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Development of the eLSM:
general considerations
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* Development of a chirally symmetric model for mesons and
baryons including (axial-)vector d.o.f.

‘Extended Linear Sigma Model (eLSMY’

» Study of the model for T = u =0 (spectroscopy in vacuum)

(Masses, decay, scattering lengths,...) Trie e e helmear
these two aspects!

» Second goal: properties at nonzero T and p

(condensates and masses in thermal/matter medium,...)
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» Quark-antiquark mesons: scalar, pseudoscalar, vector and axial-

vector quarkonia.
« Additional mesons: The scalar and the pseudoscalar glueballs

« Baryons: nucleon doublet and its partner

(in the so-called mirror assignment)

Francesco Giacosa
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We construct the Lagrangian of the so-called Extended Linear Sigma
Model (ELSM) according to:

chiral invariance

and
dilatation symmetry .

The breaking of the dilatation symmetry is only included in the ,gluonic
part”...(scalar glueball and axial anomaly)

Moreover, invariance under C and P is also taken into account.

" . 2] — [ y l L L L1
These are basic properties of QCD:  £acp =) (17" Dy — mi)gs = {GL,G*
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Development of the eLSM (Nf = 3): mesons
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(Pseudo)scalar sector

9 pseudoscalar fields:
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...and 9 scalar fields:

L:SZI—VJPC:O++

dTu
drd
drl's
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Efu
sTd ['=1
ETS

o, =1/2(uu+dd)~ f,(1370)

2 + ¥2 ) o ul u
§=8A"= a - i’/'g ¥ i‘/% Ky |=|uld
K K o, ul's
a, =a,(1450) = ud and not a, (980)!!
K =K' (1430)=ys andnotk(800)!!!

and not f,(500)!!!

o, =us~ f,(1500)or f,(1710)
and not f,(980)!!!

d=95+iP
CD—>ULCDU;
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9vectorfields... [, = (0,5 =1 —JC =1

0

P @y + +
V2 N2 ul'u dl'u  sTu
ve—ye ga=|  p p- +—N K.(892)" |=|ul'd dTd sTd =y
K.(892) K*(892) s, ul's s sl's
P =ud,..

K (892)=us

OR O, E\/1/72(;u +3d)
¢~ ¢, =ss
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.and 9 axial-vector fields... [, = § =1 == JP€ = 1**

0
Cll fiN + +
— + — a, K, _ B B
\/5 \/5 . ul'u dl'u sTu
A = 4* A" =|  aS —%+% K" |=|uld drd srd T =y*y°
g ul's dls  s[s
K, K Jfis

a =a (1260)=ud
K'=K'(1270)=us

£, (1285) = £, =J1/2 (uu + dd)
f, (1510)~ £, =ss

[ =V*+ 4" R* - U, R"U;
R* =V"—-A4" L* - U,L"U;
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Meson sector: how many fields do we have? UNIVERSITAT

2770301005

] | i
- w N

Morningstar (1999)

3
| |
SN @
[

FRANKFURT AM MAIN

36 + 2 fields

. ]

(G : Scalar glueball (trace anomaly)

G : Pseudoscalar glueball (axial anomaly)

For Nf = 3 there are 38 mesons
36 quark-antiquark fields + 2 glueballs
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Model of QCD — eLSM UNIVERSITAT
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S. Janowski, D. Parganlija, F. Giacosa, D. H. Rischke, Phys. Rev. D84, 054007 (2011) arXiv: 1103.3238
D. Parganlija, P. Kovacs, G. Wolf , F. Giacosa, D. H. Rischke, Phys.Rev. D87 (2013) 014011 arXiv:1208.0585
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Basic feature UNIVERSITAT
2
m A+ A 2
V:—O(02+7z2)+ 1 2(02+7z2)
2 4
m; <0 — Mexican hat 7 =neutral pion
Spontaneous Symmetry Breaking (SSB): 5 = o, = /1/2(&1,1 + gd) = fo(1370)
...and not to f,(500)...

Because of dilatation invariance: only a finite number of terms is present!

Francesco Giacosa



GOETHE d‘
We calculate: masses, decays, and UNIVERSITAT

Scatteﬂng |engths FRANKFURT AM MAIN

Example: p-meson decay into pions 0

g
(=%
d

Microscopic

d

eLSM ot

Francesco Giacosa



~
A%

GOETHE @
UNIVERSITAT

FRANKFURT AM MAIN

Results of the fit (11 parameters, 21 exp. quantities)

Error from PDG or 5% of exp.
Scalar-isoscalar sector not
included.

7., =12

Observable | Fit [MeV]| |Experiment [MeV]
o 96.3 4 0.7 92.214.6
fx 106.9 + 0.6 1104 4858
My 141.0 £ 5.8 137.3.£6.9
mrg 485.6 + 3.0 495.6 & 24.8
My 509.4 &+ 3.0 547.9 1+ 27.4
My 962.5 + 5.6 957.8 +47.9
mp 783.1 £ 7.0 775.5 1 38.8
MK+ 885.1 £6.3 893.8 +44.7
meg 975.11+6.4 1019.5 £ 51.0
Wi 1186 + 6 1230 4- 62
My ez |13725+ 53] 14264 £71.3
Mag 1363 + 1 1474 + 74
MK 1450 £ 1 1425 £ 71
| g 160.9 +4.4 1491+ 7.4
I+~ Kk 446+ 1.9 A46.242.3
T, .zx |334+0.14| 354+0.18
Ry 549 + 43 425 + 175
| LA 0.66 = 0.01 0.64 +0.25
D' o). siceie | Adbek 5008 | d8.0:90
B 266 £+ 12 265 + 13
Piiyicr | 09518 270 £ 80

Francesco Giacosa
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Results of the fit: pictorial representation

2
15 ¢ 4
‘i i 2 l—p_‘}';[;r[
L K
_ 0.5 10 - fn { o, >pn
LR O i T i ke . [a
o -} [ [ J T, e —— S|
§ 05 ; ? k
I ; A i
= 71 &+ = I JT Tk ap
=1 ”
s I r K =Kn
15 | o i ¢-=KK
'2 r Xy f = _4 -
T Kn p KW¢ 3 %3 O ok r
_25 1 1 1 1 1 1 1 | | L f1._:-‘}:(.K....| Kp—}IK'JT 1
0 200 400 600 800 1000 1200 1400 1600 1 10 100 1000
Mass [MeV] Width [MeV]

arXiv:1208.0585

Overall phenomenology is good.

Scalar mesons ao(1450) and Ko(1430) above 1 GeV and are quark-antiquark states.

Importance of the (axial-)vector mesons

Francesco Giacosa



There are many consequences of the fit. GOETHE A&

Example: ao(1450) AT Gar o
Theory
T : oo KK

! L L — 019 L 002 . I — 112 i 007
Fa,o — T Fa’O_”T’T
Exp (PDG)
Fa, n’'m Faf

o(AZT — 0.35+0.16, —2UBVZER _ 98 +0.23 .

Fa0(1450)—>nﬂ' Fa0(1450)—>nﬂ'
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The calculation of the full mixing problem in the I=J=0 sector is ongoing:

£.(1370) oy 55n=\g(au+3d)
£,1500) | =B G
/0710 oy =58

where Bisa3x3 orthogonal matrix
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A new entry: the pseudoscalar glueball

int .
G-mesons ZCG(I)

G (detcb _ detcbf)

M_~2.6GeV

Quantity Value
FG%KKS/F“? 0.059

G_mmr/l“m 0.083
Féévzaw/rtft 0.028
FG%WOS/F? 0.012
Ly GN/Ft(gt 0.019

Quantity Value
Fé—)KKn/FtOt 0.049
Ua s rrcn /F?‘;t 0.019
Féémn/lﬁgt 0.016
| T— /I‘?;jt 0.0017
I W /Ft(gt 0.00013
Pé—)KKT{'/F?;t 0.46

G_WW/I’%?’: 0.16
e M/F’gt 0.094

é—)ﬂ'ﬂ'ﬂ' =

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

Details in:

X
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2T70301-005

10—

W. Eshraim, S. Janowski, F.G:, D. Rischke, Phys.Rev. D87 (2013) 054036. arxiv: 1208.6474 .
W. Eschraim, S. Janowski, K. Neuschwander, A. Peters, F.G., Acta Phys. Pol. B, Prc. Suppl. 5/4, arxiv: 1209.3976
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The weak tau-decay into mesons UNIVERSITAT

T—>W v —anv.

Coherent Vector Channel
W L oAt and Wo— 1oAY

me = 0758303 GeV
Tep o= 0150511 GeV

A4 = 022333
W T Lt W -
[atat —— & [RVAV VLS o
~ ~r
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T—>W v —anny.

1 dNy

wa
Preliminary Coherent Axial - Vector Channel

_ direct _ _ _ ol Res _ .
W —— o a7 oand W1 ol s x

Tal = 0549 Gev
mal = 118 GeV
s = 1677

Calpm = 05547 GeV

.....
'™

Thanks to Anja Habersetzer
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Development of a hadronic model (Nf =2): baryons
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Nucleon and its chiral partner; chiral symmetry and dilatation invariance

(Axial-)vector mesons are included

Mirror assignment: C. De Tar and T. Kunihiro, PRD 39 (1989) 2805)
\Pl,R — URLIII,R LPl,L — ULLIII,L

LIJZ,R — ULTZ,R LIJZ,L — URLIJZ,L

A chirally invariant mass-term is possible!

m, (@qum _@I,R\PLL —@UJLPLR +§2’RLP1,L)

Francesco Giacosa
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Interaction of baryons with (pseudo)scalar and (axial-)vector mesons

Lfm'i,?“ror — E1L7;r)/1uD}fuL \IrlL + E11’3’,/1:f)/,ttD}iLR,lplﬁ’, + EQL/Z;WMDSR\IIQL i E21’“?,7:7,LLDSL\1121?
— 1 (U1, @T 15 + 01D ) — G0 (Vo @TWop + Uopr®Tsy) + Lonass

Dl = 0 —icy R, DV, = " — iy LV — _ — —
Linass = —mo(Y1p Vo — WipWar — Vor Vg + Vor¥yr)

Dl = 0 —icyR*, Db, = o — ico L

N - 1 e’/? 756_6/2 vy 5:ar005h{MN+MN*}
N* ) V2 cosh 6 ’}/56_6/2 —ed/2 Wy =

N = N(940)
N*= N *(1535)

Francesco Giacosa
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Mass of the nucleon UNIVERSITAT
, (iGN L, (GG N=NOw)
My N+ = A/ MG + Q= =+ 1 N*= N *(1535)

If m, =0 — only the quark condensate generates the masses. m ~ ¢

m, =460 +£136 MeV

Using g% =1.26 (exp), g 0.2 (latt)and T. ., ~67 MeV

Details in S. Gallas, F. G., D. H. Rischke, Phys.Rev. D82 (2010) 014004, arXiv:0907.5084

m,parameterizes the contribution which does not stem from the quark condensate

Crucial also at nonzero temperature and density
also in the so-called quarkyonic phase: L. McLerran, R. Pisarski Nucl.Phys.A796:83-100,2007

Francesco Giacosa
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* ¥ ‘ + 1"I
# i v - A
¥ r o s *
* ¥ L e r
o ¥ r * ?
- ¥ o ’
+ " N s
¥ ¥ r . * "
i‘ 'f [ ¥ ‘\, L
. s ¥ s K
LT H
P anmmn@ * &
A ‘I ' 1I1| oA
& * “ . ‘l' L
S
,' * U- . "‘ ¥ *
- * kY
. 1 "‘ !
- + L
% %
. * . - ‘l
Al L] ]
L] x "" * “"
+ -
. + E . -
N N T N :

N T

ay =(6.04£0.63)-10° MeV" 4, =(6.4£0.1)-10"* MeV"

a; ~(from—-20to+20-10*)MeV" a/“” =(-8.847.2)-10" MeV"
Large theoretical uncertainty due to the scalar-isosocalar sector

Importance of both vector mesons and mirror assignment in order to get these results

Francesco Giacosa
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p+p—o>p+p+X

X = w, n, lepton patr,...

Many diagrams to calculate; the advantage is : chiral symmetry (and also g.1.) built in.

Francesco Giacosa



Cross section [mb]

0.1;

0.01.

p+p—o>p+rpt+o

Preliminary!

Cross section [mb]

1.05

1.10
Pceu [GeV]

1.15 1.20

Thanks to Dr. Khaled Teilab.

Francesco Giacosa
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Results at nonzero density
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The o-field of our model corresponds to the resonance fo(1370)
...and not to the lightest scalar resonance fo(500).

The question is: what is fo(500) and, more in general, what are
the scalar states below 1 GeV?

A good phenomenology (masses and decays) is achieved when
interpreting the light scalar states as tetraquarks: 1, (500 ) ~ [u,d [u,d]
(bound states of a diquark and an anti-diquark)

Details in: F.G, Phys.Rev. D 75 (2007) 054007

Francesco Giacosa
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m, (@u‘PLR —@1,1&‘1’2,]; —qz,LLPLR -I—@z,RLPLL)

By requiring dilatation invariance one should modify the mass-term as:

a;((gl,l;\ljm — @I’R\PLL — gz,L\PljR + @2,R\P1,L )

Tetraquark
New field: fo(500)

Byshifting: y - y,+ ¥ onehas: m, =ay,
Mo originates form the tetraquark condensate

Note, also, a tetraquark exchange naturally arises in nucleon-nucleon interactions

qqaq qqq

X




EfA —m v [MeV]
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Nuclear matter saturation and compressibilty UNIVERSITAT
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100+

= - 45 500 550 600 630
- - ma|MeV]

plm3]

Details in: S. Gallas, F. G:, G. Pagliara, Nucl.Phys. A872 (2011) 13-24 arXiv:1105.5003
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The resonance fo(500), here interpreted as a tetraquark,
plays an important role for the stability of nuclear matter.

Related ‘amusing’ question: does nuclear matter binds at large Nc?

As soon as the lightest scalar fo(500) is not a quarkonium, nuclear matter
ceases to exist already for Nc=4.

Details in: L. Bonanno and F.G., Nucl.Phys.A859:49-62,2011 arXiv:1102.3367 [hep-ph]
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Inhomogeneous condensation at nonzero GOETHE 2]
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Up to now : ¢ = const

...but one can have a Chiral Density Wave:

#(2) = pcos(2 f2)
(7°)=¢sin(2f2)/ Z

Francesco Giacosa



Inhomogeneous condensation/2

#(z)=(0)=gcos(2 fz)
(7°)=¢sin(2fz)/ Z

m, =460 MeV

100 |-

50

homogeneous:

phase

CDW

A. Heinz, F.G., D. H. Rischke, in preparation.

f [MeV]

400
300 [
200

100 -

=]

900 950 1000
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Summary
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Hadronic Theory (eLSM) based on chiral symmetry and dilatation
Invariance

Important role of (axial-)vector mesons in all phenomenology
Scalar quarkonia and glueball above 1 GeV (effects in the medium)

Nucleon mass contribution which does not stem from the chiral condensate
(but from the tetraquark and glueball condensates)

Ongoing works: Nf=4, additional tetraquark states, weak decays,
proton-proton scattering, unitarization (loops)...

Planned: nonzero temperature

Francesco Giacosa
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Thank You
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A possibility is to interpret the light scalar states below 1 GeV
[fo(600), k(800), f0(980) and ao(980)]
as diquark-antidiquark objects: these are the Jaffe’s tetraquarks.

The Nf=3 case is an outlook. Mixing of these tetraquark-quarkonioa takes place.
Black et al, Phys. Rev. D 64 (2001), F.G., Phys.Rev.D 75,(2007)

For Nf=2 only one tetraquark survives. In this case we studied a simplified system
at nonzero T. - = -
The resonance f0(1370)z<75\/g(uu+dd) is the chiral partner of the pion 7.

The resonance £,,(600) = y = %[ ,d ][5,3] is an extra - scalar state

3

Increasing of mixing:

1) Tc decreases

2) First order softened

3) Cross-over obtained for g large enough

condensate [MeV]
5 3

W
o

[N
(=]

o Achim Hein;, Stefan Strube, F.G., Dirk H. Rischke
100 120 140 160 180 [’iggvz]zo 240 260 280 300 FRRYssRevT9:037502,2009; arXiv:0805.1134 [hep-ph]
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nonzero T

2 2 2
M2= ¢ ()+ G& (.)
b -

quark gluon
condensate condensate

Mp ‘ In our case: both terms comparables.

We expect case B to hold;
small drop of the masses in the medium

T
Case A: GO-term dominates
T
w Ma1
W
Mp
T T

Case B: both terms are similar Francesco Gigcesgse C: the condensate dominates
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SU(3)color: exact. Confinement: you never see color, but only white states.

Dilatation invariance: holds only at a classical level and in the chiral limit.
Broken by quantum fluctuations (trace anomaly)
and by small quark masses

SU(3)rxSU(3)L: holds in the chiral limit, but is broken by nonzero quark
masses. Moreover, it is spontaneously broken to U(3)v=R+L

U(1)A=R-L: holds at a classical level, but is also broken by quantum
fluctuations (chiral anomaly)

C and P: charge conjugation and parity: exact.

Francesco Giacosa
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At the hadronic level, we describe these properties as:

ya - oraspy Vai (G)
nv 0.10
1 "y ,
- 2
L = 5(0’;1,(;) — Vi (G) 008
, Lm2 [ G e
Vi (G) = = = |G — =
@(G) 4 AZ [ H<AG> 4} 0
—-0.05
NG dimensionful param that breaks dilatation inv! R
0 0.4 0.8 1.2

In QCD it is;

1 m?
(9 !]’{L T'lf — C (7 - L /j)(g) Ya Ya, LV
1L L 4 Az By JP = Tﬁ‘ — 19 MV( Y L ()

Francesco Giacosa



