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Motivation/outline LJ (
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Chiral (or axial) anomaly: a classical symmetry of QCD broken by quantum

fluctuations
Chiral anomaly important for nand n’.

What about other mesons?

What about its role in the medium?

Summary
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QCD Lagrangian: symmetries and anomalies
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The QCD Lagrangian LJ (

based on local SU(3) color symmetry Uniwersytet

Jano Kodhanowskiego w Ki

Quark: wu,d,sandcbt R,GB %
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Btw: where are glueballs?
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Three pillars of QCD (besides color) LJ (

Uniwersytet
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* Trace or dilatation anomaly

* From flavor to chiral symmetry and its spont.
breaking

* Chiral or axial anomaly



Trace anomaly: J (
the emergence of a dimension

Uniwersytet

Jona Kodwanowskiego w Kislaach

Chiral limit: m. =0
Bo G T /\—]I# is a classical symmetry broken by quantum fluctuations
(trace anomaly) Ay =250 MeV

0.5

Dimensional transmutation

AA Deep Inelastic Scattering

04l oe ete— Annihilation

o Hadron Collisions
® ®m Heavy Quarkonia

ag(u=Q)= 2@ gl

o, (Q)

4t
0.1F
=QCDh «,(MZ)=0.1189+0.0010
1 ll() l(l)(]
Q[GeV]
Effective gluon mass:
Gluon condensate: <GfWGa’“V> #= 0 m,, =0—>m, =~500-800MeV
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Flavor symmetry LJ (
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Gluon-quark-antiquark vertex.

It is democratic! The gluon couples to each flavor with the same strength
q > U q.
I y4j

UeUQ®), >U'U=1
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Chiral symmetry LJ (

Uniwersytet
Right-handed: L eft-handed: Jono Hodhenousiego u Kiekedh

qz’ — qz’,R + qZ',L

1
 =—0+7)ag.
q. 2( 7 )q,
——a—7"
9. =7 7’)q,

_ R L
4 =qir T Uij qir + Uij q;.

UB3), xUB), =U(),,, xU(), , xSU@3), xSU3),

R+L
baryon number anomaly U(1)A SSB into SU(3)v

In the chiral limit (mi=0) chiral symmetry is exact
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Spontaneous breaking of chiral symmetry LJ (

Uniwersytet
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UBR) xUB3), =UW)p,, xU ), x SUB), x SU(3),

SSB: SUQB), xSUQB), = SUB)y_r.1 Chiral symmetry = Flavor symmetry

QCD vacuum

(9.4,) = (4,49, +4,.4.0) % O

m~m, 2 ~m, = 5MeV ->m =300 MeV  Bare quark Effective (or
constitutent)
quark
p—meson ~ 2m
~3m’

proton
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Chiral transformations and axial anomaly

SU(3)L x SU(3)r x U(1)a

/2 rr
LR — T2 UL R LR

J<

Uniwersytet
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U(1)A  SU(3)rxSU(3). Chiral

Chiral or axial anomaly: the axial divergence does not vanish!

3g-

1672

~

.THL;

G oo )
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Symmetries of QCD and breakings LJ (

Uniwersytet
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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 (scale anomaly)
and by 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)
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The QCD Lagrangian contains ‘colored’ quarks and
gluons. However, no ,colored’ state has been seen.

Confinement: physical states are white and are called
hadrons.

Hadrons can be;

Mesons: bosonic hadrons

Baryons: fermionic hadrons

A meson is not necessarily a quark-antiquark state.
A quark-antiquark state is a conventional meson.
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Extended Linear Sigma Model: eLSM LJ (

Uniwersytet
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eLSM: Chiral model with conv. mesons + glueballs, hybrids...
(since 2008 up to now, for spectroscopy and medium properties)

Recent review paper in:

Ordinary and exotic mesons in the extended Linear Sigma
Model

F.G., S. Jafarzade, P. Kovacs
Prog. Part. Nucl.Phys. 143 (2025) 104176
arXiv: 2407.18348 [hep-ph].




eLSM Lagrangian: 2407.18348 J (
(pseudo)scalar, (axial-)vector, ....

Uniwersytet
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L=Lan+Ls+Lyay, +Lor+Larr

with
1 1 m2, G2 G4
Lo =—(0,G)7 ———% | G*1 — .
a1 = 5(%G)" — 7 AZ ( Az 4) *

, , L G\?2 . .
Ly = Tr[(D,®) (D, ®)] — m3 (G—) Tr(®T®) — X [Tr(®T®)]? — A Tr(@T @)% + Tr[H(® + o1)] |
0
Lir1y, = c2(det @ — det H'Jr]2 :

G m3 9 2 G2 . ,
(&) +A) 502 + )| + (R Lult? L]} + Te{ R [, R

1 2 2
Lir= _E T'I'(,L“,y + R;w} +Tr Go

+ QJ[T'I'{L“LEJL“LH} + T'I.{R“_REJRMRHj] + _';I'J [TI’ [L“LMLEJLEJ:' + TI' {R“ RMREJ RN}]
+ 45 Tr {L“LJL] Tr [Ry Ru] + QG[T'I'{L“LHF] TT[TLEJLM\J + TT{R“R“F} TI'[:R;;JI?H }] .

LyLp = %‘ Tr(®'®) Tr(LZ + R2) + hy Tr[| L,y ®|? + |®R,|?] + 2hs Tr(L,PR*®T)
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SSB and the donkey of Buridan: LJ (

hadronic approaches Uniwersytet

Jona Kodwanowskiego w Kislaach

Jean Buridan (in Latin, Johannes Buridanus) (ca. 1300 — after 1358)

Spontaneous Symmetry Breaking

Although Nicolas likes the symmetric food configuration. he must break the symmetry deciding which carrot is more
appealing. In three dimensions, there is a continuous valley where Nicolas can move from one carrot to the next without effort.


http://en.wikipedia.org/wiki/Latin

(Pseudo)scalar mesons: heterochiral scalars U (

Uniwersytet

Jona Kodwanowskiego w Kislaach

Pseudoscalar mesons: {11, K, n(547), n°'(958)}
Scalar mesons: {a0(1450), KO*(1430),f0(1370),f0(1500)}

7 0 - N T 0 .

| JJ\J%&Q ﬂa— K Sc—|— | rmj—ir o+ K+
0 0
b =5 —+ 1P = — -~ ON —ag R**D + — T NN —T K—D
\/5 S \/ED 0 \/j ] \_/Fjo
T _— _-—* - .

K, K oS K K s
f0(1710) mostly glueball

See 1408.4921

o — 21y rt
qL’R_WFmXZ L"'L;RGL,R ‘ {I} —_— O o EL(I}{EL

U(1)A  SU(3)rxSU(3). Chiral

Francesco Giacosa



Chirally invariant terms LJ (
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We call the transformation of the matrix ® heterochiral!
We thus have heterochiral scalars or heteroscalars.

tr(PTD), tr(dTd)2
clearly invariant; typical terms for a chiral model.
det(D)
interesting, since it breaks only U(1)a axial anomaly

l TR of of 5 f «aff o af 7 f . "
det(d) = Ft‘w‘&" TR @I P 5 o731 det (D)
)
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Easiest chiral anomalous term U (

Uniwersytet
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Lo = =& (det @ + det ")

b, P*, P

The constant csi1 can be calculated
as an overage over instanton density.

dy,

See G. ,t Hooft,
How Instantons Solve the U(1) Problem
Phys.Rept. 142 (1986) 357-387

¢, PP P

iy, .
For extension:

4 Phys.Rev.D 109 (2024) 7, L071502
», o, o~ UR 2309.00086

230900086 Francesco Giacosa



Axial anomaly: (at least) 2 terms LJ (

Uniwersytet
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Equ — _Lfl (det(I) - det (Di) o éﬁl(det (D)j | (dﬂt (I)*)j}

Vacuum phenomenology is possible with both.
Probably, both terms are nonzero in Nature.
They arise from Q=1 and Q=2 instantons, respectively.

Important (and peculiar) effects at nonzero temperature.

Francesco Giacosa



The chiral anomaly in mesons LJ (

Uniwersytet
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There are 8 but not 9 Goldstone bosons:
3 pions, 4 kaons, and one n(547) meson.

The n'(958) meson has a mass of almost 1 GeV.
2,~1/N
mn’ / C

E. Witten, Current Algebra Theorems for the U(1) Goldstone Boson,
Nucl. Phys. B 156 (1979), 269-283

G. 't Hooft, Computation of the quantum effects due to a
four-dimensional pseudoparticle, Phys. Rev. D 14, 3432 (1976).
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Going further: pseudoscalar glueball LJ (

Uniwersytet
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L. = —ic,Go(det® — det d").

El

¢, P’ P L PHYSICAL REVIEW LETTERS 132, 181901 (2024)

Determination of Spin-Parity Quantum Numbers of X (2370) as 0~ * from J /w — yK3K%/'

M. Ablikim et al.”
(BESIII Collaboration)

b, P, P

u; Is this meson the pseudoscalar glueball?

T Strong coupling to n’ is promising!

Decay with of about 200 MeV also ok.
2309.00086 and 1208.6474
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How to include the chiral anomaly for mesons
besides groundOstate (pseudo)scalars? U (
A novel mathematical object? Extension of det

Uniwersytet
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Extend the determinan

et "b] B \.'5le:.”!'\..';'"l":'“'}'\.‘l’ll"l‘l’l:":...‘l’!'\."'\.

to the following new object:

[ 3. dar R R R g Jn Laras
- _‘fl"] By '“I".-"l.'] _ ?t_na_ iw dide--dn 4,]1.?14]?_.?_ .._‘fl"_,:-"'h'

£ [‘1‘1, ‘1‘2._. anag ‘1}1', (l’j. ...*I’N] = £ [‘1‘1._. ‘1’2._. anag ‘I}j, (I’i! ...*I’N]

5 [(1"11 Dy, +..‘1*1] — det &4
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Polydeterminant J (

lJnimzrqutet

w Kislcach

Emergence of the polydeterminant in QCD

Francesco Giacosa 2, Michat Zakrzewski ®, Shahriyar Jafarzade *°® and Robert D. Pisarski ”

! Institute of Physics, Jan Kochanowski University, ulica Uniwersytecka 7, P-25-406 Kielce,

Poland

Definition in GPJ in arxiv: 2309.00086, see also review 2407.18348 .
(Implicit def by GKP 1709.07454)

Detailed description in 2504.02113

In mathematics: known as ‘mixed discriminant’
Alexandrov, 1939, Panov 1987, Bapak 1989,...
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Consider two (pseudo)scalar multiplet ®1 and ®2. U (

the standard anomalous terms are:

e

&S
o c'}ﬁ’

Francesco Giacosa
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New interactions via polydeterminant: LJ (

Uniwersytet

Jona Kodwanowskiego w Kislaach

5 (.f}‘l"

NN

I ja ;
1 c.'JIf @y c,{;

8(@1, D1, O ) 8(@1, Do, CDz)
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Example with mesons with spin: J (
pseudovector heterochiral multiplet

Uniwersytet
Llit = a(e[®. b, "]+ cc)

Jona Kodvonowskiego w Kislcach

o, P*, P R

2309.00086
Recall:

Low = =& (det @ + det o)
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Isoscalar mixing angle for h1 mesons LJ (

Uniwersytet
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( h1(1170) ) B ( cos Bav  sinBay ) ( hin = \/1/2(tu + dd) )

h1(1380) / \ —sinfBav cosfBav hig = §s

Angle between 0-10 degrees: between red and yellow lines

1 T T T ] T T
15 | f— My =170 MeV ]
i Mp=270 MeV 1
10¢= LASS b
M Sr T LQCD -
5 1 BESIII 15 T 41 ]
8 oF L N
= i BESIII 18 ]
@ : - |
=S Crystal Barrel ]
-10 5
-15} 1 .
=1 | I I | I I | I I | I I | I I | I I I | I I I | I E|

1.36 1.38 1.40 142 1.44 1.46 1.48 1.50

Mhp, (1415)[GeV]



Columbia plot/1 LJ (

Uniwersytet
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The chiral symmetry is explicitly
broken by my ® myg > o0and ms > o

Columbia plot:
the order of the phase transition
in the limits my, 4 and ms

one
flavc

T T

Phys Rev Lett 65 (1990) 2491

~order ~ _
025 - " @ -
Lo R |
O I I :
01.025 0
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Columbia plot/2: usual expectations

Np=2

My

® Physical point

Crossover

May,d

m

My

tric

Ny=2

O(4)

[.-'_l:"_}]_.l_ G

U(2)r/U(2)y

]

® Physical point

A

29

]
&

Crossover

My, d

L Uniwersytet
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Symmetry 13 (2021) 11, 2079

Slide von G. Kovacs, seminar at UJK, march 2025
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Columbia plot/3: recent lattice result

My

0

0O(4)

Z /
&

® Physical point

=8
>

Crossover

May.d

Symmetry 13 (2021) 11, 2079

L Uniwersytet

Jona Kodvonowskiego w Kislcach

Lattice calculation to find the tricritical point.

Starting from a coarse lattice

a finite ml'® cannot be reached

in the continuum limit

Slide von G. Kovacs, seminar at UJK, march 2025
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What about the eLSM? J

PHYSICAL REVIEW D 111, 016014 (2025)

- 12, ~ox . 34,F ps . 3% : ,
Francesco Giacosa®, Gy0z0 Kovacs®, Péter Kovacs®,”" Robert D. Pisarski

my [MeV]

200

150 |

100 |

50

Anomalous U(1), couplings and the Columbia plot

3.8 . 6.7.
% and Fabian Rennecke I
Unstitute of Phvsice Tan Kochanowski Tniversite ulica Tiwersvtecka 7 P-25-406 Kielce Poland

Low = =& (det ® + det @)
crossover
fﬁn'f}; = Z, hy.
. 5 | 1 1

Z, ﬂ_.___,,f"' | fK”'f,x{ = Zg EhN —I_Ehs

st = eizzae
T 2 40 60 80 hne(mu+md)/2 , hs ~ms
m]'[ [MEV] acosa



Equ — _ézl (det O + det (Iﬂ) o 52 [(det (I))2 + (de[ (I)'}')Q}

200 . . .
:‘:? £,>0,5>0
51=0866¢,
150 | 1
>
2 100l crossover |
o
E
50 | —
Q- "’r’rr"-”‘__,,,,-
1St______--" Sape
D ..--""“. 1 1 1 |
0 20 40 60 80
m,, [MeV]

my [MeV]

200

150 |

100 |

50 f

In the Ny = 3 chiral limit the transition is of first order only for & > o.

Moreover, the relative size of & determines the size of the first-order
region in the bottom left corner of the Columbia pot.

There might be a CP violating phase in the nonphysical region of the Columbia plot

where either my or ms (hy or hs) is negative.

J<

Uniwersytet

Jona Kodwanowskiego w Kislaach

£;=0,E,>0

crossover




3D representation

1J<

Uniwersytet

Jane Hochenowskiego w Kiskach

~0.04

Francesco Giacosa



Conclusions LJ (

Uniwersytet
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The axial anomaly is very interesting,
both in vacuum and in the medium.

Connection to mathematics,
influence on vacuum’s phenomenology (including glueballs)
and on properties at nonzero T (e.g. Columbia plot)
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1J<
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Thanks
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Chiral partners

L Uniwersytet
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=1 =120 =0
n2SHL ;| JPC | ud, du us, ds . wmtdd | — Meson names | Chiral
dd J%‘E sd, su V2 e Partners
115, 0~ *t | 7 K 1n(547) ' (958) Pseudoscalar I_0
1P, 07 | ap(1450) | KE(1430) | fo(1370) | fo(1500)/fo(1710) | Scalar '
135, 1= | p(770) K*(892) | w(782) ¢(1020) Vector I
3P 1T+ | a1(1260) | K14 f1(1285) | f1(1420) Axial-vector |~
1P 177 | b1(1235) KlB hi(1170) | hy(1415) Pseudovector 712
12D, 177 | p(1700) | K*(1680) | w(1650) | o(?27) Excited-vector | =
13Py 277 | ag(1320) BQ (1430) | f2(1270) | f5(1525) Tensor I
13 D5 277 | pa(777) | Ko(1820) | wa(?77) | 02(777) Axial-tensor c
11Dy 27T | mo(1670) | Ko(1770) | 12(1645) | 12(1870) Pseudotensor
13Ds 377 | p3(1690) | K3(1780) | ws(1670) | &3(1850) J =3 - Tensor
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TABLEI. Chiral mulaplets, their currents, and transformations up to J = 3. [ * and/or f;;( 1500 ); **a mix of.] The first two columns
comrespond to the assignment suggested in the Quark Model review of the PDG [8], to which we refer for further details and references
(see also the discussion in the text).

I = 1(5d, du, L52)

I = 1(—iis, 5u, ds,5d) Transformation under

- |=|:—-:IJ AT S ] . R R R . . p
Jre s+ U= 0(55%, 5s) Microscopic currents Chiral multiplet SU(3) = SU (g x xU(1),
pi = L:a_r'irfql'
0+, s,
.17 (958) . $=StIP ® — ey, DU,
ao(1450) 51 =4gq (@Y = Frat)
0+, 3p, K3(1430)
£o(1370), fo(1710)*
| p(770) Vi = Lglyq L= V,+4, L, — UL}
75 K*(892) (Li = dir.a)
| T82 ), ¢ (1020)
. a,(1260) Al =Yairrg Ry =Vu=Au R, = UrR, Uy
=%, “P, KI-[ :R;Er_‘}'lr?r#‘i"lR]
£1(1285), £,(1420)
b (1235) Pl — _1ai.50 4f
1+, 1P, {K, s 24T
Ry (1170), k(1380 ©, =85, +iP, :
Il'.-‘(}ﬂ]] 1(1350) . L e ®, — e 24U ®,U},
1—, D, {?f (1680) S =%3'iD, ¢ (P = dgiDyuqy)
w| 1650, $(7)
-(1320 A . i L,=V,+A4 J il
)¢+ 3p {; 14,;{_}]] L,zb—qu-:rF|DF+---]q . h B #_F_ i . L,—UL,U
L1270, p3(1525) (i =3 (ndDy +2)41)
(7 ; L= ) -V ., s
S e e R e N
T @2(?). ha(?) (R = gplyeDy + -+~ )ag)
iz lﬁ'."'l'J] ij Ll —jr=_5 o1 i
2=+, D, {K1-mn1 P = =28 (rDuD,+- )4
i ,(1645), 5, (1870 @, =5, +iP _
" e ] » - e T - y < o " i Dy — c_lmf"rl.d)mr"rtk
24+ 3 {‘21'”] Si=-1@(D,D,+--)¢ (P =q(DyDy+-)a1)
- '1‘] Jl' '1‘]
23 1690)
37, D, {K;. 1780)
w3 1670, ¢ (1850)

1J<

Uniwersytet

Jona Kodwanowskiego w Kislaach

Heterochiral

Homochiral

Heterochiral

Homochiral

Table from:

F.G., R. Pisarski,
A. Koenigstein

Phys.Rev.D 97 (2018) 9

091901
e-Print: 1709.07454



(Pseudo)scalar mesons: heterochiral scalars U (
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. /2 rr i
dL.R — O:F / L"'LFR‘-’IL:R

I=1 (ud,du dd;,_““) transformation
T W2 )
JPC 25+ r=1 (—is, 5u, ds, 5d) microscopic currents chiral multiplet SU(B)LUQEF;ET(B)RX
I=0 (251 5)* xU(1)a
i
0-", 15 K Pii — %c}jij«aqi
r -
L7, 7' (958) b=S5+iP diarr mrrt
T I D ULDU
an(1450) (PY = qf{qh) —e I R
07, %Py |4 K§(1430) S = 1gg
[ fo(1370), fo(1710)

O —s e 2OULOUL

We call the transformation of the matrix ® heterochiral!
We thus have heterochiral scalars.

tr(®T®), tr(PT®)?  are clearly invariant; typical terms for a chiral model.

det(®) is interesting, since it breaks only U(1)A axial anomaly det® — e " det ®

Francesco Giacosa



(Axial-)vector mesons: homochiral vectors

L Uniwersytet
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I=1 (ud, Ju! %) transfol;lmation
JPC LI =1 (—us, 5u,ds, 5d) microscopic currents chiral multiplet SU(3) Lug ;Er{ijx
kj’ =0 (ﬂu\;%dd?g'g)#* XL‘T(].:]‘-_\
p(770) ,
o L,=V,.+A ] +
—— - Fij _ Laje p=Vp T Ay i
1 ? Sl K ,_,[:892} 1‘,0.} — QqJ;#q {LLJ :qi_mqi) L'u —?[]_,L#LL
(w(782), $(1020)
170 PP | Ko Al =307 1d’ b — gt Ry — U R, U},

L f1(1285), f1(1420)

(R = @hvuak)

L, — UL, U

R, — UrR, U}

We have here a homochiral multiplet.
We call these states as homochiral vectors.

Francesco Giacosa



Ground-state tensors (and their chiral partners): J
Homochiral tensors

Uniwersytet
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I=1 (ud,du, dd;;“‘) transfordmation
JPE L1 =1 (—1is, 5u, ds, 5d) microscopic currents chiral multiplet S'U('EJLUQ SE‘T(‘BJRX
I=0 (MV—_%M 5s)** xU(1)a
as(1320) i ‘
o++ SP - Fii 1 =G ﬁ F L#p = 1;#;} T r‘lr,_“, r +
20 0P | { K3 (1430) Vio =30 wiDe +.0¢" | py 0 W57 LT gy | e — Uil U
| f2(1270), f5(1525) S
pa(?) )
.. . - . B w — 1 v ."‘1 i - s
277, %Dy |4 Ka(1820) A =38P+ g | gy Sy B T R — UnRu U
k&'ﬁ(?).og(7) (222 RV K

L}.H'J ﬁ\ [/rLL}_;,p [r]z

R — UrR,, U}

Thus, we have homochiral tensors. We do not expect large mixing.
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Pseudovectors and orbitally excited vectors: J (
Heterochiral vectors

Uniwersytet
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I=1 (ud du. 33—Tu transformation
_, TR lor
JPC 25,1 =1 (—ﬁs‘;fu,ds,ﬁd) microscopic currents chiral multiplet 5U(3)1}1;(.§L—(3)RX
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The pseudovector mesons and the excited vector mesons form a heterochiral multiplet.
We thus call them heterochiral vectors.

The chiral transformation is just as the (pseudo)scalar mesons (which is also hetero).
Hence, an anomalous Lagrangian is possible for heterochiral vectors.

Excited vector mesons: phi(1930) predicted to be the missing state, see
M. Piotrowska, C. Reisinger and FG.,

“"Strong and radiative decays of excited vector mesons and predictions for a new phi(1930)$
resonance,"” arXiv:1708.02593 [hep-ph], to appear in PRD.
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Ground-state tensors (and their chiral partners): J (
Homochiral tensors
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Tensor mesons: {a2(1320), K2*(1430), f2(1270), f2(1535)}
Axial-vector mesons: {p2(?7?7?), K2(1820), w2(??7?), @2(?7??)}
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Thus, we have homochiral tensors. We do not expect large mixing.
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eLSM, additional lag. details LJ
Al

where

and
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eLSM, masses U (
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Mass squares Analytical expressions
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Table 3.2: Mass expressions of spin-0 mesons (scalars and pseudoscalars) within the eLSM.
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eLSM, fit vacuum

Observable Fit [MeV] | Experiment [MeV] | Observable | Fit [MeV] | Experiment [MeV]
. 06.3+ 0.7 022446 fi 106.9 + 0.6 1104455
My 141.0 £ 5.8 138 £ 6.9 Mg 485.6 + 3.0 405.6 + 24.8
™ 5094+ 3.0 5479 +£274 Mgy 962.5 £ 5.6 057.8£47.9
m, 783.1+7.0 T75.5 £ 388 Mg 885.1+6.3 8038 £44.7
My 975.1 + 64 1019.5 £ 51.0 Mg, 1186 + 6.0 1230 £ 62

my 4y | 13724453 1426 + 71 Mg, 1363 + 1 1474 + 74
M 1450 £1 1425 £ 71 | R pp— 160.9 £ 4.4 1491 +£74
Ticers ior 446+19 46.2 +23 T,Lgx |334+0.14 3.54+0.18
Tayspr 540 + 43 495 + 175 Tayomy | 0.66=0.01 0.64+0.25
T} a20)ok-k | 44.6+30.9 4394922 Tas 266 + 12 265 + 13
I'kz—kr 285 +12 270 £ 80

Table 3.4: An example of fit results from (6], together with the experimental values taken from [13].
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The pseudoscalar glueball:
predictions from the eLSM

= icé@é (detCD - det(I)T)

1J<
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Mg = 2.6 GeV as been used as an input.

Quantity Value
Fé%KKS/F%’t 0.059
e /T | 0.083
o /T | 0.028
T, /0% | 0.012
FGAW,JN/F%” 0.019

it _
GG-mesons
Quantity Value

FG%KKn/F??t 0.049
FG%Kan/Ft(gt 0.019
Féémn/lﬂtgt 0.016
Féﬁnnn’/rgt 0.0017
Fé%nn’n’/rgt 0.00013
Fé—)KKﬂ'/Ft(gt 0.46
F@%nm/lﬂgt 0.16
FG%U,W/F? 0.094

Future experimental search, e.g. at BES and PANDA

Details in:

W. Eshraim, S. Janowski, F.G., D. Rischke, Phys.Rev. D87 (2013) 054036. arxiv: 1208.6474 .

X(2370)and X(2600) found at BESIII
possible candidate.

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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Pseudoscalar glueball/2 LJ (
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Thanks to DIG it was possible to estimate the coupling constant, see 2309.00086
Then not only ratio possible, but actual widths!

[(Go— KKx) ~024 GeV and (G — nrn') ~0.05 GeV

Recent experimental results:

PHYSICAL REVIEW LETTERS 129, 042001 (2022)

Observation of a State X(2600) in the z* 7~ 5/ System in the Process J/y — yx* -1

PHYSICAL REVIEW LETTERS 132, 181901 (2024)

Determination of Spin-Parity Quantum Numbers of X (2370) as 0~ * from J /yy — yK%K%/

M. Ablikim et al.”
(BESIII Collaboration)


https://arxiv.org/abs/2309.00086

Average over instantons

1J<
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Polydeterminant properties LJ (
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Generalized determinant for 3x3 matrices LJ (
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Determinant of a 3 x 3 Matrix

detd = ae”’ke” Kl pli” pkk

One can write determinant like a product for matrices ®; 5 3

[P, Dy, d3] = gﬁukﬁu k ol c|>12! d)gk

It has the following properties
1
E[¢"1,¢1,¢1] = detd, . E[l,l,d)l] = gTI’[(bl]
By using the epsilon product, we can construct anomalous lagrangians
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2107.13501

Mixing angle for pseudotensor mesons

cos o
— sin Sg

m2(1645) '\ _
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sin _.5’2
cos 99

) ( MmN = \/1/2(au + dd) )

2.5 = S8

Instanton-based result,
GPJ 2309.00086

Phenomenology results,
FG & A. Koenigstein 1608.08777
V. Shastry, E. Trotti, FG: 2107.13501
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Anomalous Lagrangian for heterochiral tensors LJ (
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Again, the various terms are SU(3)RxSU(3)L invariant but break U(1)A.

First term generates mixing for pseudotensors and also for their chiral partners.
Second term generates decays of pseudotensor (and partners) into (pseudo)scalars.
Third term generates mixing for pseudotensors only.
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Columbia plot/4 LJ (
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FRG with axial anomaly FRG w/o axial anomaly

” 1st - E-H““second order 1st
order u(2)xu(2) order
FRG calculation: multiple fixed

pointat Ny = 2 and Ny = 3 that
gives first or second order transition
in the presence of the axial anomaly = £

crossover crossover

Phys.Rev.D 110 (2024) 1, 016021

1st order _second order
//-/ U(3)xU(3)

0 Mud = 0 mu.d

In 3d the only relevant operator is (det & + det dT)!

Slide von G. Kovacs, seminar at UJK, march 2025
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Dyson-Schwinger approach:

U(1)4 anomaly through n meson

(but only 2-point function)

y 3 >

(30 MeV)? |

0 Z

—(30 MeV)? ,
my

Phys.Rev.D 108 (2023) 11, 114018
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