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Classical QCD has a global U(Ng)r x U(Ng)r, symmetry: Chiral symmetry

It is dynamically broken in vacuum by a nonzero quark condensate (gq) # 0
and restored at nonzero temperature und chemical potential

hadronic chiral partners are degenerated in the chirally restored phase

Used since the sixties: The linear sigma model, now extended by
(axial-)vector mesons: eL.SM

We aim at achieving a reasonable description of hadron vacuum
phenomenology below 2 GeV

We do not try to compute precision data or compete with lattice QCD

But we are able to make a strong statement on the nature of low-lying scalar
mesons
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f0(500), 1(980), 15(1370), f(1500), f(1710)
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The scalar meson puzzle

e PDG lists too many scalar states to fit into a §g meson nonet:
f0(500), 7(980), (1370), f(1500), f(1710)

e Some of them might be multiquarks states (e.g. tetraquark [1]) or non-quark
states (e.g. glueball)

¢ Previous eLSM studies show that f,(1370), fo(1500) are most likely gq states
while 1(500), 7(980), fo(1710) do not fit in the gq picture

e Parganlija et al. [19] were able to obtain reasonable results for a three-flavor
eLSM
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the four-quark ag(1450)/K§(1430). Second, and more importantly, the ~ compared with experiment.
(500 ; o *
0(500) fit with the pair ao(?SO)/KO(l43Q) produces a b(‘.dldr Observable Fit (MeV) Fxperiment (McV)
- kaon mass of mgx = 1146 MeV, which cannot be assigned
D ical o ey b 963+ 0.7 92.2+46
Lakaschus to any physical resonance as it is much larger than myx(gog) F e e =
v fx 106.9 = 0.6 110.4 £ 5.5

and much smaller than Mgz(1430)- Note that this problem is

Introduction to also present in Nambu-Jona-Lasinio models with mixing e 1410 f > 1973 f 6
GipcRakl: between scalar mesons below and above 1 GeV [40] - S o i
linear sigma e T ' £ e my 509.4 % 3.0 5479 * 27.4
model (eLSM) The detailed comparison of theory with data for the pair my 962.5 + 5.6 957.8 + 47.9
a0(1459)/1((’]*(l430) is presented in Table II where the m, 783.1 = 7.0 775.5 + 38.8
theoretical errors are also shown. Errors for the model . 885.1 + 6.3 893.8 + 44.7
parameters (8 p;) are calculated as the inverse square roots my 975.1 + 6.4 1019.5 + 51.0
Mg, 1186 = 6 1230 = 62
TABLE L. Isotriplet and isodoublet scalar pairs and the My, (1420) 13725+ 5.3 1426.4 + 71.3
corresponding values of the total y? and the reduced Xfed = Mg, 1363 + 1 1474 + 74
X2/ Naop, where Ny is the difference between the number of Mgy 1450 £ 1 1425 = 71
experimental quantities and the number of fit parameters (10 for Fp_,m., 160.9 = 4.4 149.1 + 7.4
the first and fourth rows and 11 for the second and third rows). | P 44.6+ 1.9 462 +23
» Tykx 334 +0.14 3.54 + 0.18
Pair X Xia Tuepr 549 * 43 425 + 175
ag(1450)/ K3 (1430) 1233 123 T. .. 0.66 +0.01 0.64 + 0.25
ao(980)/K5(800) 12936 1176 T a0k 44.6 +39.9 43.9+22
ao(980)/ K7 (1430) 2200 200 T, 266 * 12 265 + 13

ag(1450)/ K3 (800) 24227 24.23 Uik 285+ 12 270 = 80
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Intepretation of the quark content of scalar mesons

e In this paper [19] the assignment of the o-meson with the lightest scalar
resonance fp(500) leads to a very small decay width I, < 20 MeV - in
contradiction to the large decay width reported by the PDG, ', . ~ 550
MeV

e Furthermore, the pion-pion scattering length 38 turned out to be small -
which suggests to extend this model by an additional scalar degree of freedom
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Intepretation of the quark content of scalar mesons

e In this paper [19] the assignment of the o-meson with the lightest scalar
resonance fp(500) leads to a very small decay width I, < 20 MeV - in
contradiction to the large decay width reported by the PDG, ', . ~ 550
MeV

e Furthermore, the pion-pion scattering length 38 turned out to be small -
which suggests to extend this model by an additional scalar degree of freedom
— Incorporate f5(500) as potential tetraquark candidate!
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o & = ¢,T,, where T, are the generators of U(Ny)
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Scalar and pseudoscalar mesons

e O

Mesons are assumend to be gg-states: — meson multiplet ® ~ grqr,
L eyl of RS gretuf
® = ¢, T,, where T, are the generators of U(Ny)

Write down Lagrangian using chiral invariants
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® = ¢, T,, where T, are the generators of U(Ny)

Write down Lagrangian using chiral invariants

(Pseudo-)scalar meson Lagrangian

Lg=Tr [(a,p)f(a#cb) — 2ot — A2(¢T¢)2} ~ O\ (Tr[oTe])?
c(det T + det ®) + hoTr[dT + @] (1)
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(Axial-)vector mesons

® Ry~ GrYuar > Ly ~ quyugL
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A (Axial-)vector meson Lagrangian

Ly = —%Tr (L) + (RM)?] + T [(L4)2 + (RHY]

i (Tr[LW[L“, 1] + Tr[Ru [R¥, R”]])

+ &3 (Tr[L Ly L* LY + RyR,R*R"]) + ga {Tr [(Lu)*(Ly)?] Tr [(R.)*(R.)?] }
+ g5 Tr [(R.)?] Tr [(Ly)?] + g6 {Tr [(R.)?] Tr [(Ry)?] + Tr [(L.)?] Tr [(Lv)?]} (2)
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Introduction to
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it (/\xial-)vector meson Lagrangian

Ly = —%Tr (L) + (RM)?] + T [(L4)2 + (RHY]

- i% (Tr[LW[L“, 1] + Tr[Ru [R¥, R”]])
+ g5 (Tr [Lu L, L*LY + R.RUR*R]) + g4 { Tr [(L.)*(Lv)?] Tr [(R.)*(R.)?] }

+ g5 Tr [(R.)?] Tr [(Ly)?] + g6 {Tr [(R.)?] Tr [(Ry)?] + Tr [(L.)?] Tr [(Lv)?]} (2)

1 1
e Vector mesons: V), = E(R,L + L,,), axial-vector mesons: A, = E(L“ - Ry).
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il nteraction between Seudo-)scalar an axial-)vector mesons
e Interaction bet pseud | d | t
the actended Lsy = igiTr [0,0(01LH — RrEOT) — 9,07 (L4 — GRH)]
linear sigma
model (e h
e (esh + ElTr[dDTdJ]Tr (L) 4 (R)?] + (82 + ho)Tx [®1L, L + R, R*®T]

—2(gf — h3)Tr [OR, T L] (3)
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 Phillip Interaction between (pseudo-)scalar and (axial-)vector mesons
do it Lsv = igiTr [9,0(dTL" — RIOT) — 9,07 (L4 — ORY)]
linear sigma
model (el h
() + 5 T[®TO]Tr [(L#)? + (R*)?] + (gf + ha)Tr [O7L,L#® + O, RH©T]
—2(gf — h3)Tr [OR, T LV] (3)

—> Complete meson Lagrangian given by:

Ly = Ls + Ly + Lys (4)
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Two-Flavor Multiplets

Scalar meson multiplet in two flavors:

o+ aS+i(n+n°)

ot
+
; ! V2 K
- R L __
cb_\fzij,._ﬁ Ve S T (5)
o T 2

Vector- and axial-vector mesons are contained in the right- and left-handed meson
matrices:

o + p?[, - flaﬂ - a(l)-,u /U+ a+
) | 1 \@ w9
R, = V2f~y pf = — ' o
n v j W# 0 \/é B _ UJH - p% - ﬂ,ﬂ + a(l),/l, / ( )
pp - alﬁu \/i

0 0
wy,+p,+hH,+a
H W M Ly + +
/U}l 31 S

- 1 \ﬁ
L, = V2pry it = — .(7
/ (1/)1 V@i \/é B B pﬂ"‘flu alll ( )
pp +al7u \ﬁ
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dtion —mo (W1 War — W1rWo — W Wig + WorWyy) (8)

the extended

linear sigma . .
model (iLSM) where Diﬁ/zR = O — €12 RH, D' =0t — IC1/2 LH,

1/2,L
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e Luirror = W11i7, DY W1 + W1Riv,DipWigr + Wor i, DhpWor + Wagiy, Dy Wag
et — 81(V110Vig + VigdTWy ) — (VU  OTWoRk + WardWy, )

edeton 1o —mo (W1 War — V1rWy — o Wig + WarWy) ) (8)

the extended

:—innoej;S(iiTsam) where D{L/Z,R = oM — iC1/2 R”, D{L/2,L = oM — I'C1/2 L.

e In original LSM model the mass of the nucleon is completely generated by
the chiral condensate
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e Luirror = W11i7, DY W1 + W1Riv,DipWigr + Wor i, DhpWor + Wagiy, Dy Wag
et — &1(V1 0V R + VigdTW ) — 2o(V 0T Wog + Uord Wy )

dtion —mo (W1 War — V1rWy — o Wig + WarWy) ) (8)

the extended

:—innoejés(iirsam) where D{L/Z,R, = oM — I'C1/2 R/L, D{L/Z,L = oM — I'C1/2 L.

e In original LSM model the mass of the nucleon is completely generated by
the chiral condensate

e In this model a mass term is introduced that gives a contribution to the
nucleon mass that does not stem from the chiral condensate
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the four-quark T . 4 T . 4 T . L T . L
f(500) Luirror = V107,01 Vi + VigivuDigVir + VoL i, DigVar + Vorivy, DS, Var

Lo — 81(V1 PV1R + VigdTWy,) — £o(Wa  ®TWog + UardWy )
dtion —mo (W1 War — V1rWy — o Wig + WarWy) ) (8)
the extended
:—innoejés(iirsam) where D{L/Z,R, = oM — I'C1/2 R/L, D{L/Z,L = oM — I'C1/2 L.

e In original LSM model the mass of the nucleon is completely generated by
the chiral condensate

e In this model a mass term is introduced that gives a contribution to the
nucleon mass that does not stem from the chiral condensate

e This is possible by the so-called mirror assignment:

Vir/e = Ur/tVir/e Var/ — UyrVar/L (9)
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Results of Refs. [2, 15

Table: scattering parameters for my~ = 1535 MeV

Parameter Value Experiment
my al’) 0.0782  0.0883 + 0.0014
m3ay,) —0.048  —0.081 +0.002
m3 al”) —0.042  —0.013 +0.003
m3 ) 0.022 0.007 & 0.005
myas) —0.0083 —0.0012 + 0.0010
m3ayt) 0.049 0.130 = 0.003
m3 al") —0.003  —0.056 + 0.010

m3 it 0.009 —0.06 =+ 0.02
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e Furthermore, it is found mgy ~ 500 MeV, so a large contribution to the
nucleon mass stems from other sources than the chiral condensate
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e Furthermore, it is found mg ~ 500 MeV, so a large contribution to the
nucleon mass stems from other sources than the chiral condensate

e mg can be interpreted as contribution from other condensates than the chiral
condensate, e.g., the gluon or tetraquark condensate

° [ax + bG + cn (det b+ hL)] (\DlL\UgR — \TflR\UgL + hc)
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Introduction to

mg can be interpreted as contribution from other condensates than the chiral
he extended
linear sigme condensate, e.g., the gluon or tetraquark condensate

model (eLSM) — —
[ax 4+ bG + ¢y (det b+ h(,)] (\UlL\UgR —WipVy + hc)

Upon condensation x — xo, G — Gy, 0 — 0¢:
2

CN O
mo = axo + bGo + NY
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Introduction to
the extended
linear sigma
model (eLSM)

Furthermore, it is found mg ~ 500 MeV, so a large contribution to the
nucleon mass stems from other sources than the chiral condensate

mg can be interpreted as contribution from other condensates than the chiral
condensate, e.g., the gluon or tetraquark condensate
[3}( 4+ bG + ¢y (det b+ h(,)] (®1LW2R — \leRWZL + hL)

Upon condensation x — xo, G — Gy, 0 — 0¢:
2
CNy

mo = axo + bGo +
We hope now to kill two birds with on stone: Incorporating the tetraquark
and the scalar glueball should affect both mesonic observables (decay width

[ f(500) s [ £(1370) s [ (1710)—== and pion-pion scattering lengths) and
baryonic observables (pion-nucleon scattering)



G‘mﬂﬁ Table of Contents

UNIVERSITAT

FRANKFURT AM MAIN

Chiral study of
the four-quark
f(500)

Phillip

Lakaschus

@ Extension of the eLSM by exotic mesons

Extension of the
eLSM by exotic
mesons



GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

Chiral study of
the four-quark
f5(500)

Phillip
Lakaschus

Extension of the
eL.SM by exotic
mesons

Constructing tetraquarks

using diquark currents



GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

Chiral study of
the four-quark
f5(500)

Phillip
Lakaschus

Extension of the
eL.SM by exotic
mesons

Constructing tetraquarks using diquark currents

o Meson molecule: M,y = €5cq€?®F (OT)S(PT)4



GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

Chiral study of
the four-quark
f5(500)

Phillip
Lakaschus

Extension of the
eL.SM by exotic
mesons

Constructing tetraquarks using diquark currents

o Meson molecule: M,y = €5cq€?®F (OT)S(PT)4
1
e Scalar tetraquark from diquark: S.c = \ﬁ%abGCAB q;;\C’y5qu

— Tab = SJCSbC
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— Tab = S;CSbC
e There is only one scalar tetraquark in the two-flavor case which transforms as
singlet under SU(2)r x SU(2), chiral symmetry
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bt e Meson molecule: M, = eacdebef(dﬂ)g(dﬂ)}’
f0,(500) 1
Phillip e Scalar tetraquark from diquark: Scc = —=¢€capecan anACVE’qu
Lakaschus \/§

— Tab = SJCSbC
e There is only one scalar tetraquark in the two-flavor case which transforms as
singlet under SU(2)r x SU(2), chiral symmetry

Extension of the
eLSM by exotic

e Tetraquark-Quarkonium interaction terms

g x(det® +hec) & gavx(detR, +detl,). (10)
Noteworthy: These terms contribute to a mass shift

ex (P +m - —&) & gavx(fp+3a, —wi—f)- (11)



GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

Chiral study of
the four-quark
fo(500)

Phillip
Lakaschus

Extension of the
eL.SM by exotic
mesons

Dilatation symmetry and the scalar glueball

e Gluons interact strongly with each other so they can form colorless bound

states



GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

Chiral study of
the four-quark
fo(500)

Phillip
Lakaschus

Extension of the
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mesons

Dilatation symmetry and the scalar glueball

e Gluons interact strongly with each other so they can form colorless bound
states

e The classical Yang-Mills part of QCD has a dilatation symmetry which is
broken at quantum level (trace anomaly)
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e Gluons interact strongly with each other so they can form colorless bound
states

B o e e The classical Yang-Mills part of QCD has a dilatation symmetry which is
d exotic
mesons broken at quantum level (trace anomaly)

e This can be modeled by introducing a dilaton field whose excitations are
interpreted as the scalar glueball
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fy(500) Glueball Lagrangian

Phillip

Lakaschus The trace anomaly is modeled by the term
1 m? G| 1
_ _ G4 |- =
Etraco anomaly — 4 N2 G (hl /\’ 4> : (12)
Extension of the
el by erie On the other hand, all other terms must be dilatation invariant:

mesons

2 G? t 2 G2 2 2
Lail = —p ?Tr [‘D CD} i ml?Tr [R:+ L]
0 0

G G
+2gy EOX (det ® + h.c.) — 2gav gox(det R, +detL,). (13)
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e We have a model with three scalar states: The scalar quarkonium, tetraquark
and glueball

e This leads to a mixing problems which can be solved by an O(3) rotation

e We test our models by evaluating the decay widths I';, _,7x, [y, .—zr and
- ['G,e—nm, the pion-pion s-wave scattering lengths a9r7r,0 and afmo and the
esults

isospin-even pion-nucleon scattering parameters aé+), agi), at) and ré+)
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Results

We have a model with three scalar states: The scalar quarkonium, tetraquark
and glueball

This leads to a mixing problems which can be solved by an O(3) rotation

We test our models by evaluating the decay widths Fophysﬁm, Fxphysﬁm and

['G,e—nm, the pion-pion s-wave scattering lengths a9r7r,0 and afmo and the

isospin-even pion-nucleon scattering parameters aé+), agi), at) and ré“

For details on the calculation of these observables please refer to paper:
https://arxiv.org/abs/1807.03735
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e The Lagrangian contains twelve parameters that are of relevance for our fit:
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Results

e The Lagrangian contains twelve parameters that are of relevance for our fit:
[Lz, A1, A2, C, m% hi + hy = h, h3, gy, gav, my, Mg, Go.

o We fix the parameters o, h3, ¢, 11°, m%,gAv by the masses
My, My, my,, My, me,, m, and the remaining model parameters included in the
fit
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Results

e The Lagrangian contains twelve parameters that are of relevance for our fit:
[Lz, A1, A2, C, m% hi + hy = h, h3, gy, gav, my, Mg, Go.

o We fix the parameters o, h3, ¢, 11°, m%,gAv by the masses
My, My, my,, My, me,, m, and the remaining model parameters included in the
fit

e Thus, five parameters h, g, m,, Mg, Gy need to be fitted in a X2 fit
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D ] Field \ Assignment \ Masses

H fo(500) 475 £ 75 MeV
S o(1370) 1350 &+ 150 MeV
G’ (1710) 1723 +£ 5 MeV
ao ap(1450) 1474 + 19 MeV
ai a1(1260) 1230 + 40 MeV

Results P p(770) 775.26 +0.25 MeV
fi 1(1285) 1281.9 + 0.5 MeV
w w(782) 782.65 £ 0.12 MeV

Table: The masses of the fields as given by the PDG [16].
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Results

Param. | Value || Observ. Value | Exp. Data

8y 2.87 £ 0.54 MeV My 534 £+ 33 MeV 475 £ 75 MeV
h 5.12£2.75 Ms 1215 4+ 113 MeV | 1350 + 150 MeV

Mg 1543 + 84 MeV Mg 1694 + 49 MeV 1720 £+ 50 MeV
Go 406 + 135 MeV T 504 4+ 148 MeV | 550 4+ 150 MeV
my, 534 4+ 33 MeV - 479 4+ 98 MeV 325 4+ 150 MeV

AV 11999 + 738 MeV FG/_HE),r 29+ 7 MeV 29.3£6.5 MeV
2 873 < 10° MoV? my 2 0.210 £ 0.016 0.218 £ 0.02
m? 7332 MeV?2 myag —0.027 + 0.005 —0.046 +0.013
c 99 x 103 MeV?

mg 1401 MeV

X0 0.24 £0.02 MeV

Table: The result of the fit where the glueball is included. X2 ; = 1.8
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Mixing

From this fit the following scalar-isoscalar mixing matrix is obtained:

1.00 —0.00 0.00
o =(0.00 081 -059],
0.00 059 0.81

which corresponds to the following admixtures of the physical states:

©(500) : 100%yx, 0%o, 0%G,
f£(1370): 0%y, 65%a, 35%G,
£(1710): 0%y, 35%0, 65%G.

(14)

(15)
(16)
(17)
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Again: Pion-Nucleon scattering

e We have two couplings: tetraquark-nucleon coupling a and glueball-nucleon

coupling b; mg = (axo + bGo + %\108)
mo — bGo — CN/QO'S

X0

e Rewrite a =

and fit b

Resuts for the baryon sector

| Parameter | Value |

Experiment |

(+)

m, a§ —0.0029 | —0.0012 + 0.0010
m3alt) | 0047 | 0.133+0.004
m3alt) | —0.002 | —0.056 +0.010
m i | 0.012 —0.06 + 0.02

Table: Best fit where a = 0.802, b = 1.138, cy = 0 (here the glueball contribution

dominates).
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e We have extended the eLSM by a scalar tetraquark and a scalar glueball
degree of freedom

e Our ambitious goal was to explain both pure meson and meson-baryon
phenomenology

e We got reasonable results in the pure meson sector, 38 and I (500)xr agree
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Summary

e We have extended the eLSM by a scalar tetraquark and a scalar glueball
degree of freedom

e Our ambitious goal was to explain both pure meson and meson-baryon
phenomenology

e We got reasonable results in the pure meson sector, 38 and I (500)xr agree
now very well with data!

e pion-nucleon scattering parameters still not satisfying
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the coupling to axial-vector mesons is very important — Why?
e There are many possible ways to extend this model:
@ Include all interaction terms up to order 4 + anomaly term
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e The coupling of the scalar tetraquark to scalar quarkonia is very small, but
the coupling to axial-vector mesons is very important — Why?
e There are many possible ways to extend this model:

@ Include all interaction terms up to order 4 + anomaly term
@® Extend model to three-flavor case: This enables a study of all scalar resonances
up to 2 GeV
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Summary and
Outlook

e The coupling of the scalar tetraquark to scalar quarkonia is very small, but
the coupling to axial-vector mesons is very important — Why?
e There are many possible ways to extend this model:

@ Include all interaction terms up to order 4 + anomaly term

@® Extend model to three-flavor case: This enables a study of all scalar resonances
up to 2 GeV

® Include A resonance, this would contribute both to isospin-even and
isospin-odd scattering parameters
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Complete meson lagrangian

VOO o~ youf, R, PPN R~ UgR, U (18)

Lmeson = Tr [(D,®)T(D*®) — 12 dTd — Ny (T )| — A (Tr[@T])* + c(det DT + det P)

2
+ hoTr[®T + &] — %Tr (L") + (R™)?] + %Tr [(L")? + (R*)?]
+ %Tr[CDTCD]Tr [(L*)? + (R*)?] + hTx [®TL,LF® + OR, R T]
’ g " v L 14
+2hsTr [OR,OTLH] — 22( (L [L*, L¥]] + T [Ru[R", RV

+ g3 (Tr[Lu Lo L' LY + RyR,RMR™]) + ga { Tr [(L)*(L)?] Tr [(Ru)*(R.)?
5 T [(Ru] T (L)) + gs {Tr [(Ru)?] T [(R)2) + T (L) T [(L,)2])

—
N——;



