarks:

: =qs L +*0try U Lr = PL,qu

Chirality Projection Operators
1ty.
P r=
’ 2
Transform quark fields
A: . 2 0: =Uqu L =e_laLt_ ;s J =O""’Nf2 -1

: —iaLt!
J:r 2> Usr =UquR=e R © P

Quark part of CD Lagrangian:
LQCD quarks @ LiquL_l_C_'f Riqu qf mequ—ﬁf rRM s

Invariant Explicit Breaking of

Denis Parganlija (TU Vienna / GU Frankfurt)
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Chiral Currents

Noether Theorem: U(N;)z — R
U(Ns)p — L¥

Vector current VF = (L¥ + R¥)/2
Axial-vector current A¥ = (L¥ - RH)/2
Vector transformatlon of Loc

Jlauaks 770)-like

- Z a\J/t | cons. aurren il o i
oF _)qf =U,q; =e = qq — " =q,v"t'q,
| ={12,3
Axilal vectorTransformatlon of LQCD J =123}
quarks
—IZaAy5tJ

j=0 cons. current i — [l
oF _)Qf =U,q; =e d; > AT =qY Yt g,
Den |j (TU V nnnnn / GU Frankfurt)

S S e T a,(1260)-Tike




Spontaneous Breaking of
Chiral Symmetry

Transform the (axial-)vector fields
ﬁp Vector )ﬁ” + av Xﬁ” Theory:

= Vector ~ ~ ~
ar »a; +d, xa; pand a,should degenerate
Experiment:

a5 p" +a, xa

V!
=

—

f s )éf _anﬁ”
Spontaneous Breaking of the Chiral Symmetry (SSB)
— Goldstone Bosons (pions, kaons...)

Chiral Anomaly
Axial Singlet e~ “A™ )a”Aél o mf ,classicalb/

Q,

LQCD guarks _
0,AY| NG5G, at quantum level

m¢ =0 pv—a
f Denis Parganlija (TU Vienna / GU Frankfurt)
Scalar and Axial-Vector Mesons in a Three-
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Two K, Fields

( le,A+af at K+ )
\/E 1 1,A
1 _ finoa _af 0
A =— a ’ K B
” \/E 1 ﬁ 1,A u
Kia Klo,A fisa
. /i

Burakovsky, Goldman (1998):
Pk, ~37° mg, , = 1322 MeV

MK, 1570 = 1273 MeV

Mgk, 1400

Denis Parganlija (TU Vienna / GU Frankfurt)
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( fin g+ b
J2
b;
K;B

\.

Mg, , = 1356 MeV
= 1402 MeV




Sig

ma Model Lagrangian with Vector

and Axial-Vector Mesons (N; = 3)

Scalars and Pseudoscalars

L,=Tr

(D) (D “®)]-m? Tr (®'®)— A,[Tr (O'®)]* - A, Tr (O'DY
@H(cmcp’f)] C(GL @ + cet @)% — 40t (@D >

Explicit Symmetry Breaking Chiral Anomaly
. ( ag al K+\ (UN_*_”O et K+\
N 2 . J2 0
:3=\/1E a; K¢ =i ;z— ”N\g’ Kl =S +IP
Kg K K~ K° e
\ q_’SS \ )

D,®=0,0+ig, (PR, — L, ®)

Where

are scalar qq states? Under 1 GeV? Above 1GeV?

Denis Parganlija (TU Vienna / GU Frankfurt)
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V

H

Sigma Model Lagrangian with Vector

and Axial-Vector Mesons (N; = 3)
Vectors and Axial-Vectors

LVA =

— 2ig,(Tr{L, [L*, L'T}+ Tr{R, [R*,R"T})

L,,=0,.L,-0L,
R,,=0,R -0,R,

(a),\,ﬂ +p, N
\/E Iz
— i - a)N,u —,Of,
= \/E P, —\_/E
K ;
\

1 m?’
- T+ wa)+TrK21+@)) (L + Rj)}

( 2 )
§n(mu,d)
2
5n(mu,d)
2
A O o,(m),
K*+\ le,u + aly a+
y7 \/E Y7
1 —a,
*0 - 1N 1
Kﬂ Aﬂ = ﬁ a.lﬂ ‘Ll\_/i £
s, K., Kfﬂ

Denis Parganlija (TU Vienna / GU Frankfurt)
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Flavour Sigma Model
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Motivation:
QCD Features in an Effective Model

QCD Lagrangian
Locp = qf(tlD—myg)qs + Gluons
Chirality Projection Operators
Pr, 1 = 157
|

Locp =1qr, fPar, s +1q, D aqr, 1— qy, fmpqr, § — Q, FMFQy, §

Denis Parganlija (TU Vienna / GU Frankfurt)
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Motivation:
QCD Features in an Effective Model

Global Unitary Transformations
qr, f — q;,f = U, qr, £ = e_zartaqr,f

—ia?

q,f— a5 =Urq,s:=e"loq g

Invariant \L not invariant

£Qep =<Tar, P ar, 5 + a1, 1P 0., s™s %, £ — @, 59,

Chiral Symmetry Explicit Symmetry Breaking
Spontaneously Broken
In Vacuum

In addition:
Chiral U(1), Anomaly

Denis Parganlija (TU Vienna / GU Frankfurt)
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Motivation: Structure of Scalar Mesons

Spontaneous Breaking of Chiral Symmetry
— Goldstone Bosons (N, =2 — m)

Restoration of Chiral Invariance and
Deconfinement < Degeneration of Chiral

D
artners ("/@\*fO(GOO), ,»sigma* ‘fo(1370)
Nature of scalar mesons

Scalar Qg states under 1 GeV — f{,(600),
a,(980) — not preferred by N; = 2 results

Scalar (q states above 1 GeV — f,(1370),
a,(1450) — preferred by N; = 2 results

[Parganlija, Giacosa, Rischke in Phys. Rev. D 82: 054024, 2010; arXiv: 1003.4934]

Denis Parganlija (TU Vienna / GU Frankfurt)
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Calculating the Parameters

Shift the (axial-)vector fields:

fl!'il — fl;'il +Wf1NaﬂnN fl’g - fl’g -I_WflsaﬂﬂS K*ﬂ K*ﬂ a/‘K
a —»af +w, 0’7 K{->K{+w, 0K PR TAWLORs
Canonically normalise pseudoscalars and Kg:

s >y s 27 Ko>ZK  Ki>Z K,

Perform a fit of all parameters except g, (fixed via
p — TTTT)

9 parameters, none free — fixed via masses

m_,mg, mn,mﬂ.emnN,mUS mp,mK*
mws =M, 1000y mfls = mf1(1420) [Earganlija, Giacosa, Rischke
m =m m. =m in Phys. Rev. D 82: 054024,
mal _ aa(1260) Ky K, (1270) 2010; arXiv: 1003.4934]

aO B aO (1450) ’ Denisﬁgrga; (TU Vielﬁn(zgéﬂ-grgr?kfurt) Prel I ml nary : no flt WI th

Scalar and Axial-Vector Mesons in a Three-
Flavour Sigma Model mao < 1 G eV, m K < 1 G e\/



Other Results

n — n’ mixing angle 6, = 43.9° <~ KLOE
Collaboration: 0,,: 41.4° £ 0.5°
Rho meson mass has two contributions:

h
m’ =@+ h1+h2+h3]+51@

~ Gluon Condensate Quark Condensates
We obtainm, oc 761 MeV

K* - Krmr

Data: 48.7 MeV  Our value: 44.2 MeV
¢(1020) —» K+ K-

Data: 2.08 MeV  Our value: 2.33 MeV

Denis Parganlija (TU Vienna / GU Frankfurt)
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Note: Ny =2 Limit

he f,(600) state not preferred to be
guarkonium
I £(600)-sxx(MeV)

140}
120}
100}

80

60
[Parganlija, Giacosa, Rischke in

Phys. Rev. D 82: 054024, 2010;
arXiv: 1003.4934]

40}
20}

—_—— . g ﬁ'l}l} MEV)
400 300 600 700 800 Jo(600)
Denis Parganlija (TU Vienna / GU Frankfurt)
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Note: Ny =2 Limit

Experiment al data favours f,(1370) as predominan tly qqg

I" £(1370)>xx(MeV)
630
ool PDG 1M 157 = (1200-1500) MeV,
. I 1570 = (200—500) MeV
00}
[Parganlija, Giacosa, Rischke in
450}

Phys. Rev. D 82: 054024, 2010;
arXiv: 1003.4934]

, . - . - L m e
1250 1300 1350 1400 1450 1500 ﬁ(ISTﬂ)m V)
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Scenario Il (N; =2): Scattering Lengths

Scattering lengths saturated

9‘-1%%”1;11 T

Z = 1.67, m1 = 652 MeV

e — 1,47, mq = 0
~===Z=147,m1 = my

*a
"
*a
T

-
-
l...

L.
'
nnnnnnnnn
il

''''''
lllllllllllllllll
.........
..........

N IIIIIIIII""II.I||||| a4 gLt L N - m e
400 500 600 700 800 oMeV)

Additional scalars: tetraguarks, quasi-
molecular states

Glueball

Denis Parganlija (TU Vienna / GU Frankfurt)
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Scenario Il (N; =2): Parameter
Determination

Masses: M _, mﬂ, mao : mp, mal

Pion Decay Constant T, = g

Five Parameters: Z, hy, h,, g,, m
I __=(1494+£1.0)MeV=g,=0,(Z2)

POTT

I, 150 =(265£13)MeV=h, =h,(Z)
h,=0(h,,small)

I, . [Z2]=(0.640£0.246) MeV — Z
Mg = My (1370 free |

Denis Parganlija (TU Vienna / GU Frankfurt)
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Scenario | (N; =2): Other Results

Fp_m[Z, g,], Ffl_)aoﬂ[Z, h,]exact

Our Result Experimental Value
T, ., =0.640MeV T, ,, =0.640MeV
ag - 0.218 a0 = 0.218 (NA48/2)
aZ =—0.0454 a’ =—0.0457 (NA48/2)
A, . =3330MeV
n—n' mixing angle :41.8")> deg Agyope = 3330 MeV

[D. V. Bugg et al.,

[KLOE Collaboration, hep-ex/0612029v3]:
Phys. Rev. D 50, 4412 (1994)]

n—n'mixingangle:41.4+0.5deg

Denis Parganlija (TU Vienna / GU Frankfurt)
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Scenario | (N; =2): a,— 01T Decay

m, =0 — m, generated from the quark condensate only;
our result: m; = 652 MeV

a,—OTT

I a;—»ox(MeV)
il--.-‘-.-.-.
120}

PDG : I}, o = (250—600) MeV

Z =1.87,m1 = mp
p— 1

8o} Z —1.47,my; — m,

ail -
Z = 1.67,m) = 652 MeV
40} —
20}
JVZ, mq — 0
350 200 250 500 Mg (MeV)

Denis Parganlija (TU Vienna / GU Frankfurt)
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Comparison: the Model with and without
Vectors and Axial-Vectors (N=2)

ay(me;')

Z = 1.667, m; = 6562 MeV

Z = 1.667,m, — m, Include vectors

g values decrease
, , : m g 600y MeV)

400 500 600 700 800
I £(600)»xn(MeV)

0.26

Note: other observables (mrm scattering

lengths, a,(980)—nm decay amplitude,
Z=1.667,m, =0 phenomonology of a,, and others) are
fine

800}
600}
400}

200] Z =1.667,m, = 652MeV  [Parganlija, Giacosa, Rischke, Phys.

- Rev. D 82: 054024, 2010]
so0 0

Denis Parganlija (TU Vienna / GU Frankfurt)
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Scenario | (N; =2): a, — p1mr Decay

ral—:pﬂ@"—[ev)
PDG : (250 600) MeV
200
I . __<160MeVif m_ <500 MeV
1500}
1000
~— ma, — 1230 MeV

[M. Urban, M. Bubpalla and J. —
Wambach, Nucl. Phys. A 697, 338mﬂ:1 1130 Me.\f .
(2002)] ! 1.6 1.7 13

Denis Parganlija (TU Vienna / GU Frankfurt)
Scalar and Axial-Vector Mesons in a Three-
Flavour Sigma Model



Scenario | (N =2) : Parameter
Determination

Three Independent Parameters: Z, m;, m,
[2]=(0.640£0.246) MeV —» Z=1.67+0.20

al—my L
m, =@@W+ h,(Z)] m, =652 MeV

~ Gluon Condensate Quark Condensate
[S. Janowski (Frankfurt U.), Diploma Thesis, 2010]

I:~30~'~3|OlIn m_ €[288,477]MeV
[z ml,@] 0.218+0.020[m;"]

[NA48/2 Collaboration, 2009]

Angular Momentum (s wave)

Den |j (TU Vienna / GU F ankfurt)
Sc I d AXi I V ctor Mes a Three-
Flavour Sigma Mo d I



Lagrangian of a Linear Sigma Model with
Vector and Axial-Vector Mesons (N; =2)

Vectors and Axial-Vectors
1 HV\2 LV\2 m12 L2 H\2
EVA=—ZTF[(L ) +(R )]+(2+@)Tr[(L) +(R*)’]

—2ig, (Tr{L, [, L'}+Tr{R [R* R}

_ 293{Tr [(auL\/ - ieAﬂ[tB’ Lv]+av Lﬂ - ieA/[ts’Lﬂ]){Lﬂ’ LV}]
+Tr[(6,R, —ieA [t R 1+8,R, —ieA [t*, R, I{R*, R"}T}

=0 L’ - 0"L* — (ieA“[t*, L' ]— ieA"[t%, L*]) a
—0"R' —0'R* - (|eA”[t R"]— |eA”[t R”]) = }

K
Rﬂ
<
vectors Th (m2,)
g,(m;)
R+ =
.amalvectors

|j (TU Vienna /GUF kf t)
dA IV ctor Mes
ur Sigma Mdl




Lagrangian of a Linear Sigma Model with
Vector and Axial-Vector Mesons (N; =2)

Scalars and Pseudoscalars
L, =Tr[(D"®)(D"®)]-m’ Tr(®'®)=A[Tr (®'D)]* - A,Tr (D'D)’
@H (@ +®)]AT[(AT @ + det @' )? — 4det (DT >
Explicit Symmetry Breaking Chiral Anomaly

scalars
® =@+t + @+ i) - T

D“® =0“® + ig, (PR” — L“®) — ie)[t°, D]
photon
{o,a,}—>{f,(600),a,(980)}or{ f,(1370),a,(1450)}
\Where Isthe scalar qq state?

Denis Parganlija (TU Vienna / GU Frankfu
Scalar and Axial-Vector Mesons in a Three-
Flavour Sigma Model
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