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Chiral (or axial) anomaly: a classical symmetry of QCD broken by quantum

fluctuations

Chiral anomaly important for n and n’. What about other mesons?

Classification of mesons in heterochiral and homochiral multiplets.
What about the pseudoscalar glueball

Summary
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The QCD Lagrangian L
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Antired
& ntiblu

Quark: u,d,s and c,b,t

(g*)
qi — in ) i:U,d,S,...
Y
C RO E(Q(“D—qu (iv" D, — ;) g ——(“(“W
8 type of gluons (RG,BG,...) o

Aj -a=1,....8

e

Btw: where are glueballs?
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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

g, > U,q,

UeU@), >UU=1
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Chiral symmetry LJ (

Uniwersytet
Right-handed: Left-handed: Jono Hodhenousiego u Kiekexh

qi — qi,R + qi,L

di =%(1+ 7°)a,
1 5

qi,L _E(l_y )q|

0, =0;r +0;. > Uid; g + U0,

U xUE), =U@)., xU@d., *xSUR),xSU(3),

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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Chiral transformations and axial anomaly J (

Uniwersytet

Jora Kodhanowskiego w Kislcach

SU@B)L x SUB)r x U(1)a

-
]
]

ice /2
LR — T2 UL R qLR

U(l)a  Chiral

Axial 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.

Francesco Giacosa



Chiral partners
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=1 =120 =0
n2SHL ;| JPC | ud, du us, ds . wmtdd | — Meson names | Chiral
dd J%‘E sd, s V2 e Partners
115, 0 * |« K n(547) 1" (958) Pseudoscalar i_0
1P, 07T | ap(1450) | K§(1430) | fo(1370) | fo(1500)/fo(1710) | Scalar '
135 1== | p(770) K*(892) | w(782) ¢(1020) Vector 71
13 P 11 | a1(1260) | K14 f1(1285) | f1(1420) Axial-vector |~
1P 17— | by(1235) KlB hi(1170) | hy(1415) Pseudovector 7 12
12D, 177 | p(1700) | K*(1680) | w(1650) | o(??7) Excited-vector | =
13 Py 277 | ag(1320) I\Q (1430) | f2(1270) | f5(1525) Tensor I
13 D5 277 | pa(777) | Ko(1820) | wa(?77) | 02(777) Axial-tensor c
11Dy 271 | m(1670) | Ko(1770) | 72(1645) | 12(1870) Pseudotensor
13 D3 377 | p3(1690) | K3(1780) | w3(1670) | ¢3(1850) J =3 - Tensor
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Chiral partners
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=1 =120 =0
n25tL | JPC | ud, du us, ds L wmedd | Meson names | Chiral
CH_TQUE sd, 5T DRV Partners
115, 0 * |« K 1n(547) 1" (958) Pseudoscalar 0
12 P, 0"+ | ag(1450) | K3(1430) | fo(1370) | fo(1500)/fo(1710) | Scalar S
%5, T [ o(770) | K*(892) | w(782) | &(1020) Vector T
13P 17F | a1(1260) | K14 f1(1285) | f1(1420) Axial-vector
17 17 1 01(1235) | A4 ny(L170) | he(1415) Pseudovector FIT
13Dy 177 | p(1700) | K*(1680) | w(1650) | ¢(?777) Excited-vector
T T 1 a(1520) | K3 (1A30) | Jo(1270) | J5(1525) Tensor P
13Do 277 | pa(777) | Ko(1820) | wa(?77) | 02(777) Axial-tensor
11D, 271 | m(1670) | Ko(1770) | 72(1645) | 12(1870) Pseudotensor
13D3 |37 | pa(1690) | K2(1780) | ws(1670) | 65(1850) J = 3 - Tensor
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TABLEL

Chiral muldplets, their currents, and transformations up to J = 3. [* andfor (1500 ); **a mix of.] The first two columns

correspond 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).

JFF

25+1 L_;

I = 1(fid, du, L52)
I = 1(=iis, 3u, ds, 5d)
I =02 5q)*

Microscopic currents

Chiral multiplet

Transformation under

SE,'r':.’j][_ > SE,‘r':l?;]R = xU(1 ].'\

0+,

1Sy

1.1’ (958)
ag( 1450)
K§(1430)
fg':l'i'."'l]] Fo(1710)*

.'!Pﬂ

Pi = Lgliy'q

®=S5+iP
(@Y = gy )

@ — e 2=y DU

2(770)

K*(892)

w(T82), ¢ (1020)
ay(1260)

L

F1(1285), £,(1420)

L,=V,+A,
H—” il r.at)

R,=V,

(R = Es'Rrqu]

L,— U LU}

R, — UrR, U}

by (1235)
KIB
i (1170), 1y (1380)

| 1650, $(7)

5/ =43/iD,q

®, =S, +iP,

®, — e B9y D, U,

as(1320)
K3(1430)
f2(1270), f3(1525)
Pa(7)

K, (1820)

w7, a(7)

Vi =1/ (y,iD, + ---)q'

Ap =3@(rriD, +--)q'

Lm = V;u + A,
(LY = g (yiD, +--
R' = 'l«’

gt )

Jag)

N
L, —UL,U

R, — UgR, UL

e+ 3

p—t

w2 1670)

K5 (1770)
Ha(1645), 12 (1870)
as(7)

K3(7)

Fa(1). 1507

®,, =S5, +iP,
(Do = gg(D, D, +--

-)at)

—H +
@, — e 22, @, UL

&
{
{
{
{
{
{
{
{
{

23 1690)
K3(1780)
wn(1670), g5 (1850)
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Heterochiral
Homochiral
Heterochiral

Homochiral

Table from:

F.G., R. Pisarski,

A. Koenigstein
Phys.Rev.D 97 (2018) 9,
091901

e-Print: 1709.07454



Extended Linear Sigma Model: eLSM LJ (
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eLSM: Chiral model with all previous fields + 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

_-rancesco Giacosa



(Pseudo)scalar mesons: heterochiral scalars U (
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Pseudoscalar mesons: {1, K, n(547), n°(958)}
Scalar mesons: {a0(1450), K0*(1430),f0(1370),f0(1500)}

0 1]
ON T -+ % NN+ _+ s
1 # e IXD l T ) I‘L
0 0
b=5+iP=—=| o @@ g [4+—| - ¢ go
N A RER
K, K os K K s

f0(1710) mostly glueball
See 1408.4921

IR _, Fia/2 UL R LR ‘ d — e_‘zl“ [,TL(I}[_F&
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Chirally invariant terms LJ (
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We call the transformation of the matrix ® heterochiral!
We thus have heterochiral scalars or heteroscalars.

(¢ }TfI::)_ (¢ }TfI::)Z

clearly invariant; typical terms for a chiral model.

det(D)

Interesting, since it breaks only U(1)a axial anomaly

l . ap of ofpf ' af « af a1 ! _ -
det(d) = Fe’f”*e’ TR I M 5 o 731% det()
J
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Anomalous interactions between mesons J (
with nonzero spin and glueballs

Phys.Rev.D 109 (2024) 7, L071502 Lnersyiot

Jono Bodhenowsklego w Kislcach

2309.00086 [hep-ph]

LIZ0 = —ay(det @ + det ")

o, P, P
The constant a0 can be calculated

as an overage over instanton denisty

(I[{

dy

¢, p# / v

iy,

o, o o~ UR

rranveou0 Giacosa


https://arxiv.org/abs/2309.00086

Average over instantons LJ (
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0.04f
0.03}
- 0.025 J=0 __ ¥
: : L7209 = —ay(det @ + det @)
0.01} '
0.00F— . S ]
00 02 04 06 08 1.0
P _
MS

FIG. 1. The density of instantons for N. = Ny = 3.
J =10

. = koM — 1.3 GeV
k, = (872)° /‘“m dpn(p)p™ ey -'E({]Mﬂ/r'"-lg > 0. ag I Ge
J 0

My = 170 MeV
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The chiral anomaly in mesons LJ (
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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).

Francesco Giacosa



Mixing in the isoscalar sector l J (
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( n = n(547) ) _ ( cosfp sinfp ) ( Ny = \/1/2(au + dd) )

—sinfp cosbp Ns = S8

Op ~ —42°

Such a mixing is suppressed... But this can be large

S > _—
s

A

wl

e
u

N\ <
/N

i 1 S. D. Bass and A. W. Thomas, Phys. Lett. B
The numerlcal Value can be CorreCtIy deSC”bEd, 634 (2006) 368 doi:10.1016/j.physletb.2006.01.071 [hep-

ph /0507024].

Francesco Giacosa



Going further: pseudoscalar glueball LJ (

Uniwersytet

Jona Kodhanowskiego w Ki

L, = —ic,Go(det® — det d).

El

2309.00086

Francesco Giacosa


https://arxiv.org/abs/2309.00086

Glueball spectrum from lattice

12 ¢

10 ¢

o Mg

3++ 3+_

++ -+ +- -

Francesco Giacosa

Mg (GeV)
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The pseudoscalar glueball:
predictions from the eLSM

= icé(pé (detCID - detCI)T)

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

Quantity Value
FéAKKS/F%’t 0.059
F@%(I‘(V)W/Ft(gt 0.083

Gnon /th 0.028
Féﬁlf)gb_‘/l“gt 0.012
Féén,mr/l“g’t 0.019

int _
GG-mesons
Quantity Value

FG%KKn/I‘?;t 0.049
FG%Kan/F%t 0.019
Féémn/lﬂfgt 0.016
Fé%nm,/F’gt 0.0017
Fé%nn’n’/rgt 0.00013
Fé—)KKﬂ'/Ft(gt 0.46
Fé%nm/l“gt 0.16
Féﬁn,m/lﬁgt 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

Francesco Giacosa
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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 T(Go— nrn') ~0.05 GeV

Recent experimental results:

PHYSICAL REVIEW LETTERS 129, 042001 (2022)

Observation of a State X(2600) in the #* 7z~ 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

(Axial-)vector mesons: homochiral vectors: J (
homochiral multiplet

Uniwersytet
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Vector mesons: {p(770), K*(892), w(782), ¢(1020)}
Axial-vector mesons: {a1(1230), K1A,, f1(1285), f1(1420)}

w0 ) p fin+al + -+
- 1 2 0 lrU_ . _ f‘ . _aD
VH = — H— WN—p ~%0 AP = a L2 L K0
Vol B e Y I
K*~  K* g Ky By, fis

R =VH — AF and LF = VH + A

L, — ULL, U]

Chiral transformations - We have here a
wn — S Uig homochiral multiplet.

R, — UrR,UL

Francesco Giacosa



Mixing among vector mesons LJ (
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w(782) '\ cosfy  sinfy wn = +/1/2(uu + dd)
»(1020) / \ —sinfy cosby Ns — 58

91_* ~ —3.20

The mixing is very small.

This is understandable: there is no term analogous to the determinant.
Namely, anomaly-driven terms are more complicated, involve
derivatives and do not affect isoscalar mixing, e.g. Wess-Zumino like
terms.

Same situation for tensor mesons. Indeed isoscalar mixing is small.

Francesco Giacosa



A novel mathematical object? Extension of det

Extend the determinant

: B & N £ gi.u g
det cl)] = v:-sl..z...'..\ gJiir N @iiiigiadz  GININ

to the following new object:

[ .0y L EE R ig g Lar)ns
- _il"] Dy "‘I}-"'-'] _ ?En br--dw a0 4,11.?14,?_.?_ K ..:_ﬁ.i'r.

£ [‘1}1, ‘1}2, . ‘l}i.. (I’j... '*'(I]N] = £ [‘1}1, ‘1}2, . ‘I’j.. (bi'.-

£ [‘1')11. D1, ,..‘1}1] — det ¥4

1J<

Uniwersytet
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Definition in GPJ in arxiv: 2309.00086, see also review 2407.18348 .

(Implicit def by GKP 1709.07454) .. . .. ciacosa



Pseudovectors and orbitally excited vectors: J (
Heterochiral vectors

Uniwersytet

Pseudovextor mesons: {b1(1230), Kie, h1(1170), h1(1380)} e e
Excited vector mesons: {p(1700), K*(1680) , w(1650), ¢(??7?)}

0 H
H Wang, N +-pm.|.g

hi n +b[; + ~kt + Jrf'.‘r-f-
— . o 4% o
_ﬁ bl _F!L-ljg 1 Vrz .Irann ang
1 Vo E'u 0
. ) 0 = — — Wang, N —Pane 40
BH = — hi, w+by ~%0 ang : _ TR ame U
V2 by 2 Kip V2 p e V2 ang
Ky K hs Ko Kb ouss
Ot — EH i pH
ph = Bl —iB

Chiral transformations

—la g7 dl

i i /2 71 i
JLR — eFia/ ULR LR

The pseudovector mesons and the excited vector mesons form a heterochiral
multiplet. We thus call them heterochiral vectors.

Excited vector mesons: ¢(1930) predicted to be the missing state, see
M. Piotrowska, C. Reisinger and FG., arXiv:1708.02593 [hep-ph]

Francesco Giacosa



Anomalous Lagrangian for pseudovector LJ (
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Ll = ar(e[® . P, "]+ cc)
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LL7 = —a5(det & + det ')

Francesco Glacosa



Generalized determinant for 3x3 matrices LJ (
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Determinant of a 3 x 3 Matrix

detd = gef*’ke” K pli pkk

One can write determinant like a product for matrices @4 5 3

[Py, Dy, d3] = 56”“6” k ol c|>12! d>§;<

It has the following properties
1
E[d)l,d)l,d)l] =d€td)1,_ 6[1,1,(1)1] = ng’[d)l]
By using the epsilon product, we can construct anomalous lagrangians

Francesco Giacosa



(

Isoscalar mixing angle for hl mesons

h1(1170)
h1(1380)

)

(

sin __SA WV
cos FAv

cos SAv
— sin .3 AV

)(

1J<
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hin = /1/2(tu + dd)

his = 5s

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

B1[Degree]

15

10

15}

~10¢}

Mh, (1415)[GeV]

T T T T T T T T

C f— My =170 MeV |
Mj =270 MeV

o LASS 7

N LQCD ]

| BESHIS ~T I.'

- — T J.l—l—| =

. |~ BESIIN 18 : 1

N ' Crystal Barrel ' ‘
; | I I | I I | I I | I I -I- I I I | I I I 1 I I I | I
1.36 1.38 1.40 1.42 1.44 1.46 1.48 1.50

)



heterochiral tensors

Pseudotensor mesons (and their chiral partners): LJ (
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Pseudotensor mesons: {112(1670), K2(1770),n2(1645),n2(1870}
Chiral partners: {a2(?77?), K2*(??7?) , 12(??7?), f2(???)}

Chiral transformations — iy T .T"f

i i/2 17 i
qgLR —> €T / ULR 9LR

Thus, we have heterochiral tensor states.
Transformation just as heterochiral scalars.
Mixing between strange-nonstrange possible.

Francesco Giacosa



2107.13501

Mixing angle for pseudotensor mesons

cos 9o
— sin 32

m2(1645) '\ _
172 (1870) -
By 7 —(1°,10°) < 0

_Sg o —4[]3

<

Uniwersytet
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sin ._Sg
cos 39

) ( m.n = \/1/2(wu + dd) )

2.5 = 8§

Instanton-based result,
GPJ 2309.00086

Phenomenology results,
FG & A. Koenigstein ~ 1608.08777
V. Shastry, E. Trotti, FG: 2107.13501

Francesco Giacosa



Concluding remarks LJ (
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Concept of homochirality and heterochirality.

For heterochiral multiplets an axial-anomalous strange-
nonstrange mixing is possible.
(n-n’, but possibly N2(1645)-n2(1870) and evt hl states)

* For homochiral multiplets no anomalous mixing.
(w-phi(1020), f2(1270)-f2’(1525),..., are nonstrange and strange, resp.)

« Pseudoscalar glueball: anomalous coupling to mesons
and baryons.

* Interesting mathematical object as a viable extension of
the determinant

Outlook:

Francesco Giacosa
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Thanks
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eLSM Lagrangian: 2407.18348 LJ (
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L= -'L‘rdi.l + .L‘a-::[:- + JCI.-’I’,_].}A — "Ef.-ﬂ + "L""I?'f.-ﬂ : 1
with
1., 1 m?, a2 ot

oo = (82— 26 (ot 22}

a1 =56~ AZ ( Az T ) ; 1
G -2
J:cI: = TI‘[{DJMIIji[DM(IJ}] — 'J‘TJ,E (C,—') T'I‘[[I]T(IJ} — }‘l ['TI‘[(I]T‘I’}]Z _ }"2 T‘I’{‘I’i(]:l}g + TI'[H{‘I} " IIIT)] : 1
(]

J'f:f.-"[l-,__aL = ca(det ¢ — det :];T}E : 1

1
Lir= 1 Tr(Ly, + Rj,) + Tr

G\ 2 _ .
((G ) +&) %@ﬁ +Rﬁ}] H%fTT{LuH[L“"..L“]} + Tr{ Ry [R*, R"]}
(1]

+ QE[T'I-{L“LE;LMLH} + T&.{R“RE;RMREJ:'] + _QJ [TI' [:LHLHLE_.'LHj + TI' {H“RHRHRH}]

+ 95 TI‘ {LHL“) TI‘ [Ry Ry] + QE[TT{LJLLJLj T'I‘[?LE;L”] + TI'[:R“,R“} TI'I::R;,-JI?U }] ¥ 1
Lorp = %1 Tr(®T®) Tr(L2 + R2) + hy Tr[| L, ®|* + |® R, |?] + 2k Tr(L,dR*®T) 4

Francesco Giacosa



L Uniwersytet

where
DFD = 0" P — igy (L*® — DRM) — ie AP [ts, D]
LM = gF LY —ieAP[tz, LY] — {8 L' — ieA”[t3, L*]} ,
le = &I.LRM . fE’A“[tg,Hy] . {3zfﬁu o ft‘AH[fg,R“]} .
and
hon
hax 0 0
H = Hpty + Hsts=| 0 |l g ;
0 0 s
0 0 sy 00
A=ADofg+Asts=| 0 & 0 |=| 0 6y 0
0 0 :;; 0 0 ég

Francesco Giacosa



Mass squares

Analytical expressions

m2 22 [m3 + (A +22) 6} + A% = Zehon
m3 Z% :ni-.ﬁ + (A + %ij X — %,’f-:;u'},\-u‘:_:; + (A1 + Ag) cﬁ,]
g Z2 [md + (M + 22) 0% + MoE + 2 0% 03] = 22 (f't—;l + 9 n.-"ri.—r:n%)
my_ ZE_[mg+ Mof + (M + X)) 6% + LoN]| = 27, (t] + %Gf\:)
ﬁl?}.\' s Ly Zns 3 ON 05
mg, mg + (A + 3s) 0% + A10%
Ifri'.-i-[: Zi‘ﬂ [?’i"&?} + (J’q + %—-} G'%,..- + %{;‘\{;‘q + U’u + )'rj] G%]
r‘nfrh, mg + 3 (}\1 + }‘T) Ox + A0%
ma_ m2 + A od + 3 (A + A2) 0%
my, . 2\ 0N O3

Table 3.2: Mass expressions of spin-0 mesons (scalars and pseudoscalars) within the eLSM.

Francesco Giacosa

J<

‘Jniwersytet

ona Hochonowskiego w Kislcach



Observable Fit [MeV] | Experiment [MeV] | Observable | Fit [MeV] | Experiment [MeV]
fs 06.3+0.7 92.2+ 4.6 I 106.9 + 0.6 1104+ 5.5
My 141.0 £ 5.8 138 £ 6.9 My 4856 + 3.0 4956 + 24.8
My 509.4+3.0 47.0+274 Mg 062.5+5.6 057.8 £47.0
my, T83.1+ 7.0 T75.5 £ 38.8 M= 885.1+6.3 803.8 £44.7
my, 975.1 +6.4 1019.5 £51.0 Mg, 1186 £ 6.0 1230 £ 62

My, (1420) 1372.4 + 5.3 1426 + 71 g, 1363 + 1 1474 + 74
M 1450 +£1 1425 £ 71 | Ip— 160.9 +4.4 1491+ 7.4

Thrs icn 446+1.9 46.2+23 Ty gx |334+0.14 3.54+0.18
Ta,spm 540 + 43 495 + 175 Caysmy | 0.66=0.01 0.64 + 0.25

Ty 1420y ik | 44.6+£30.0 43.9+922 Tas 266 + 12 265 + 13
Ikz—kn 285+ 12 270 + 80

Table 3.4: An example of fit results from [6], together with the experimental values taken from [13].

2
15 |
1
i K
_ 05 I b
2 o0
a | T
5
2 05t T N
£ £
1 +
15| T +
20 m Kn  p Kne a fiag |
_2_5 1 1 1 1 1 1 1

0 200 400 €00 800 1000 1200 1400 16800

Mass [MeV]

4 -
ol f %p—:m‘[
- L I
5 . L I,31-=;:r
£ 0
2 laom | : b
= I fk En
2L Mgk
r|p->KK
4L
) ) rfi-b"( K . rKO-:vKT[
1 10 100 1000
Width [MeV]

Francesco Giacosa

L Uniwersytet

<

Jono Kodhanowsklego w Kislcach



Example: extension to pseudovector LJ (

Uniwersytet

Jono Bodhenowsklego w Kislcach

£1::£.1:|.=,u :TT[(T—‘E;H 4+ &p‘-') ({I}ﬂ:]ﬂ"*)] 1 %TI‘ [{[:1':]1] Tr :EIZIL{ }l”f} + }‘cln-_- STr [{ }L pPpht P + {I}” Pt pH {[:'I']

=0

1 ).“13” aTr _{I}M{I};_{I}{I}MT 4+ {I}L {[:{I};_{[r“']

i {@“ B9, + 4:.::] e\ [q:L L5Lo8% + Ro®Lo"®R® + L,0°®®[,L° + 5,9 R; R%*f] |

Decay process Width (MeV) Decay process Width (MeV)
p(1700) - KK 40+11 p(1700) — 7w 140 + 37
K*(1680) — Kn 82+22 K*(1680) — Kn 52+ 14
w(1650) = KK 3710 p(1700) — wm 140 = 50
p(1700) — K*(892)K 56 + 23 p(1700) — pny 41+ 17
K(1680) — Kp 64 + 27 K*(1680) —= K¢ 13+6
K*(1680) — Kw 21+9 K (1680) — K~(892)m 81 + 34
K~ (1680) — K~ (892)n 0.5+02 w(1650) — pm 370 + 156
w(1650) — K*(802)K 42+ 18 w(1650) — w(782)y 32+13
$(1930) — KK*(892) 260 = 109 A(1930) — ¢(1020)n 67 + 28
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Strange-nonstrange mixing in the isoscalar
sector: recall and the strange case of
pseudotensor mesons

based on
A . Koenigstein and F.G.

Eur. Phys.J. A52 (2016) no.12, 356, arXiv: 1608.8777
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N2(1645) and n2(1870) J (
Only a large mixing angle ©mix = -40° is compatible

with present experimental data. Uniwersytet

Jona Kodhanowsklego w Kislcach
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O N W/ ] e
= N/ AN ] — ro® 9 p,(1645]=(181.0+ 11.0)MeV
i 200 x “n
[ N 7w ] === IOy, (1870 — a5 ( 1320 7]
.‘.f s\ / ﬁ.\ i
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4 i
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N /" N\l e r[ns(1645— K* (892K +c.c.]
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20 _!‘ s ""*.% ]
o /., ] I n, (1870 — f, (1270 7]
\ 2, *, .,.-‘ ]
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- 50 0 50
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(Pseudo)scalar mesons: heterochiral scalars LJ (

Uniwersytet

Jono Kodhanowskiego w Kielcach

) ice /2 T )
gLr — €T / ULR LR

I=1 (ud du dd;,_““) transformation
T W2 )
JPC 2SIl =1 (—1is, 5u, ds, 5d) microscopic currents chiral multiplet SU{B)IFQEF;ET(;QRX
I[=0 (25 55)* xU(1)a
T
07", 'S KK P = Lginq
r -
L7, 77" (958) =S+iP iarr arrt
ij _ = i L " ULSPU
an(1450) (P = ﬂi’f{‘JL:‘ —e I R
07%,*Py |4 K§(1430) S = 1gig
[ Jo(1370), fo(1710)"

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

tr(clﬁfb). tr(flf-‘“fb)2 are clearly invariant; typical terms for a chiral model.

det(d) is interesting, since it breaks only U(1)A axial anomaly det® — e~ * det ®
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(Axial-)vector mesons: homochiral vectors

L Uniwersytet

Jono Kodhanowskiego w Kielcach

I=1 (ud,du, %} transfoilmation
JrPe 2sHip il =1 (—1s, 5u, ds, 5d) microscopic currents chiral multiplet SU(3) Luz ;E}{ijx
ki":O (ﬁu\;%dd,g.f-‘)** XL'T(]-JA
p(770) .
: : L,=V,+ A . .
-, 'S8 o Vil = gy g i h g L, — UL, U]
, 1 K (802}. 1 59" Vud (LY = @ yudh) m LLuUy,
| w(782), ¢(1020)
1+t : 3Pl Kia ALJ — %qj.r_-'i_r,'u qz' w— VYp T S R, — UrR, EE{

L f1(1285), f1(1420)

(R}7 = qhvuai)

L, — ULL, U]

R, — UrR, U},

We have here a homochiral multiplet.
We call these states as homochiral vectors.
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Ground-state tensors (and their chiral partners):

Homochiral tensors

1J<

Uniwersytet

Jono Kodhanowskiego w Kielcach

I=1 (ud,du, %) transfo:t;lmation
JPC 251 =1 (—1is, 5u, ds, 5d) microscopic currents chiral multiplet S'U('EJLUQ SE‘T(‘BJRX
I=0 (%5 s9)" xU(1)a
a2(1320) o
at++ 3P P Fif 1 =Gf. S? F L#y = L#u -+ _"1#” N -+
27, TR 14 K3(1430) Vio = 2@ uile +-08" | pis — iy B0 4 gy | e Vel Us
| f2(1270), f5(1525) SR
pa(?) )
. . - . . B w — 1 v ."‘1 i - s
2, %D; | Ka(1520) AL =3P WDl 0 | g | B — UnRu U
w2 (2), 62(7) e = ah(wiDe + .. )k

L}_,{,i‘j ﬁ\ [)'TLL}_.{,V [IT]z

Ry — UrR, UL

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

Uniwersytet

Jono Kodhanowskiego w Kielcach

I=1 (ud du. 34—gu transformation
_, TR lor
JPE L 1=1 (—ﬁs‘;fu, ds, 3d) microscopic currents chiral multiplet .9{»?{23)1}12(}5?&(:3)1{x
I=0 (%,Es)** xU(1)a
b1(1235)
1+— ! I-Pl I{LB P;J — _%q},jsﬁzqi
h1(1170), h1(1380 ¢, =5,+1P, . .
1 ( . ) 1 ( ) ;uj _;_* ﬁ r‘: (I’,u s 0—210 [-‘rIJ‘I’#L"rII{
p(1700) (P = qgiDyatr)
177, %Dy | K (1680) Sy =17iDug
w(1650), ¢(?)

—ia 77 T
o u—e U, & " [ R

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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Anomalous Lagrangian for heterochiral vectors LJ (

P,

Eanomaly —

tr(d x &, - P¥) 4 c.c.]

tr(® x 9, - dF) + c.c]

(0 x - Dy) —cel® +.

The first term contains objects as: =< " ¢/ ¢;"
So for the other terms. Such objects are SU(3)RxSU(3)L invariant but break U(1)A.

Uniwersytet

Jono Kodhanowskiego w Kielcach

iy 1 EE Y Y s .
(:l % B)“ _ ;(_,2.]}1{:1 i’k ATI Bkl..
.

The first term generates mixing among both nonets (pseudovector and excited vector).
The second term generates decay into (pseudo)scalar states (interesting for future works).

The third terms generates mixing for pseudovectors only.
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Ground-state tensors (and their chiral partners): J (
Homochiral tensors

Uniwersytet

Jono Kodhanowskiego w Ki

Tensor mesons: {a2(1320), K2*(1430), f2(1270), f2(1535)}
Axial-vector mesons: {p2(??7?), K2(1820), w2(???), ¢2(??7?)}

L'Jf_,t.]’_,ﬂ —> '[/'TLL'!_;.V {TI_TJ
Chiral transformations

. /2 71
qL.R —~ C:F / [-"'L._RQL,R

R,u.v —> [.-"TR Rp_p {_];I-{

Thus, we have homochiral tensors. We do not expect large mixing.
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Tensor mixing LJ (

Uniwersytet
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(
f

(1270) ) _ ( cosfr  sinfr ) ( fo.n = /1/2(uu + dd) )

(R WV

9-]“- ~ 3.20

As expected, the mixing is very small.

A small mixing is also expected for the (yet unknown) chiral partners of
tensor mesons.
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Extension to other mesons with higher spin U (

Uniwersytet
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k >

L5 = _3—: (E[(@Lfi’ﬁ)(@ﬂﬂ#fi’ﬁ)z] + R < L)

= a,(e|®D,D*| +c.c.).
where we introduce the symbol [44]
E[ABC] — EUAEI"F"MA”'B‘U'CAA"/'{.‘_)]"

Indeed, it turns out that it the chiral anomaly effects for spin 1,2 mesons is
Quite small...

Large Nc works!!!!

But...
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Pseudotensor mixing

1J<

Uniwersytet
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Acano:ma]y .

2
b = —Ba ('\/§h1.;\=‘ =+ }11.5‘5‘) -
pv

N N
- A

e
pa Py
N\ — =

u

N2,5 = 88

72(1645) \ cos@pr sinfpr no.n = \/1/2(tu + dd)
n2(1870) )  \ —sinfpr cosfpr

0. 1 ) 2v23 4
PV = 2aI‘C an 5 5 5)_1

M, 5 My (1235) — P

According to the phenomenological study in
A. Koenigstein, F.G., Eur.Phys.J. A52 (2016) no.12, 356, arXiv: 1608.8777:
QPT ~ —40{]
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Anomalous Lagrangian for heterochiral tensors LJ (

Uniwersytet

Jono Kodhanowskiego w Ki

anomaly 3 A N R R 9
mmomaly _ (O) (glik gl I¥ @it @il @M _ e )2 4

l)‘f.i vV ‘_-“. 1&"

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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